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ABSTRACT

SANTOS, Marcos Anténio Bezerra, M.Sc., Universidade Federal de Vigosa, October,
2019. Parasites of Didelphis aurita opossums captured in urban environments from
Southeastern Brazil. Adviser: Artur Kanadani Campos. Co-advisers: Rafael Anténio do
Nascimento Ramos and Ricardo Seiti Yamatogi.

Didelphis spp. are marsupials well adapted to anthropogenic activity, playing important
role in the dissemination of pathogens to humans and domestic animals due to their
circulation between the wild and the urban environment. Several parasite species,
consisting of vectors of zoonotic pathogens (i.e. ticks and fleas), helminths and protozoa
affect these marsupials. The aim of this study was to evaluate the parasitic fauna of D.
aurita, and identify arthropod borne pathogens transmitted by ticks and fleas. From
January to June 2019, 58 D. aurita were captured and ectoparasites, blood, spleen and
fecal samples were collected for molecular and parasitological tests. DNA of ticks, blood
and spleen samples was extracted and screened for Rickettsia, Borrelia, Babesia spp.
and Anaplasmataceae by conventional Polymerase Chain Reaction (PCR). Blood and
spleen DNA samples of 57 animals were further screened for Toxoplasma gondii by real
time PCR (qPCR). Two tick species were identified, Ixodes loricatus in 41.38% (24/58)
and Amblyomma sculptumin 1.72% (1/58) of the animals. For fleas, Ctenocephalides felis
felis was detected in 60.34% (35/58) of the animals, and Xenopsyla cheopis in 5.17%
(3/58). PCR analysis detected Anaplasmataceae DNA in 34.04% (n = 16/47) pool samples
of C. felis felis, and in 66.66% (n = 2/3) pool samples of X. cheopis. Sequence analysis of
the products revealed Wolbachia pipientis symbiont in all positive samples. Tick, blood
and spleen samples scored negative for other pathogens assessed by conventional PCR.
T. gondii DNA was detected in 26.32% (15/57) of the animals and BLAST analysis
demonstrated 100% homology with sequences available in the GenBank database. Fecal
samples were evaluated by parasitological procedures. Eggs and oocysts were analyzed
at different magnifications (400x and 1000x), and their identification, together with adult
nematodes, was established on morphological and morphometric features. Of all samples
analyzed, 87.76% (n = 43/49) scored positive for at least one gastrointestinal parasite,
being 83.67% (41/49) for helminths, and 65.30% (32/49) for protozoa. For



Cryptosporidium, only 13 samples were evaluated due to insufficient amount of feces
obtained of some animals. A frequency of 23.08% (3/13) was reported for this parasite.
Samples positive for Eimeria spp. oocysts were allowed to sporulate in 2.5% potassium
dichromate (K2Cr207), and detailed morphometric analyses were performed to determine
the species present. Opossums were infected with from one to five Eimeria spp. Four of
the eimerians were discovered, described and named by others: E. auritanensis, E.
caluromydis, E. gambai, and E. philanderi. Additionally, sporulated oocysts of a species
new to science, herein named as Eimeria vicoensis n. sp., were detected. Data herein
obtained demonstrated the parasitism in D. aurita by some species of ectoparasites,
including those commonly found in domestic animals (C. felis felis and A. sculptum), and
high infection rates by several helminths and protozoa species, including those with
zoonotic potential. These findings imply that these opossums may be involved in zoonotic
cycles of these parasites in urban environments; however, further studies are needed to
elucidate the extent to which these animals are involved in the dissemination of these

pathogens.

Keywords: Didelphidae. Ticks. Fleas. Helminths. Protozoa.



RESUMO

SANTOS, Marcos Antbnio Bezerra, M.Sc., Universidade Federal de Vigosa, outubro de
2019. Parasites of Didelphis aurita opossums captured in urban environments from
Southeastern Brazil. Orientador: Artur Kanadani Campos. Coorientadores: Rafael
Antonio do Nascimento Ramos e Ricardo Seiti Yamatogi.

Didelphis spp. sdo marsupiais bem adaptados a atividade antropica, apresentando
importante papel na disseminagao de patégenos para humanos e animais domeésticos
devido sua presengca em ambientes selvagens e urbanos. Varias espécies de parasitos,
incluindo artrépodes vetores de patdgenos zoondticos (ex. carrapatos e pulgas),
helmintos e protozoarios acometem estes marsupiais. O objetivo deste estudo foi avaliar
a fauna parasitaria em D. aurita, e identificar patdgenos transmitidos por pulgas e
carrapatos. De janeiro a junho de 2019, 58 D. aurita foram capturados e amostras de
ectoparasitos, sangue, baco e fezes foram coletadas para testes moleculares e
parasitologicos. DNA dos carrapatos, sangue e bagos foram extraidos e testados para a
presenca de Rickettsia, Borrelia, Babesia spp. e Anaplasmataceae através de Reacao
em Cadeia de Polimerase convencional (PCR). Adicionalmente, amostras de sangue e
baco de 57 animais foram testados para presencga de Toxoplasma gondii através da PCR
em tempo real (QPCR). Duas espécies de carrapatos foram identificadas como /xodes
loricatus em 41.38% (24/58) e Amblyomma sculptum em 1.72% (1/58) dos animais. Para
pulgas, Ctenocephalides felis felis foi detectada em 60.34% (35/58) e Xenopsyla cheopis
em 5.17% (3/58) dos animais. DNA de Anaplasmataceae foi detectado através da PCR
em 34.04% (16/47) das amostras de C. felis felis e em 66.66% (2/3) das amostras de X.
cheopis. A analise do sequenciamento dos produtos identificou Wolbachia pipientis em
todas as amostras positivas. Amostras de carrapatos, sangue e bago foram negativas
para todos os patégenos testados por PCR convencional. DNA de T. gondii foi detectado
em 26.32% (15/57) dos animas e a andlise do produto sequenciado demonstrou 100%
de homologia com sequéncias disponiveis no banco de dados do GenBank. Amostras
fecais foram avaliadas através de métodos parasitologicos. Ovos e oocistos foram
analisados em diferentes objetivas (400x e 1000x), e a identificagdo dos mesmos e dos

nematodeos adultos foi estabelecida através de caracteristicas morfolégicas e



morfométricas. De todas as amostras analisadas, 87.76% (43/49) foram positivas para
pelo menos um parasito gastrointestinal, sendo 83.67% (41/49) para helmintos e 65.30%
(32/49) para protozoarios. Para detecgao de Cryptosporidium, apenas 13 amostras foram
avaliadas devido a quantidade insuficiente de fezes coletadas em alguns animais. Foi
observada uma frequéncia de 23.08% (3/13) para este parasito. Amostras positivas para
oocistos de Eimeria spp. foram encubadas para esporular em dicromato de potassio
(K2Cr207) a 2.5% e analises morfométricas detalhadas foram realizadas para
determinacao das espécies presentes. Os animais apresentaram infecgédo consistindo de
uma a cinco espécies de Eimeria. Quatro destas espécies foram descobertas, descritas
e nomeadas em outros estudos: E. auritanensis, E. caluromydis, E. gambai, e E.
philanderi. Adicionalmente, oocistos de uma nova espécie, nomeada como Eimeria
vicoensis n. sp., foram detectados. Os resultados obtidos no presente estudo
demonstraram o parasitismo em D. aurita por algumas espécies de ectoparasitos,
incluindo alguns comumente encontrados em animais domésticos (C. felis felis e A.
sculptum), e uma alta taxa de infecgdo por varias espécies de helmintos e protozoarios,
incluindo aquelas com potencial zoonaético. Estes achados indicam que gambas podem
estar envolvidos em ciclos zoondticos destes parasitos em areas urbanas; no entanto,
mais estudos s&o necessarios para elucidar o grau de envolvimento destes animais na

disseminacgao destes patdgenos.

Palavras-chave: Didelphidae. Carrapatos. Pulgas. Helmintos. Protozoarios.
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1. INTRODUCTION

Marsupials of the genus Didelphis consist of six known species with occurrence
limited to the American continent. Five of those species belonging to two groups occur in
South America: D. marsupialis and D. aurita of the D. marsupialis-group, and D.
albiventris, D. pernigra, and D. imperfecta of the D. albiventris-group. A sixth species of
this genus is the D. virginiana opossum, which up to date is only reported in North and
Central America, from Canada to Costa Rica (Garder, 2008). In Brazil, four species of this
genus are described: D. albiventris occurring primarily in the biom Cerrado, D. aurita in
the Atlantic forest, and D. imperfecta that along with D. marsupialis inhabits in the Amazon
region (Faria and Melo, 2017; Gardner, 2008).

These opossums are well adapted to human dwellings, and are frequently found
on the roof of houses, hollows of trees and other shelters within the cities and peripheral
areas. They have twilight and nocturnal habits, and are considered synanthropic animals
due to the adaptive efficiency developed over history (Jansen, 2002). Didelphis spp. co-
inhabits with humans and domestic animals in the rural and urban environments, which
makes these marsupials potential disseminators of zoonotic pathogens (Melo et al., 2016;
Muller et al., 2005).

Parasites found in Didelphis spp. are very diverse, consisting of arthropods,
helminths and protozoa. Many of these parasites affect the health of their hosts causing
disease or even death of the animal. Some of them, are also important for public health,
since they may be vectors of zoonotic pathogens (i.e. ticks and fleas), or be the etiological
agent of human diseases (i.e., gastrointestinal helminths and protozoa) (Castro et al.,
2017; Muller et al., 2005).

Among the arthropods found parasitizing these opossums, ticks and fleas are
frequently detected, and due the capacity of these ectoparasites to transmit pathogens,
they play important role on the dissemination of zoonotic agents among humans, wild and
domestic animals (Linardi, 2006; Muller et al., 2005). Arthropod-borne pathogens that
occur in Didelphis spp. and are transmitted by ticks and fleas, include Rickettsia spp.,

Borrelia spp., Ehrlichia spp. and Anaplasma spp., which are epidemiologically important
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to public health, since they may infect and cause diseases in humans (Peniche-Lara et
al., 2016; Melo et al., 2016; Rojero-Vazquez et al., 2017).

Gastrointestinal parasites of Didelphis spp. are represented by a great variety of
helminths (Chero et al., 2017; Aragdén-Pech et al., 2018; Pinto et al., 2014), and protozoa
(Duszynski, 2016; Zanette et al., 2008). Some of these parasites have zoonotic potential.
For instance, Toxocara cati, the agent of the Larva migrans visceral in humans, was
detected in D. albiventris opossums (Pinto et al., 2014). Other reports found Ancylostoma
spp., Toxocara spp., Trichuris spp., Ascaris spp., and Capillaria spp. in D. virginiana
(Aragdn-Pech et al., 2018), and protozoa of the genus Giardia and Cryptosporidium in D.
albiventris (Zanette et al., 2008).

Given the importance of endo and ectoparasites to One Health, as well as the role
of opossums as reservoirs and amplifiers of pathogens, the aim of this study was to
evaluate the parasitic fauna of D. aurita, and identify arthropod borne pathogens

transmitted by ticks and fleas.
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2. LITERATURE REVIEW
2.1 Didelphis aurita

Didelphis aurita, the black-eared opossum, is found within the eastern Neotropical
region of Brazil to southeastern Paraguay and northeastern Argentina (Figure 1). This
species is widely distributed in the State of Minas Gerais, being the most frequent
representative of this genus occurring within this region (Gardner, 2008; Caceres and
Monteiro-Filho, 2001). As the other species of the genus Didelphis, this opossum is well
adapted to the anthropogenic activity, being frequently seen in public places within urban

centers and peripheral areas (Jansen, 2002).
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Figure 1. Distribution of D. aurita with marginal localities (Adapted from Gardner, 2008).
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This opossum presents an opportunistic omnivorous food habit, with a diet
consisting of small vertebrates, invertebrates, seeds and fruits (Ceotto et al., 2009;
Caceres and Monteiro-Filho, 2001). The category of food item consumed by these animals
varies among the seasons of the year, depending on the availability of the resource found
in each period. For instance, during the rainy season they have higher food intake of fruits
and vertebrate animals. Additionally, the diet of these animals may differ according to the
environment where they are mostly inserted, being possible to record fruits and rubbish
remnants of human consumption, as well as food only available inside forest fragments
(Caceres and Monteiro-Filho, 2001).

The reproduction season of D. aurita is from July to January. They have an estrus
cycle of approximately thirty days, and copulate from one to two days before ovulation.
The gestational period is of about thirteen days and the offspring born are blind, deaf and
with vestigial tail and posterior limbs (Figure 2). This marsupial present a high mortality
rate per litter, since the number of pups born (about 22) is higher than the thirteen teats
present inside the female marsupium (Jansen, 2002). However, due to the ability to control
the sex-ratio of their offspring, they present a high reproductive efficiency, which may
explain their good adaptability to different ecological conditions (Austad and Sunquist,
1986; Austad, 1988). According to Jansen (2002), after 55 days inside the marsupium,
pups become more independent and start leaving this pouch, passing most of the time on

the back of their mother (Figure 3).

Overall, marsupials of the genus Didelphis have important ecological role in nature,
including the dispersion of seeds and predation of venomous animals such snakes (Voss
and Jansa, 2012; Caceres et al., 2009). The propagation of seeds by these animals
contribute to the ecology of various species of plants as consequence of the mutualistic
interactions between them. This behavior makes Didelphis spp. to play a key role in the
natural reforestation process in disturbed forest fragments (Cantor et al., 2010).
Regarding the ability to consume venomous snakes, these opossums are naturally
immune to the toxins present in the venom of these reptiles, which allow them to prey

such animals present in their geographical range (Voss and Jansa, 2012).
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Despite the ecological importance of the opossums, there is also a potential risk
associated to the presence of these animals in anthropogenic environments, since they
are hosts of many zoonotic pathogens. For instance, Didelphis spp. may be amplifier
reservoirs of Rickettsia rickettsii, an arthropod borne bacterium that causes The Brazilian
Spotted Fever (Horta et al., 2010).

Figure 2. Undeveloped pups inside the Figure 3. Developed pups of D. aurita
pouch of D. aurita. outside their mothers pouch.

2.2 Ticks

Ticks are among the vectors of major importance in the transmission of pathogens
to humans and animals. The main agents transmitted by these ectoparasites include
Babesia spp., Ehrlichia spp., Rickettsia spp., and Borrelia spp. (Massard and Fonseca,
2004). All of these pathogens present zoonotic potential, which consequently, make them

public health issues.

Approximately 955 tick species are identified worldwide. From those, about 218
belong to the family Argasidae, 736 to the family Ixodidae, and a single species, known
as Nuttalliella Namaqua, represents the family Nutalliellidae (Dantas-Torres et al., 2019;
Munoz-Leal et al., 2017, 2016; Labruna et al., 2016; Wolf et al., 2016; Barros-Battesti et
al., 2015; Venzal et al., 2015; Dantas-Torres et al., 2012a; Health, 2012; Apanaskevich et
al., 2011; Guglielmone et al., 2010). Within these species, at least 222 have been reported
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parasitizing humans, and about 28 are vectors of pathogens of medical concern (Dantas-
Torres et al., 2012b; Nava et al., 2009; Anderson and Magnarelli, 2008). In Brazil, the
number of tick species described have been gradually increasing over the years, passing
from 61 species divided in nine genera in 2009 to 71 distributed in ten genera in 2019.
From those, 48 belong to the family Ixodidae and 23 to the family Argasidae (Dantas-
Torres et al., 2019; Martins et al., 2019).

Ticks have been identified parasitizing a great variety of wild animals, including
many Brazilian mammals. From the marsupial species found in Brazil, the opossums D.
albiventris, D. aurita, D. marsupialis and D. imperfecta present infestation by various hard
tick species. On the other hand, regarding soft ticks, only species of the genus

Ornithodoros were reported in D. albiventris and D. marsupialis (Table 1).

Table 1. Checklist of ticks reported in Didelphis spp.

Tick species Reference
D. albiventris Ixodidae
Amblyomma fuscum Martins et al., 2009
Amblyomma sp. Martins et al., 2009; Sponchiado et al., 2015; Massini et al.,

2019; Muller et al., 2005; De Sa et al., 2018; Silva et al., 2017;
Horta et al., 2007; Krawczak et al., 2016; Fontalvo et al., 2017

A. coelebs Witter et al., 2015; Sponchiado et al., 2015; De Sa et al., 2018;
Lamatina et al., 2018

A. sculptum Sponchiado et al., 2015; De S4 et al., 2018; Silva et al., 2017;
Wolfet al., 2016

A. dubitatum Sponchiado et al., 2015; Massini et al., 2019; De Sa et al., 2018;
Silva et al., 2017; Horta et al., 2007

A. ovale Sponchiado et al., 2015; Silva et al., 2017; Blanco et al., 2016;
Krawczak et al., 2016

A. parkeri Sponchiado et al., 2015

A. aureolatum Muller et al., 2005

A. auriculatum Fontalvo et al., 2017

Ixodes loricatus Muller et al., 2005; De Sa et al., 2018; Silva et al., 2017; Horta
et al., 2007; Krawczak et al., 2016

Argasidae

Ornithodoros mimon Sponchiado et al., 2015; Silva et al., 2017

D. aurita Ixodidae

A. dubitatum Horta et al., 2007

A. incisum Lamantina et al., 2018b

Amblyomma sp. Martins et al., 2009; Horta et al., 2007

A. aureolatum Luz et al., 2018; Salvador et al., 2007

A. brasiliense Lamantina et al., 2018a; Szab¢ et al., 2013; Lamantina et al.,
2018b

A. coelebs Lamantina et al., 2018a; Saraiva et al., 2012; Lamantina et al.,

2018b
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Table 1 Continued...

D. marsupialis

D. virginiana

A. ovale

A. fuscum

A. sculptum

A. geayi

A. scutatum
Haemaphysalis juxtakochi
Ixodes loricatus

I amarali

1. auritulus
L didelphidis
I luciae

Ixodidae
Amblyomma sp.

A. coelebs
A. humerale

A. parkeri

A. geayi

A. pacae

. sculptum

. triste

. dissimile

. mixtum

. oblongoguttatum

. ovale

. sabanerae

. cajennense sensu stricto
Haemaphysalis juxtakochi
Ixodes sp.

s N NG N N N N N

I luciae

L loricatus

L didelphidis
Argasidae
Ornithodoros sp.

A. americanum

Dermacentor variabilis

1. dammini
1. cookei

Lamantina et al., 2018a; Szabd et al., 2013; Lamantina et al.,
2018b

Szabé et al., 2013; Martins et al., 2009

Szabo et al., 2013; Saraiva et al., 2012; Salvador et al., 2007
Oliveira et al., 2014

Oliveira et al., 2014

Lamantina et al., 2018a; Lamantina et al., 2018b

Szabd et al., 2013; Saraiva et al., 2012; Oliveira et al., 2014;
Luz et al., 2018; Horta et al., 2007; Salvador et al., 2007
Oliveira et al., 2014

Oliveira et al., 2014

Oliveira et al., 2014

Oliveira et al., 2014

Witter et al., 2015; Dominguez et al., 2019; Bermudez et al.,
2017; Abel et al., 2000; Troyo et al., 2016

Witter et al., 2015; Binetruy et al., 2019

Witter et al., 2015; Soares et al., 2014; Labruna et al., 2005;
Binetruy et al., 2019

Witter et al., 2015

Soares et al., 2014

Soares et al., 2014; Labruna et al., 2005

Lemos et al., 1996

Lemos et al., 1996

Dominguez et al., 2019

Dominguez et al., 2019

Dominguez et al., 2019

Dominguez et al., 2019

Dominguez et al., 2019

Binetruy et al., 2019

Dominguez et al., 2019

Figueiredo et al., 1999; Dominguez et al., 2019; Abel et al.,
2000

Labruna et al., 2005; Dominguez et al., 2019; Diaz et al., 2009;
Binetruy et al., 2019; Bermudez et al., 2017; Bermudez et al.,
2010

Abel et al., 2000

Abel et al., 2000

Abel et al., 2000

Pung et al., 1994; Lavender and Oliver, 1996; Kollars, 1993;
Durden and Wilson, 1990; Oliver et al., 1999

Pung et al., 1994; Lavender and Oliver, 1996; Kollars and
Kengluecha, 2001; Kollars, 1993; Durden and Wilson, 1990;
Smith et al., 2019; Durden and Richardson, 2013; Oliver et al.,
1999; Fish and Dowler, 1989

Fish and Dowler, 1989

Fish and Dowler, 1989
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Table 1 Continued...

1 scapularis Pung et al., 1994; Lavender and Oliver, 1996; Kollars, 1993;
Oliver et al., 1999

1. tetanus Pung et al., 1994; Fish and Dowler, 1989

L affins Lavender and Oliver, 1996

Rhipicephalus sanguineus  Kollars, 1993

D. imperfecta Ixodidae
A. cajennense sensu stricto  Binetruy et al., 2019

2.2.1 Tick borne helminths

Few helminths are known to be transmitted by ticks, and most studies involve the
genus Cercopithifilaria, which consists of 28 described species that parasitize various
mammal hosts, including marsupials (Bain et al., 2008). These helminths were reported
infecting dogs in many parts of the world (Cortes et al., 2014), and in Brazil,
Cercopithifilaria spp. were recorded in dogs from Northeastern and Southeastern regions
(Santos et al., 2018; Santos et al., 2017; Ramos et al., 2016; Almeida and Vicente, 1984).
In american opossums, Cercopithifilaria didelphis was described in D. marsupialis (Bain
et al., 1982); however, studies regarding the parasitism by these nematodes in Didelphis

spp. are needed.

Up to date, Cercopithifilaria spp. do not present a clearly defined pathogenic
relevance. However, histological findings suggest that these parasites may cause
edematous changes in epidermal and subepidermal tissues, as well as an interstitial and
perivascular dermatitis with presence of neutrophils, eosinophils and lymphocytes
(Otranto et al., 2012). In addition, they may be associated to chronic polyarthritis, as filarial
larva of this genus were detected in the joints of an animal presenting this problem
(Gabrielli et al., 2014).

2.2.2 Tick borne protozoa

Ticks have central role in the spreading of many protozoa species, and among
these endoparasites, Babesia, Theileria and Hepatozoon spp. are important
representatives due to the diseases they cause. These protozoa may be transmitted to a
vertebrate host by ixodid ticks during the blood meal (i.e. Babesia and Theileria spp.), or
by the ingestion of an infected vector by a susceptible host (i.e. Hepatozoon spp.) (Criado-
Fornelio et al., 2003).
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Blood protozoa of the genus Babesia are responsible for a disease known as
Babesiosis or Piroplasmosis, which depending on the parasite species, may cause health
problems in humans and animals (Hunfeld et al., 2008). Human babesiosis is considered
an emerging zoonosis, and the infections may vary from asymptomatic to severe
depending on the immune status of the host. In immune-depressed patients, newborn or
elderly, infections may be aggravated by hemolysis, hemodynamic instability, acute
respiratory problems, and multiple failure of organs, which may lead to death (Schnittger
et al., 2012; Keirans et al., 1996; Gray et al., 2010; Leiby, 2011). Zoonotic Babesia are
mainly represented by B. microti, B. divergens, B. duncani and B. venatorum, having

rodents, cattle and wild animals as the main reservoirs (Ord and Lobo, 2015).

Domestic animals are affected by a wide variety of Babesia spp. In cattle B. bovis,
B. bigemina and B. divergens are related to important economic losses, due to mortality,
abortion, reduction in meat and milk production, control measures, and trade restrictions
(Schnittger et al., 2012). B. bovis and B. bigemina are found in tropical and subtropical
regions where ticks of the genus Rhipicephalus, their main vectors, are present. On the
other hand, B. divergens are mainly associated to livestock from Europe and North Africa,
being transmitted by Ixodes ricinus ticks (Bock et al., 2004). In dogs, the species that
present major importance are B. canis vogeli, transmitted by R. sanguineus; B. canis
canis, transmitted by Dermacentor spp. and R. sanguineus; B. canis rossi, transmitted by
Haemaphysalis spp.; B. conradae, to which vectors are unknown; and B. gibsoni,

transmitted by Haemaphysalis longicornis (Schnittger et al., 2012; Uilenberg, 2006).

Theileria spp. are other important tick borne protozoa that cause disease in
vertebrate hosts. Domestic animals are mainly affected by T. parva and T. equi, which
cause severe illnesses in cattle and horses, respectively (Bowman, 2010). T. parva is
transmitted by R. appendiculatus ticks and occurs in eastern, central and southern African
regions, where it causes a disease known as East Coast Fever (Gachohi et al., 2012),
whereas, T. equi is vectored by Hyalomma, Dermacentor and Rhipicephalus spp. and
have a worldwide distribution, being endemic in tropical and subtropical regions (Onyiche
et al., 2019).
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Other important tick borne protozoa are the coccidia of the genus Hepatozoon.
These parasites consist of more than 300 species that affect several hosts worldwide,
including wildlife and domestic animals (Sumrandee et al., 2015; Smith, 1996). Differently
from the majority of vector borne protozoa, which infect their vertebrate hosts through the
salivary glands of the hematophagous vectors during a blood meal, Hepatozoon spp. are
transmitted via the ingestion of arthropods infected with sporulated oocysts (Baneth,
2011). Additionally, some species may also be transmitted by predation of a vertebrate
host over another (i.e. snakes and rodents), by the ingestion of tissues containing first

stages of the oocysts (Smith, 1996).

Among the domestic animal species susceptible to Hepatozoon spp., dogs are
considered the most affected due to the development of clinical signs, which depending
on the protozoa species, may range from mild to severe. Two species of this genus infect
these animals: H. canis that causes an infection that may be asymptomatic to severe,
according to the health status of the dog, but most of the time, mild disease is observed
in these hosts; and H. americanum that causes a debilitating and frequently fatal infection
(Baneth et al., 2003). In Brazil, only H. canis is currently known infecting dogs and it is
mainly associated to the ingestion of R. sanguineus and A. ovale ticks. Nevertheless,
information about the epidemiology, pathogenicity and occurrence of other species are
limited (Bowman, 2010).

2.2.3 Tick borne bacteria

Bacteria of the genera Rickettsia, Borrelia, Ehrlichia and Anaplasma are among
the most relevant pathogens transmitted by ticks, due to the potential that some species
have to cause severe disease in humans and animals. Rickettsia spp. are intracellular
obligate gram-negative bacteria divided in four groups: the ancestral group (R. belli and
R. canadenses), the typhus group (R. prowazekii and R. typhi), the transitional group (R.
australis, R. akari and R. felis), and the spotted fever group (R. rickettsii, R. conorii and R.
massiliae). From those species, R. rickettsii is particularly relevant to public health, as it
causes the Spotted Fever, the most severe form of rickettsiosis in humans (Faccini-
Martinez et al., 2014; Mansueto et al., 2012; Merhej and Raoult, 2011; Renvoisé et al.,

2009; Cunha et al., 2009). In Brazil, ticks of the A. cajennense complex are the main
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vectors of this bacterium (Martins et al., 2016; Oliveira et al., 2000; Dias and Martins,
1939). However, many other tick species are reported harboring R. rickettsii and are
suggested to have potential role in the spreading of the pathogen among humans, wild

and domestic animals (Harris et al., 2017; Eremeeva et al., 2011; Cunha et al., 2009).

Other important tick borne zoonotic bacteria are those of the genus Borrelia.
Representatives of these organisms are divided in two taxonomic groups. The first
consists of species of the B. burgdorferi sensu lato complex, which are the etiological
agents of Lyme disease and have ticks of the genus Ixodes as vectors, and the second
group involves Borrelia spp. that are associated to the human relapsing fever, being

primarily transmitted by soft ticks (Telford et al., 2015).

Lyme disease is characterized by diverse dermatological, neurological, rheumatic
and cardiac problems. Ticks of the [I. ricinus complex (/. ricinus, I. scapularis and |.
pacificus) transmit the bacteria that normally circulates among small mammals and birds
(Steere et al., 2016; Mead, 2015). On the other hand, the human relapsing fever normally
causes nonspecific symptoms such as fever, headache, myalgia, arthralgia and
abdominal pain. The Borrelia spp. responsible for causing this disease are transmitted by
soft ticks during their blood meal, or yet, by the contact with the hemolymph of the human
louse, Pediculus humanus (Dworkin et al., 2008). In Brazil, relapsing fever is endemic and
the soft tick Ornithodoros brasiliensis is the potential vector of the spirochetes that cause

this disease (Lopez et al., 2016).

Lastly, Ehrlichia and Anaplasma spp. are gram-negative bacteria that cause a tick
borne disease known as ehrlichiosis (Dagnone et al., 2003). The infection by these
pathogenic microorganisms is given via tick saliva while these arthropods are attached to
their hosts. The most important species among these genera are E. ewingii, E. chaffeensis
and A. phagocitophilum due to their capacity to cause disease in both humans and
animals (Dahlgren et al., 2011). In the definitive host, these bacteria are normally found
in leucocytes, and as intracellular obligate microorganisms, the immune response of the
host against the infection may fail. Additionally, this factor brings complications to the

therapy with antimicrobials (Cohn, 2003).
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Parasites of the order Siphonaptera, commonly known as fleas, are wingless

insects that parasitize many vertebrate species, including humans. These ectoparasites

are involved in the transmission of zoonotic bacteria such Yersinia pestis, R. typhi and R.

felis. Furthermore, fleas are intermediate hosts of Dipylidium caninum, a cestode species

that occasionally cause disease in humans (Bitam et al., 2010; Poo-munoz et al., 2016).

Currently, approximately 3000 flea species are known. They are divided in 16

families that englobes 246 genera (Whiting et al., 2008). In Brazil, there are 8 families, 20

genera and 62 species, and 18 of those are endemic (Linardi and Guimaraes, 2000;

Linardi, 2011). In Didelphis spp., many flea species have been reported (Table 2), with

prevalences varying according to the host species, season and geographical area.

Table 2. Checklist of fleas reported in Didelphis spp.

Flea species

Reference

D. albiventris

D. aurita

D. marsupialis

D. virginiana

Ctenocephalides felis felis

Polygenis sp.
Polygenis atopus
Tunga penetrans

C. felis felis

Polygenis rimatus
Polygenis occidentalis
Polygenis atopus
Adoratopsylla intermedia
A. antiquorum
Leptopsylla segnis
Xenopsylla cheopis

C. felis felis
Polygenis beebei
Polygenis klagesi
A. intermediata
A. copha

C. felis felis

Orchopeas howardi

Pulex simulans

Polygenis gwyni

Pulex irritans

Xenopsylla cheopis
Echidnophaga gallinaceae
Cediopsylla simplex
Ctenophthalmus pseudagyrtes

Urdapilleta et al., 2019; Fontalvo et al., 2017; Silva et al.,
2017; Horta et al., 2007

Silva et al., 2017

Lareschi et al., 2006; Horta et al., 2007

Saraiva et al., 2011

Horta et al., 2007

Urdapilleta et al., 2019

Pinto et al., 2009

Moraes et al., 2003; Horta et al., 2007
Salvador et al., 2007; Pinto et al., 2009
Pinto et al., 2009

Salvador et al., 2007

Salvador et al., 2007

Beaucournu et al., 1998
Beaucournu et al., 1998
Beaucournu et al., 1998
Beaucournu et al., 1998
Troyo et al., 2016

Reeves et al., 2005; Pung et al., 1994; Maina et al., 2016;
Eremeeva et al., 2012; Durden and Wilson, 1990

Pung et al., 1994; Durden and Wilson, 1990

Pung et al., 1994; Durden and Richardson, 2013

Pung et al., 1994

Eremeeva et al., 2012

Eremeeva et al., 2012

Eremeeva et al., 2012

Durden and Wilson, 1990

Durden and Wilson, 1990
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2.3.1 Flea borne helminths

Among the helminth species transmitted by fleas, Dipylidium caninum and
Acanthocheilonema reconditum are particularly important due to their zoonotic potential
and the disease they cause in companion animals. D. caninum is a gastrointestinal
parasite transmitted by fleas of the genus Ctenocephalides (Beugnet et al., 2018).
Infections caused by this cestode in humans are rare, being most commonly found in
children that accidently ingest infected fleas. The infection is usually subclinical, but
clinical signs may be observed in some individuals, i.e. anal itching, diarrhea, abdominal

pain, loss of appetite, indigestion and other gastrointestinal disorders (Jiang et al., 2017).

Acanthocheilonema reconditum is a worldwide distributed nematode vectored by
several flea species (C. canis, C. felis, Pulex irritans, P. simulans, Echidnophaga gallinae)
and lices (Heterodoxus spiniger, Linognathus setosus). Differently from D. caninum that
have only part of its life cycle in the intermediate hosts, A. reconditum have a complete
development inside its arthropod vector (Otranto et al., 2013). In dogs, this parasite have
a high prevalence and are usually located beneath the subcutaneous tissues (Brianti et
al., 2012). In contrast to what is observed in dogs, reports on this filarioid in humans are

scarce and it has been recorded parasitizing the human eye (Huynh et al. 2001).
2.3.2 Flea borne bacteria

Fleas are vectors of some bacteria species of great relevance to human and animal
health. Among these pathogens, the most important are Yersinia pestis, R. typhi and R.
felis, the etiological agents of plague, murine typhus and rickettsiosis felis, respectively
(Bitam et al., 2010).

Yersinia pestis is a pathogen that primarily infects rodents and wild mammals, but
may infect humans that have contact with fleas and diseased animals. Approximately 31
flea species are able to transmit this bacterium; among them, the ones with major
importance are Xenopsylla cheopis (cosmopolitan), X. brasiliensis (Africa, India, and
South America), X. astia (Indonesia and Asia), X. vexabilis (Pacific Islands), and
Nosopsyllus fasciatus (Temperate climates). Overall, fleas become infected with Y. pestis

through the ingestion of blood of infected hosts (Bitam et al., 2010). The transmission to
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the vertebrate host occurs through the bite of fleas that harbor the bacterium; however,
there are other routes of transmission such the direct contact with infected animals, the
consumption of uncooked meat and the inhalation of aerosols of people and animals that

develop the pneumonic form of the disease (Bitam et al., 2010; Stenseth et al., 2008).

The bacterium R. typhi is the causing agent of the murine typhus, also known as
endemic typhus, which is a zoonosis distributed worldwide. The life cycle of this Rickettsia
usually involves rodents of the species Rattus rattus and Rattus norvegicus as vertebrate
hosts, and X. cheopis fleas as vectors. Yet, R. typhi have been reported through molecular
methods in Ctenocephalides felis, Leptopsylla segnis, Ctenophthalmus congeneroides
and Rhadinopsylla insolita (Peniche-Lara et al., 2015). The transmission happens from
rodents to humans via contaminated feces of infected fleas. In the vertebrate host, the
bacterium invades the endothelial cells and cause unspecific clinical signs such as fever,
headache, muscle pain, weakness, nausea and cutaneous eruptions that may present
macular, maculopapular and petechial shapes (Bitam et al., 2010). Despite the rodents
being the main hosts of R. typhi, opossums are implicated as potential reservoirs of this
bacterium in the United States, and are believed to have important role on the
epidemiology of the disease (Brown and Macaluso, 2016; Sorvillo et al., 1993; Williams et
al., 1992).

Other important disease transmitted by fleas is the rickettsiosis felis, caused by R.
felis, an important agent of the transitional group of rickettsia, which presents worldwide
distribution. This bacterium may be transmitted by several flea species, but have the C.
felis felis as its main vector (Angelakis et al., 2016). The clinical signs of this disease are
unspecific and similar to the ones of other rickettsioses (fever, headache, muscle pain,
and cutaneous eruptions), which cause confusion in the diagnostic (Brown and Macaluso,
2016). Just like in the murine typhus, marsupials are reported as potential reservoirs of R.
felis, and since they are present in urban environments, they may be involved in the
spreading of these bacterium among humans (Brown and Macaluso, 2016; Boostrom et
al., 2002).
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2.4 Endoparasites

Didelphis spp. opossums have an omnivorous and opportunistic diet, which
predispose these animals to infections by a great variety of endoparasites, including
gastrointestinal helminths and protozoa (Elsheikha et al., 2004). Furthermore, species of
this genus harbor important blood parasites, which are also associated to their food habit,

particularly the predatory behavior (Legey et al., 2003).
2.4.1 Helminths

Parasitic helminths are mainly classified as cestodes, trematodes and nematodes.
Cestodes (tapeworms) and trematodes (flukes) are members of the phylum
Platyhelminthes. While parasites of the class Cestoda have an elongated and flattened
body consisting of segments known as proglottids, the trematodes present a
dorsoventrally flattened leaf-shaped body. Differently from Platyhelminthes, nematodes

have a cylindrical body, making them commonly known as roundworms (Castro, 1996).

Cestodes, trematodes and nematodes parasitizing opossums of the genus
Didelphis have been widely reported in the geographical range of these marsupials (Table
3). Among the helminths of the class Trematoda, the most common genera found in
Didephis spp. are Rhopalias and Brachylaima (Costa-Neto et al., 2018; Acosta-Virgen et
al., 2015; Richardson and Campo, 2005; Silva et al., 1999). The class Cestoda have less
representatives reported in these opossums, with the species Mesocestoides sp. and
Thaumasioscolex didelphidis mostly described in D. marsupialis and D. virginiana
(Acosta-Virgen et al., 2015; Richardson and Campo, 2005; Caneda-Guzman et al., 2001).
In contrast to Platyhelminthes, the class Nematoda is represented by a great diversity of
species parasitizing Didelphis spp., with Cruzia tentaculata and C. americana being most
frequently found (Castro et al., 2017; Acosta-Virgen et al., 2015; Richardson and Campo,
2005; Gomes et al., 2003).

Interestingly, most studies on parasitic helminths of Didelphis spp. have described
the adult form of the parasites, whereas, works related to egg identification are scarce and
have recently been performed in D. virginiana in México, and in D. albiventris and D. aurita

in Brazil (Aragon-Pech et al., 2018; Teodoro et al., 2018). However, the detection of these
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immature forms, allow to identify only C. tentaculata and C. americana at species level

(Li, 2019; Adnet et al., 2009); thus, for other parasites, the evaluation of eggs allow their

classification only up to genus level. It is particularly important to notice that, in order to

study the adult forms of most of these helminths, usually they have to be recovered from

dead animals through necropsy. Parasitic eggs and larva, on the other hand, are easily

recovered from feces via parasitological methods (Lima et al., 2018; Rezende et al.,

2015).

Table 3. Checklist of helminths reported in Didelphis spp.

Helminth

Reference

D. albiventris

D. aurita

Acanthocephala
Oligacanthorhynchus microcephalus
Cestoda

Mathevotaenia argentinensis n. sp.
Nematoda

Aspidodera spp.
Didelphostrongylus hayesi
Turgida turgida

Viannaia spp.

Trichuris spp.

Cruzia spp.

Capillaria sp.
Gnathostoma sp.
Gongylonema sp.
Travassostrongylus spp.

Trematoda
Rhopalias spp.
Brachylaema migrans
Schistosoma mansoni

Acanthocephala
Hamanniella sp.
Oligacanthorhynchus microcephalus

Nematoda
Aspidodera spp.

Cruzia spp.

Trichostrongylidae

Viannaia hamata
Gongylonema sp.
Gongylonemoides marsupialis
Gnathostoma sp.
Lagochilascaris turgida

Schmidt, 1977
Campbell et al., 2003

Silva and Costa, 1999; Muller et al., 2004

Martinez et al., 1999; Muller et al., 2004

Silva and Costa, 1999; Muller et al., 2004

Silva and Costa, 1999; Muller et al., 2004

Muller et al., 2004; Silva and Costa, 1999

Travassos, 1922; Silva and Costa, 1999; Muller et al.,
2004

Silva and Costa, 1999; Muller et al., 2004

Muller et al., 2004

Silva and Costa, 1999

Muller et al., 2004; Silva and Costa, 1999; Muller et al.,
2004

Silva and Costa, 1999
Silva and Costa, 1999
Kawazoe et al., 1978

Travassos, 1945
Costa-Neto et al., 2018

Travassos, 1913; Proenga, 1937; Gomes et al., 2003;
Chagas-Moutinhoet al., 2007; Chagas-Moutinho et al.,
2014; Castro et al., 2017; Costa-Neto et al., 2018
Travassos, 1945; Travassos, 1922; Gomes et al., 2003;
Adnet et al., 2009; Castro et al., 2017; Costa-Neto et al.,
2018

Travassos, 1945

Gomes et al., 2003; Costa-Neto et al., 2018

Travassos, 1945

Gomes et al., 2003

Albuquerque et al., 2007.

Sprent, 1982
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Table 3 Continued...

D. marsupialis

D. virginiana*

Nematodirus (Mecistocirrus) didelphis

Turgida spp.

Trichuris spp.
Globocephalus marsupialis

Heterostrongylus heterostrongylus

Travassostrongylus orloffi
Trematoda

Duboisiella proloba
Brachylaima advena
Rhopalias coronatus

Acanthocephala
Gigantorhynchus lutzi
Oncicola luehei

Cestoda

Thaumasioscolex didelphidis

Nematoda
Aspidodera raillieti
Cruzia spp.

Cercopithifilaria didelphis
Gnathostoma turgidum

Gongylonemoides marsupialis
Physaloptera mirandai
Turgida turgida

Trichuris spp.

Viannaia sp.

Trematoda

Duboisiella proloba
Bursotrema tetracotyloides
Fibricola gradosi
Plagiorchis didelphidis

Microphallus garciai
Rhopalias spp.

Amphimerus spp.
Philandrophilus magnacirrus
Acanthocephala
Centrorynchus spp.

Macracanthorhynchus ingens
Oligacanthorhynchus spp.

Porrorchis nickoli

Vicente et al., 1997

Travassos, 1945; Travassos, 1920; Gomes et al., 2003;
Castro et al., 2017; Costa-Neto et al., 2018

Costa-Neto et al., 2018

Costa-Neto et al., 2018

Costa-Neto et al., 2018

Costa-Neto et al., 2018

Costa-Neto et al., 2018
Costa-Neto et al., 2018
Costa-Neto et al., 2018

Tantalean et al., 2005; 2010
Acosta-Virgem et al., 2015

Cafieda-Guzman et al., 2001; Acosta-Virgem et al.,
2015

Sarmiento et al., 1999; Chero et al., 2017

Sarmiento et al., 1999; Arrojo, 2002; Tantalean et al.,
2010; Chero et al., 2017; Acosta-Virgem et al., 2015
Bain et al., 1982.

Miyazaki et al., 1978; Sarmiento et al., 1999; Acosta-
Virgem et al., 2015.

Chero et al., 2017

Tantalean et al., 2010; Chero et al., 2017

Tantalean et al., 2010; Acosta-Virgem et al., 2015;
Chero et al., 2017

Tantalean et al., 2010; Acosta-Virgem et al., 2015;
Chero et al., 2017

Acosta-Virgem et al., 2015; Chero et al. 2017

Miyazaki et al., 1978

Kifune and Uyema, 1982

Kifune and Uyema, 1982

Miyazaki et al., 1978; Tantalean et al., 1992; Chero et
al., 2017

Tantalean et al., 1992

Miyazaki et al., 1978; Tantalean et al., 1992; Kifune and
Uyema, 1982; Tantalean et al., 1992; Tantalean and
Chavez, 2004; Chero et al. 2017; Acosta-Virgem et al.,
2015

Kifune and Uyema, 1981; Tantalean et al., 1992;
Acosta-Virgem et al., 2015

Acosta-Virgem et al., 2015

Miller and Harkema, 1970; Richardson, 1993
Sherwood et al., 1969

Babero, 1957; Babero, 1960; Krupp and Quillin, 1964;
Stewart and Dean, 1971; Wong et al, 1979; Richardson,
1993; Richardson, 1993; Blumenthal and Kirkland,
1976; Alden, 1995; Acosta-Virgem et al., 2015
Acosta-Virgem et al., 2015
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Cestoda
Anoplocephala sp.
Hymenolepis sp.
Mesocestoides spp.

Mathevotaenia sp.
Thaumasioscolex didelphidis

Oochoristica sp.
Spirometra mansonoides
Nematoda
Anatrichosoma buccalis
Aspidodera spp.
Capillaria spp.

Cruzia spp.

Didelphonema longispiculata
Didelphostrongylus hayesi

Dipetalonema spp.
Dirofilaria sp.

Dracunculus sp.
Gnathostoma spp.

Gongylonema spp.
Lagochilascaris spp.
Longistriata didelphis

Oesophagostomum sp.

Krupp and Quillin, 1964

Leigh, 1940; Krupp and Quillin, 1964

Dikmans, 1931; Mueller, 1930; Rausch and Tiner, 1949;
Voge, 1953; Blumenthal and Kirkland, 1976; Alden,
1995; Byrd and Ward, 1942; Byrd and Ward, 1943;
Babero, 1957; Babero, 1960; Miller and Harkema, 1970;
Stewart and Dean, 1971; Feldman et al., 1972,
Richardson and Campo, 2005.

Acosta-Virgem et al., 2015

Acosta-Virgem et al., 2015

Leigh, 1940
Corkum, 1966

Pence and Little, 1972; Kinsell and Winegarner, 1975
Chandler, 1932; Acosta-Virgem et al., 2015

Sherwood et al., 1969; Prestwood et al., 1977; Brow,
1988; Miller and Harkema, 1970; Feldman et al., 1972;
Feldman and Self, 1973; Nettles et al., 1975;
Butterworth and Beverley-Burton, 1977; Snyder et al.,
1991; Alden, 1995; Babero, 1960; Feldman et al., 1972;
Richardson and Campo, 2005

Chandler, 1932; Leigh, 1940; Crites, 1956; Babero,
1957; Babero, 1960; Holloway and Dowler, 1963;
Holloway, 1966; Miller and Harkema, 1970; Stewart
and Dean, 1971; Feldman et al., 1972; Feldman and Self,
1973; Nettles et al., 1975; Blumenthal and Kirkland,
1976; Prestwood et al., 1977; Snyder et al., 1991;
Canavan, 1929; Dikmans, 1931; Canavan, 1931;
Chandler, 1932; Reiber and Byrd, 1942; Rausch and
Tiner, 1949; Sherwood et al., 1969; Lamothe et al.,
1981; Richardson and Campo, 2005; Nichelason et al.,
2008; Acosta-Virgem et al., 2015

Hill, 1939b; Stewart and Dean, 1971

Prestwood, 1976; Prestwood et al., 1977; Anderson et
al., 1980; Brown, 1988; Duncan et al., 1989; Nichelason
et al., 2008; Acosta-Virgem et al., 2015

Babero, 1960; Feldman et al., 1972; Esslinger and
Smith, 1979; Blumenthal and Kirkland, 1976.

Babero, 1960; Feldman et al., 1972

Crichton and Beverley-Burton, 1973

Dikmans, 1931; Chandler, 1932; Babero, 1960; Stewart
and Dean, 1971; Canavan, 1929; Canavan, 1931;
Babero, 1960; Flores-Barroeta et al., 1961; Babero,
1960; Blumenthal and Kirkland, 1976; Acosta-Virgem
etal., 2015.

Babero, 1960; Acosta-Virgem et al., 2015.

Bowman et al., 1983; Canavan, 1931.

Dikmans, 1931; Leigh, 1940; Reiber and Byrd, 1942;
Dikmans, 1943; Babero, 1957; Babero, 1960; Miller and
Harkema, 1970; Stewart and Dean, 1971; Feldman et al.,
1972; Feldman and Self, 1973; Alden, 1995.

Dikmans, 1931
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Physaloptera turgida

Strongyloides sp.
Toxocara canis
Trichinella spiralis

Trichostrongylns sp.
Trichuris spp.

Turgida turgida
Viannaia spp.

Trematoda
Alaria marcianiae
Amphimerus spp.
Brachylaima spp.

Didelphodiplostomum variabile

Echinostoma trivolvis

Fibricola spp.

Heterobilharzia americana

Linstowiella szidati

Maritreminoides nettae

Canavan, 1929; Dikmans, 1931; Canavan, 1931;
Chandler, 1932; Haley, 1938; Hill, 1939a; Leigh, 1940;
Reiber and Byrd, 1942; Stoner, 1945; Rausch and Tiner,
1949; Babero, 1957; Babero, 1960; Krupp, 1962;
Holloway and Dowler, 1963; Krupp and Quillin, 1964;
Holloway, 1966; Sherwood et al., 1969; Miller and
Harkema, 1970; Stewart and Dean, 1971; Feldman et al.,
1972; Nettles et al., 1975; Blumenthal and Kirkland,
1976; Prestwoodet al., 1977; Lamothe et al., 1981; Gray
and Anderson, 1982; Duncan et al., 1989; Snyder et al,
1991; Alden, 1995; Richardson and Campo, 2005.
Little, 1966

Blumenthal and Kirkland, 1976

Zimmerman et al.,, 1956; Zimmerman et al., 1959;
Solomon and Warner, 1969; Scholtens and Norman,
1971; Schadet al., 1984; Leibyetal., 1988.

Dikmans, 1931

Dikmans, 1931; Miller and Harkema, 1970; Feldman et
al., 1972; Feldman and Self, 1973; Babero, 1960;
Stewart and Dean, 1971; Babero, 1960; Krupp and
Quilin, 1964; Acosta-Virgem et al., 2015.

Nichelason et al., 2008; Acosta-Virgem et al., 2015.
Miller and Harkema, 1970; Feldman et al.,, 1972;
Feldman and Self, 1973; Dikmans, 1943; Acosta-
Virgem et al., 2015.

Shoop and Corkum, 1981a.

Leigh, 1940; Acosta-Virgem et al., 2015.

Premvati and Bair, 1979; Dickerson, 1930; Dikmans,
1931; Chandler, 1932; Krull, 1935; Leigh, 1940; Byrd
et al., 1942a; Rausch and Tiner, 1949; Babero, 1957;
Babero, 1960; Holloway and Dowler, 1963; Kaplan,
1964; Holloway, 1966; Miller and Harkema, 1970;
Feldman et al., 1972; Feldman and Self, 1973; Nettles et
al., 1975; Blumenthal and Kirkland, 1976; Prestwood et
al., 1977; Shoop and Corkum, 1981b; Shoop and
Corkum, 1982; Alden, 1995; Richardson and Campo,
2005; Acosta-Virgem et al., 2015.

Chandler, 1932; Leigh, 1940; Byrd et al.,, 1942a;
Babero, 1957; Babero, 1960; Miller and Harkema, 1970;
Feldman et al., 1972; Premvati and Bair, 1979; Alden,
1995; Richardson and Campo, 2005.

Dikmans, 1931; Park, 1936; Leigh, 1940; Byrd et al.,
1942a; Rausch and Tiner, 1949; Feldman et al., 1972;
Blumenthal and Kirkland, 1976; Alden, 1995.

Byrd et al., 1942a; Chandler and Rausch, 1946; Rausch
and Tiner, 1949; Premvati and Bair, 1979; Shoop and
Corkum, 1981b; Shoop and Corkum, 1982; LaRue and
Bosma, 1927; Dikmans, 1931; Park, 1936; Byrd et al.,
1942a; Babero, 1957, Lumsden and Zischke, 1961,
Kaplan, 1964; Premvati and Bair, 1979; Shoop and
Corkum, 1982.

Kaplan, 1964; Shoop and Corkum, 1981b

Lumsden and Winkler, 1962; Shoop and Corkum, 1982
Miller and Harkema, 1970
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Paragonimus spp. McKeever, 1958; Sherwood et al., 1969; Feldman et al.,
1972; Shoop and Corkum, 1982; Lamothe et al., 1981;
Lamothe et al.,, 1986; Byrd, 1941; Byrdetal., 1941;
Byrdetal., 1942b; Alden, 1995.

Phagicola lageniformis Premvati and Bair, 1979

Rhopalias spp. Dikmans, 1931; Chandler, 1932; Leigh, 1940; Byrdetal.,
1942a; Self and McKnight, 1950; Babero, 1957; Babero,
1960; Lumsden and Zischke, 1961; Miller and
Harkema, 1970; Stewart and Dean, 1971; Feldman et al.,
1972; Feldman and Self, 1973; Premvati and Bair, 1979;
Shoop and Corkum, 1981b; Shoope and Corkum, 1982;
Alden, 1995; Kinsella and Heard, 1974; Denton, 1944;
Acosta-Virgem et al., 2015.

* Data regarding helminths of Didelphis virginiana was updated from the study of Alden (1995).

2.4.2 Protozoa

The kingdom Protozoa consists of unicellular microorganisms, which in their
majority are free-living species. However, parasitic protozoa infect all classes of vertebrate
and some invertebrate individuals. These organisms are currently classified into eight
phyla (Amoebozoa, Percolozoa, Euglenozoa, Parabasalla, Fornicata, Preaxostyla,
Apicomplexa and Ciliophora), from which the Euglenozoa (Leishmania and Trypanosoma
spp.) and the Apicomplexa (i.e. Plasmodium and Toxoplasma spp.) have the most
important pathogenic representatives (Taylor et al., 2016; YaEger, 1996). Parasitic
protozoa are particularly important due to their wide host range, which include humans,
domestic and wild animals. Additionally, many of these parasites are responsible for
important economic losses related to farm animals, and for causing serious diseases in
humans (Kaltung and Musa, 2013; Sahinduran, 2012).

In opossums, few studies have reported protozoa species; however, it is known
that the genus Eimeria is the most abundant and diverse in Didelphis spp. (Duszynski,
2016; Teixeira et al., 2007). Apart from eimerians, most studies on protozoa infecting
these marsupials described blood and gastrointestinal species of public health
importance, such as Trypanosoma, Toxoplasma, Leishmania and Cryptosporidium spp.
These studies suggest that opossums may act as reservoirs that have important role in
the zoonotic cycle of these pathogens (Torres-Castro et al., 2016; Cantillo-Barraza et al.,
2015; Quintal et al., 2011; Zanette et al., 2008; Santiago et al., 2007).



34

Investigations on the pathogenic effect that protozoa have in Didelphis spp. are
limited, and only few studies have been performed for coccidia, i.e. Besnoitia darling and
E. marmosops, demonstrating histopathological lesions in D. virginiana and D.
marsupialis, respectively. However, no apparent clinical signs were noticed in these hosts
(Chinchilla et al., 2015; Elsheikha et al., 2003). In fact, the dietary habit of Didelphis spp.
make protozoa infections more prone to happen. Their predatory behavior over insects,
for instance, increases the risk of acquiring Trypanosoma spp. infections (Jansen et al.,
2017; Jansen et al., 2015). The same happens for infections by Sarcocystis spp., when
opossums feed on birds and even on road-killed raccoons (Stabenow et al., 2012; Dubey
et al., 2001).

The human risk of acquiring protozoa infections from Didelphis spp. may come
from direct or indirect contact with these animals. Gastrointestinal protozoa, for example,
may be spread through contaminated feces of opossums in food and water (Oates et al.,
2012). Another infectious path for protozoa found in these marsupials, is through
arthropod vectors, i.e. Phlebotomines, the main vectors of Leishmania spp., are
commonly found in opossum nests close to human dwellings, which consequently
increase the risk of leishmaniosis in people (Andrade et al., 2015; Cutolo et al., 2014).
Lastly, in some regions, opossums are considered food source, and the consumption of
undercooked meat of this animals have been implicated as potential risks for the
transmission of Toxoplasma gondii and Trypanosoma cruzi (Alvarado-Esquivel et al.,
2016; Sangenis et al., 2016; 2015; Carvalho et al., 2003).
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OBJECTIVES
General objective

Evaluate the parasites of Didelphis aurita and detect zoonotic pathogens these opossums

may transmit to humans and domestic animals.
Specific objectives

¢ |dentify the diversity of ectoparasites in Didelphis aurita.

e Detect via molecular methods the presence of arthropod borne pathogens with
zoonotic potential.

e Detect via molecular biology, animals positive to pathogens with zoonotic potential.

¢ |dentify the diversity of gastrointestinal helminths in D. aurita.

¢ Identify the diversity of gastrointestinal protozoa in D. aurita.



CHAPTER 1

Article: Ectoparasite fauna of Didelphis aurita and molecular detection of

Wolbachia pipientis endosymbiont in fleas

Submitted to the Medical and Veterinary Entomology Journal
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Abstract

Ticks and fleas are important vectors of pathogens that affect humans and animals.
Among their hosts, Didelphis aurita play important role in public health due to their ability
to circulate between urban centers and forests. This study aimed to assess the
ectoparasite fauna of D. aurita (Didelphimorphia: Didelphidae), as well as the presence of
pathogens transmitted by ticks and fleas. Fifty-eight Opossums were captured, and
ectoparasites, blood and spleen samples were collected for molecular processing.
Samples were screened for Anaplasmataceae, Rickettsia spp. (Rickettsiales:
Rickettsiaceae), Borrelia spp. (Spirochaetales: Spirochaetaceae), and Babesia spp.
(Piroplasmorida: Babesiidae). Ixodes loricatus (Acari: Ixodidae) was identified in 41.38%
and Amblyomma sculptum (Acari: Ixodidae) in 1.72% of the animals. Ctenocephalides
felis felis (Siphonaptera: Pulicidae) and Xenopsylla cheopis (Siphonaptera: Pulicidae)
were detected in 60.34% (35/58) and 5.17% (3/58) of the animals, respectively. PCR
analysis detected Anaplasmataceae in 34.04% pool samples of C. felis felis, and in
66.66% of X. cheopis. Sequence analysis revealed Wolbachia pipientis (Rickettsiales:
Rickettsiaceae) in all positive samples. Tick, blood and spleen samples scored negative
for the pathogens assessed. This study contributes to the knowledge of the ectoparasite
fauna in D. aurita in urban areas of Brazil, discussing the importance of these findings to

public health.
Keywords: Opossums; ticks; siphonaptera; Ixodidae; vectors; Anaplasmataceae

1. Introduction

Marsupials of the genus Didelphis are mammals geographically restricted to the
American continent. In South America these animals are represented by five species
divided in two groups, the D. marsupialis-group (D. marsupialis and D. aurita) and the D.
albiventris-group (D. albiventris, D. pernigra, and D. imperfecta). The only Didelphis
species that up to date is not found in this region is D. virginiana, which occurs from
Canada to Costa Rica (Gardner, 2008). In Brazil, four species of this genus are reported,
D. imperfecta (Guianan White-eared Opossum) and D. marsupialis (Common Opossum)

in the Amazon rainforest, D. albiventris (White-eared Opossum) mostly in the Cerrado



63

biome, and D. aurita (Black-eared Opossum) in the Atlantic forest (Faria & Melo, 2017,
Gardner, 2008).

Species of the genus Didelphis are well adapted to the anthropogenic activity,
being found on the roof of houses, hollows of trees and other shelters within urban centers
(Jansen, 2002). Due to this synanthropic behavior, the possibility of transmission of
pathogens (i.e. Rickettssia spp. and Borrelia spp.) vectored by ectoparasites to humans
and domestic animals may occur (Muller et al., 2005).

It is known that ticks and fleas are commonly reported infesting Didelphis spp.
(Muller et al., 2005). For instance, studies of the ectoparasite fauna of D. aurita have
reported the occurrence of ticks of the genus Amblyomma and Ixodes (Luz et al., 2018;
Gonzalez et al., 2017; Acosta et al., 2016; Oliveira et al., 2014; Saraiva et al., 2012,;
Dantas-Torres et al., 2012), and fleas of the genus Adoratopsylla, Polygenis, Leptopsylla,
Xenopsylla and Ctenocephalides (Urdapilleta et al., 2019; Pinto et al., 2009; Salvador et
al., 2007; Horta et al., 2007). Interestingly, specimens of the genus Amblyomma and
Ctenocephalides are commonly found in domestic animals (i.e. dogs, cats, horses)
(Dantas-Torres & Otranto, 2014), which may imply that these species have major
importance in the epidemiological life cycle of pathogens of medical and veterinary
concern (Muller et al., 2005). The aim of this study was to assess the ectoparasite fauna

of D. aurita, as well as the presence of pathogens transmitted by ticks and fleas.

2. Material and Methods
2.1 Study area and ethical aspects

The study was conducted in the municipality of Vigosa (20°45°14” South and
42°52°54” West), located in the State of Minas Gerais, Southeastern Brazil. The climate
in this region is classified as Cwa (Képpen climate classification), mesothermic, with hot
and rainy summers and cold and dry winters. The area is 650 meters above sea level and
presents an annual average temperature varying from 20 to 22 °C.

All procedures herein performed were approved by the Ethics Committee for
Animal Experimentation (ECAE) of the Universidade Federal de Vigosa (license number:
80/2018) and by the Biodiversity Information and Authorization System (SISBIO) of the
Brazilian Institute of Environment and Renewable Natural Resources (IBAMA) under the

license number 64930-1.
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2.2 Animals and sampling

Animals were captured through Tomahawk live traps (0.45x0.21x0.21m), which
were armed and checked daily (5PM and 7AM, respectively), from January to June 2019,
totaling a sampling effort of 516 trap-nights in urban environments of the study area
(Figure 1). A mix of corn flour, canned fish and banana were used as bait. After capture,
the animals were classified by sex, age group (pups, subadults and adults), and marked
with a small V cut at the right ear to identify recaptures. Additionally, animals found dead
were necropsied and fragments of spleen collected (n = 9).

Initially, animals were individually inspected for a period of approximately 10
minutes for the presence of ectoparasites. Specimens collected were stored in plastic
vials (ticks in empty tubes and fleas in tubes containing 70% alcohol) for morphological
identification and molecular procedures. In addition, blood samples were collected via
venipuncture and stored at -20 °C until molecular processing.

2.3 Laboratorial procedures

Ectoparasites were quantified, separated according to the stage and gender, and
morphologically identified using dichotomy keys (Barros-Battesti et al., 2006; Linardi &
Guimaraes, 2000). Afterwards, 58 pools of ticks (up to 3 specimens) and 50 pools of fleas
(up to 4 specimens) were formed for DNA extraction.

For molecular procedures, genomic DNA of blood and spleen were extracted using
a commercial kit for blood and spleen (lllustra tissue and cells genomicPrep Mini Spin Kit,
GE Healthcare Life Sciences) following the manufacturer’s instructions. On the other
hand, DNA extraction of ectoparasites were performed following a protocol previously
described (Ramos et al., 2015).

Each DNA sample was screened for the gltA gene of Rickettsia spp., the flagellin
gene of Borrelia spp., the 16S rRNA gene for Anaplasmataceae, and for the 18S gene for
Babesia spp. (Table 1). Amplifications were performed using Taq Pol Master Mix Green
2X following the manufacturer’s recommendations, 400 nmol of each primer, 5 uL of DNA
sample and nuclease free water until complete 25 yL volume. DNA of Rickettsia vini
(Preventive Veterinary Medicine and Animal Health Department of the University of S&o
Paulo), Borrelia garini (Epidemiology and Public Health Department of the Federal Rural

University of Rio de Janeiro), Ehrlichia canis and Babesia canis (Veterinary Medicine
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Department of the Federal University of Vicosa) were used as positive control, and
nuclease free water as negative control.

All amplicons obtained were purified using PCR Purification Kit (Cellco Biotec)
according to manufacturer's recommendations. Sanger's method was performed for
sequencing amplicons in both directions in an automated sequencer AB 3500 Genetic
Analyzer. DNA sequences were aligned using Mega7 and compared with sequences from
GenBank using the BLAST search tool.

Table 1. Primers used for molecular analysis.

Pathogen Gene Amplicon size (bp) Primer sequence

Rickettsia spp. gltA 300-380 5-GGGGGCCTGCTCACGGCGG-%
5-ATTGCAAAAAGTACAGTGAACA-3’

Borrelia spp. Fla 482 5-AGAGCAACTTACAGACGAAATTAAT-3’
5-CAAGTCTATTTTGGAAAGCACCTAA-3

Anaplasmataceae 16S 345 5-GGTACCYACAGAAGAAGTCC-3
5-TAGCACTCATCGTTTACAGC-3’

Babesia spp. 18S 411-452 5-GTCTTGTAATTGGAATGATGG-3’

5-TAGTTTATGGTTAGGACTACG-3

2.4 Data analysis

Descriptive statistical analysis was performed to calculate the relative and absolute
frequency, as well as mean intensity and abundance of infestation by ticks and fleas. The
normality of data was checked using the Lilliefors test. Additionally, the Chi-square test
with Yates correction (x?) was used to compare the occurrence of these ectoparasites
according to the gender and age. The significance level was set up at 5% and all analyzes
were carried out using the BioEstat 5.3 software.

The sites of capture of opossums were geoprocessed with the geographic
information system program QGIS 3.4.12 (qgis.org). Digital maps of the Brazil, the State
of Minas Gerais and the municipality of Vicosa were used as cartographic basis, and the
SIRGAS2000 and the UTM coordinates system as ellipsoid of reference. The layers and
points were automatically converted by the system (extension on the fly). The complement

QuickMapServices was used to obtain the satellite images (Google Satellite).
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3. Results

Fifty-eight animals were captured during the whole study in the study area, being
50% (29/58) males and 50% (29/58) females. In particular, 3.45% (2/58) were classified
as pup, 46.55% (27/58) as subadults and 50% (29/58) as adults. A total of 69 ticks and
121 fleas were collected on the animals, which correspond to frequencies of infestation of
41.38% (24/58) and 60.34% (35/58), respectively (Table 2). No significant difference was
observed for tick and flea infestation according to the gender and age of the opossums (p
> 0.05).

© Sampled places
Vigosa municipality

~43.000 42300 42800

Figure 1. Points of captures of D. aurita in Southeastern Brazil. Red spots are concentrated at the
urban extension of the studied area.
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Table 2. Ectoparasites found in Didelphis aurita from Southeastern Brazil

Ectoparasite M F Ny L Infested "Mean 2Mean RF % AF/N
animals abundance intensity
Ticks (n = 69)
Ixodes loricatus 16 42 1 9 24 1.17 2.83 41.38 24/58
Amblyomma 0 0 1 0 1 0.02 0.04 1.72 1/58
sculptum

Fleas (n = 121)

Ctenocephalides 22 95 0 O 34 2.02 3.34 58.62 34/58
felis felis
Xenopsylla cheopis 1 3 0 0 3 0.07 0.11 5.17 3/58

"Number of ectoparasites per total of examined animals. 2Number of ectoparasites per total of infested
animals. M — male; F — female; Ny — nymph; L — Larva; RF — relative frequency; AF — absolute frequency;
N — number of captured animals.

The PCR analysis detected Anaplasmataceae DNA in 34.04% (n = 16/47) pool
samples of C. felis felis, and in 66.66% (n = 2/3) pool samples of X. cheopis. The sequence
analysis of these products and comparisons in the GenBank database revealed
Wolbachia pipientis with query Cover of 100% and identity of 98% as compared with
BLAST results (Accession numbers: KP114101.1, KP165047.1, MF944223.1,
EF121345.1, and AY026912.1). Tick, blood and spleen samples scored negative for the

other pathogens assessed.

4. Discussion

This study assessed the occurrence of ectoparasites as well as the detection of
microorganisms infecting ticks and fleas of D. aurita from Southeastern Brazil. /. loricatus
was the most frequent tick species found, infesting 41.38% of the animals. In fact, most
studies on ectoparasites of Didelphis spp. found the adult stage of I. loricatus to be the
most predominant tick species in these marsupials (Luz et al., 2018; Gonzalez et al., 2017,
Oliveira et al., 2014; Saraiva et al., 2012; Dantas-Torres et al., 2012, Muller et al., 2005).
In contrast with these studies, when compared with I. loricatus, A. auricularium was
reported with a higher frequency on D. albiventris in a study performed in Northeastern

Brazil (Lopes et al., 2018). Additionally, Acosta et al. (2016) have reported only immature
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stages of Amblyomma spp. in D. aurita from the State of Espirito Santo, Brazil; however,
few opossums of this species were inspected in that study.

Amblyomma sculptum was detected with a very low frequency (1.72%) in the
animals analyzed in the present study. This tick species presents great public health
importance, as it is the main vector of Rickettsia rickettsii, the etiological agent of the
Brazilian Spotted Fever (Parola et al., 2013). The presence of Amblyomma spp. in D.
aurita captured in urban areas has a great epidemiological importance, since this
opossum act as an amplifier host for R. rickettsii infection to A. sculptum ticks (Horta et
al., 2009). In our study, a single animal was found parasitized by an A. sculptum nymph.
Indeed, most studies reported that larvae and nymphs of Amblyomma are the most
common life stages retrieved in opossums (Lopes et al., 2018; Acosta et al., 2016).

Regarding the flea species found in our study, C. felis felis was predominantly
identified in D. aurita, with a frequency of 60.34%. This species, known as the cat flea,
has been reported with high prevalence rates in Didelphis spp. (Horta et al., 2007;
Boostrom et al., 2002; Barros-Battesti & Arzua, 1997). However, Salvador et al. (2007)
studying ectoparasites of D. aurita in the state of Santa Catarina, Brazil, found only
Adoratopsylla intermedia, Leptopsylla segnis and Xenopsylla cheopis. The authors of that
study suggested that the absence of C. felis felis in the studied population was due to the
lack of human habitations in the studied area, which consequently reduce the contact of
the wildlife with domestic animals. In fact, it is known that C. felis felis is the most prevalent
flea species in dogs and cats worldwide (Durden & Hinkle, 2019). In our study, the animals
were captured in urban areas, and the high frequency of C. felis felis may suggest the
exchange of this ectoparasite species between companion animals and D. aurita.

The detection of X. cheopis in the present study is a relevant finding. Salvador et
al. (2007) found a higher rate of D. aurita infested by this flea species in the State of Santa
Catarina, Brazil, with a frequency of 15.1%. Rodents are the main hosts of X. cheopis,
and this species is involved in the transmission of important zoonotic pathogens such as
the bacteria Yersinia pestis and Rickettsia typhi, the causative agents of Plague and
Murine Typhus, respectively (Durden & Hinkle, 2019; Civen & Ngo, 2008). In addition, the

presence of this flea in Didelphis spp. may have important implications in public health,
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as it is known that these opossums are probably involved in the zoonotic cycles of
pathogens such as R. typhi and R. felis (Boostrom et al., 2002).

Interestingly, DNA of W. pipientis was detected in C. felis felis and X. cheopis. It is
known that this bacterium is an endosymbiont that infects a great number of insect species
worldwide, which includes various flea species, i.e. C. felis, C. canis, Tunga penetrans,
Polygenis gwyni, Orchopeas howardi, Pulex irritans, P. simulans, Echidnophaga
gallinacea, and X. cheopis (Onder et al., 2019; Heukelbach et al., 2004; Dittmar & Whiting,
2004; Gorham et al., 2003). In fact, Dittmar & Whiting (2004) claim that there is a
potentially widespread association between these bacterial symbionts with fleas in
general. In addition, W. pipientis has influence on reproduction, sex determination,
speciation and behavior of arthropods, being a potential candidate to biological control of
insect vectors (LePage & Bordenstein, 2013).

This study reports the occurrence of ticks and fleas in D. aurita opossums, as well
as the infection by W. pipientis in C. felis felis and X. cheopis collected in these animals
in Southeastern Brazil. Data herein obtained demonstrates the parasitism in D. aurita by
some species of ectoparasites commonly found in domestic animals (C. felis felis and A.
sculptum). These findings suggest that these arthropods may have important role in the

cycle of zoonotic pathogens among opossums, humans and companion animals.
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Abstract

Zoonotic pathogens account for a great proportion of diseases that affect humans,
and agents originated from wildlife cause many of these illnesses. In this sense,
synanthropic animals such as Didelphis spp. play important role in the dissemination of
pathogens due to their proximity to human dwellings. These marsupials are affected by
many gastrointestinal parasites, including those with zoonotic potential. The aim of this
study was to assess the diversity of gastrointestinal parasites infecting D. aurita captured
in urban areas of Southeastern, Brazil. In addition, the potential risk for the human
population based on the One Health perspective has been discussed. From January to
June 2019, 49 animals were captured by using Tomahawk live traps (0.45x0.21x0.21m).
Fecal samples of the trapped opossums were collected from the cloaca as the animal
defecated. Afterwards, samples were evaluated by parasitological procedures. Eggs and
oocysts were analyzed at different magnifications (400x and 1000x), and their
identification, together with adult nematodes, was established on morphological and
morphometric features. Of all samples analyzed, 87.76% (n = 43/49) scored positive for
at least one gastrointestinal parasite, being 83.67% (41/49) for helminths, and 65.30%
(32/49) for protozoa. For Cryptosporidium, only 13 samples were evaluated due to
insufficient amount of feces obtained of some animals. A frequency of 23.08% (3/13) was
reported for this parasite. PCR analysis revealed Ancylostomatidae eggs to belong to the
genus Ancylostoma. Our results demonstrated that multiparasitism is frequently found in
these animals and a high percentage of potentially zoonotic parasites are observed,

implying that D. aurita may be involved in zoonotic cycles in urban environments.

Keywords: Synanthropic animals; nematodes; trematodes; protozoa; zoonosis; parasitic

infections.

1. Introduction

Currently, it is estimated that 60% of the emerging infectious human diseases are
zoonotic, with more than 71% of those, originated from wild animals [1]. Over the time,
several wildlife species have developed the synanthropic behavior, and animals (e.g.,
opossums, canids, birds) previously seen only in forest areas have been frequently

observed in urban centers. The proximity among humans, domestic animals and
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synanthropic species has constantly increased, and the risk of transmission of zoonotic
pathogens has been considered one of the most important issues debated on the One
Health perspective [2, 3, 4].

Amongst the synanthropic animals, the species Didelphis aurita Wied-Newied,
1826 (Didelphimorphia: Didelphidae) are marsupials well adapted to the anthropogenic
activity. This species has semi arboreal behavior and occurs primarily in the Atlantic forest
regions, being commonly found near human dwellings [5]. The diet of this opossum is very
diverse including fruits, insects and a great variety of small vertebrates. This opportunistic
feeding behavior exposes these animals to a great number of gastrointestinal parasites,
including those of zoonotic concern such as the genera Ancylostoma, Toxocara, Trichuris,
Ascatris, Capillaria, Giardia and Cryptosporidium [6, 7, 8, 9, 10].

Studies on gastrointestinal parasites in opossums are scarce, and information
regarding host-parasite interactions between Didelphidae and their parasitic fauna are
limited. The multiparasitism observed in these animals may affect their health, since the
interactions among parasites are possibly linked to host susceptibility, duration of
infection, risk of spreading, and clinical signs [11]. Thus, the description of those
organisms in a given species is extremely important in order to better understanding the
relationship they have to each other, and with their hosts. Therefore, the aim of this study
was to assess the diversity of gastrointestinal parasites infecting D. aurita captured in
urban areas of Southeastern, Brazil. In addition, the potential risk for the human population

based on the One Health perspective has been discussed.

2. Material and Methods
2.1 Study area and ethical aspects

This study was performed in urban and periurban areas of the municipality of
Vigosa (Latitude 20°45°14”South and Longitude 42°52°54”West), State of Minas Gerais,
Brazil. The area is featured by a Cwa climate, mesothermic, with hot and rainy summers
and cold and dry winters. Annual average temperature varies from 20 to 22 °C and the
region is 650 meters above sea level.

The Ethics Committee for Animal Experimentation (ECAE) of the Universidade
Federal de Vigosa (license number: 80/2018) and the Biodiversity Information and
Authorization System (SISBIO) (license number: 64930-1) of the Brazilian Institute of
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Environment and Renewable Natural Resources (IBAMA) approved all procedures herein
performed.
2.2 Animals and sampling

From January to June 2019 animals were captured through Tomahawk live traps
(0.45x0.21x0.21m), which were armed and checked daily (5PM and 7AM, respectively),
totaling a sampling effort of 516 trap-nights (Figure 1). A mix of corn flour, canned fish and
banana were used as bait. After capture, each individual was mechanically contained,
classified by sex, age group (pups, subadults and adults), and marked with a small V cut
at the right ear to identify recaptures [12]. Fresh fecal samples were collected from the
trap or directly from the cloaca as soon as the animals defecated. After sampling
procedures, each animal was released at the same site of capture.
2.3 Laboratorial procedures

Samples were individually evaluated by the simple flotation technique of Willis-
Mollay [13]. On the other hand, the search for Cryptosporidium spp. oocysts was carried
out by malachite green negative staining as previously described [14]. Positive samples
for Eimeria spp. oocysts were placed in Petri dishes containing 2.5% Potassium
dichromate (K2Cr207) and stored at 24°C for seven days in order to allow sporulation [15].
Eggs and oocysts were analyzed at different magnifications (400x and 1000x) and
measured with an Olympus CX31 microscope attached to a camera connected to the
ToupView software version 3.7. The identification of eggs and oocysts was established
on morphological and morphometric features previously described [15, 16, 17, 18]. Adult
nematodes recovered from feces of some animals were identified according to Adnet et
al. [19].

Molecular analysis was further performed for Ancylostomatidae. Individual eggs
were isolated [20] and genomic DNA was extracted according to Lake et al. [21].
Afterwards, DNA samples were screened by duplex PCR for Ancylostoma spp. and
Necator americanus using primers that amplify a region of internal transcribed spacer 2
and the 28S ribosomal RNA (ITS2-28S rRNA). Forward primers AD1 (5 CGA CTT TAG
AAC GTT TCG GC 3’) and NA (5 ATG TGC ACG TTA TTC ACT 3’), and the reverse
primer NC2 (5 TTA GTT TCT TTT CCT CCG CT 3’) were used for DNA amplification,
resulting in 250 bp if positive for N. americanus, and in 130 bp if positive for Ancylostoma
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spp. [22]. Reactions were performed using 0.2 uM of each primer, 1 U of Tag DNA
polymerase (Phoneutria, Brasil), 200 uM of deoxynucleoside triphosphate (dNTPs), 1X
reaction buffer, 5 uL of DNA sample, and ultrapure water to complete a 10 pL final volume.
DNA of N. americanus and Ancylostoma spp. previously extracted from adult worms [20,
23] were used as positive control, and nuclease free water as negative control.
Electrophoresis in 1% agarose gel with 0.5 TAE buffer and GelRed ™ (Biotium, EUA) was
performed to visualize the amplified products.

2.4 Data analysis

Descriptive statistics was performed to calculate the relative and absolute
frequency of helminths and protozoa infections. The normality of data was checked using
the Lilliefors test. Additionally, Chi-square or Fisher exact test were used to analyze
gastrointestinal parasite infections, as well as sex and ages of the infected animals using
the R (Studio 2012) software. A 5% significance level was considered to all parameters
tested (p<0.05).

Sites of capture of opossums were geoprocessed with the geographic information
system program QGIS 3.4.12 (qgis.org). Digital maps of the Brazil, the State of Minas
Gerais and the municipality of Vigosa were used as cartographic basis, and the
SIRGAS2000 and the UTM coordinates system as ellipsoid of reference. The layers and
points were automatically converted by the system (extension on the fly). The complement

QuickMapServices was used to obtain the satellite images (Google Satellite).

3. Results

Forty-nine animals (40 alive and 9 found dead) were captured during the whole
study period in nine collection points. From those, 28.57% (14/49) were classified as adult
female, 20.40% (10/49) as adult male, 24.49% (12/49) as subadult female, 24.49%
(12/49) as adult male, and 2.04% (1/49) as a pup. Of all samples analyzed, 87.76% (n =
43/49) scored positive for at least one gastrointestinal parasite (Tables 1 and 2). Eggs of
helminths were detected in 83.67% (41/49) of the samples (Figure 2), whereas protozoa
oocysts were observed in 65.30% (32/49) of the animals (Figure 3). The Cryptosporidium
search was performed only in 13 samples due to the insufficient amount of feces obtained
of some animals. A frequency of 23.08% (3/13) was reported for this parasite. Additionally,
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adult nematodes (n = 53) recovered from feces were identified as Cruzia tentaculata
(Figure 4).

In particular, PCR analysis of Ancylostomatidae eggs amplified a product of 130
bp, revealing Ancylostoma spp. in all samples analyzed. None of the parameters
statistically checked presented significance, except for the parasitism by Ancylostoma
spp. between male and females (p = 0.0233), and for the frequency between Cruzia

tentaculata and Ancylostoma spp. (p = 0.04211).

Table 1. Absolute and relative frequencies for gastrointestinal parasites detected in Didelphis
aurita

Parasite AFIN RF%
Ancylostoma spp. 32/49 65.302
Ascaridoidea 10/49 20.41%
Spiruroidea 2/49 4.08 @
Trematoda 8/49 16.33 3
Cruzia tentaculata 36/49 73.47°
Strongyloides spp. 7149 14.29 @
Trichuris spp. 14/49 28.57 @
Capillaria spp. 6/49 12.24 @
Eimeria spp. 32/49 65.30
Isospora spp. 2/49 4.08 @
Cryptosporidium spp. 3/13* 23.08 ab*

AF — Absolute frequency; RF — Relative frequency; N — number of animals evaluated
*Cryptosporidium spp. diagnosis was performed in 13 animals
abDifferent letters in the same collunm represent p<0.05
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Table 2. Single and multiple infections by helminths and protozoa in Didelphis aurita

Parasites RF% AF/n

Ancylostoma spp. 2.33 1/43

Cruzia tentaculata 4.65 2/43

Eimeria spp. 4.65 2/43

Ancylostoma spp. + Ascaridoidea + Spiruroidea + Eimeria spp. 2.33 1/43

C. tentaculata + Strongyloides spp. + Trichuris spp. + Ancylostoma spp. + Trematoda + 4.65 2/43
Eimeria spp.

C. tentaculata + Strongyloides spp. + Capillaria spp. + Ancylostoma spp. + Trematoda 2.33 1/43

C. tentaculata + Ancylostoma spp. + Eimeria spp. 2.33 1/43

C. tentaculata + Trichuris spp. + Ancylostoma spp. + Trematoda 2.33 1/43

C. tentaculata + Ancylostoma spp. 2.33 1/43

C. tentaculata + Trichuris spp. + Ancylostoma spp. + Eimeria spp. 2.33 1/43

C. tentaculata + Trichuris spp. + Capillaria spp. + Ancylostoma spp. + Ascaridoidea 2.33 1/43

C. tentaculata + Ancylostoma spp. + Ascaridoidea + Eimeria spp. 2.33 1/43

C. tentaculata + Trichuris spp. + Capillaria spp. + Ancylostoma spp. + Ascaridoidea + Eimeria 2.33 1/43

spp.

C. tentaculata + Strongyloides spp. + Ancylostoma spp. + Eimeria spp. 2.33 1/43

C. tentaculata + Ancylostoma spp. + Eimeria spp. 2.33 1/43

C. tentaculata + Ascaridoidea 2.33 1/43

C. tentaculata + Capillaria spp. + Ancylostoma spp. + Ascaridoidea + Eimeria spp. 2.33 1/43

C. tentaculata + Trichuris spp. + Ancylostoma spp. + Ascaridoidea + Eimeria spp. 2.33 1/43

C. tentaculata + Trichuris spp. + Eimeria spp. 2.33 1/43

C. tentaculata + Ancylostoma spp. 2.33 1/43

C. tentaculata + Trichuris spp. + Eimeria spp. 2.33 1/43

C. tentaculata + Ancylostoma spp. + Eimeria spp. 2.33 1/43

C. tentaculata + Trichuris spp. + Ancylostoma spp. 2.33 1/43

C. tentaculata + Ancylostoma spp. + Trematoda + Eimeria spp. 4.65 2/43

C. tentaculata + Capillaria spp. + Trematoda + Eimeria spp. + Isospora spp. 2.33 1/43

C. tentaculata + Eimeria spp. 2.33 1/43

C. tentaculata + Ancylostoma spp. + Eimeria spp. 11.63 5/43

C. tentaculata + Ascaridoidea + Eimeria spp. 2.33 1/43

C. tentaculata + Strongyloides spp. + Ascaridoidea +Eimeria spp. 2.33 1/43

C. tentaculata + Ancylostoma spp. + Ascaridoidea + Spiruroidea + Trematoda + Eimeria spp. 2.33 1/43

C. tentaculata + Ancylostoma spp. 2.33 1/43

C. tentaculata + Strongyloides spp. + Trichuris spp. + Ancylostoma spp. + Eimeria spp. 2.33 1/43

Strongyloides spp. + Trichuris spp. + Ancylostoma spp. + Eimeria spp. + Isospora spp. 2.33 1/43

Trichuris spp. + Capillaria spp. + Ancylostoma spp. + Eimeria spp. 2.33 1/43

Trichuris spp. + Ancylostoma spp. + Eimeria spp. 2.33 1/43

Total % 100.0 43/43

RF — Relative frequency; AF — Absolute frequency; n — positivite samples
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Figure 1. Points of capture of opossums positive for gastrointestinal parasites. The area where
the black spots are concentrated is the urban extension of the municipality of Vigosa, Minas

Gerais, Brazil.

Figure 2. Helminth eggs detected in fecal samples from Didelphis aurita. A. Cruzia tentaculata;
B. Ancylostoma sp.; C. Strongyloides sp.; D. Spiruroidea; E. Trichuris sp.; F. Capillaria sp.; G.

Ascaridoidea; H. Trematoda. Scale bar 25um.
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Figure 3. Protozoa oocysts detected in fecal samples from Didelphis aurita. A. Eimeria
auritanensis; B. E. gambai; C. E. philanderi; D. E. caluromydis; E. Isospora sp.; F. Cryptosporidium
sp. Scale bar 10um.

Figure 4. Cruzia tentaculata adult male (A, B, C) and female (D, E, F) recovered from Didelphis
aurita feces. A - Anterior view of male showing buccal capsule, and esophagus; B - Esophagus
with bulb and intestinal diverticulum common in male and female; C - Posterior region of male
showing one pair of spicules, gubernaculum and caudal alae; D - Anterior region of female
showing buccal capsule and esophagus; E - Mid region of female filled with eggs; F - Posterior
end of female showing anus and sharp caudal end. Scale bar 500um.

4. Discussion

This study reports a wide diversity of gastrointestinal parasites infecting D. aurita
opossums from Southeastern Brazil. A very high frequency of helminths and protozoa was
detected in the animals herein evaluated. This finding may be related to the omnivorous
and opportunistic diet observed in Didelphis spp. (i.e. fruits, small vertebrates,

invertebrates, seeds and rubbish remnants of human consumption), which may vary
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according to the environment (i.e. urban or forest fragments) where they are mostly
inserted [9, 24]. The great variety of gastrointestinal parasites herein observed, include
some species that may present zoonotic potential [25, 26, 27, 28, 29, 30, 31, 32].
Furthermore, to our knowledge, the protozoa Cryptosporidium sp., Isospora sp., and the
nematode Strongyloides sp. are new records for D. aurita.

The presence of potentially zoonotic nematodes in opossums of the genus
Didelphis was previously reported in America [6, 7, 33]. In the present study, immature
forms resembling Ancylostoma spp. were detected in 65.30% of D. aurita. Teodoro et al.
[6] recently identified immature parasitic forms of the family Ancylostomatidae with a
frequency of 41.07% and 100.0% in D. albiventris and D. aurita, respectively. Similarly,
Aragon-Pech et al. [7], evaluating gastrointestinal parasites in D. virginiana in Mexico,
found 84.50% of the animals to be positive for Ancylostoma sp. These data suggest that
Didelphis spp. opossums are commonly infected by this parasite. This genus includes the
species A. caninum, which is commonly found in dog feces, and causes a disease known
as Cutaneous larva migrans in humans [34]. Since the animals herein evaluated were all
captured in urban sites where domestic animals, such as stray dogs are present, it is
possible that opossums are involved in the cycle of A. caninum in urban environments.

Parasites of the family Trichuridae were frequently detected in the opossums
herein evaluated. The genera Trichuris and Capilaria were previously reported in
Didelphis spp. as T. didelphis, T. marsupialis, T. minuta, C. didelphis and C. longicauda
[35, 36, 37]. Both genera have representative species with zoonotic potential; however, it
is not clear whether the species described in Didelphis spp. may infect humans. In our
study, the specimens were classified as Trichuris sp. and Capillaria sp. according to
morphological and morphometric analysis. The same was applied to Strongyloides sp.
eggs, which are described with an ellipsoid shape presenting a thin wall and a larva [38].

Cruzia tentaculata was the most prevalent parasite detected in the animals. Similar
results were observed in other studies performed in Brazil with the same opossum
species, identifying frequencies of approximately 76.0% for this nematode [6, 35]. These
findings suggest that C. tentaculata is the most prevalent gastrointestinal parasite in D.
aurita opossums. However, information about the ecology of this species in this marsupial
are limited, and further studies are needed in order to determine their role regarding
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pathogenicity and effects on other gastrointestinal parasite populations found in these
animals. In the present study, male and female adult forms of the parasite were directly
recovered from feces of four opossums. Since the transmission of Cruzia spp. is given by
ingestion of eggs [39], it is not clear what the releasing of alive adult forms through feces
means in the parasite life cycle.

Trematode eggs were found in eight animals in our study. Among the trematodes
previously reported in Didelphis spp., Schistosoma mansoni found in D. albiventris [40],
and Brachylaima sp. found in D. aurita [35] are potentially zoonotic [41, 42]. Eggs detected
in the present work did not seem to be of none of these parasites. In fact, all the immature
forms presented morphological and morphometric characteristics that resembled
Rhopalias spp. [43].

Oocysts belonging to three genera of protozoa were herein detected. Eimeria spp.
are the most prevalent coccidia in opossums, as reported in a previous study [7]. In fact,
there are many species of this genus infecting Didelphis spp.; however, the extent to which
most eimerians affect the health of these animals is unknown or nor clear [44]. Isospora
sp. is herein reported for the first time in D. aurita. This parasite was previously described
in D. virginiana [45], and in D. marsupialis [46]. A third protozoan, herein identified as
Cryptosporidium sp. is also a new record for D. aurita. However, the presence of this
coccidian in the black eared opossum were hypothetically known, as it was already
recorded in D. albiventris [10], and due to the ubiquitous behavior this coccidia have [47].

The pathological effects of many parasites of wildlife are unknown or not
investigated, and most of these parasites co-inhabit in their hosts with other parasites [11].
The interactions among these parasites are hardly studied; however, it is known that these
relationships may be antagonistic (when an organism inhibit the infection and/or
development of other organism), or synergistic (when one parasite facilitates the entry
and/or development of other parasites) [48]. In our study, most animals presented
multiparasitism, and within this variety of parasites, it is difficult to know the role that each
individual have in animal health. Nevertheless, it is important to highlight that since many
of those organisms have zoonotic potential, further studies regarding their identification at
species level, as well as their potential to cause human disease, should be performed in
order to find out what is the public health impact they have.
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In the last decades, the concept of one health has been applied in many areas that
involve humans, animals and the environment. In this aspect, Didelphis spp. are
particularly important since these animals play relevant ecological role in nature, but they
also are reservoirs of important zoonotic pathogens [49, 50]. The synanthropic habit
observed in these animals is a reflex of the human activity in terms of deforestation, which
consequently increases the opossum population in urban centers due to the destruction
of their natural habitat. D. aurita in particular, inhabits mostly the Atlantic Forest remnants
[5]; however, this marsupial has been frequently found within the urban environments, as
observed in our study. This finding is of substantial importance within the One Health
concept, since the environmental degradation caused by anthropic activity, causes
imbalance in the Didelphis spp. population [51, 52]. As a result, the animals seek for new
habitats, finding the human dwellings the perfect place to live due to the availability of food
and shelter, which leads to the emergence of zoonotic pathogens from the wild to the

cities.

5. Conclusion

This study provides data on the gastrointestinal parasites in D. aurita opossums,
highlighting the species with zoonotic potential. Results herein obtained demonstrated
that multiparasitism is commonly detected in these animals, and that C. tentaculata is the
most prevalent nematode found parasitizing them. Additionally, our study indicated a high
percentage of opossums infected by potentially zoonotic parasites such as Ancylostoma
spp., Ascaridoidea and Trichuris spp. implying that D. aurita may be involved in zoonotic

cycles in urban environments.
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Abstract

Didelphis aurita is a marsupial well adapted to anthropogenic activity and commonly found
in urban areas of Brazil. Among the gastrointestinal parasites found in this opossum,
protozoa of the genus Eimeria are frequently detected. The aim of this study was to
investigate the diversity of Eimeria species infecting D. aurita in Southeastern Brazil, and
to provide morphological data of a new species of Eimeria. From January to June 2019,
43 D. aurita were captured, and their fecal samples were collected and evaluated by
simple flotation; positive samples were allowed to sporulate in 2.5% potassium dichromate
(K2Cr207), and detailed morphometric analyses were performed to determine the species
present. 32/43 (74.4%) of the opossums were infected with from one to five Eimeria spp.
Four of the eimerians were discovered, described and named by others: E. auritanensis,
E. caluromydis, E. gambai, and E. philanderi. Additionally, sporulated oocysts of a species
new to science were detected. Oocysts of Eimeria vicoensis n. sp. are spheroidal to
subspheroidal, 21.7 x 20.7 (20-23 x 19-23), length/width (L/W) ratio 1.05, with a highly
refractile polar granule, but lacking a micropyle and oocyst residuum. Sporocysts are
ovoidal, 10.6 x 8.0 (9-12 x 7-9), L/W ratio 1.3, with a small, nipple-like Stieda body and a
sporocyst residuum of diffuse granules. 5/32 (16%) of the opossums were infected with
only one Eimeria sp., 6/32 (19%) with two, 15/32 (47%) with three, 5/32 (16%) with four
and 1/32 (3%) with five Eimerians.

Keywords: Protozoa, Marsupials, Animal Health, Parasites, Eimeria vicoensis.

1. Introduction

Didelphis aurita, the black-eared opossum, is a widely distributed marsupial found
within the eastern Neotropical region of Brazil to southeastern Paraguay and northeastern
Argentina (Gardner 2008). This species is well adapted to human habitations where they
are found on the roof of houses, in the hollows of trees and other shelters within the cities
and peripheral areas (Jansen 2002). Thus, the transmission of zoonotic pathogens to
humans and domestic animals by D. aurita may occur as has been demonstrated in the
sylvatic cycle of visceral leishmaniasis between two other Didelphis species, domestic

dogs, and humans in other areas of southeastern Brazil (Cabrera et al. 2003).
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The gastrointestinal parasite fauna in marsupials of the genus Didelphis is diverse
with a great variety of helminths (Chero et al. 2017; Aragén-Pech et al. 2018; Pinto et al.
2014) and protozoa identified (Zanette et al. 2008). Some of these parasites are potentially
zoonotic, such as Toxocara cati, detected in D. albiventris (Pinto et al. 2014);
Ancylostoma, Toxocara, Trichuris, Ascaris, and Capillaria spp. identified in D. virginiana
(Aragdn-Pech et al. 2018) and protozoa such as Giardia sp. and Cryptosporidium sp.
detected in D. albiventris (Zanette et al. 2008).

Among the parasites identified in Didelphis spp., Eimeria spp. are commonly found
(Duszynski 2016; Teixeira et al. 2007). These protists are obligate intracellular coccidia
transmitted from host-to-host by the ingestion of sporulated oocysts. In domestic and wild
animals, the infection may be asymptomatic or, depending upon the Eimeria species, the
number of oocysts ingested, and the immune status of the host to that species, the
presence of clinical signs such as diarrhea, dehydration, weight loss, and even death may
occur (Macedo et al. 2019; Zanette et al. 2008). Most Eimeria spp. were once thought to
exhibit strict host specificity; however, phylogenetic and morphologic studies have
demonstrated the ability of some eimerians to be able to infect different host species in
the same genus or even species in different host families (Duszynski 2016; Vrba and
Pakandl 2015; Wilber et al. 1998).

Reports on Eimeria spp. infecting D. aurita have described E. philanderi (Fehlberg
et al. 2018), E. gambai (Carini 1938; Teixeira et al. 2007), E. auritanensis (Teixeira et al.
2007), and E. didelphydis (Carini 1936). However, data on the frequency of these
eimerians in D. aurita are not available since those studies focused mostly on the species
description. The work reported here documents the diversity of Eimeria spp. infecting D.
aurita in Southeastern Brazil, and provides morphological data of a new species of

Eimeria.

2. Material and Methods
2.1 Study area

This study was performed in urban and peri-urban areas of the municipality of
Vigosa (20°45°14” S and 42°52°54” W), state of Minas Gerais, Southeastern Brazil. The
area has a Cwa climate (K6ppen climate classification), mesothermic, with hot and rainy
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summers and cold and dry winters. The annual average temperature varies from 20 to 22
°C and the region is 650 m above sea level.
2.2 Capture of animals and laboratory procedures

Animals were captured with Tomahawk live traps (0.45 x 0.21 x 0.21 m), which
were daily armed (5 p.m.) and checked (7 a.m.) from January to June 2019, for 516 trap-
nights. A mix of corn flour, canned fish and banana were used as bait. After capture, the
animals were identified by sex, age group (pups, subadults and adults), and marked with
a small V cut on the right ear to identify recaptures (Morrant et al. 2010; Pestell and Petit
2007; Hunsaker 1977).

Fresh fecal samples were collected from the cage or directly from the cloaca as
soon as the animals defecated. Each sample was evaluated by a simple flotation
technique (Willis, 1921) and observed on microscopic slides under 100x and 400x
magnification. Positive samples were placed in Petri dishes containing 2.5% potassium
dichromate (K2Cr207) and stored at 24 °C for 7 days to allow oocyst sporulation
(Duszynski and Wilber 1997). Afterwards, the material was transferred into plastic tubes,
centrifuged twice with distilled water and once with saline solution at 200 g for 15 min.
Finally, sporulated oocysts were photographed and measured (~60 of each species) at
1000x with an Olympus CX31 microscope with a camera connected to the ToupView
software version 3.7. ldentification of oocysts was based on using structural and
morphometric features previously described (Fehlberg et al. 2018; Berto et al. 2014;
Teixeira et al. 2007; Duszynski and Wilber 1997; Lainson and Shaw 1989). Phototypes of
the oocysts are deposited in the Parasitology Collection of the Laboratério de Biologia de
Coccidios at Universidade Federal Rural do Rio de Janeiro (UFRRJ), Seropédica, Rio de
Janeiro, Brazil. Photographs of the symbiotype-host specimen for the new Eimeria
species are deposited in the same collection with the repository number [n° P-98/2019]

and is available at http://r1.ufrri.br/labicoc/colecao.html.

2.3 Data analysis

Descriptive statistics was performed to calculate the relative and absolute
frequency of Eimeria spp. infections, and the mean and standard deviation for the
morphometry of oocysts. The normality of data was checked using the Lilliefors test.
Additionally, the Chi-square test with Yates correction (x?) was used to compare Eimeria
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spp. infection in male and females, as well as the ages of infected animals, considering a

5% significance level. All analyzes were carried out using the BioEstat 5.3 software.

3. Results

Forty-three animals were captured from January to June 2019. Of those, 22/43
(51.2%) were male and 21/43 (48.8%) were female; 1/43 (2.3%) was a pup, 21/43 (48.8%)
were subadults and 21/43 (48.8%) were adults. 32/43 (74.4%) animals were found to be
infected with from 1 to 5 Eimeria species (Tables 1 and 2). Oocysts of Eimeria gambai
(Figs. 1A, 2A) were found in 27/43 (62.8%) opossums, oocysts of E. philanderi (Figs. 1C,
2C)in 25/43 (58.1%), oocysts of E. auritanensis (Figs. 1B, 2B) in 13/43 (30.2%), and those
of E. caluromydis (Figs. 1D, 2D) in 9/43 (20.9%). Photomicrographs of the sporulated
oocysts of these four species were deposited in the Parasitology Collection of the
Laboratdrio de Biologia de Coccidios at the Universidade Federal Rural do Rio de Janeiro,
Seropédica, Rio de Janeiro, Brazil, and their repository numbers are: [n°® 94/2019] for
Eimeria auritanensis; [n° 95/2019] for Eimeria caluromydis; [n°® 96/2019] for Eimeria
gambai;, and [n° 97/2019] for Eimeria philanderi. Oocysts of a fifth morphotype with
different structural parameters from all other eimerians known from opossums were

detected in 13/43 (30.2%) opossums and it is described here as new.

3.1 Eimeria vicoensis n. sp. (Figs. 3A, B)

Type host: Didelphis aurita (Wied-Neuwied 1826) (Didelphimorphia: Didelphidae), Black-
eared Opossum.

Type locality: South America: Brazil: Atlantic Forest, municipality of Vigosa, Minas Gerais
(20°45°14” S and 42°52°54” W).

Other hosts: Unknown, none to date.

Description of sporulated oocyst: Oocyst shape: Spheroidal to Subspheroidal; number of
walls: 1; wall characteristics: smooth, colorless, ~1.0 thick; L x W (n = 58): 21.7 x 20.7
(20-23 x 19-23), L/W ratio: 1.05; polar granule present, highly refractile; micropyle and
oocyst residuum, both absent.

Description of sporocyst and sporozoites: Sporocyst shape: ovoidal; L x W (n = 58): 10.6
x 8.0 (9-12 x 7-9); L/W ratio: 1.3; Stieda body present; substieda and parastieda bodies
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both absent; sporocyst residuum present as a few scattered granules; refractile bodies in
sporozoites were not seen.

Prevalence: Oocysts of this morphotype were found in 13/43 (30.2%) D. aurita.
Sporulation: Exogenous. Oocysts were completely sporulated after a period of 7 days in
2.5% (1/5) potassium dichromate solution (K2Cr207).

Prepatent and patent periods: Unknown.

Site of infection: Unknown, oocysts were recovered from feces after the animals
defecated.

Pathogeny: Unknown.

Materials deposited: Photosyntypes (Frey et al. 1992) are deposited in the Parasitology
Collection of the Laboratério de Biologia de Coccidios at the Universidade Federal Rural
do Rio de Janeiro, Seropédica, Rio de Janeiro, Brazil, repository number is P-98/2019.
Etymology: The specific epithet is derived from the name of the municipality where the
study was performed.

Remarks: E. vicoensis n. sp. differs from other described Eimeria spp. of marsupials,
regarding its descriptive structural and morphometric parameters. Among the Eimeria spp.
described in marsupials of the order Didelphimorfia, E. didelphydis is the one that most
resembles E. vicoensis n. sp. due to its smooth oocyst wall. However, distinctive features
such as the presence of a highly refractile polar granule, morphometric parameters, and
shape, differentiate the new species from the former. The oocysts of E. didelphydis are
smaller than the ones described for E. vicoensis n. sp., LxW 16 x 16 vs 21.7 x 20.7, and
also present a smaller L/W ratio: 1.0 vs 1.05, given to the species described in this study
a shape that goes from spherical to subspherical, against the spherical shape of E.
didelphydis. Additionally, all oocysts of the new species presented a single oocyst wall,
whereas, E. didelphydis may present 1 or 2 wall layers (Duszynski 2016; Pellérdy 1974;
Carini 1936).



Table 1. Morphological and morphometric characteristics of Eimeria spp. oocysts in Didelphis aurita (~ 60 of each measured)

Species

E. gambai

E. auritanensis

E. philanderi

E. caluromydis

E. vicoensis n. sp.

Oocyst (Diameter in pm)

Sporocyst (Diameter in pm)

Shape Wall PG M OR Length Width Mi Shape SB SR RB Length Width Mi
Ovoid to Striated, two 26.67 23.09 1.16 Ovoid + + - 12.47 9.20 1.36
ellipsoidal layers, light
brown-yellow
Spherical to Mammillated, 28.55 26.81 1.07 Ovoid + + - 13.65 9.81 1.39
Subspherical two thick
brown-yellow
layers
Subspherical ~ Striated, two 23.87 22.38 1.07 Subspherical + + - 11.47 8.58 1.34
layers, outer
colorless, and
inner brown
Subspherical mammillated, 29.22 27.69 1.06 Ovoid + + - 14.11 9.99 1.24
thick Brown-
yellow layer
Spherical to Smooth, 21.69 20.69 1.05 Ovoid + + - 10.61 8.04 1.32
Subspherical colorless layer

PG — Polar Granule; M — Micropyle; OR — Oocyst Residuum; MI — Morphometric Index; SB — Stieda Body; SR — Sporocyst Residuum; RB — Refractile
Body; (+) — present; (-) — absent.
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Table 2. Single and multiple infections by Eimeria spp. in Didelphis aurita.

Parasites RF % (AF/n) RF % (AF/n)
Male Female Total
E. gambai 12.50 (2/16) 6.25 (1/16) 9.38 (3/32)
E. philanderi 6.25 (1/16) 6.25 (1/16) 6.25 (2/32)
E. gambai + E. philanderi 0.00 (0/16) 25.00 (4/16) 12.5 (4/32)
E. philanderi + E. vicoensis n. sp. 12.50 (2/16) 0.00 (0/16) 6.25 (2/32)
E. gambai + E. philanderi + E. vicoensis n. sp.  25.00 (4/16) 18.75 (3/16) 21.88 (7/32)
E. gambai + E. auritanensis + E. philanderi 12.50 (2/16) 12.50 (2/16) 12.5 (4/32)
E. gambai + E. auritanensis + E. caluromydis 0.00 (0/16) 12.50 (2/16) 6.25 (2/32)
E. gambai + E. caluromydis + E. vicoensis n. 6.25 (1/16) 0.00 (0/16) 3.13 (1/32)
sp.
E. auritanensis + E. philanderi + E. 6.25 (1/16) 0.00 (0/16) 3.13 (1/32)
caluromydis
E. gambai + E. auritanensis + E. philanderi + 6.25 (1/16) 12.50 (2/16) 9.38 (3/32)
E. caluromydis
E. gambai + E. auritanensis + E. philanderi + 0.00 (0/16) 6.25 (1/16) 3.13 (1/32)
E. vicoensis n. sp.
E. gambai + E. auritanensis + E. caluromydis 6.25 (1/16) 0.00 (0/16) 3.13 (1/32)
+ E. vicoensis n. sp.
E. gambai + E. auritanensis + E. philanderi + 6.25 (1/16) 0.00 (0/16) 3.13 (1/32)
E. caluromydis + E. vicoensis n. sp.
Total % 100 100 100

RF — Relative frequency; AF — Absolute frequency; n — positivite samples
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Figure 1. A. E. gambai; B. E. auritanensis; C. E. philanderi; D. E. caluromydis (Scale bar 10um).
Black arrow — Stieda body; Grey arrow — Sporocyst residuum; White arrow — Polar granule
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Figure 2. Line drawings of A. E. gambai, B. E. auritanensis; C. E. philanderi; D. E. caluromydis

(Scale bar 10um)
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Figure 3. A. Sporulated oocyst of E. vicoensis n. sp. isolated from the opossum Dildelphis aurita
in Brazil. Notice the presence of a highly refractile polar granule and the smooth oocyst wall. B.
Line drawing of E. vicoensis n. sp. (Scale bar 10um). Black arrow — Stieda body; Grey arrow —
Sporocyst residuum; White arrow — Polar granule.

4. Discussion

This study assessed the occurrence of Eimeria spp. in D. aurita opossums from
Atlantic forest remnants in Brazil. Five species were detected in the feces of these
animals, including the first record of E. caluromydis, originally described in Caluromys
philander (Lainson and Shaw 1989), and the description of a new species. The diversity
of Eimeria spp. in the black-eared opossum highlights the importance of studies on the
incidence and epidemiology of eimerians in these animals, as two of the species we found
were first reported in other marsupial species; E. philanderi in the Philander opossum and
E. caluromydis in the Caluromys philander (Lainson and Shaw 1989). In fact, there is so
little known about the coccidia in didelphid marsupials that it is not yet clear whether they
are generalists or host specific parasites (Duszynski 2016; Valerio-Campos et al. 2015;
Heckscher et al. 1999).

Lainson and Shaw (1989) originally described E. caluromydis from the bare-tailed
woolly opossum, Caluromys p. philander in Brazil and E. philanderi from the gray four-
eyed opossum, Philander opossum, also in Brazil. Fehlbert et al. (2018) recently reported
E. philanderi from D. aurita and the present study confirms that oocysts resembling this

species were present in 25 of the opossums we examined. In addition, oocysts of E.
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caluromydis were found in 9 D. aurita, being this, the first report of this parasite in another
host genus/species. If we are correct, eimerians from these opossums seem to be less
host-specific than previously expected.

Eimeria vicoensis n. sp. was described in 13/43 animals analyzed in our study. This
eimeriid presents distinctive characteristics that allowed us to classify it as a new species.
To our knowledge, most Eimeria spp. described infecting marsupials of the order
Didelphimorfia are characterized by having striated single or double layered oocyst wall,
except for E. didelphydis, in which this structure is smooth. Due to this parameter, this
species is the one that most resemble E. vicoensis n. sp. However, individual features
such as the presence of a highly refractile polar granule, morphometric parameters (E.
vicoensis n. sp. is larger than the former), and the spheroidal to subspheroidal shape,
differentiate E. vicoensis n. sp. from E. didelphydis. Additionally, all oocysts of the new
species analyzed in our study presented a single oocyst wall, whereas, the former may
present 1 or 2 wall layers (Duszynski 2016; Pellérdy 1974; Carini 1936).

All the Eimeria spp. herein reported, except for E. auritanensis and E. vicoensis n.
sp., were described in more than one host species in Brazil (Fehlberg et al. 2018; Teixeira
et al. 2007; Lainson and Shaw 1989; Carini 1938). These findings suggest a possible lack
of host specificity for some components of this genus in South American marsupials. In
fact, the coexistence among various marsupial species in wildlife may facilitate the
transmission and adaptation of such protozoa to a higher range of individuals. In contrast,
it is also believed that in nature, individuals may accidentally become infected by oocysts
from feces of natural hosts and develop a “pseudoparasitism” (Barreto et al. 2017).

However, further studies are required to elucidate these hypotheses.

5. Conclusion

This research provides data on the frequency of Eimeria spp. in Didelphis aurita as
well as the description of a new species infecting this opossum. Results herein obtained
demonstrated high infection rates, typically by multiple Eimeria species in the population
studied. Although none of the animals presented clinical signs caused by Eimeria
infections, further studies are needed to determine whether or not eimeriid coccidia can

damage and cause pathology in the intestines of these opossums.
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CHAPTER 4

Article: Molecular detection of Toxoplasma gondii in Didelphis aurita Wied-

Newied, 1826 opossums (Didelphimorphia: Didelphidae) using real-time PCR
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Abstract

Toxoplasmosis is a worldwide-distributed zoonotic disease of great relevance to
public health. The etiological agent, the protozoan Toxoplasma gondii, infects a wide
variety of vertebrate hosts. Many wildlife species, including marsupials of the genus
Didelphis, are considered reservoirs of T. gondii, which makes them to have important
role in the dispersion and maintenance of this parasite in nature. Didelphis spp. are
synanthropic animals commonly found in urban centers of some regions of Brazil, and
serological evidence has demonstrated that these opossums may harbor T. gondii.
Therefore, the aim of this study is to provide data on the molecular detection of T. gondii
in D. aurita opossums from urban areas of Southeastern Brazil. For this, 57 opossums
(48 alive and 9 dead), were captured from January to June 2019. Blood samples and
spleen fragments were collected in the animals, and Real Time PCR was performed for
the detection of T. gondii. 26.32% (15/57) of the animals scored positive, with a frequency
of 21.57% (n = 11/51) in blood, and 66.67% (n = 6/9) in spleen samples. BLAST analysis
demonstrated 100% identity and 100% cover query with sequences of T. gondii available
in GenBank database. Data herein reported present great public health importance, since
Didelphis spp. are usually observed inhabiting close to human dwellings, which facilitates
their contact with people and domestic animals, and consequently, the transmission of
zoonotic agents, which may include T. gondii. However, further studies are needed to
elucidate whether or not these opossums play important role in the zoonotic cycle of T.

gondii in urban areas of Brazil.
Keywords: Public health; wildlife; synanthropic animals; protozoa; zoonosis.

1. Introduction

Toxoplasma gondii is a protozoan that causes a zoonotic disease known as
toxoplasmosis. This agent is worldwide distributed and is able to infect a large variety of
vertebrate hosts. Mammals of the family Felidae are the definitive hosts, in which infective
oocysts are produced and eliminated through feces (Sukthana, 2006). Human infection
by this parasite occurs mainly by consumption of uncooked meat containing infective
tissue cysts, or by the ingestion of food and water contaminated by oocysts (Elmore et al.,

2010; Sukthana, 2006). In addition, the transmission may be congenital from an infected
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mother to offspring, usually when the infection with T. gondii occurs for the first time during
pregnancy (Liu et al., 2012; Moncada and Montoya, 2012).

In Brazil, prevalence of toxoplasmosis is high in humans and animals, and varies
depending on the host species, epidemic area, socio-cultural habits, and geographical
and climate factors (Dubey et al., 2012; Santos et al., 2009). Brazilian children and
pregnant women have the highest seroprevalences when compared to other countries
worldwide, fluctuating from 19.5% to 84.5% for youngsters and from 36% to 92% for
pregnant females (Dubey et al., 2012). Just as humans, Brazilian wild and domestic
animals, such as pigs, sheep, goats, cattle, horses, rodents, birds and marsupials, are
also reported with high seroprevalences of up to 90% (Gennari et al., 2015; Dubey et al.,
2012).

In wildlife, small rodents and birds are commonly infected by T. gondii, with
prevalences of up to 73% and 71%, respectively (Sukthana, 2006; Tenter et al., 2000).
However, serological studies have reported a great variety of wild animal species exposed
to this protozoan (Elmore et al., 2012; Dubey et al., 2012), including marsupials of the
genus Didelphis (Gennari et al., 2015; Siqueira et al., 2013; Yai et al., 2003). These
opossums may have important epidemiological role in the cycle of many pathogenic
agents due to the anthropogenic behavior they present, which facilitates their
participation, along with various species of wild rodents, in the sylvatic cycle of T. gondii
(Torres-Castro et al., 2016; Dubey et al., 2009).

Didelphis aurita is a synanthropic animal commonly found in urban centers of some
regions of Brazil, and serological evidence has demonstrated that this opossum may
harbor T. gondii; however, its role in the transmission cycle has not been stablished
(Gennari et al., 2015; Siqueira et al., 2013; Pena et al., 2011). Since in some regions of
Brazil Didelphis spp. are used as food source and medicine, the risk of acquiring zoonotic
diseases through the consumption of their meat should be considered (Carneiro et al.,
2019; Barros and Azevedo, 2014; Hanazaki et al., 2009). In this sense, the aim of this
study is to provide data on the molecular detection of T. gondii in D. aurita opossums from

urban areas of Southeastern Brazil.
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2. Material and Methods
2.1 Study area

The study was conducted in urban and periurban areas of the municipality of
Vigosa (Minas Gerais, Southeastern Brazil, 20°45°14”S and 42°52°54”W). The area is
located 650 meters above sea level with annual average temperature varying from 20 to
22 °C. The climate is classified as Cwa (Kdppen climate classification), mesothermic, with
hot and rainy summers and cold and dry winters.

2.2 Capture of animals and laboratorial procedures

Tomahawk live traps (0.45x0.21x0.21m) were armed and checked daily (5PM and
7AM, respectively), in backyards of houses, urban environmental parks and public
buildings, from January to June 2019, with a total sample effort of 516 trap-nights. Corn
flour, canned fish and banana were used as bait. After capture, the opossums were
mechanically contained, classified by sex, age group (pups, subadults and adults), and
marked with a small V cut at the right ear to identify recaptures (Morrant et al., 2010;
Pestell and Petit, 2007).

Blood samples were collected with a 22G needle coupled in a 3ml syringe, via
puncture of the caudal ventral or jugular vein. Blood collection tubes containing EDTA
were used to store the collected material. In addition, animals found dead were necropsied
to collect spleen samples. All the materials were stored in plastic vials (1.5 ml Eppendorf)
and frozen at — 20 °C until molecular processing.

Genomic DNA from blood and spleen was extracted using a commercial kit (illustra
tissue and cells genomicPrep Mini Spin Kit, GE Healthcare Life Sciences) following
manufacturer’'s recommendations. Real Time Polymerase Chain Reaction (QPCR) was
performed using SYBR Green assay (GoTag® Green Master Mix, Promega, USA), 200
nMol of each primer (5'CACAGAAGGGACAGAAGTY and
5TCGCCTTCATCTACAGTC3’), 4uL of DNA samples and nuclease-free water to
complete 20uL of volume. The conditions of amplification for all samples followed initial
denaturation of 95 °C for 2 minutes and 50 cycles of amplification with 95 °C for 15
seconds for denaturation, and 60 °C for 1 minute for annealing and extension. The
dissociation curve was associated to compare the melting temperature. DNA extracted
from a culture cell of T. gondii was used as positive control, which was kindly donated by
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the Biological Science Institute, Parasitology Department of the Federal University of
Minas Gerais. For the negative control, nuclease-free water was used.

Positive samples were further tested by conventional PCR, and the amplicons were
then purified using PCR Purification Kit (Cellco Biotec) according to manufacturer’s
instructions. Sanger’s method was performed for sequencing amplicons in both directions
(Sanger et al., 1977) in an automated sequencer AB 3500 Genetic Analyzer. Sequences
were aligned using Mega7 (Kumar et al., 2016) and compared to other sequences
available in GenBank Database via Basic Local Alignment Search Tool analysis (BLAST).
2.3 Data analysis

Descriptive statistics was performed to calculate relative and absolute frequency of
T. gondii infections in the animals evaluated. The normality of data was checked using the
Lilliefors test. Additionally, the Chi-square test with Yates correction (x?) was used to
compare T. gondii infection in male and females, as well as the ages of infected animals,
considering a 5% significance level. All analyzes were carried out using the BioEstat 5.3

software.

3. Results

Animals (n = 57) were captured in urban spots of the study area (Figure 1). Out of
the 57 opossums (48 captured alive and 9 found dead), 15 (26.32%) scored positive for
T. gondii. The frequency detected in blood samples was 21.57% (n = 11/51), whereas for
spleen samples it was 66.67% (n = 6/9). For three animals found dead, it was possible to
collect spleen fragments and blood directly from the heart, two of them scored positive in
both spleen and blood samples, and for the other one, only the spleen sample presented
T. gondii DNA (Table 1). Statistical analysis revealed no significant difference in positivity
between male and female (p = 0.3014), neither among the ages of the animals (p =
0.4682).

The BLAST analysis showed 100% identity and 100% cover query with sequences
of T. gondii available in GenBank database (accession numbers: MH560583.1,
MH884741.1, AF146527.1, DQ779195.1).
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Figure 1. Map of the study area where Didelphis aurita opossums were captured. Spot size is
proportional to the amount of individuals captured in each locality. Notice that most animals were
captured in central areas of the municipality of Vigosa, Minas Gerais, Brazil.
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Table 1. Absolute and relative frequencies of Toxoplasma gondii in Didelphis aurita according to
sex, age and kind of sample analized.

Age/sex Captured Animals + Blood samples + Spleen samples
RF % (AF/n) RF % (AF/n)
Adult male 12 27.27 (3/11) 50.00 (1/2)
Adult female 17 21.43 (3/14) 33.33(1/3)
Subadult male 15 26.67 (4/15) 100.00 (2/2)
Subadult female 11 10.00 (1/10) 100.00 (1/1)
Pup male 2 0.00 (0/1) 100.00 (1/1)
Pup female 0 0.00 (0/0) 0.00 (0/0)
Total 57 21.57 (11/51) 66.67 (6/9)

RF — Relative frequency; AF — Absolute frequency; n — Number of animals

4. Discussion

This study assessed the occurrence of T. gondii in D. aurita opossums captured in
urban areas of Southeastern, Brazil, demonstrating that an important percentage of the
animals evaluated scored positive for this protozoan. This is an interesting finding to public
health, since these animals are commonly found in urban centers and periphery of cities
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in South America, which imply that they may somehow be involved in the cycle of this
agent. Studies involving molecular detection of T. gondii in terrestrial and aquatic wildlife
have been performed worldwide in a great variety of species demonstrating different
prevalence rates that reaches up to 90% (Bachand et al., 2019; Nardoni et al., 2019;
Skorpikova et al., 2018; Silva et al., 2018; Lukasova et al., 2018; Hong et al., 2017; Zheng
et al., 2016; Calero-Bernal et al., 2015; Fournier et al., 2014; Vitalino et al., 2014). In D.
aurita, few serological studies have demonstrated prevalences ranging from 3.8% to
20.7% (Horta et al., 2016; Gennari et al., 2015; Siqueira et al., 2013).

Molecular detection of T. gondii in Didelphis spp. in America was previously
reported in liver, brain and heart DNA samples for D. albiventris, D. virginiana and D.
aurita opossums, respectively (Richini-Pereira et al., 2016; Torres-Castro et al., 2016;
Pena et al.,, 2011). In our study, a frequency of 26.32% was found in the evaluated
animals, which was lower than that found for D. virginiana (76.9%) in Mexico (Torres-
Castro et al., 2016), and higher than that found for D. albiventris (10.0%) in Brazil (Richini-
Pereira et al., 2016). Studies performed in the State of Sdo Paulo, Brazil, found
seroprevalences for T. gondii of 12.5% and 20.7% in D. aurita (Horta et al., 2016; Gennari
et al., 2015). A similar study performed in the State of Pernambuco, also in Brazil reported
a seroprevalence of 3.8% in the same opossum species (Siqueira et al., 2013). Comparing
the results of the qPCR analysis of the present study to those of the serological studies,
the frequency data herein reported is higher (26.32%). However, factors such as site of
capture of the animals, climate conditions of the studied regions and presence of definitive
hosts should be considered (Horta et al., 2018; Tenter et al., 2000). In our study, all
opossums were captured in urban environments, whereas in previous studies the animals
were mostly captured in the Atlantic Forest fragments, except for the work performed by
Horta et al. (2016) in which the animals were also from urban environments. Interestingly,
in that study a percentage of positive opossums close to that of the current study was
detected.

Overall, in American marsupials clinical toxoplasmosis is not observed (Canfield et
al., 1990). In contrast, Australian marsupials are highly susceptible to T. gondii, and
commonly develop the acute form of the disease leading to sudden death (Tenter, 2009).

In this study, all animals were clinically healthy when physically evaluated, and the
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detection of this parasite in a high percentage of the opossums tested reinforces that they
harbor the agent but probably do not develop clinical disease. This finding is
epidemiologically important, since the presence of this marsupial in human dwellings may
favor the zoonotic cycle of T. gondii involving D. aurita, the domestic cat and people.

The most common form of human infection by T. gondii is the consumption of food
contaminated with oocysts or ingestion of undercooked meat containing tissue cysts
(Jones and Dubey, 2012). In some regions of Brazil, marsupials of the genus Didelphis
are considered food source for humans, as occur for D. marsupialis in the Brazilian
Amazon (Barros and Azevedo, 2014), for D. aurita in the Southeastern Atlantic Forest
coast of Brazil (Hanazaki et al., 2009), and for D. albiventris and D. aurita in Northeastern,
Brazil (Carneiro et al., 2019). In some of these regions, illegal commerce of these
marsupial meat products may be observed (Junior et al., 2010). This situation may be a
driver to the infection of people with the protozoan, since Didelphis spp. are reported to
harbor this parasite (Horta et al., 2016; Gennari et al., 2015; Siqueira et al., 2013; Yai et
al., 2003).

5. Conclusion

The present study demonstrated T. gondii infections in D. aurita opossums in
Southeastern Brazil. Data herein reported present great public health importance, as
Didelphis spp. are commonly found close to human dwellings, which facilitates their
contact with people and domestic animals, and consequently, the transmission of zoonotic
agents, including T. gondii. Since epidemiological information about the participation of
these animals in the zoonotic cycle of this agent is limited, further studies are required to
elucidate whether or not they play important role in the transmission of T. gondiito humans

and domestic animals.
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