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1. GENERAL INTRODUCTION



1.1. Vector-borne diseases

Vector-borne diseases (VBDs) are illnesses that can have serious effects on both human
and animal health, it has also significant implications in economic burden. Vectors are living
organisms that can transmit infectious pathogens such as virus, bacteria, and parasites, between
humans, or from animals to humans (WHO, 2020). Most of these vectors are blood sucking
arthropods, for instance, mosquitoes, ticks, flies, sandflies, fleas, triatomine bugs, and lice
(McHugh, 1994; WHO, 2020). Several VBDs such as malaria, dengue fever, schistosomiasis,
human African trypanosomiasis, leishmaniasis, Chagas disease, yellow fever, Japanese
encephalitis (JE) and onchocerciasis are frequently diagnosed in tropical and subtropical
countries and cause more than 700,000 deaths every year (WHO, 2020).

Most of VBDs are zoonoses and have a primary vertebrate reservoir, however, humans
and domestic animals commonly have taken by the diseases infections incidentally or
sometimes became as a dead-end host (Ortigao and Gubler, 2020). Moreover, distribution of
VBDs is determined by a complex set of demographic, environmental changes and social
factors such as global travel, trade of animals or supplies, and unplanned urbanization (Weaver,
2013). These factors can affect diseases outbreaks by altering biological variables such as
vector population size and density, vector survival rates, reservoir hosts, and pathogen

reproduction rates (Gage et al., 2008; Guha-Sapir and Schimmer, 2005; Mordecai et al., 2019).

1.2. Tick-borne diseases

Ticks are efficient vectors of multiple pathogens due to their potential interactions with
several different vertebrate hosts during their life cycle. The ticks can transmit several diseases
to blood-feeding host including wild animals, livestock and humans. At least 10% of the 900
currently known tick species are significant medical or veterinary importance (de la Fuente et

al., 2017). Several tick species that have been reported as threat to animal and public health are



Ixodes spp., Dermacentor spp., Amblyomma spp., Haemaphysalis spp., Hyalomma spp., and
Rhipicephalus spp. (Jongejan and Uilenberg, 2004; Parola and Raoult, 2001). Besides causing
direct damage associated with blood-feeding activities, the ticks can also transmit several
microorganisms including viruses, bacteria, protozoa, and helminths (Jongejan and Uilenberg,
2004). The ticks fed on certain groups of wild animals and become problems for livestock
when these wild hosts came into and contact with ticks or vice versa (de la Fuente et al., 2017).
The exploitation of environmental resources and the increase in human activities has promoted
contact with tick vectors, resulting in increased transmission of tick-borne pathogens (de la
Fuente et al., 2017). Among the tick-borne pathogens, anaplasmosis, theileriosis, and
babesiosis affecting on economic importance particularly for livestock, predominantly in
tropical areas (Jongejan and Uilenberg, 2004). However, there is also impact on public health
such as relapsing fever (RF), Lyme diseases (LD), rickettsial diseases (Q-fever, spotted fever,
Anaplasmosis and Ehrlichiosis), Tularemia, Colorado Tick Fever, Crimean-Congo
hemorrhagic fever (CCHF), Tularemia, tick-borne encephalitis virus, and severe fever with

thrombocytopenia syndrome (SFTS) (Mansfield et al., 2009; Li, 2013).

1.2.1. Anaplasmosis and Ehrlichiosis
1.2.1.1 History

Anaplasmosis and Ehrlichiosis are one of tick-borne bacterial diseases and caused by
Anaplasma spp. and Ehrlichia spp., respectively. Genera Ehrlichia and Anaplasma are
obligately intracellular gram-negative bacteria and members of family Anaplasmataceae (order
Rickettsiales) (Dumler et al., 2001).

The genus Anaplasma was established in 1910 by Sir Arnold Theiler who first
recognized that ‘marginal points’ in stained erythrocytes of cattle in South Africa (Theiler,

1910). Because of the ‘marginal points’ located inclusions had been seen frequently in



erythrocytes of anemic cattle, often in those suffering from babesiosis (piroplasmosis),
therefore, Smith and Kilborne (1893) had incorrectly concluded that the ‘marginal points’ were
part of the Babesia bigemina life cycle. In 1926, Darlington (1926) reported that cattle from
southeastern Kansas, had a febrile disease that usually occurs in the late summer and fall of the
year (Texas cattle fever) and he concluded that it was the same disease reported by Theiler in
South Africa in 1910. Since then, Anaplasmosis were reported commonly infected ruminants
such as, cattle, sheep, goats, buffaloes, and some wild ruminants (Atif, 2015).

Anaplasma phagocytophilum was previously described as Rickettsia phagocytopila
(Foggie, 1951). After that, the agent was included in the tribe Ehrlichia of the order
Rickettsiales (Woldehiwet, 2006). Recently, 4. phagocytophilum is emended a name replacing
three species of granulocytic bacteria, Ehrlichia phagocytophila, Ehrlichia equi and the agent
of human granulocytic ehrlichiosis (HGE) (Dumler et al., 2001). The prototype of A.
phagocytophilum was first described in 1940 as causative agent of tick-borne relapsing fever
in sheep, cattle, and goats, (Jeffries et al., 2014).

Ehrlichia caffeensis causes of Ehrlichiosis or human monocytic ehrlichiosis (HME) (de

la Fuente et al., 2016) was first identified in 1986 in USA (Maeda et al., 1987).

1.2.1.2. Epidemiology

Both Anaplasmosis and Ehrlichiosis have become important tick-borne pathogen in
several countries in America, Europe, and Asia, with an increasing number of patients and
animals (Beyer and Carlyon, 2015; Paddock and Childs, 2003; Ismail et al., 2010). Clinically,
Anaplasma marginale is the most important pathogen in veterinary field and A.

phagocytophilum and E. caffeensis are important for human health.

A. marginale is host specific, causes disease primarily in ruminants (Kocan et al., 2010).

A. marginale has been reported in tropical and subtropical areas throughout the world such as



USA, Mexico, Canada, South Africa, India, and China (Hove et al., 2018; Ashuma et al., 2013;
Kocan et al., 2010; Yang et al., 2017). The wide distribution of this disease might be caused
by transportation of carrier cattle with subsequent mechanical or biological transmission from
asymptomatic infected cattle to susceptible ones (Kocan et al., 2010). A. marginale is
biologically transmitted primarily by Rhipicephalus ticks through trans-stadial (larva-nymph-
adult) transmission within tick stages (Atif, 2015). Therefore, the movement of ticks and blood-
feeding hosts may contribute to spreading of this disease. Moreover, transmission of A.

marginale can also be affected mechanically by biting flies or blood-contaminated fomites

(Kocan et al., 2003).

Distribution of 4. phagocytophilum is worldwide primarily in America, Europe, and
Asia including Japan and Mongolia (Kocan et al., 2010; Woldehiwet, 2006; Ohashi et al., 2005;
Javkhlan et al., 2014). For instance, it was reported to be causes of tick-borne relapsing fever
in sheep and cattle in UK (Hudson, 1950), Ireland (Zintl et al., 2017), Scandinavia (Tuomi,
1967) and California (Gribble, 1969). A. phagocytophilum is transmitted primarily by genus
Ixodes such as I. scapularis, 1. pacificus, 1. ricinus, and 1. persulcatus (de la Fuente et al., 2016).
A. phagocytophilum has several reservoirs including small mammals such as white footed mice
(Peromyscus Leucopus), dusky-footed wood rats (Neotoma fuscipes), Apodemus, Microtus or
Clethrionymus species, with humans as dead-end hosts (Chapman et al., 2006).

Distribution of E. caffeensis is globally such as American, Europe, and Asia (Paddock
and Childs, 2003). Since it was found in Rocky Mountain in 1986, the disease was reported in
Arkansas, Oklahoma, and Maryland (Tan et al., 2001) consequently. In the other countries, the
disease was reported in Argentina (Ripoll et al., 1999), Italy (Nuti et al., 1998), South Korea
(Paddock and Childs, 2003), and Thailand (Hepner et al.,1997). E. caffeensis is transmitted to
human primarily by the lone star tick (Amblyomma americanum) and other tick species such

as 1. ricinus, Haemaphysalis yeni, Amblyomma testudinarium, Amblyomma maculatum, and



Dermacentor variabilis (Belongia, 2002; MacLeod and Gordon, 1983; Cao et al., 2000). Trans-
stadial transmission of Ehrlichia occurs during nymph and adult feeding stages, but it is not

maintained by transovarial (female adult-larva) transmission (Ismail et al., 2010).

1.2.1.3. Disease and pathogenesis

Clinical anaplasmosis is more commonly encountered in cattle older than 1 year of age
(de la Fuente et al., 2005). It is suggested that cows persistently infected in advanced, however,
the pregnancy and/or lactation may relapse and show the clinical manifestations of acute
infection (de la Fuente et al., 2005). A. marginale cause of bovine anaplasmosis and give an
impact on economic significance in the cattle industry (Atif, 2015). Infection of A. marginale
are characterized by progressive anemia due to extravascular destruction of infected
erythrocytes, and infected cattle showed fever, pale mucous membranes, and abortion (Atif,
2015). Besides that, the infection cause of decreasing the milk production, inappetence, loss of

coordination, and breathlessness (Atif, 2015).

In human, infection of A. phagocytophilum and E. caffeensis induce mild to severe
illness and the symptom including fever, rash, thrombocytopenia, muscle aches, weakness, and
headache (Ismail et al., 2010; Yabsley, 2010). Since 1986 to 2018, more than 1000 people in
USA were infected by E. caffeensis (CDC, 2018a). General clinical features are fever,
headache, myalgias, arthralgias, skin eruption, and rash. However, gastrointestinal symptoms
such as nausea, vomiting, abdominal pain, and diarrhea are sometimes occurred (Ismail et al.,
2010).

Recently, there were several reports described about detection of uncharacterized
Anaplasma spp. or Ehrlichia spp. from ticks or wild animals (Sumrandee et al., 2016; Parola

et al., 2003; Kuo et al., 2017). However, the pathogenesis of these bacteria still unclear.



1.2.1.4. Diagnosis

Diagnosis of bovine anaplasmosis may be made tentatively based on geographic
location, season, presenting clinical signs and/or necropsy findings observed in infected
animals (de la Fuente et al., 2005; Woldehiwet, 2006). A competitive enzyme-linked
immunosorbent assay (cELISA) has been used for diagnosis of A. marginale infection in
various ruminants including cattle, sheep and deer (Ndungu et al., 1995; Woldehiwet, 2006).
Detection of 4. marginale by PCR have been developed, but a serologic test remains the most
practical means of testing large numbers of cattle for evidence of infection (Kocan et al., 2010).

Diagnosis for Ehrlichia can be conducted by serologic tests to measure specific
antibody titers, detection of morulae in peripheral blood or in leukocytes from cerebrospinal
fluid (CSF), detection of Ehrlichial DNA by PCR from whole blood or CSF, direct detection
of Ehrlichia in tissue samples by immunohistochemistry, and isolation of bacteria (Paddock

and Childs, 2003).

1.2.1.5. Prevention and Control

Prevention and control of Anaplasma spp. and Ehrlichia spp. can be carried out by
arthropod control using acaricides, prophylactic administration of antibiotics for animals, and
vaccination for arthropod (Ndungu et al., 1995; Woldehiwet, 2006). In human, current control
strategies of the diseases are based on the reduction of opportunity of tick infestations.

For animals, vector control program by acaricides is one method to reduce the number
of vectors. Vaccination for anaplasmosis in cattle over 6 months of age and new arrivals can
reduce the clinical signs of the diseases. Antibiotics such as chlortetracycline can be added in
the mineral mix to prevent the disease outbreak. Moreover, good management practice is also
an important strategy to prevent the infection due to mechanical transmissions of diseases

(Kocan et al., 2010; Ismail et al., 2010; Woldehiwet, 2006).



1.2.1.6. Situation in Indonesia

In Indonesia, Anaplasma spp. and Erhlichia spp. are the main indigenous tick-borne
pathogens affecting cattle and dogs. However, previous study reported that 14.6% (7/48) of
human serum collected from Gag island, Papua were positive to E. caffeensis by indirect
immunofluorescence assay (IFA) (Richards et al., 2003). Bovine anaplasmosis, caused by A.
marginale is the most common disease in cattle in Indonesia. Sero-epidemiology was
conducted in Aceh in 1988 resulted 82% (84/102) cattle in that areas were infected with A.
marginale (Payne et al., 1988). Several Anaplasma spp. were detected in Indonesia such as
Anaplasma platy, Anaplasma spp., in dogs, and cattle (Faisal et al., 2019; Putra et al., 2019).
A. platy were detected by PCR in blood of dogs (6/56) collected in Yogyakarta in 2018 (Faisal
et al., 2019). The surveillance of cattle revealed 3/147 were infected with Anaplasma spp. by
blood smears in Surabaya, in 2019 (Dyahningrum et al., 2019). Until now, there are a few data
available regarding the prevalence of Anaplasmataceae in humans, animals, and/or ticks in

Indonesia.

1.2.2. Rickettsioses
1.2.2.1. History

Rickettsioses was caused by Rickettsia spp., order Rickettsiales and family
Rickettsiaceae (Blair et al., 2004). Rickettsiae are small (0.3 x 1-2 um) obligate intracellular,
gram-negative bacteria that survive freely within cytosol of the host cell and is maintained in
animal and/or arthropod (Blair et al., 2004). The diseases represent some of the oldest
infectious disease, epidemic typhus was suspected of being responsible for the Athens plaque

in 5" century BC and the disease was certainly recognized during the 16 centuries (Raoult and

Roux, 1997).



1.2.2.2. Epidemiology

The geographic distribution of rickettsiae is worldwide, Europe, America, Australia,
and Asia (Raoult and Roux, 1997). Rickettsiae are associated with arthropods, which may act
as vectors, reservoir, and/or amplifiers and ticks considered as the main vectors primarily of
spotted fever group (SFG) of Rickettsiae (Raoult and Roux, 1997). Several Rickettsia species
such as, R. conorii, R. rhipicephali, R. ricketsii, R. japonica, R. africae, and R. belii, that are
transmitted by several tick species genera Rhipicephalus, Dermacentor, Amblyomma,
Haemaphysalis, Hyalomma, Ixodes, Argas and Ornithodoros (Raoult and Roux, 1997). R.
rhipicephali was first reported from Mississippi in 1975, isolated from Rhipicephalus
sanguineus (Burgdorfer et al., 1975) and then was detected in France (Drancourt et al., 1992)
and Portugal (Burgdorfer et al., 1975) from same tick species. In Asia, Rickettsia sp. was
detected from pool of Ixodes and Rhipicephalus ticks in Chiang Mai, Thailand and Pakistan in
1970-1973 (Robertson and Wisseman, 1973). R. japonica was isolated from H. longicornis, D.
taiwanensis, 1. ovatus and H. flava in Japan (Uchida, 1993; Takada et al., 1994). R.
aeschlimanni has been obtained from the Moroccan tick H. marginatum (Beati et al., 1997). R.
helvetica was first isolated from /. ricinus in Switzerland in 1979 (Burgdorfer et al., 1975),
then France and Sweden (Nilsson et al., 1997), and Japan (Ando and Fujita, 2013). R. parkeri
was isolated in United State in 1937 from Am. maculatum collected from cows (Parker et al.,
1939). R. belii was detected from several tick species, Dermacentor spp., O. concanensis, Am.
cooleyi and H. leporispalustris in United State (Philip et al., 1983). The typhus group (TG) of
Rickettsiae, R. prowazelii and R. typhi, was distributed worldwide and transmitted primarily

by human body lice and rat flea, respectively (Weiss et al., 1975; Gross, 1996).



1.2.2.3. Disease and pathogenesis

According to the host specificity, intracellular location, in vitro growth condition,
antigenic characteristic, clinical features and epidemiology, members of the genus Rickettsia
are divided into two groups, the SFG and TG (Drancourt and Raoult, 1994; Eremeeva et al.,
1994; Raoult and Roux, 1997).

SFG consists of 17 species of genus Rickettsia that belonged to tick-borne rickettsiae
with exception R. akari (mite-borne) and R. felis (flea-borne) (Tamura et al., 1995). These SFG
Rickettsiae caused spotted fever for humans. The incubation period of SFG is up to 2 weeks
prior to the onset of clinical symptoms.

There was endemic spotted fever in each area where specific vectors were distributed;
Rocky Mountain spotted fever (RMSF) caused by R. rickettsii in America, Mediterranean
spotted fever (MSF) caused by R. conorii in Mediterranean, and Japanese spotted fever (JSF)
caused by R. japonica in Asia (Walker et al., 1978; Uchida, 1993).

The TG consists of two species R. prowazekii and R. typhi, while the former scrub
typhus group has been moved into one genus, Orientia tsutsugamushi (Tamura et al., 1995). R.
prowazekii and R. typhi caused Epidemic typhus and Murine typhus for humans, respectively.

In general, the typical clinical symptoms of Rickettsioses are high fever, headache,
myalgias, and rash. A rash can become purpuric on several days after the onset of symptoms

(Raoult and Roux, 1997).

1.2.2.4. Diagnosis

Clinical examination and epidemiologic investigation of patients with potential
rickettsioses, for instance, the presence of a characteristic rash is critical (Raoult and Roux,
1997). Serological assays Weil-Felix test and IFA are also commonly used. The test is reliable

but does not allow differentiation of infected species of SFG rickettsiae (Raoult and Roux,

10



1997). ELISA was first introduced for detection of antibodies against R. #yphi and R.
prowazekii (Halle et al., 1977). This technique is highly sensitive and reproducible, allowing
differentiation of immunoglobulin G (IgG) and IgM antibodies (Halle et al., 1977). Rickettsial
DNA can also be detected by PCR amplification from samples that include blood, skin biopsy

samples, eschar, and arthropod tissues (Raoult and Roux, 1997).

1.2.2.5. Prevention and control

Several methods for prevention of rickettsial infections such as, vector and rodent
control, insecticides application, enhancement of the natural immunity acquired by animals in
response to tick infestation and vaccination with concealed tick antigens as well as the use of
hormones, chemosterilants and genetic manipulation can also be considered (Raoult and Roux,
1997). For short-term high-risk exposure, doxycycline may be an effective prophylaxis of
illness but may not prevent infection with scrub typhus or SFG rickettsiae. Recently, for
specific prevention by vaccination, only Q fever vaccines are available for common use (Kazar
and Brezina, 1991). Because of antigenic diversity or heterogeneity of rickettsial strains
causing certain rickettsial diseases, especially scrub typhus (Yamamoto et al., 1986) and RMSF

(Anacker et al., 1986), their vaccine is not available.

1.2.2.6. Situation in Indonesia

The presence of rickettsial diseases in human in Indonesia was reported in 2003 with
surveillance in Gag island, Papua showed sero-reactivity R. rickettsii (5/48, 10.4%), R. typhi
(1/50, 2%) by ELISA and R. conorii (10/49, 20.4%), O. tsutsugamushi (5/53, 9.4%), R. typhi
(1/48, 2.1%) by IFA (Richards et al., 2003). The other study was conducted in East Java in
1994 showed R. typhi and R. felis were detected from fleas by real-time PCR with 12.8% (5/39)

and 5.1% (2/39), respectively (Jiang et al., 2006). Sixteen percent of the Xenopsylla cheopis

11



pools were found positive for Rickettsia spp.; four (10.8%) R. typhi, one (2.7%) R. felis, and
one (2.7%) was co-infection of R. felis and unknown SFG Rickettsia sp. (Barbara et al., 2010).
Moreover, surveillance in Malang, East Java in 1997 revealed that 34.7% and 1.3% of 464
human sera were positive to R. #yphi and O. tsutsugamushi by ELISA, respectively (Richards

etal., 1997).

1.2.3. Borreliosis
1.2.3.1. History

Borreliosis is tick-borne disease caused by Borrelia spp., gram negative bacteria and a
member of spirochetes (family: Spirochaetaceae) (Radolf et al., 2012; Parola and Raoult,
2001). It is a motile spirochaetal bacteria, helically shaped with tapered ends, diderm
membrane architecture (outer surface membrane, periplasmic space, peptidoglycan-
cytoplasmic membrane) and periplasmic flagella (n=4—14), with 0.2-0.3 pm diameter and 10—
30 um in length (Margos et al., 2020).

Generally, Borreliosis is divided into two groups, Lyme diseases (LD) caused by
infection of LD borreliae (B. burgdorferi sensu lato) and relapsing fever (RF) caused by
infection of RF borreliae (B. recurrentis, B. duttonii, B. turicatae, etc.) (Reboul et al., 2018;
Gil et al., 2005).

RF was described after an outbreak in Edinburgh in the 1840s, but the etiology of the
diseases was not understood. Most of the important features of the biology and immunology
of the disease were described at the end of the 19" century and in the first half of the 20™
century. The elucidation of the pathogenesis and genetics of RF borreliae was developed
recently.

Previously, Lyme arthritis was recognized in 1976 with geographical clustering of

children with arthritis in Lyme, Connecticut in the United States (Elbaum-Garfinkle, 2011). In

12



1982, Burgdorfer and colleagues isolated the infectious agent that causes LD which was
designated as Borrelia burgdorferi (Burgdorfer et al., 1982).

Several borrelial species have been reported to be pathogenic to humans and/or animals
such as B. afzelii, B. bavariensis, B. bissettii, B. burgdorferi (s.s.), B. garinii, B. kurtenbachii,
B. lusitaniae, B. spielmanii, B. valaisiana, B. hermsii, B. parkeri, B. turicatae, B. duttonii, B.

miyamotoi, and B. hispanica (Rudenko et al., 2011; Obiegala et al., 2017; Barbour, 1984).

1.2.3.2. Epidemiology

The incidence of tick bites and the case of disease has increased in USA, Europe, and
Asia where the diseases distributed (Vrijmoeth et al., 2019; Mendoza-Roldan et al., 2019, Seki
et al., 2018; Fukunaga et al., 1995).

Distribution of Lyme borreliosis has been reported in northern hemisphere; North
America, Europe, and Asia (Hubalek, 2009). While, distribution of RF is worldwide including
Western and Northern Africa (Felsenfeld, 1965), USA, Mexico, Panama, Australia (Barbour,
1984; Reboul et al., 2018).

LD is commonly was transmitted by hard-bodied ticks (Ixodid ticks), while RF is
transmitted by soft-bodied ticks (Argasid ticks) (Reboul et al., 2018; Gil et al., 2005). Previous
study reported, several tick species were vector of LD, for instance, 1. ricinus, 1. persulcatus,
1. scapularis and I. pacificus. These ticks commonly fed on the animal host (i.e small mammals,
birds, reptile) which was the reservoir of LD (Scott et al., 2010; Gern et al., 1998). While, RF

is mainly transmitted by soft ticks primarily genus Ornithodoros (Reboul et al., 2018).

1.2.3.3. Disease and pathogenesis

Several animals have been found naturally infected by borreliae without any clinical

signs and some of them showed spirochetemia in blood (Reboul et al., 2018). In Europe, more
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than 232,000 new cases of LD are reported each year with symptoms from unspecific flu-like
symptoms to typical LD clinical signs (e.g erythema migrants, meningitis, and neurological
abnormalities) (Jahfari et al., 2017; Stanek and Strle, 2018; Sykes and Makiello, 2016; Hubalek
and Halouzka, 1997). In USA, approximately, 300,000 LD cases per year are reported (CDC,
2018b). In addition to the clinical signs in Europe, the arthritis is typical symptoms of B.
burgdorferi infection (Strle et al., 1999). Clinical manifestations of RF are recurrent high fever,

malaise, myalgia, headache and neurologic symptoms (Reboul et al., 2018).

1.2.3.4. Diagnosis

Diagnosis of Borreliosis is usually based on recognition of characteristic clinical
features. Detection of antibodies can be determined by ELISA and western blotting for LD
(Beard, 2014). Diagnostic tests in common use for LD are all serologic tests that rely on a
detectable antibody response (Beard, 2014). Serodiagnostic tests are in sensitive during the
first several weeks of infection and PCR-based testing in synovial fluid is often positive in
patients with Lyme arthritis (Steere at al., 2016).

For RF, the gold-standard diagnosis is direct microscopic visualization of borreliae in
a Giemsa-stained thick blood smears for acute infections. Molecular and serological test based
on the observation of glycerophosphodiester phosphodiesterase (g/pQ) gene which present in
RF borreliae and absent in LD borreliae is also useful. Moreover, detection of borrelial flagellin
gene (flaB) by PCR amplification from the blood is highly sensitive and specific (Trape et al.,

1991; Schwan et al., 1996; Jiang et al, 2003).

1.2.3.5. Prevention and Control

Several methods to prevent infection are personal protection, environmental

intervention, and prophylactic treatment (Piesman and Eisen 2008; Steere at al., 2016). At
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present, there is no vaccine for Borreliosis in humans is available, therefore Borreliosis
preventative recommendations currently include activities aimed at reducing exposure to
infected ticks including pesticide applications, landscape management, animal management,
applying repellants or toxicants to skin or clothing, tick checks, showering after being in tick

habitat, and host-targeted interventions (Piesman and Eisen 2008).

1.2.3.6. Situation in Indonesia
In Indonesia, there is no information about the presence of Borrelia sp. in human,

animals and/or tick vectors to date.

1.3. Mosquito-borne diseases
Mosquitoes are most major vectors of human pathogens. They live in high density in

close association with the human environment globally, and carries micro-organisms which

causes severe diseases with high morbidity and mortality. The mosquitoes belonged to the
family of Culicidae and encompass 3556 species and divided within subfamilies Culicinae and
Anophelinae (Harbach, 2013). Several mosquito species such as Aedes aegypti, Aedes
albopictus, Culex spp., and Anopheles spp. play an important role in the transmission of
diseases. They can transmit many kinds of arthropod-borne virus (Arbovirus) and parasites,
e.g. malaria. These arboviruses were belonging to families Flaviviridae, Togaviridae,
Phenuiviridae, and Rhabdoviridae (Arrigo et al., 2016). Several mosquito-borne viral diseases
have been reported, dengue fever, Japanese encephalitis, zika fever, and chikungunya fever
were caused by dengue virus (DENV), Japanese encephalitis virus (JEV), Zika virus (ZIKV),

and Chikungunya virus (CHIKYV), respectively (WHO, 2020; Gould et al., 2017).
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1.3.1. Pathogenic Flaviviruses endemic in Indonesia

Genus Flavivirus (family: Flaviviridae), are one of the most important arbovirus and
possesses public health significance (Bhatt et al., 2013; Chambers et al., 1990). Most
flaviviruses are transmitted to vertebrate hosts by arthropod vectors primarily mosquitoes or
ticks (Bhatt et al., 2013). Moreover, this genus can also infect a variety of vertebrate species
including mammals, birds, reptile and so on, but some are maintained in arthropod- or
vertebrate-restricted transmission cycles (Higa et al., 2011; Blitvich and Firth, 2017). Several
flaviviruses such as DENV, ZIKV, Yellow fever virus, and West Nile virus have been
transmitted by mosquitoes and are the threat to the public health (WHO, 2020).

In Indonesia, many arboviral diseases are prevalent throughout the year. Recently,
59,047 cases of dengue fever, including 444 deaths, were reported in Indonesia during 2016—
2017 (Ministry of Health RI, 2018). 326 and 1,702 cases of JEV (family Flaviviridae, genus
Flavivirus) and CHIKV (family Togaviridae, genus Alphavirus), respectively, were reported
in 2016 in Indonesia (Ministry of Health RI, 2018). Moreover, ZIKV (family Flaviviridae,
genus Flavivirus) infection was first reported in Jakarta in 2012 (Kwong et al., 2013). The
number of patients with arbovirus infections has tended to increase annually, as well as the
population of mosquito vectors that is affected to the distribution of arboviruses in Indonesia

(Tosepu et al., 2015).

1.3.1.1. Virus properties of flavivirus

All viruses in the genus Flavivirus (family Flaviviridae) are single-stranded, positive-
sense RNA genome of 10-11 kb encodes a 5’ untranslated region (5° UTR), with a long open
reading frame (ORF) and a 3 UTR (Brinton and Basu, 2015). The ORF of flavivirus are a
large polyprotein encoding 3 structural (C, prM/M, E) and 7 non-structural (NS1, NS2A,

NS2B, NS3, NS4A, NS4B, NS5) proteins (Guzman et al., 2010; Mackenzie et al., 2004). The
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5’ and 3° UTRs normally consist of approximately 100 and 400-700 nucleotides (nt),
respectively (Brinton and Basu, 2015). The UTRs are highly conserved secondary and tertiary
structures required for replication and translation (Brinton and Basu, 2015). The virus has
relatively icosahedral symmetry, smooth surface, diameter 500 A and electron-dense core
(Miller et al., 2007; Vashist et al., 2011).

The mature or immature of flaviviruses has approximately 50-60 nm that consist of an
outer glycoprotein shell and an internal host derived lipid bilayer (Miller et al., 2007; Neyts et
al., 1999). In this bilayer an RNA-protein core consisting of genome RNA and capsid proteins
(C) are located (Miller et al., 2007). The glycoprotein shell is defined and consists of 180 copies
each of an envelope (E) and membrane protein (prM/M). Three structural protein C, prM/M
and E were consisted 100 aa, 75 aa and 495 aa, respectively (Chamber et al., 1990; Kuhn et al.,
2002; Saxena et al., 2011).

The envelope of virus is reported as a dimer on the surface of the mature viral particle
and important in the initial attachment of this particle to the host cells (Kuhn et al., 2002;
(Miller et al., 2007)). The prM protein consists of 7 antiparallel B-strands stabilized by 3
disulfide bonds and important in the formation and maturation of the viral particle (Kuhn et al.,
2002).

NS1 is a 45 kDa glycoprotein that involve within the viral RNA replication complex.
However, NS2A is a ~22 kDa protein that cleaved from NSI1 by a membrane bound host
protease, cofactor of viral serine protease, correlating with stabilization and substrate
recognition of NS3 protease (Miller et al., 2007; Melian et al., 2010; Deng et al., 2011; Yun
and Lee, 2014).

NS3 of flavivirus is a multifunctional protein of 619 aa residues, possesses enzymatic

activities of serine protease, helicase and nucleoside 5’-triphosphatase, and plays important
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roles in the processing of the viral precursor polyprotein and the replication of viral genomic
RNA (Yamashita et al., 2008; Deng et al., 2011; Kuhn et al., 2002).

NS4A and NS4B are integral membrane proteins with 16 kDa and 27 kDa, respectively
(Zou et al., 2015). NS4 is a high hydrophobicity protein and played a role as a membrane
component and this region might be important to adapt each viral growth environment (Cai et
al., 2003).

NSS5 is the largest, 104 kDa glycoprotein and the most conserved protein of flavivirus
(Miller et al., 2007). In addition, NS5 is a key component of the viral RNA replicase complex
that presumably includes other viral nonstructural and cellular proteins, carries both methyl
transferase and RNA-dependent RNA polymerase (RdRp) domains (Cai et al., 2003; Vashist

et al., 2011; Saxena et al., 2011; Sahoo et al., 2008).

1.3.1.1.1. Dengue virus
1.3.1.1.1.1. History

The first record of a case of probable dengue fever is in a Chinese medical encyclopedia
from the Jin Dynasty (265420 AD) which referred to a “water poison” associated with flying
insects (Gubler et al., 1998; Christie, 1881). In the previous studies reported two epidemics of
dengue-like illness in 1823 and 1870 in Zanzibar and the East African coast (Carey, 1971,
Gubler et al., 1998; Gubler and Clarkc., 1995). After that, several outbreaks were reported in
1871 and 1901 in Calcuta, India and Burma (Myanmar), respectively (Carey, 1971).

Several studies reported two outbreaks that possibly dengue, in West Indies and
Panama in 1699 (McSherry, 1982). The outbreaks of dengue occurred in 1779 and 1780 in
several continents Asia, Africa, and America (Gubler DJ, 1998) and then in 1823 and 1870 in
Zanzibar and the East African coast, respectively (Carey, 1971). Since then, the diseases

became endemic in many tropical urban centers in several countries including Indonesia, Egypt
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and USA (Carey, 1971). The ecological disruption in Southeast Asia, particularly during and
after World War II created an ideal condition (i.e. uncontrolled urbanization, population
growth, and economic development) for increased transmission of DENV infection (Ooi and
Gubler, 2008).

1.3.1.1.1.2. Epidemiology

Distribution of DENV is predominantly in tropical and subtropical areas and more than
2.5 billion people have been exposed to the risk of infection (Guha-Sapir and Schimer, 2005).
Recently, the geographic distribution of DENV has expanded and more than 100 countries are
endemic particularly in tropical and subtropical regions (Bhatt et al., 2013). The resurgence of
the disease appears to be associated with demographic and societal changes particularly in
developing countries, there are many socio-economic problems, for instance, substandard
housing, crowding, uncontrolled urbanization, poor water and waste management system
(Gubler and Clark, 1995).

The DENV has four serotypes (DENV-1, -2, -3, and -4) and may induce long-lived
serotype-specific immunity and only confers short-lived cross-immunity (Henchal and Putnak,
1990). The DENV-2 serotype was the predominant serotype in outbreak before in 2000, while
DENV-1, -3, -4 were predominant in outbreak after 2009 (Guo et al., 2017). Before isolation
techniques enabled the viruses’ discovery and characterization DENV has distinct
epidemiological patterns associated with the four serotypes of the virus i.e. DENV 1 was first
reported in 1943 in French Polynesia and Japan, DENV 2 in 1944 in Papua New Guinea and
Indonesia, DENV 3 and DENV 4 both in 1953 in the Philippines and Thailand (Hammon et
al., 1960). Recently, these can co-circulate within a region, and indeed many countries are
hyper-endemic for all four serotypes (Henchal and Putnak, 1990).

In 2016, a large DENV outbreaks was reported in America and Asia with more than

2.38 million cases, approximately 1.5 million cases with 1,032 deaths in Brazil, 375,000 cases
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in Western Pacific Region, 176,411 in Philippine, and 100,028 cases in Malaysia (WHO,
2020). Recently, in 2019, several outbreaks were reported in America with approximately 3.1
million cases and more than 25,000 classified as severe. In Asia, huge number of cases were
also reported in Bangladesh (101,000 cases), Malaysia (131,000 cases) Philippines (420,000

cases), and Vietnam (320,000 cases) in 2019 (WHO, 2020).

1.3.1.1.1.3. Transmission cycle

The DENV is transmitted to humans through the bites of infected female Aedes
mosquitoes, primarily Ae. aegypti (Moore et al., 2007), while the other mosquito species
including Ae. albopictus, Ae. polynesiensis and Ae. scutellaris are the secondary vectors
(Moore et al., 2007; Schaftner et al., 2011).

There are two types of DENV transmissions, sylvatic cycle and endemic/urban cycles.
Sylvatic DENV is transmitted in an enzootic cycle, involving non-human primate reservoir
hosts and sylvatic Aedes spp. mosquito vectors, while the endemic cycle occurs in the urban
areas which involve humans and Ae. aegypti as primarily vector. Sylvatic DENV is
predominant in Africa, while the endemic cycles predominant in Asia, Oceania, the Caribbean,
and Latin America (Vasilakis et al., 2008).

In endemic cycle, mosquitoes can be infected from people who are viremic with DENV.
After feeding on an DENV-infected person, the virus replicates in the mosquito midgut, before
it disseminates to secondary tissues, including the salivary glands (Duong et al., 2015).
Moreover, human-to-mosquito transmission can occur up to 2 days before onset of illness
(Duong et al., 2015)

Mosquito vector breeding sites to human habitation is a significant risk factors for
DENV transmission, particularly in urban areas. de. aegypti is an endophilic mosquito that

prefer living in and around homes in artificial containers such as jars, discarded cans, flower
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vases, cement tanks, and plastic buckets around human dwellings (Higa et al., 2011). While,
Ae. albopictus is more exophilic, living outdoors such as bamboo stumps, tree holes, discarded
tires, and flower vases (Ponlawat and Harrington, 2005). The blood-feeding hosts of Ae.
albopictus includes not only humans but also a wide range of amphibians, reptiles, birds, and

mammals (Higa et al., 2011).

1.3.1.1.1.4. Disease and pathogenesis

Recovery from infection of DENV is believed to provide lifelong immunity against the
serotype. However, cross-immunity to the other serotypes after recovery is only partial, and
temporary. Subsequent infections or secondary infection by other serotypes increase the risk
of developing severe dengue (Simmons et al., 2012). The presence of antibodies at sub-
neutralizing concentrations, from previous infection, facilitate the infection of macrophages
and other cells bearing Fcy receptors (FcyRs), promoting viral replication (ADE; antibody-
dependent enhancement) (Kliks et al., 1988).

Infection of this virus has a wide range of clinical manifestation from asymptomatic,
mild dengue fever, to more severe dengue hemorrhagic fever (DHF), and can lead to being
potentially fatal dengue shock syndrome which are characterized by coagulopathy, increased
vascular fragility, and permeability (Carlos et al., 2005; Simmons et al., 2012; Endy et al.,

2011).

1.3.1.1.1.5. Diagnosis

Diagnosis of DENV infection is typically based on clinical presentation, laboratory
evaluation, and rapid diagnostic tests, but inaccuracy diagnostic sometimes occurred (Utama
et al., 2019). Laboratory diagnosis methods for confirming dengue virus infection may involve

detection of the virus, viral nucleic acid, viral proteins or antibodies, or a combination of these
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techniques (Shu and Huang, 2004). During the early stages of the disease, virus isolation,
nucleic acid or viral protein detection can be used to diagnose the infection (WHO, 2007). At
the end of the acute phase of infection, serology is the method of choice for diagnosis. Several
methods for detecting nucleic acid of dengue such as, RT-PCR, qRT-PCR, and isothermal
amplification methods was used. While, detection of NS1 protein, which was induced a very

strong humoral response, was commonly used (WHO, 2007).

1.3.1.1.1.6. Prevention and control

There is no specific medicine to treat the DENV infection. Abundant epidemiological,
experimental, and clinical evidence that points to the ADE are the major risk factor for
developing DHF. Therefore, there is a difficulty to develop vaccine against the DENV (Kliks
et al., 1988). Recently, there is an available vaccine that can induce simultaneous tetravalent
immunity against all four DENV genotypes (Thomas and Yoon, 2019), but is not completely
protective (Low et al., 2017). Moreover, integrated vector control is also important to break the
life cycle of mosquito vectors and virus transmission such as application of insecticides, sterile
insect technique, para-transgenesis and production of genetically modified vectors (Rather et

al., 2017; Tang et al., 2019).

1.3.1.1.1.7. Situation in Indonesia

In Indonesia, dengue cases tended at a high level every year and widely distributed in
all of the provinces in Indonesia (Harapan et al., 2019a). All of dengue serotypes (DENV-1, -
2, -3, and -4) are circulating in Indonesia and this disease occurred frequently and it has a high
fatal potential (Lestari et al., 2017). The case was first reported in Jakarta and Surabaya in
1968, and then expanded to the other areas such as Bandung, Yogyakarta, Palembang, and

Jayapura (Setiati, 2006). Major dengue outbreaks have been reported in 1973, 1988, 1998,
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2007, and 2010 with the highest at 86 cases per 100,000 population (Karyanti et al., 2014).
Currently, Indonesia reports the highest average number of dengue cases every year among
Asia with 0.05 per 100,000 population in 1968 to 86 per 100,000 population in 2010 and
decrease to 24.74 per 100,000 population in 2018 (Harapan et al., 2019a, Ministry of Health

2019). Nevertheless, the numbers of dengue cases in 2018 reached 65,602 cases with 467

patients died (Ministry of Health 2019). As a tropical country, Indonesia has a dry and wet
season that provides an optimum habitat to support the breeding sites of Aedes mosquitoes.
The disease incidence fluctuated according to the seasonality patterns, increasing of cases
usually occur at the end of the rainy season (December to March) and then decrease in the dry
season (June to September) (Tang et al., 2019). The other factors that impact to increasing the
dengue cases are urbanization, increased global travel, and lack of effective mosquito control
(Tang et al., 2019). In addition, travelers from non-endemic areas to an endemic area pose a
health threat to non-endemic areas where competent mosquito vectors are present (Smith,
2012). Several studies relating to molecular epidemiology have been conducted in many cities
of Indonesia including Bali, Jakarta, Jambi, and Makasar (Megawati et al., 2017; Lestari et al.,
2017; Sasmono et al., 2015; Haryanto et al., 2016). Dengue disease investigation will be
particularly useful for understanding the etiology of the disease and to develop control

programs.

1.3.1.1.2. Japanese Encephalitis virus
1.3.1.1.2.1. History

Epidemics of encephalitis have been described in Japan in 1870s and reported about
every 10 years (Solomon et al., 2000). The disease was called “Yoshiwara cold” in 1904 and
was followed by encephalitis epidemic in 1924 with more than 6,000 cases (Miyake, 1964;

Solomon et al., 2000). In 1933, the virus was infected to the brain of monkeys and caused fatal
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encephalitis (Miyake, 1964). Then, prototype Nakayama strain of Japanese encephalitis virus
was successfully isolated from monkeys and was classified in the genus Flavivirus (family

Flaviviridae) (Solomon et al., 2000).

1.3.1.1.2.2. Epidemiology

The first confirmed JE case was reported in Japan in 1924 followed in Korea (1933),
China (1940), Philippine (1950), India (1955), and other Asian countries including Indonesia
(Chuang and Chen, 2009, van den Hurk et al., 2009; Endy and Nisalak, 2002; Mackenzie et
al., 2004; Erlanger et al; 2009; Kuwata et al., 2013; Solomon et al., 2003).

Sequencing analysis divides JEV into five genotypes (GI-V) rising from ancestor
viruses from Indonesia—Malaysia region (Zhang et al., 2011a). Genotypes I-III are the most
recent genotypes which have spread across Asia (Schuh et al., 2011). GI has been isolated in
Cambodia, Thailand, and China, while GII were isolated from southern Thailand, Malaysia,
Indonesia, and Northern Australia (Zhang et al., 2011a). GIII was reported mostly from
temperate zone of Asia, including Japan, China, Taiwan, the Philippines and the Asian
subcontinent (Nabeshima et al., 2009; Uchil and Satchidanandam, 2001; Wang and Liang,
2015).) and genotype IV was reported from Indonesia (Kuwata et al., 2020). In the mid 1990’s
genetic shift had occurred in Japan, Korea and Vietnam that lead to disappearance of GIII and
then progressively GI supplanted it (Zhang et al., 2011a; Nabeshima et al., 2009).

In 2017, JEV outbreaks were reported in several countries such as, India (2,043 cases),
China (1,147 cases), Myanmar (442 cases), Cambodia (5 cases), Vietnam (313 cases) and
Bangladesh (19 cases) (WHO, 2019a). While in 2018, several countries still reported in high
cases, India (1,707 cases), China (1,800 cases), Myanmar (126), and Vietnam (200 cases)

(WHO, 2019a).
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1.3.1.1.2.3. Transmission cycle

The widespread expansion of JEV cannot be separated from the growth in the human
population, land use for irrigated rice agricultural activities, and swine farming (Erlanger et al.,
2009). This virus is transmitted mainly by Culex spp., Cx. tritaeniorhynchus is the primarily
vector that breeds in paddy fields (Chen et al., 2000). Other mosquito species such as Armigeres
spp., Aedes spp., Anopheles spp., and Mansonia spp. have also been reported to be potential
vectors (Chen et al., 2000; Oliveira et al., 2018). In the transmission cycle of JEV, swine
mainly act as primarily amplifier host and other animals such as bats, wild birds, and other
vertebrates may also be the natural host (Schuh et al., 2011). Humans and cattle are considered
to be dead-end hosts and do not transmit the virus to mosquitoes due to insufficient infective
titer and short duration of viremia (Schuh et al., 2011). In northern temperate areas JE occurs
in summer epidemics, whereas in southern tropical areas the disease is endemic and occurs

year-round (Vaughn and Hoke, 1992).

1.3.1.1.2.4. Disease and pathogenesis

The majority of human patients are asymptomatic or a mild febrile illness (Saxena et
al., 2011). Sometime the infection of JE in humans to be serious in health consequences with
encephalitis (Schuh et al., 2011). After the virus was injected via infected mosquito saliva, the
virus enters into the reticulo-endothelial system and invades to the central nervous system after
the transient period of viremia. After that, the virus distributes in hypothalamus, hippocampus,
substantia nigra, and medulla oblongata regions of brain (Das et al., 2010). The virus replicates
in neurons and matures in the neuronal secretary system. Manifestation of clinical symptoms
of infection are fever, headache, nausea, vomiting, and mental changes such as lethargy,

drowsiness, consciousness disorders, and convulsions (Yin et al., 2010). These symptoms are
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followed the appearance of nuchal rigidity, photophobia, hyperexcitability, and virous

objective neurological signs (Dickerson et al.,1952)

1.3.1.1.2.5. Diagnosis

The virus neutralizing test is currently as the gold standard for the differential
serodiagnosis of flaviviruses (Musso and Despres, 2020). The other laboratory diagnosis of JE
is generally accomplished by testing serum or CSF to detect virus-specific I[gM antibodies
(Saxena et al., 2011). Although, the conventional RT-PCR has proved to be high specificity in
the diagnosis of JE in both blood and CSF, but it has poor sensitivity as the virus is cleared
from the peripheral circulation/CSF. Chavez et al., (2010) stated that the advent of monoclonal
antibodies as potential diagnostic tool, therefore the rapid detection of JE antigen in CSF has
become possible. However, the most rapid and potential diagnostic tool for JE have been shown
to be IgM antibody capture enzyme-linked immunosorbent assays (MAC-ELISAs) and indirect
fluorescent antibody (Robinson et al., 2010). The JEV MAC-ELISA is recommended to
diagnose acute JEV infections and has been used since 2006 for laboratory-based surveillance

of JE (WHO, 2007).

1.3.1.1.2.6. Prevention and control

There are still no specific drugs available to treat JEV infection (Sampath and
Padmanabhan, 2009). Prevention methods are very important for minimizing JE infection
(Yamanaka et al., 2010; Saxena et al., 2000). The prevention of JEV is based essentially on 4
strategies, i.e., mosquito control, avoiding mosquito bites, pig immunization and human
immunization (Mackenzie et al., 2004; van der Hurk et al., 2009). Recently, there are 4 different
types of JE vaccines available for humans such as, mouse brain-derived killed-inactivated, cell

culture-derived live-attenuated, cell culture-derived killed-inactivated and genetically
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engineered live-attenuated chimeric vaccines (Beasley et al., 2008; Wilder and Halstead,
2010). The prevention of vector-human contact is the best preventive method by eliminating
potential mosquito breeding areas, environmental sanitation, waste water management by
treating the water with larvicide either by fish, drying and wetting of rice fields (Wilke et al.,

2019).

1.3.1.1.2.7. Situation in Indonesia

In Indonesia, the existence of four JEV serotypes (GI-IV) has been documented in
several areas (Schuh et al., 2013, Kuwata et al., 2020). JE infection was first reported when
sero-surveillance was conducted in various localities such as Bali, Nusa Tenggara, Kalimantan,
and West Papua in early 1970s (Wijaya, 2007). Although there is no annually JE survey in
Indonesia thereafter, sporadic research works and various surveillance studies have been
conducted in humans, for instance, surveillance in 2001 resulted 2% (59/2962) of human serum
collected from Jakarta and Surabaya showed in high antibody titer (Kari et al., 2006) and in
2016 resulted 13% (43/326) of human serum samples collected from 11 provinces were
confirmed positive by IgM ELISA (Burni, 2017). Surveillance of JE have also been conducted
in animals such as, 51% (64/126) of cattle, 27% (23/84) of goats, 43% (47/110) of chickens,
44% (14/32) of ducks, 14% (2/14) of horses, and 12% (2/16) of dogs that collected from several
areas in Indonesia during 1996 to 1997 were found positive by ELISA (Sendow et al., 2000).
Recently the isolation of JEV genotype IV from serum of pigs was reported in Bali in 2018
(Kuwata et al., 2020). Isolation from mosquitoes have also been reported from genus of Culex
such as, Cx. tritaeniorhynchus, Cx. gelidus, and Cx. fuscocephala collected in a pig farm from
1972 to 1974 in Bogor, West Java (Peenen et al., 1975). Moreover, the other isolation of JEV

was also reported from several mosquito species such as, Cx. fuscocephalus, Cx.
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bitaeniorhynchus, Cx. quinquefasciatus, An. vagus, An. kochi and Ar. subalbatus collected
from cowshed in Central Java during 1986-1988 (Tan et al., 1993).

Although there is indication that JE has been endemic naturally and spread in almost
all provinces in Indonesia, but the annual data is not established yet and Bali seems to be the
potential area with high cases every year (Garjito et al., 2018). Recently, children vaccination
program in Bali province was conducted to reduce the number of JE infection (Im et al., 2018).
Until now, the burden of JE in Indonesia is still not established because there is no routine

surveillance data generated at the national, provincial, and district levels.

1.3.1.1.3. Zika virus
1.3.1.1.3.1. History

The ZIKV was first isolated from serum of pyrexial rhesus monkey aged in the canopy
of Zika forest, Uganda in 1947. After that the virus was isolated from Aedes africanus in 1948
in the same forest. (Dick et al., 1952). Since then the virus was reported in several areas such
as French Polinesia, Brazil, Micronesia, Africa, and Asian countries (Marchette et al., 1969;
WHO, 2018). There are two major lineages of ZIKV; African lineage, reported in Africa, and
the Asian lineage, reported in Asia, the Western Pacific Region, the Americas, and Cabo Verde

(WHO, 2018).

1.3.1.1.3.2. Epidemiology

ZIKV 1is a single-stranded RNA virus member of genus Flavivirus (family:
Flaviviridae) and the structure of this virus is similar to DENV and JEV (Marchette et al.,
1969). Since the ZIKV was discovered in 1947 from monkeys in Uganda, then, human cases
were first reported in Nigeria in 1952 (Macnamara, 1954). After that, it was reported outbreak

on large scale in urban areas of African, Asian, and Pacific Island populations (1960s to 1980s),
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Island of Yap (2007), French Polynesia (2013-2014), Brazil (2015), New Caledonia, Cook
Island, Easter Island, Solomon Island, Vanuatu, and Fiji (2015-2016) (Musso and Gubler,
2016; WHO, 2018; Cao and Musso, 2014; Musso et al., 2015; Macnamara, 1954). The virus
was also reported in South, Central, and North America (Musso and Gubler, 2016; Cao and
Musso, 2014).

Since ZIKV was isolated from Ae. africanus mosquitoes in the Zika Forest, after that it
was also isolated from Ae. apicoargenteus, Ae. luteocephalus, Ae vitattus, and Ae. furcifer
mosquitoes in several areas in Africa (Fagbami, 1977; McCrae and Kirya, 1982). In Asia, ZIKV
was first isolated from Ae. aegypti in Malaysia in 1966 (Marchette et al., 1969). Moreover, the
virus was also isolated from Ae. furcifer mosquito, suggesting possible vertical transmission
(Diallo et al., 2011). The ZIKV lineage circulating in Asia has been described as distinct from
the African lineage, suggesting the different sylvatic cycle in Asia and Africa continents
(Haddow et al., 2012).

Recent studies have provided new information on the incidence, prevalence, and
patterns of ZIKV transmission worldwide. In 2019, a total 87 countries and territories have had
evidence of ZIKV infection, Africa, Americas, South-East Asia, and Western Pacific Region.
Incidence of ZIKV infection in the Americas peaked in 2016 and declined substantially
throughout 2017 and 2018. In Lao People’s Republic, nearly 10% had evidence of prior ZIKV
infection (Pastorino et al., 2019), India reported a ZIKV outbreak in Rajasthan State in 2018
(WHO, 2018), and 3,473 out of 31,587 (11%) were laboratory confirmed of ZIKV infections

in Americas regions (WHO, 2018).

1.3.1.1.3.3. Transmission cycle

The ZIKV is transmitted to human primarily through the bite of an infected Ae. aegypti

and Ae. albopictus (Musso and Gubler, 2016). It was also reported that human-human
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transmission by maternal-fetal transmission, sexual transmission, and others, e.g. blood or

organ transfusion (Musso and Gubler, 2016).

1.3.1.1.3.4. Disease and pathogenesis

Majority of people infected with ZIKV do not present any symptoms, however, the
infection generally induces fever, rash, conjunctivitis, muscle and joint pain, malaise, and
headache (Musso and Gubler, 2016). ZIKV may also trigger Guillain Barré syndrome (GBS).
GBS is a rare syndrome in which the immune system attacks the peripheral nervous system
and can be quite serious, causing muscle weakness, sensory problems, pain, and paralysis
(WHO, 2016).

Although mild clinical symptoms, ZIKV infection is associated with fetal death,
placental insufficiency, fetal growth restriction, and fetal central nervous system (CNS) injury
(Brasil et al., 2016). Moreover, experimental animal infection such as, rats, guinea pigs, and

rabbits did not show any symptoms after inoculated intracerebrally (Dick et al., 1952).

1.3.1.1.3.5. Diagnosis

Diagnosis of ZIKV usually relies on the detection of virus RNA in blood during the
first few days after symptom onset. It was also detactable in other body fluids such as urine,
saliva, and semen (Musso et al., 2015; Kutsuna et al., 2014). Immunohistochemistry analysis
with monoclonal antibodies and RT-PCR analysis can be used to detect ZIK'V antigen in tissues
(Buckley and Gould, 1988). Serology is also usually performed by ELISA with confirmation
testing by PRNT according to standard protocols (Johnson et al., 2000). Moreover, isolation of
ZIKV can be performed using chicken embryo yolk sacs, allantoic sacs, and chorioallantoic

membrane, and cell cultures (Taylor, 1952).
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1.3.1.1.3.6. Prevention and control

To date, there is no vaccine for ZIKV, although several are in the development phase
with dengue vaccine technology (Abbink et al., 2018). Prevention measures are therefore the
same as DENV, JEV and the other mosquito-borne viruses including individual protection

from mosquito bites and vector control as mentioned above.

1.3.1.1.3.7. Situation in Indonesia

In Indonesia, sero-surveillance was conducted in 1977 to 1978 resulted 7.8% (17/219)
human serum samples collected in Klaten, Central Java were antibody positive against ZIKV
(Olson et al., 1981). The other sero-surveillance was conducted in human and animals in 1983
in several areas in Lombok island resulted 13% (9/71) of human sera, 20% (3/15) of horses,
10% (4/41) of cows, 8% (1/13) of carabao, 20% (7/35) of goat, 4% (2/52) of ducks, and 8%
(6/71) of bats were found antibody positive against ZIKV (Olson et al., 1983). After that, ZIKV
infection case was reported from Australian travelers returning from Jakarta in 2012 and Bali
in 2013 to 2015 (Leung et al., 2015; Kwong et al., 2013; Perkasa et al., 2016). A retrospective
population-based sero-survey found approximately 9% of children in Indonesia had evidence
of prior ZIKV infection by the age of 5 years in 2014 (Sasmono et al., 2018). After that, there
is no reported of ZIKV infection.

The mosquito-borne diseases are commonly associated with specific environmental,
socioeconomic conditions, and ecological changing such as climate, deforestation, and
urbanization, leading to an increase in the incidence of the diseases (Gratz et al., 1999). In
Indonesia mosquito-borne viral diseases still received serious attention and has significant

implications in economic burden.
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1.3.2. Pathogenic Alphaviruses endemic in Indonesia
1.3.2.1. Chikungunya virus
1.3.2.1.1. History

The name chikungunya is derived from the Swahili, meaning as a disease that bends up
the joint. The disease was first described in 1952 by Robinson (1955) and was first isolated
from mosquitoes in Tanzania (Ross, 1956). After that, several outbreaks have been reported in

Transvaal, Zambia, south-eastern Rhodesia, and Zaire (Brighton et al., 1983; Rodger, 1961).

1.3.2.1.2. Virus properties

Chikungunya virus (CHIKV) is a member of the genus Alphavirus (Family:
Togaviridae), single-stranded positive-sense RNA, and has an approximately 12 kb genome
(Burt et al., 2017). The virus is spherical and enveloped particle about 70 nm in diameter
(Cheng et al., 1995). The genome of alphaviruses encodes 10 different proteins, non-structural
proteins (nsP1-nsP4) which are important for replicating the viral genome and the structural
proteins (C, E3, E2, 6K/TF, and E1) function in virus assembly (Lee et al., 1996; Cheng et al.,
1995).

The nucleocapsid core comprises 240 copies of capsid protein that surround the viral
genome. The capsid protein consists of two domains, a highly-charged, N-terminal domain that
interacts with the viral RNA in the interior of the nucleocapsid core and a C-terminal domain
that has a chymotrypsin-like fold (Choi et al., 1991).

The virus has 8 trimeric glycoprotein spikes cover the surface of and consisted three
E1-E2 heterodimers in each spike (Cheng et al., 1995, Zhang et al., 2011b). However, in some
alphaviruses, the E3 glycoprotein remains non-covalently associated to these spikes. The

spikes are formed by E2 and E1 that responsible for viral entry (Kielian, 2014).
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E1 has a short cytoplasmic tail that has been shown to be dispensable, while E2 has a
long (> 30 aa) cytoplasmic domain that interacts with a hydrophobic pocket in the capsid
protein (Lee et al., 1996). The E2 protein binds to the host-cell receptor and interacts with the
capsid protein. The E1 protein is a class II fusion protein that mediates fusion between the virus
membrane and the host cell membrane in the endosome (Kielian, 2014).

The roles 6K has been involved in viroporin activity, while TF has been shown to be a

virulence factor (Snyder et al., 2013).

1.3.2.1.3. Epidemiology

CHIKYV and its outbreaks had been identified in several countries in Africa, Asia,
Europe, America, Indian, and Pacific Ocean (Gonzales-Sanchez and Ramirez-Arroyo, 2018).
This virus is divided into three genotypes e.i the West African, East/Central/South African
(ECSA), and Asian genotype (Caglioti et al., 2013). After CHIKV was identified in 1952 in
Tanzania, it was reported outbreak in India, Indian Ocean in 2004, and island in Carribean in
2013 (CDC, 2019). Recently several outbreaks have been reported in several countries, Congo
in 2019 (6,149 cases), Sudan in 2018 (13,978 cases), Italy in 2017 (366 cases), France in 2017

(13 cases), Kenya in 2016 (1,792 cases), and Senegal in 2015 (14 cases) (WHO, 2019b).

1.3.2.1.4. Transmission cycle

There are two distinct transmission cycles of CHKV, enzootic sylvatic cycle and an
endemic/epidemic urban cycle (Peyrefitte et al., 2007). In the African enzootic sylvatic cycle
involves several Aedes mosquito species as vectors such as Ae. furcifer, Ae. vittatus, Ae.
fulgens, Ae. luteocephalus, Ae. dalzieli, Ae. vigilax, Ae. camptorhynchites, and non-human
primates as reservoir hosts (Peyrefitte et al., 2007). The virus periodically emerges from

enzootic or sylvatic African transmission cycles to initiate urban transmission and epidemics
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(Ross, 1956; Leparch-Goffart et al., 2014). The epidemic/endemic transmission cycle was
introduced in Asia in 1950 (Peyrefitte et al., 2007; Tsetsarkin et al., 2011). Previous reports
revealed that since 2005, large scale outbreaks of CHIKV occurred in several areas in south-
western Indian Ocean and Southeast Asia (WHO, 2007; Weaver and Lecuit, 2015). Ae. aegypti
is the major vector of CHIKV in human and African primates (Jupp et al., 1990; Jupp et al.,
1981), while, Ae. albopictus can also as act as a secondary vector of the disease (Pialoux et al.,

2007).

1.3.2.1.5. Disease and pathogenesis

Generally, CHIKYV infection typically presents with a sudden onset of high fever, severe
paint in peripheral joints, and sometimes followed by a maculopapular rash (Borgherini et al.,
2007). The articular symptoms, often debilitating, usually resolve within in few days to a few
weeks, but in some cases in several months (Brighton et al., 1983).

The disease course is divided into three stages, an acute stage, lasting approximately
one week, and a chronic stage, which can last from months to years. In acute phase, fever and
polyarthralgia are highly indicative of symptoms. The joint pain is often bilateral, symmetric,
and debilitating. In the chronic phase, rheumatism and fatigue are the prominent symptoms

(Ganesan et al., 2017).

1.3.2.1.6. Diagnosis

Laboratory diagnosis is generally accomplished by testing serum or plasma to detect
virus, viral nucleic acid, or virus-specific IgM, and neutralizing antibodies (Johnson et al.,
2016). Detection of viral RNA is the primary laboratory test used to diagnose infection in serum

collected <6 days after onset of illness (Johson et al., 2016).
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CHIKYV virus antibodies normally develop toward the end of the first week of illness.
Therefore, detection of CHIKV-specific IgM antibody becomes a sensitive test for samples
collected approximately >5 days of illness. Recently, commercially are available of MAC-

ELISA, and IFA for CHIKV diagnosis (Litzba et al., 2008; Prat et al., 2014).

1.3.2.1.7. Prevention and control
Specific treatment is not available and there is no vaccine to prevent CHIKV. Integrated
vector control is the only public health strategy to prevent and control the outbreaks as

mentioned above.

1.3.2.1.8. Situation in Indonesia

In Indonesia, the first outbreak reported in Samarinda, Borneo island in 1973
(Kanamitsu et al., 1979), since then in 1983 the disease had an outbreak in Central Java, South
Sumatra, and West Kalimantan (Mackenzie et al., 1994). Sero-surveillance was conducted in
1975 in various localities such as, Samarinda, Balikpapan, Surabaya, Bali, Lombok, Kupang,
Ujung Pandang, Pomalaa, Ambon, and Jayapura resulted 15.5% (273/1762) of human sera
were confirmed seropositive by neutralization test (Kanamitsu et al., 1979). After that, an
outbreak of CHIKV was occurred in Yogyakarta in 1999 resulted 30.5% (97/317) human sera
were seropositive by ELISA (Porter, 2004). Then, multiple outbreaks have been reported in
South Sumatra, Aceh, and West Java in 2001 (Harapan et al., 2019b). The lowest incidence of
CHIKYV during 2004 to 2015 was 0.16 cases per 100.000 population in 2005, while the highest
incidence was 36.2 cases per 100.000 population in 2009 (Ministry of Health, 2007; Laras et
al., 2005; Harapan et al., 2019b). However, there has been no deaths cases related to CHIKV
infection in Indonesia. Although there is a high number of CHIKV cases in Indonesia,

comprehensive surveillance data are still limited.
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1.3.3. Pathogenic Reoviruses endemic in Indonesia
1.3.3.1. Banna virus
1.3.3.1.1. History

Banna virus (BAV) was initially isolated from patient with encephalitis and fever in
Xishuangbanna, Yunnan Province, China, in 1987. Since then, BAV have been isolated from
pigs, cattle, and ticks in China (Xu et al., 1990; Li and Xe, 1992; Liu et al., 2010) and from
mosquitoes in Indonesia, China, Vietnam, South Korea and Europe (Brown et al., 1993; Chen

and Tao, 1996; Nabeshima et al., 2008).

1.3.3.1.2. Virus properties

BAV belonged to genus Seadornavirus, family Reoviridae, a large family of viruses,
containing 10, 11, or 12 segments of dSRNA genomes (Attoui et al., 2000). The genus was
established in the family Reoviridae that contains three members; BAV, Liaoning virus, and
Kadipiro virus (Attoui et al., 2000). Reovirus particles have icosahedral symmetry with a
diameter of approximately 60—85 nm, non-enveloped, although several of viruses can acquire
a transient membrane envelope during morphogenesis or cell exit (Mertens, 2004). The
reoviruses can be subdivided into two groups; the spiked or turreted viruses with have 12
icosahedral arranged projections situated on the surface of the icosahedral core particle, one at
each of the fivefold axes (Baker et al., 1999).

BAV nparticles contain seven structural proteins; the core (VP1, VP2, VP3, VP8 or
VP10), outer capsid (VP9 and VP4), and non-structural protein (VP5, VP6, VP7, VP11 and
VP12) (Jaafar et al., 2005a).

BAV VPI is a highly conserved and an important marker for species identification

within the family Reoviridae and as the viral RNA polymerase. VP2 is the protein that forms
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the innermost sub core layer and resembles several other nucleotide-binding proteins, including
dynein, actin, a number of helicases, ATPases, and methyltransferases (Attoui et al., 2000).

VP3 is the least abundant of the BAV core structural proteins, with an estimated seven
copies per particle (Jaafar et al., 2005a). VP3 may also provides one or more of the other
enzyme functions that are usually associated with the reovirus core, e.g. transmethylase,
guanylyl- transferase capping enzyme helicase or nucleoside triphosphatase (NTPase).

The capping enzyme, VP4, is a functional dimer (Ramadevi et al., 1998). The two outer
capsid proteins, VP2, and VPS5, are responsible for virus entry primarily responsible for
membrane penetration activity (Bhattacharya and Roy, 2008).

VP6 is an essential structural protein of 36 kDa with RNA binding and ATP binding
activity. VP7 is found to exhibit similarities to certain protein kinases (Sung et al., 2019).

VPS8 is smaller, more abundant, as the core-surface T13 protein and forming the core-
surface layer. VP9 has been shown to be responsible for virus attachment to the host-cell
surface and may be involved in internalization (Attoui et al., 2000). Moreover, VP9, and VP10
may have a collective role similar to that of outer-capsid protein VP4 involvement in cell
attachment and penetration (Jaafar et al., 2005a). VP12 of BAV contains dsRNA-binding

domains that the possible function of these domains in virus replication (Attoui et al., 2000).

1.3.3.1.3. Epidemiology

In the previous studies, 10 BAV strains was isolated from patients with fever and
encephalitis in China (Xu et al., 1990). Several surveillance studies in China showed that 11.4%
(130/1141) serum samples of suspected JE cases collected from hospital were BAV IgM
antibody positive by ELISA (Tao and Chen, 2005), 17.5% (11/63) serum samples of patients
were diagnosed with viral encephalitis were positive for BAV IgM antibody, 58.7% (37/63)

were positive for JE, and 11.1% (7/63) were positive for both of IgM antibodies by ELISA
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(Song et al., 2017). Moreover, IgM and IgG against BAV were detected by ELISA in serum
sample patients with fever and encephalitis in China-Myanmar and Laos border (Wang et al.,
2011).

BAV could be divided into 2 phylogenetically different groups, group A is consisted of
isolates from China and Vietnam and group B is the strains from Indonesia. Moreover, BAV
isolates from China cluster in group A and separated into subgroups mainly according to the
geographic origin of the isolate; subgroup Al is found in the north and subgroup A2 in the
south. However, 2 isolates from northern China grouped in sub- group A2 (south), and 3

isolates from Vietnam grouped in subgroup Al (north) (Liu et al., 2010; Song et al., 2017).

1.3.3.1.4. Transmission cycle

BAYV is transmitted to mammals by mosquito blood feeding activities. Wide range of
mosquito species have been reported as vectors Cx. tritaeniorhynchus, Cx. pipiens pallens, Cx.
annulus, Cx. pseudovishnui, Cx. modestus, An. sinensis, Ae. vagus, Ae. albopictus, Ae. vexans,
and Ae. dorsalis from China, Vietnam, Indonesia, South Korea, and Hungary (Liu et al., 2010;
Brown et al., 1993; Chen and Tao, 1996; Nabeshima et al., 2008). Moreover, BAV have also
been isolated from Culicoides midges (Liu et al., 2016), pigs, cattle, and ticks in China (Li and

Xe, 1992).

1.3.3.1.5. Disease and pathogenesis

BAV replicates within insect cells and mice but not in cultured mammalian cells. BAV-
infected mice producing a viremia lasting for 5 days was followed by viral clearance. BAV in
mice immunized against BAV did not lead to productive infection (Attoui et al., 2006).

The clinical symptoms of disease caused by BAV may be undetected during a JE

outbreak. As mentioned above, several serum sample from patients clinically diagnosed JE
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cases were BAV IgM positive indicating that BAV epidemics may have occurred but have
been clinically misdiagnosed as JE. BAV was considered to responsible of encephalitis in

humans (Song et al., 2017; Wang et al., 2011).

1.3.3.1.6. Diagnosis

Persons infected with BAV showed symptoms such as, flulike symptoms, myalgia,
arthralgia, fever, and encephalitis (Xu et al., 1990). A serologic diagnostic assay was developed
based on VP9, the outer coat protein responsible for cell attachment and neutralization (Jaafar
et al., 2005b). Patients infected with BAV have shown a 4-fold increase in anti- BAV antibody
titers in paired serum specimens tested by ELISA, showing an immune response to the virus
infection (Jaafar et al., 2005b). BAV is a good candidate for the differential diagnosis of viral

encephalitis and meningitis cases (Nabeshima et al., 2008).

1.3.3.1.7. Prevention and control
Because there is still unclear the pathogenesis of BAV, specific treatment seems is not
available yet. Integrated vector control as mentioned above is strategy to prevent and control

the disease.

1.3.3.1.8. Situation in Indonesia

In Indonesia, BAV has been isolated from several mosquito species Cx. vishnui, Cx.
fuscocephala, An. vagus, An. subpictus, and An. aconitus collected from Klaten, Cilacap,
(Central Java), and Bantul (Yogyakarta) during 1980-1981 (Brown et al, 1993). Since then,

there is no report of BAV in Indonesia anymore.
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1.3.4. Mosquito-specific viruses

In addition to pathogenic viruses, mosquitoes also harbor a diverse range of RNA
viruses which are not pathogenic to vertebrate and known as insect-specific viruses (ISVs)
(Calzolari et al., 2012). ISVs are reported to only replicate in mosquito cells but does not in
mammalian cells (Bolling et al. 2015a). Because of the host-restriction, there is no vertebrate
amplifying host that reported involve in ISVs life cycle (Calzolari et al., 2012). These viruses
have been identified in several viral taxa such as Flaviviridae, Phenuiviridae, Mesoniviridae,
negeviruses, Reoviridae, Nodaviridae, Rhabdoviridae, and Togaviridae (Bolling et al. 2015a;
Nga et al., 2011; Nouri et al., 2018). Several ISVs have been reported in different mosquito
genera and distributed worldwide, i.e. Cell fusing agent virus (CFAV) (Stollar and Thomas,
1975), Culex flavivirus (CxFV) (Hoshino et al., 2007), Aedes flavivirus (AEFV) (Hoshino et
al., 2007), Kamiti River virus (KRV) (Crabtree et al., 2003), Quang Binh virus (Crabtree et al.,
2009), and Nakiwogo virus (Cook et al., 2009).

Previous reports revealed that several ISVs have been found in immature stages of
mosquitoes (Bolling et al., 2012; Lutomiah et al., 2007; Saiyasombat et al., 2011), they have
been probably maintained by vertical transmission from infected female mosquitoes (Blitvich
and Firth, 2015). The study of these various ISVs in vector mosquitoes would contribute to the
understanding of virus biodiversity and the complex vector-borne viral disease system in nature
because ISVs have the potential to disrupt arbovirus transmission or reduce vector abundance

(Bolling et al., 2015b).

1.3.4.1. Aedes flavivirus
1.3.4.1.1. History and epidemiology
AEFV belongs to genus flavivirus, family Flaviviridae and was first isolated from Ae.

albopictus and Ae. flavopictus mosquitoes collected in Japan during 2003-2004 (Hoshino et
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al., 2007). The virus has been reported only replicates in mosquito cells and induced weak or
moderate cytopathic effects (CPEs) from 5-7 days post-infection (Roiz et al., 2012). Genetic
and phylogenetic analyses classified AEFV with the insect flavivirus, but distinct from the
other insect-specific flavivirus such as CFA, KRV, and CxFV (Hoshino et al., 2009). The virus
might survive in the mosquito population due to several mechanisms such as vertical and/or
sexual transmission (Lutomiah et al., 2007). The presence of this virus could be related to the
survival of eggs during diapause through vertical transmission and may be related to horizontal
transmission by venereal transmission (Lutomiah et al., 2007).

Since the virus was first isolated, several studies reported the detection and isolation of
the virus in several localities. In 2007, the AEFV was detected in Ae. albopictus collected from
Trentino and Padova provinces, Northern Italy with high prevalence (86.6%). After that the
virus was successfully isolated in 2008 from C6/36 cell culture and from Ae. albopictus in
2010-2011 (Roiz et al., 2012; Rizzo et al., 2014; Calzolari et al., 2012). In 2011, AEFV was
isolated from male of Ae. albopictus mosquitoes collected in Missouri, USA (Haddow et al.,
2013) and Turkey in 2016 (Oncu et al., 2018). Moreover, the virus was also detected in Asia,
Thailand in 2015 from Ae. albopictus colony established from eggs (Bolling et al., 2015a) and

in 2016 in Shanghai, China (Fang et al., 2018).

1.3.4.1.2. Virus properties

AEFV is enveloped virus with icosahedral and spherical geometries and enveloped
virions were approximately 5060 nm in diameter (Roiz et al., 2012). The virus consisted of
11,064 nucleotides in length and contained a single ORF encoding a polyprotein of 3,341
amino acids with 5" and 3’ untranslated regions (UTRs) of 96 and 945 nucleotides (Hoshino et
al., 2009). Polyprotein was divided into 3 structural proteins (C, prM and E) and 7 nonstructural

proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) (Hoshino et al., 2009). The AEFV
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3" UTR contained 64 nucleotides, highly conserved, direct repeat motif in nucleotides 10,499—
10,562 and 10,637-10,700, designated repeat 2 and repeat 1, respectively (Roiz et al., 2012).
The genome of AEFV had an A at the 5'-terminus, but a C at the 3'-terminus compare with the
other flavivirus which has A at its 5'-terminus and a U at its 3'-terminus (Hoshino et al., 2009;
Roiz et al., 2012). Moreover, the AEFV 3’ UTR contains two tandem repeats, with significant
sequence similarities to the 3' UTR repeats in CFA and KRV. Therefore, AEFV is closely
related to KRV and CFA with respect to its 3’ UTR sequence features (Hoshino et al., 2009;

Roiz et al., 2012).

1.3.4.2. Culex flavivirus
1.3.4.2.1. History and epidemiology

CxFV was isolated from Cx. quiquefasciatus and Cx. tritaeniorhyncus collected in
Japan and Indonesia in 2003-2004 (Hoshino et al., 2007). The virus was isolated from both
female and male mosquitoes and induced moderate CPE in C6/36 cells, but not in Vero and
BHK cells (Blitvich et al., 2009). The virus produced marked syncytia in C6/36 cells after 6—
7 days (Kim et al., 2009). After that, CxFV was reported have been isolated from several
mosquito species, for instance, Cx. tritaeniorhyncus, Cx. pipiens, Cx. quiquefasciatus, Cx.
restuans, Cx. interfor, Cx. interrogator, Ae. vexans, An. sinensis, Cx. maxi, Cx. usquatus, CXx.
coronator and Cx. nigripalpus in several areas in Guatemala (Morales-Betoulle et al., 2008),
Mexico (Farfan-Ale et al., 2009; Saiyasombat et al., 2011), Uganda (Cook et al., 2009), lowa
(Blitvich et al., 2009), Chicago (Newman et al., 2011), Trinidad and Texas (Kim et al., 2009),
Colorado (Bolling et al., 2015a), China (Huanyu et al., 2012), Taiwan (Chen et al., 2013),
Brazil (Machado et al., 2012), Colombia (Miranda et al., 2019) and Argentina (Goenaga et al.,

2014).
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1.3.4.2.2. Virus properties

CxFV is consisted of 3 structural protein C, prM, and E with length of amino acid were
139 aa, 143 aa, and 427 aa, respectively (Kim et al., 2009). Non-structural protein is consisted
of NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 with length of amino acid were 369 aa,
230 aa, 127 aa, 592aa, 189aa, 257 aa, and 889 aa, respectively (Kim et al., 2009). Based on
transmission electron microscopy was conducted on C6/36 cells infected by CxFV showed
giant multinucleated cells with virions 3742 nm in diameter within the endo-plastic reticulum
of infected cells (Kim et al., 2009). CxFV encodes a polyprotein from a single-strand positive
RNA OREF, flanked by 3" and 5'-UTR (Hoshino et al., 2007). The polyprotein of 3,364 aa is
cleaved during and after translation into structural and non-structural proteins in the following
order: C-prM(M)-E-NS1-NS2A-NS2B-NS3-NS4A-2K-NS4B-NS5 (Hoshino et al., 2007).
Phylogenetic analyses of the envelope protein genes have shown that CxFV can be separated
into two distinct clades. One clade contains CxFV isolates from Texas and Asia, while the
second clade contains CxFV isolates from Latin America and the Caribbean (Kim et al. 2009).
Clades 1 and 2 consist of strong groups with robust branch support, which are 10.4%
genetically distant (Bittar et al., 2016). The ORF mean distance among CxFV reported
sequences was 0.046. Also, the NS2A region presented the lowest genetic distance and NS4B

is the highest (Bittar et al., 2016).
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1.3.4.3.3. Situation in Indonesia
CxFV has been isolated from Cx. quinquefasciatus mosquitoes collected in Surabaya,
East Java, Indonesia during 2003-2004 (Hoshino et al., 2009). Since then, there is no report of

CxFV in Indonesia anymore.

1.3.4.3. Cell fusing agent virus
1.3.4.3.1. History and epidemiology

CFAYV was first isolated from Ae. aegypti cell derived by Peleg in 1974 (Stollar and
Thomas, 1975). The virus was recognized by its ability to cause fusion, massive syncytium
formation and infected persistently of Ae. albopictus cells, but did not replicate or cause fusion
of BHK and Vero cells (Stollar and Thomas, 1975). After that, the virus was characterized by
Cammisa-Park et al., (1992) and represented the only known insect-only flavivirus. The virus
was first isolated from a natural mosquito population including both male and female in Puerto
Rico (Cook et al., 2006). Since then, the virus had been isolated from Ae. aegypti in several
countries, Mexico (Espinoza-Gomez et al., 2011), Indonesia (Hoshino et al., 2009), and
Thailand (Kihara et al., 2007). The CFAV was reported sensitive to ether and to deoxycholate

(Stollar and Thomas, 1975).

1.3.4.3.2. Virus properties

The CFAV is a single-stranded, positive-sense RNA virus and belongs to genus
Flavivirus (family Flaviviridae). The CFAV genome comprises a single long ORF that encodes
three structural and seven non-structural proteins (Cook et al., 2006). The length of structural
protein (C, prM, E) were 136 aa, 142 aa, and 427 aa, respectively. While non-structural protein
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) were 390 aa, 232 aa, 124 aa, 577 aa, 168 aa,

258 aa, and 887 aa, respectively (Crabtree et al., 2003). The capsid protein contains 136 aa and
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highly basic (26 lysine plus arginine residues) which are 20 of these basic residues are in the
N-terminal half of the protein (Cammisa-Park et al., 1992). The E protein contains 427 aa, 5
potential linked glycosylation sites and 14 Cys residues, which was different to the E protein
of DEN-4 that has 13 Cys residues (Cammisa-Park et al., 1992).

The virus has similar genome size, structure and gene order to flavivirus. Amino acid
sequence similarity between CFAV proteins and those of other flaviviruses is highest for the
non-structural proteins NS5 and NS3 and lowest for the structural proteins (Cook et al., 2006).
The larger 49 and 16.5 kDa proteins were glycosylated and associated with the envelope and
it is much larger than the other flavivirus, while the smaller 13 kDa protein was associated with
the viral RNA (Igarashi et al., 1976; Stollar and Thomas, 1975). There is 45% identity of AEFV
NS5 and NS3 (34%) protein to other flavivirus (Yamanaka et al., 2013; Cammisa-Park et al.,
1992). Besides that, the segments of the CFAV genome have integrated into A. aegypti and Ae.
albopictus genome suggested that the virus has been persistently infecting the mosquitoes for
a long time (Crochu et al., 2004).

Moreover, polyprotein cleavage of pre-membrane/membrane was similar to that of
KRV (Crabtree et al., 2003). In addition, two neutralizing anti-CFAV (50% plaque reduction
test had titers between 1:2000 and 1:4000) had no hemagglutination inhibition activity when
tested against several flavivirus antigens including antigens chosen for their high sensitivity to
all known flavivirus cross-reacting antibodies (Igarashi et al., 1976). Similarly, when tested by
the fluorescent antibody technique, anti-CFA serum failed to react with cells infected with

dengue type 2 (DEN-2), JEV, or bovine viral diarrhea viruses (Igarashi et al., 1976).
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1.3.4.3.3. Situation Indonesia
CFAV has been isolated from Ae. aegypti mosquitoes collected in Surabaya, East Java,
Indonesia during 2003-2004 (Hoshino et al., 2009). Since then, there is no report of CFAV in

Indonesia anymore.

In Indonesia the burden of vector-borne pathogens is still limited mostly because there
is a lack of nation-wide systematic routine surveys, standardize diagnostic approaches and
spatio-temporal surveillance of the diseases. Therefore, the vector-borne pathogens data
including human cases, animals, and tick vector status are still not clear. Despite these

limitations, this study may aid to generate the data of vector-borne pathogens in Indonesia.
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2. CHAPTER 1 Detection and isolation of tick-borne bacteria (Anaplasma spp.,
Rickettsia spp. and Borrelia spp.) in Amblyomma varanense ticks on lizard

(Varanus salvator)
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2.1. Abstract

Ticks are one of the arthropods that play an important role in the transmission of
numerous pathogens to livestock and humans. I investigated the presence of tick-borne bacteria
in 23 Amblyomma varanense that fed on a water monitor (Varanus salvator) in Indonesia.
Anaplasmataceae and borreliae were detected by PCR in 17.4% and 95.7% of ticks,
respectively. “Candidatus Rickettsia sepangensis”, spotted fever group of Rickettsia, was
detected in 21.7% of ticks. The water monitor is a common reptile that is widely encountered
in city areas in Asian countries. Our results suggested that Am. varanense on water monitor in

Indonesia harbored several kinds of bacteria.
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2.2. Introduction

As mentioned in GENERAL INTRODUCTION, there is still limited studies have
reported presence of bacteria in ticks associated with animals including reptiles in Indonesia.
Several studies reported, Anaplasma sp., Borrelia lusitaniae and Rickettsia sp. have been
detected in Dermacentor marginatus and I. ricinus ticks that feed on green lizards (Lacerta
viridis) found in Slovakia (Vaclav et al., 2013). The I. pacificus, which fed on western fence
lizard (Sceloporus occidentalis) in USA, and the Amblyomma flavomaculatum, that fed on
savannah monitor (Varanus exanthematicus) in Poland, were positive for A. phagocytophilum,
the causative agent of human granulocytic anaplasmosis (Nieto et al., 2009; Nowak et al.,
2010).

Several reptile-associated (REP) borreliae have been reported in the Hyalomma,
Bothriocroton, Amblyomma and/or Aponomma genera ticks found in Asia, Australia, Africa
and the Middle-East (Takano et al., 2010; Takano et al., 2011; Panetta et al., 2017). In addition,
the causative agent of African tick-bite fever, Rickettsia africae, and that of tick-borne
lymphadenopathy, Rickettsia raoultii, has been detected in reptile-associated ticks (Andoh et
al., 2015). Some reptile-associated ticks infested humans and/or livestock (Burridge, 2001) as
well as reptiles, including the water monitor (Varanus salvator), which inhabit cities and may
be in close relation with human habitat.

In this chapter, I conducted surveillance of tick-borne bacteria carried by Am. varanense
(synonym, Aponomma lucasi) ticks, which feed on V. salvator found in Indonesia. In addition,
Anaplasma spp., Ehrlichia spp., Rickettsia spp., and Borrelia spp. were surveyed and

phylogenetically analyzed.

49



2.3. Material and methods
2.3.1. Collection of ticks

One V. salvator was captured by hands on January 2017 in Bogor, West Java Province,
Indonesia (6°35°48” S, 106°47°50” E) and ticks were collected from the skin using forceps.
After collection of ticks, V. salvator was released. The lizard was handled in accordance with
good animal practice required by the Animal Ethics Procedures of Indonesia. The V. salvator
is not an endangered or protected species in Indonesia and permission for collection of ticks on
lizard in this area was not required. Tick species, stage and sex were identified based on

morphologic features following taxonomic keys and molecular analysis.

2.3.2. Borrelia cultivation and DNA extraction

Eighteen live ticks were dissected under the stereomicroscopy. The salivary glands and
midguts were provided for cultivation of borreliae using Barbour-Stoenner-Kelly medium and
miscellaneous tissues without salivary gland and midgut were subjected to DNA preparation.

DNA extraction and cultivation of borreliae were carried out as described (Takano et al., 2010).

2.3.3. PCR and sequencing analysis

PCR, targeting tick mitochondrial 16S rRNA gene (mt-r7s) for both confirmation of tick
identification and verification of the quality of DNA, was performed on all DNAs from ticks.
The PCRs targeting 16S rRNA gene (/65 ¥rDNA) and 60-kDa heat shock protein gene (groEL)
for Anaplasmataceae, 17k-Da antigen gene and citrate synthase gene (g/tA4) for Rickettsia spp.,
and flagellin gene (flaB) for Borrelia spp. were performed as described previously (Supporting
Table 1) (Takano et al., 2010; Andoh et al., 2015; Pancholi et al., 1995). The characterization

of isolated Borrelia sp. was performed by /6S rDNA of borreliae. PCR amplicons were purified
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and directly sequenced (Takano et al., 2010). All sequences were deposited in

DDBJ/EMBL/GenBank (accession numbers LC428370-L.C428386) (Supporting Table 2).

2.3.4. Phylogenetic analysis

Phylogenetic analysis was performed using MEGA7 software (www.megasoftware.net)

(Tamura et al., 2007). The phylogenetic trees were constructed by the neighbor-joining method.
Bootstrap analysis (1000 replicates) was carried out according to the Kimura 2-parameter
model. All positions containing alignment gaps and missing data were eliminated during the

pairwise sequence comparison (pairwise deletion).

2.4. Results

A total of 23 ticks (21 males, a female and a nymph) were collected from one V. salvator
captured in the central area of Bogor, Indonesia. According to the morphological features and
molecular analysis based on mt-rrs, all ticks were identified as Am. varanense.

Out of 23 ticks, four ticks (17%, 3 males and a female) were PCRs positive for
Anaplasmataceae. In the present study, two different types of sequences were detected: one
from a male (RT4), and the other from 2 males and a female (RT20, 21 and 23). By the
phylogenetic analysis of /165 ¥rDNA, the sequence of RT4 was found to be closely related to
that of the Anaplasma sp. HN680 (KX505298; 99.5% similarity), whereas the other sequences
(RT20, 21 and 23) were closely related to that of uncultured Anaplasma sp. (MG346222; 98%
similarity) (Fig. 2-1 and 2-2). The Anaplasma sp. HN680 was detected in blood of sheep in
China (Zhang et al., 2016) and phylogenetically related to 4. marginale and A. bovis, which
are causative agents of fatal tick-borne disease in cattle. Although Am. varanense is commonly
infested on reptiles, it has been reported to feed on various mammals (Burridge, 2001). Since

Anaplasma sp. detected in present study was found from an adult male, it may be suggested
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that Am. varanense ticks might acquire the bacteria during a previous blood feeding
opportunities.

The other three sequences detected (RT20, 21 and 23) formed an independent
monophyletic group and same branch with Anaplasma spp. detected in Taiwan, South Korea,
Morocco, Tunisia and Poland (Kuo et al., 2017; Sarih et al., 2005; Ekner et al., 2011) (Fig.2-
1). Although these Anaplasma spp. were detected in worldwide, the sequence similarity was
over 98% in 16S rDNA. Because the ticks were harboring bacterial endosymbionts in spite of
geographical origin (Niebylski et al., 1997), there was the possibility that these bacteria might
present as the endosymbionts in ticks and distribute worldwide. On the other hand, the
endosymbionts were transmitted with trans-ovarially, conferred fitness advantage to their
hosts, and adapted to the internal environment of the ticks (Noda et al., 1997). The present
study detected Anaplasma sp. from only 3 ticks (13%). Moreover, Anaplasma sp. MT1216,
phylogenetically related with RT20, 21, 23, were detected reportedly from several individuals
of lizards (Ekner et al., 2011). Therefore, it was speculated that the bacteria may infect lizards
and transmitted through the tick.

In the present study, 22 ticks were positive for Borrelia sp. (96%, 20 males, one female
and one nymph) by PCR using genomic DNA prepared from miscellaneous tissues of ticks.
Moreover, thirty strains were successfully isolated from the midgut and/or salivary glands of
17 live ticks (Supporting Table 2). The similarity of sequence of /6S rDNA of isolates was
98% to 99% when compared with Borrelia spp. detected from Bothriocroton undatum
(MG004679 or MG004684 in Fig. 2-3). The ticks were collected from wild lace lizard
(Varanus varius) found in Australia (Panetta et al., 2017). Phylogenetic analysis based on /6S
rDNA and flaB demonstrated that isolates in the present study formed a monophyletic group
and belonged to REP borreliae (Fig. 2-3 and 2-4). This is the first to isolate and perform

molecular characterization of a novel species of REP borreliae from Am. varanense ticks fed

52



on lizard in Indonesia. Phylogenetic analysis of /65 rDNA sequences of novel isolated Borrelia
sp. and previously reported Borrelia spp. indicated that the REP borreliae co-evolved with host
reptiles (Fig. 2-3).

In the present study, the variability of isolated Borrelia sp. were found by sequencing of
flaB. The similarity sequences of flaB among B. andersoni, ‘Candidatus Borrelia tachyglossi’
and B. turcica ranged between 98.0-100%, 99.6-99.9% and 99.2-100%, respectively (Clark et
al., 2005; Loh et al., 2017; Guner et al., 2003). In the present study, although I analyzed ticks
collected from single lizard, the sequences variability of flaB among strains ranged from 97.3-
99.7%. Because I examined 22 adults and a nymph, I speculated that the tick and also lizard
might be infected with several strains of Borrelia sp..

In the present study, 5 males (22%, RT2, 5, 19, 20, and 21) were PCRs positive for
Rickettsiae. Phylogenetic analysis of both genes revealed that, the detected Rickettsia sp.
belonged to the spotted fever group (SFG). The detected species was identical to ‘Candidatus
Rickettsia sepangensis’ by g/t4 sequences, which was detected in Am. varanense collected
from Indian python (Python molurus) in Malaysia (Kho et al., 2015) (Fig. 2-5 and 2-6). One of
the related species of Rickettsiae, R. tamurae was detected in blood and skin of human patients
in Japan and caused flu-like illness (Imaoka et al., 2011). A serological study conducted in
Laos speculated R. tamurae AT-1 infection of a patient with fever, headache and jaundice
(Phongmany et al., 2006). Although the pathogenicity and reservoir of Candidatus R.
sepangensis detected in the present study remains unclear, the result in accordance with that
of previous reports indicated that the Rickettsiae carried by reptile-associated ticks might

potentially cause uncharacterized diseases.
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2.5. Discussion

The present study is the first report of detection of Anaplasma spp., Rickettsia sp. and
Borrelia sp. in Am. varanense associated with a reptile found in Indonesia. Because of the
regulation of setting the traps, I could not capture several individuals of lizards. Although ticks
were collected from a lizard, variety of bacteria was detected from ticks. Moreover, some ticks
were co-infected with multiple bacteria; two males (RT20 and 21) were infected with three
different bacteria, Anaplasma sp., Candidatus R. sepangensis and Borrelia sp., three males
(RT2, 5 and 19) with Candidatus R. sepangensis and Borrelia sp., and two (one male and one
female, RT4 and 23) were co-infected with Anaplasma spp. and Borrelia sp.. The water
monitor is a common reptile and is easily found in city areas in Indonesia and other Asian
countries. Therefore, the present study revealed that the reptiles close to humans and its related
ticks maintained variety of unknown bacteria. Although the pathogenicity or biology of these
detected bacteria is unclear, garnering information of these novel bacteria is essential to device
diagnostic strategies for unknown infectious diseases.

Recently, many species of reptiles are currently being traded as pet animals in several
countries globally. Tick-borne pathogens pose potential health threats to humans; therefore,
knowledge of the dynamics of the circulation of tick-borne bacteria in the environment is
essential to assess the risk of infection to both livestock and humans. Although the direct
evidences remained to be determined, the observations of the present study provide clues for a
possibility that Am. varanense ticks can play a role in transmission of pathogenic bacteria from
heterothermic to homothermic animals. Accumulation of these epidemiological information
from multiple individuals and/or species of reptiles in future study should be informative for

this goal.
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2.6. Figure legends

Fig. 2-1 Phylogenetic analysis of /6S ¥DNA of Anaplasma spp. The phylogenetic branches
showed support of >70% by tree, which was constructed using neighbor-joining method and
bootstrap tests (1000 replicates) were carried out according to the Kimura 2-parameter model.
The bar indicates the percentage of sequence divergence. Bold letters indicate the samples

analyzed in the present study.

Fig. 2-2 Phylogenetic analysis of groEL of Anaplasma spp. The phylogenetic branches showed
support of >70% by tree, which was constructed using neighbor-joining method and bootstrap
tests (1000 replicates) were carried out according to the Kimura 2-parameter model. The bar
indicates the percentage of sequence divergence. Bold letters indicate the samples analyzed in

the present study.

Fig. 2-3 Phylogenetic analysis of /165 rDNA of isolated Borrelia sp. The phylogenetic branches
showed support of >70% by tree, which was constructed using neighbor-joining method and
bootstrap tests (1000 replicates) were carried out according to the Kimura 2-parameter model.
The bar indicates the percentage of sequence divergence. Spirochaeta americana (AF373921),
Treponema pallidum (NC000919), Cristispira sp. (U42638) were used as outgroup. Bold

letters indicate the samples analyzed in the present study.

Fig. 2-4 Phylogenetic analysis of flaB of isolated Borrelia sp. The phylogenetic branches

showed support of >70% by tree, which was constructed using neighbor-joining method and

bootstrap tests (1000 replicates) were carried out according to the Kimura 2-parameter model.
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The bar indicates the percentage of sequence divergence. Bold letters indicate the samples

analyzed in the present study.

Fig. 2-5 Phylogenetic analysis of glt4 of Rickettsia spp.

The phylogenetic branches showed support of >70% by tree, which was constructed using
neighbor-joining method and bootstrap tests (1000 replicates) were carried out according to the
Kimura 2-parameter model. The bar indicates the percentage of sequence divergence. Bold

letters indicate the samples analyzed in the present study.

Fig. 2-6 Phylogenetic analysis of 17 kDa antigen of Rickettsia spp.. The phylogenetic branches
showed support of >70% by tree, which was constructed using neighbor-joining method and
bootstrap tests (1000 replicates) were carried out according to the Kimura 2-parameter model.
The bar indicates the percentage of sequence divergence. Bold letters indicate the samples

analyzed in the present study.
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Fig. 2-1
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Fig. 2-2
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Fig. 2-3
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Fig. 2-4
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Fig. 2-5
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Fig. 2-6
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R. monacensis (LN794217)
Rickettsia sp. MadagascarAL94-R (AB795142)
95 * Rickeitsia sp. Ae-8 (D365986)
R. hoogstraalii (EF62938)
Rickettsia canadensis McKiel (CP000409)
[ Rickettsia sp. PanamaAR121-R (AB795161)
100 R, bellii RML369-C (CPO00087)
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3. CHAPTER 2 Mosquito-borne viruses, insect-specific flaviviruses (family Flaviviridae,
genus Flavivirus), Banna virus (family Reoviridae, genus Seadornavirus), Bogor virus
(unassigned member of family Permutotetraviridae), and alphamesoniviruses 2 and 3

(family Mesoniviridae, genus Alphamesonivirus) isolated from Indonesian mosquitoes
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3.1. Abstract

Mosquitoes transmit many kinds of arboviruses (arthropod-borne viruses), and
numerous arboviral diseases have become serious problems in Indonesia. In this study, I
conducted surveillance of mosquito-borne viruses at several sites in Indonesia during 2016—
2018 for risk assessment of arbovirus infection and analysis of virus biodiversity in mosquito
populations. I collected 10,015 mosquitoes comprising at least 11 species from 4 genera. Major
collected mosquito species were Cx. quinquefasciatus, Ae. albopictus, Cx. tritaeniorhynchus,
Ae. aegypti, and Ar. subalbatus. The collected mosquitoes were divided into 285 pools and
used for virus isolation using two mammalian cell lines, Vero and BHK-21, and one mosquito
cell line, C6/36. Seventy-two pools showed clear CPEs only in C6/36 cells. Using RT-PCR
and next-generation sequencing approaches, these isolates were identified as insect flaviviruses
(family Flaviviridae, genus Flavivirus), Banna virus (family Reoviridae, genus
Seadornavirus), new  permutotetravirus (designed as Bogor virus) (family
Permutotetraviridae, genus Alphapermutotetravirus), and alphamesoniviruses 2 and 3 (family
Mesoniviridae, genus Alphamesonivirus). 1 believed that this large surveillance of mosquitoes
and mosquito-borne viruses provides basic information for the prevention and control of

emerging and re-emerging arboviral diseases.
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3.2. Introduction

As mentioned in GENERAL INTRODUCTION, mosquitoes transmit many kinds of
arboviruses that cause endemics or epidemics in tropical/subtropical regions worldwide,
depending on the distribution and activities of vector mosquitoes (Weaver and Reisen, 2010).
Mosquitoes also harbor a diverse range of RNA viruses that do not seem to infect human and
other vertebrates (Nouri et al., 2018). These viruses are known as ISVs and can infect and
replicate only in invertebrates (Nouri et al., 2018).

Although there are many factors for global emergence and re-emergence of arboviral
diseases, one of them is change in the environment surrounding human societies, such as
urbanization of rural areas by human migration, global tourism, and expansion of agriculture
areas. In addition, trade and transportation have contributed to the introduction of both
arboviruses and vector arthropod species. For instance, DENV (family Flaviviridae, genus
Flavivirus) is one of the most common mosquito-borne arboviruses and more than 2.5 billion
people are at risk of this viral disease worldwide (Guha-Sapir and Schimmer, 2005). DENV
has been transmitted by Aedes mosquito species, such as Ae. aegypti (Linnaeus) and Ae.
albopictus (Skuse), and distributions of these mosquito species have been strongly influenced
by urbanization factors due to their preference of artificial containers as its larval habitat and
internationalization (Guha-Sapir and Schimmer, 2005). Climate change is also associated with
emergence and re-emergence of arbovirus diseases because the distribution of arboviruses is
dependent on their arthropod vectors (Mordecai et al., 2019).

Since entomological approaches may aid in risk assessment of arbovirus infections, I
conducted surveillance of mosquito species and mosquito-borne viruses in Indonesia during

20162018 in CHAPTER 1.
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3.3. Materials and methods
3.3.1. Mosquito collection

Mosquito collection was conducted from seven provinces of four islands in the eastern
part of Indonesia (Bengkulu province in Sumatra) (3°48'1.58"S, 102°15'55.94"E), Banten (-6°
02'32.82" S, 106° 09' 39.35" E), Jakarta (6°12'52.63"S, 106°50'42.47"E), West Java (6° 54'
53.0784" S, 107° 36' 35.3160" E), and Central Java provinces in Java (6° 58' 0.0012" S, 110°
24' 59.9904" E); Bali province in Bali (8° 24' 34.2648" S, 115° 11' 20.1084" E); and Central
Kalimantan province in Borneo (2° 12' 30" S, 113° 55' 0" E) during 20162018 (Fig. 3-1).
Mosquitoes were collected in animal houses, such as swinery (Bengkulu and Denpasar),
cowsheds (Bogor), and non-human primate sanctuaries (Palangka Raya and Bogor), and both
indoor and outdoor human residential areas (Bogor, Tangerang, Bengkulu, Solo, Bekasi, and
Pasar Minggu). Adult mosquitoes were collected in residential areas at daytime and around
animal houses after sunset by using sweep nets and aspirators. Blood-feeding mosquitoes were
kept in cages for a few days to let them digest the blood in their guts. The collected mosquitoes
were identified based on morphology (Rampa, 1982). After identification, mosquitoes were

sorted into pools with a maximum of 96 adults per pool and kept at —80°C for virus isolation.

3.3.2. Cell cultures

Two mammalian cell lines, Vero [Japanese Collection of Research Bioresources
(JCRB), Osaka, Japan] and BHK-21 (JCRB), and one mosquito cell line, C6/36 (Health
Science Research Resources Bank, Osaka, Japan), were used for virus isolation. Vero and
BHK.-21 cells were cultured in Dulbecco’s modified eagle’s medium (DMEM; Sigma-Aldrich,
St. Louis, MO, USA) containing heat-inactivated 5% fetal bovine serum (FBS; Hyclone
Laboratories, South Logan, UT, USA) and 1% penicillin and streptomycin (Pen-Strep; Life

Technologies, Carlsbad, CA, USA), and C6/36 cells were cultured in Eagle’s minimum
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essential medium (Sigma-Aldrich) containing heat-inactivated 10% FBS and 1% Pen-Strep.
Cell lines were maintained at 37°C for mammalian cells and 28°C for mosquito cells under 5%

COo.

3.3.3. Virus isolation

Virus isolation was performed as previously described (Kuwata et al., 2015; Kuwata et
al., 2020). Each pool of mosquitoes was homogenized in 500 pl of ice-cold DMEM containing
2% heat-inactivated FBS and 1% Pen-Strep using the Multi-beads shocker (Yasui Kikai Inc.,
Osaka, Japan). Homogenates were clarified by centrifugation (21,500 x g for 5 min at 4°C),
and supernatants were passed through sterile 0.45-um filters (Corning Inc., Corning, NY,
USA). Filtrates were inoculated onto a monolayer of Vero, BHK-21, or C6/36 cells in 24-well
culture plates (Sumitomo Bakelite Inc., Tokyo, Japan), and plates were incubated for 2 h to
allow virus adsorption. After adding fresh medium, cell cultures were incubated at cell culture
conditions. CPEs were observed daily, and supernatants were collected from cells with CPEs.
If no CPE was observed, cells were blind-passaged, and after five blind passages, culture
supernatants were collected even if no CPEs were observed. These culture supernatants were

stored at —80°C until use.

3.3.4. Detection of viral genome

RNA was extracted from culture supernatants using the QIAamp Viral RNA Mini Kit
(QIAGEN, Inc., Valencia, CA, USA). RNA was extracted from each culture supernatant from
cells with CPEs individually. By contrast, for cells without any CPEs, culture supernatants
from 5-8 wells of Vero and BHK-21 cells or 3—4 wells of C6/36 cells were pooled for RNA
extraction, which was subsequently used in RT-PCR analyses. If RNA from mixed pools

yielded positive RT-PCR results, then RNA was again extracted from each supernatant in the
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pool and analyzed individually. RT-PCR was conducted using the QIAGEN OneStep RT-PCR
kit (QIAGEN) to detect viral genes. Five universal primer sets were used for detection of
flaviviruses (Kuno et al., 1998; Scaramozzino et al., 2001), alphaviruses (Eshoo et al., 2007),
phleboviruses, and rhabdoviruses (Kuzmin et al., 2006) (Table 3-1). The RT-PCR condition
for each primer sets were 50°C for 30 min (reverse transcription), 95°C for 15 min, followed
by 35 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min (amplification), and final
extension at 72°C for 10 min. PCR products were separated by electrophoresis on 2% agarose
gels, and intensive bands were purified by using the MinElute Gel Extraction Kit (QIAGEN).
Purified PCR products were directly cycle-sequenced using the ABI PRISM BigDye
Terminator Cycle Sequencing Kit v.3.1 (Thermo Fisher Scientific, Waltham, MA, USA) and
ABI PRISM 3130 Genetic Analyzer (Thermo Fisher Scientific). Minimum infection rate (MIR)
was calculated as the ratio of the number of positive pools to the total number of mosquitoes
tested. For samples from cells that showed clear CPEs but yielded negative RT-PCR results for
viral genes, high-throughput analyses were applied to identify viral genomes as described

below.

3.3.5. High-throughput analyses

Three selected culture supernatants of C6/36 cells showing different forms of CPEs
(pool nos. 2, 34, and 69) were subjected to next-generation sequencing (NGS) analyses (Fig.
3-6). Approximately 50 mL of each culture supernatant were concentrated to approximately
0.5 mL by using Amicon Ultra 50kDa (Merck Millipore, Billerica, MA, USA). Concentrated
supernatants were ultra-centrifuged at 60,000 x g for 3 h at 4°C through a 25% sucrose cushion.
Then, supernatants were carefully removed and pellets were resuspended in 200 pL of sterile
PBS on ice. Total RNAs were extracted from samples by using the QlAamp Viral RNA Mini

Kit (QIAGEN) according to the manufacturer’s instructions. I applied three methods for NGS
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analyses: Ion Torrent PGM system (Life Technologies), [llumina MiSeq system (Illumina, San
Diego, CA, USA), and MinlON nanopore sequencing device (Oxford Nanopore Technologies,
Oxford, England, UK).

For the Ion Torrent PGM analysis, I used RNA obtained from the culture supernatant
of C6/36 cells inoculated with mosquito pool no. 2 (de. albopictus collected in Bogor, 2016)
as previously described (Itokawa et al., 2015; Nakayama et al., 2019). Briefly, RNA was
reverse-transcribed into cDNA, which was then amplified with the SeqPlex RNA
Amplification Kit (Sigma-Aldrich). The product was end-repaired and ligated with a barcoded
adapter using the lon Xpress Barcode Adapter Kit (Life Technologies) by T4 ligase (New
England Biolabs, Ipswich, MA, USA). Barcoded fragments were subjected to emulsion PCR
using the Ion OneTouch 2 system with the Ion PGM Template OT2 200 Kit (Life
Technologies). Amplified library beads were subjected to the lon Torrent PGM sequencer (Life
Technologies) with the Ion 318 Chip (Life Technologies). Reads obtained by the Ion Torrent
PGM were assembled with CLC Genomics Workbench 7.0 software (CLC bio/QIAGEN,
Aarhus, Denmark). BWA-MEM (Li and Durbin, 2009) was used to map the NGS reads on
reference of the 12 genome segments (NC 004198, NC 004200, NC _004201-4, NC 004211,
NC 004217-21). SAMtools (Li et al., 2009) was used to calculate coverage.

For the Illumina MiSeq analysis, I used RNA obtained from culture supernatant of
C6/36 cells inoculated with mosquito pool no. 34 (4e. albopictus collected in Bogor, 2017).
The DNA library was prepared by using the NEB Next Ultra RNA Library Prep Kit for
[llumina (New England Biolabs). Adaptor ligation was conducted by TruSeq 96 dual-index
adapters (Illumina) instead of adapters supplied in the kit. Sequencing of paired ends was
performed using MiSeq Reagent Kit v2 (300 cycles) (Illumina). Reads were assembled and
large contigs were constructed with CLC Genomics Workbench 7.0 software (CLC

Bio/QIAGEN).
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For nanopore MinlON sequencing, I used RNA obtained from the culture supernatant
of C6/36 cells inoculated with mosquito pool no. 69 (Cx. tritaeniorhynchus collected in Bogor,
2017). RNA was reverse-transcribed into cDNA, which was amplified with the SeqPlex RNA
Amplification Kit (Sigma-Aldrich). After purification using the QIAquick PCR Purification
Kit (QIAGEN), synthesized DNAs were directly sequenced by MinlON (Oxford Nanopore
Technologies) with the Rapid Sequencing Kit (Oxford Nanopore Technologies) according to
the manufacturer’s instructions. Reads obtained by MinlON were subjected to homology
search (BLASTX analysis) using the National Center for Biotechnology Information (NCBI)

database.

3.3.6. Phylogenetic analyses

To analyze phylogenetic relationships of isolated viruses, available sequences of related
virus species or strains were obtained from the NCBI database. Analysis of the aligned matrix
data and the construction of phylogenetic trees were performed using MEGA7 (Kumar et al.,
2016) under maximum likelihood algorithms. The best-fit model of nucleotide sequences was
found by the model selection analysis by jModelTest 2 (Darriba et al., 2012). The statistical
significance of resulting trees was evaluated by a bootstrap test with 100 replications (Efron et
al., 1996). Sequence data obtained in this study were deposited in the DNA Data Base of Japan

under accession numbers LC536082-LC536146.

3.4. Results
3.4.1. Mosquito collections

A total of 10,015 mosquitoes comprising at least 11 species of 4 genera were collected
at several sites in Indonesia in this study (Table 3-2). The major collected mosquito species

were Cx. quinquefasciatus (46.4%), Ae. albopictus (20.4%), Cx. tritaeniorhynchus (15.8%),
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Ae. aegypti (10.0%), and Ar. subalbatus (3.6%). Other minor species, such as Cx. hutchinsoni,
Cx. gelidus, Cx. vishnui, Cx. fuscocephala, An. vagus, and An. barbirostris, were also collected
(Table 3- 2).

I compared the species abundance of collected mosquitoes between residential areas
and animal houses (Table 3-2). Although female mosquitoes of Ae. aegypti and Ae. albopictus
were collected in some animal houses, they were mainly captured in residential areas, whereas
male mosquitoes of Ae. aegypti and Ae. albopictus were captured only in residential areas. For
Ar. subalbatus, only female mosquitoes were collected in this study, and they also tended to be
primarily captured in residential areas than in animal houses. Cx. quinquefasciatus is one of
the common mosquito species in Asian countries, and female mosquitoes of this species were
captured in both residential areas and animal houses. By contrast, male mosquitos of Cx.
quinquefasciatus were primarily captured in residential areas compared with animal houses.
More than 1,500 Cx. tritaeniorhynchus mosquitoes, known as the main vector for JEV, were
collected in this study, and approximately 80% of them were collected in one event (Table 3-
2; Bogor, July 2018). Furthermore, female mosquitoes were collected at about 2-fold higher
rates than male mosquitoes. Other mosquito species, except for An. vagus, were collected only

in residential areas.

3.4.2. Virus isolation

The collected mosquitoes were divided into 285 pools and used for virus isolation
(Table 3-3). Seventy-two pools showed clear CPEs in C6/36 cells (25.3%), but not in
mammalian Vero and BHK-21 cells. The minimum infection rate (MIR) in C6/36 cells was
0.72 (Table 3-3). The main manifestation of CPEs in C6/36 cells was cell degeneration, which
ranged from swelling, shrinking, and rounded cells to clustering, syncytium formation, and

destruction of monolayer cells (Fig. 3-6, represented by pool nos. 2 and 34). Manifestations of
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CPEs included slower growth rate and increasing gaps of cells. Some CPEs in C6/36 cells
formed grape-like clusters 4—-6 days postinfection or cells were smaller 3—6 days postinfection

(Fig. 3-6, represented by pool no. 69).

3.4.3. Detection of viral genome

RNA was extracted from 72 culture supernatants that showed CPEs in C6/36 cells
individually, and the other 3—4 supernatants (213 pools, without CPEs) were mixed into one
tube for RNA extraction (total of 132 pools, 72 plus 60 samples for C6/36). Because culture
supernatants of Vero and BHK-21 cells did not show any CPEs in this study, 5—8 supernatants
were mixed in one tube for RNA extraction (40 samples for Vero and 43 samples for BHK-
21). These RNAs (total of 215 RNA samples) were analyzed by RT-PCR using five universal
primer sets to detect viruses (Table 3-1). Only eight samples yielded positive results, which
were shown only for the flavivirus primer set; all other samples were negative for all RT-PCR
analyses (Table 3-3). Among the eight flavivirus-positive samples, seven samples were
obtained from samples that showed CPEs in C6/36 cells and the other sample was obtained
from the mixed Ae. albopictus pool that did not show clear CPEs (Table 3-3). RNA was then
extracted from individual supernatants in the mixed pool and RT-PCR was repeated to
determine the virus-positive pool.

Sequencing of these eight RT-PCR products revealed that they showed high homology
with sequences of insect-specific flaviviruses in the NCBI database. Six 4de. aegypti (both male
and female) showed 92.4%-98.0% nucleotide identity to that of CFAV strain Culebra
(GenBank accession no. AH015271.2) (Cook et al., 2006), one Ae. albopictus (female) had
92.4% nucleotide identity to that of AEFV strain 21 TN (GenBank accession no. KM871198.1)
(Grisenti et al., 2015), and one Cx. quinquefasciatus (female) demonstrated 96.2% nucleotide

identity to that of CxFV strain Surabaya-2 (GenBank accession no. AB639348.1) (Hoshino et
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al., 2012). Among these eight RT-PCR-positive samples, CFAV and CxFV showed CPEs in
C6/36 cells, but AEFV did not. All insect-specific flaviviruses were obtained from mosquito
pools collected in Bogor, West Java province (Fig. 3-1 and Table 3-3).

Only 7 of 72 samples were determined as insect flaviviruses (CFAV and CxFV), and
the other 65 CPE-positive samples were not, by RT-PCR analysis with virus-specific primers.
To identify CPE-causative agents that were negative for RT-PCR using consensus primers, I

utilized the NGS approach.

3.4.4. Detection and isolation of Banna virus

First, I selected one pool (pool no. 2 from Ae. albopictus collected in Bogor, 2016) that
showed CPEs in C6/36 cells (Fig. 3-6) for NGS using lon Torrent (Thermo Fisher Scientific),
which demonstrated that this sample contained Banna virus (BAV) belonging to the family
Reoviridae in the genus Seadornavirus. BAV has 12 segments of double-stranded viral RNA,
and our NGS result detected all 12 segments of BAV, showing 94.3%-98.3% nucleotide
identity to BAV genome (Attoui et al., 2000) (Fig. 3-7).

I next designed BAV-specific primer set, BANV-F and BANV-R (Table 3-1), for
detection of BAV VP1 gene (Fig. 3-7) and performed RT-PCR. RNA samples from Vero (40
pools), BHK-21 (43 pools), and C6/36 (65 pools with CPEs) cells for BAV were analyzed.
Eight samples that showed CPEs in C6/36 cells were positive, but no samples in Vero and
BHK-21 cells were positive. BAV was detected from the pools of female Ae. albopictus (4
pools), Ae. aegypti (2 pools), and Cx. tritaeniorhynchus (2 pools) mosquitoes, all of which

were captured in Bogor, West Java province (site no. 4 in Fig. 3-1 and Table 3-3).
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3.4.5. Detection and isolation of permutotetravirus

Next, I selected the pool that showed CPEs in C6/36 cells (pool no. 34 from Ae.
albopictus collected in Bogor, 2017) (Fig. 3-6) and was negative by RT-PCR including BAV-
specific primers for NGS by MiSeq (Illumina). The sample contained viral RNAs with high
homology to Sarawak virus (SWKV) (Sadeghi et al., 2017), unassigned member of tetravirus.
SWKYV possesses approximately 5.3 kb of single-stranded positive-sense RNA genome
containing two large open reading frames (ORFs (Sadeghi et al., 2017). I detected nearly
complete genome sequences (5319 nt, without RACE analysis), showing 88.9% nucleotide
identity to that of SWKYV strain SWK-M26 (GenBank accession no. NC_040540.1, Fig. 3-8).
I tentatively named this isolate Bogor virus (BGV) strain BGV/MQ/5/Bogor/2017.

I designed the BGV-specific primer set, BGV-F and BGV-R (Table 3-1), and
performed RT-PCR for detection of BGV (Fig. 3-8). Because members of the family
Permutotetraviridae are known ISVs (Dorrington et al., 2019), supernatant from C6/36 cells
(65 pools that showed CPEs) were analyzed by RT-PCR. Thirty-four samples were positive
for BGV, which were obtained from the pools of Ae. aegypti (5 pools of female), Ae. albopictus
(7 pools of female and 9 pools of male), Ar. subalbatus (6 pools of female), Cx.
quinquefasciatus (6 pools of female), and Cx. fuscocephala (1 pool of female) mosquitoes
collected in West Java (Bogor), Banten, and Central Kalimantan provinces (site nos. 2, 4, and

7 in Fig. 3-1 and Table 3-3).

3.4.6. Detection and isolation of alphamesoniviruses

Lastly, I analyzed one pool that showed CPE in C6/36 cells (pool no. 69 from Ckx.
tritaeniorhynchus collected in Bogor, 2017) (Fig. 3-6) and was negative by RT-PCR for
flaviviruses, BAV, and BGV, by using MinION. I found that 4 of 69 reads obtained by Min[ON

showed high homology to Dak Nong virus (Kuwata et al., 2013) (one strain of the viral species
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Alphamesonivirus 3, genus Alphamesonivirus, family Mesoniviridae; GenBank accession no.
NC _038297.1) (Fig. 3-9).

I designed alphamesonivirus-specific primers, AMSV-F and AMSV-R (Table 3-1), and
performed RT-PCR for detection of viral genome (Fig. 3-9). Because viruses of the family
Mesoniviridae are also known to infect only insect cells (Vasilakis et al., 2014), RNA samples
from C6/36 cells (65 pools with CPEs) were analyzed. Twenty-three samples were positive
and originated from Ae. albopictus (2 pools of female), Ar. subalbatus (1 pool of female), Cx.
quinquefasciatus (2 pools of female and 1 pool of male), and Cx. tritaeniorhynchus (17 pools
of female) mosquitoes in West Java and Banten provinces (site nos. 1, 2, and 4 in Fig. 3-1 and
Table 3-3). Notably, flaviviruses, BAV, BGV, and alphamesoniviruses were not detected from

the same samples.

3.4.7. Phylogenetic analyses

I successfully isolated 8 insect flaviviruses, 8 BAV, 34 BGV, and 23
alphamesoniviruses from mosquitoes in Indonesia (Table 3-3). Next, I analyzed phylogenetic
relationships of each viral isolate with related viruses.

To date, more than 25 species of insect flaviviruses have been reported globally
(Blitvich and Firth, 2015; Bolling et al., 2015b). I conducted phylogenetic analysis of our eight
insect flaviviruses to infer the relationship with the reported insect flaviviruses based on partial
NS5 gene sequences (203 nt). As mentioned above, these eight isolates were classified into
three species of insect flaviviruses: six CFAV, one AEFV, and one CxFV strain. The
phylogenetic tree showed that our isolated flaviviruses formed clusters with each viral species
(Fig. 3-2). Among our six CFAYV strains, there were only two synonymous substitutions in the
203 bases, and they formed one subcluster differing from another CFAV from Thailand,

Australia, USA, Puerto Rico, and Mexico (Fig. 3-2). AEFV has been reported from Japan,
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Italy, USA, Thailand (Blitvich and Firth, 2015), Turkey (Oncu et al., 2018) and China (Fang
et al., 2018). The result of phylogenetic analysis indicated that our Indonesian AEFV strain
AEFV/MQ/29/Bogor/2017 was located as a root of the other AEFV strains (Fig. 3-2). CxFV
was first isolated from Japan (Hoshino et al., 2009) and has been reported from many countries,
including China, Taiwan, Indonesia, Guatemala, USA, Mexico, Trinidad, Uganda, Argentina,
and Brazil, indicating that CxFV is ubiquitous in the world (Blitvich and Firth, 2015). The
phylogenetic analysis indicated that our CxFV strain CxFV/MQ/174/Bogor/2017 was most
closely related to CxFV strain Surabaya-2 isolated in 2004 from mosquitoes in Java, Indonesia
(Hoshino et al., 2012) (Fig. 3-2).

Because AEFV was first isolated in Indonesia, I further analyzed complete genome
sequences of AEFV/MQ/29/Bogor/2017 by NGS using MiSeq (Illumina) in the same method
for BGV/MQ/5/Bogor/2017 genome. I successfully determined almost complete genome
sequences for AEFV/MQ/29/Bogor/2017 (11,072 nt, without RACE analysis) (GenBank
accession no. LC536088). To date, four AEFV strains from Japan (strain Narita-21;
NC 012932.1) (Hoshino et al., 2009), Thailand (strain Bangkok; KJ741266.1) (Bolling et al.,
2015a), Turkey (strain KRD32; MK251047.1) (Oncu et al., 2018), and USA (strain SPFLD-
MO-2011-MP6; KC181923.1) (Haddow et al., 2013) have been deposited in the NCBI
database with full or nearly-full genome sequences (as of December 2019). Nucleotide
sequence identity for the polyprotein region (10,026 nt) between AEFV/MQ/29/Bogor/2017
and the other AEFV strains ranged from 89.5% with strain Narita-21 to 88.2% with strain
Bangkok. I conducted phylogenetic analysis of the five AEFV strains based on nucleotide
sequences encoding the polyprotein region, which indicated that the five AEFV strains divided
into three subbranches: Indonesian strain, Thailand strain, and the other strains (Fig.3-10).

BAYV was first isolated from the cerebrospinal fluid of encephalitis patients in China

(Xu et al., 1990). Subsequently, the virus has been isolated from mosquito specimens collected
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in Indonesia (Brown et al., 1993), Vietnam (Nabeshima et al., 2008), and several provinces of
China (Liu et al., 2010) and also Culicoides midge in China (Liu et al., 2016; Song et al., 2017).
In this study, I determined the sequence of RT-PCR products for eight BAV isolates and then
analyzed phylogenetic relationships with other BAV strains based on the partial VP1 gene (736
nt, Fig. 3-7). BAV were divided into some subclusters, and all our eight BAV strains belonged
to the same cluster with Indonesian BAV isolated during 1980-1981 (Fig. 3-3). There was no
nucleotide substitution among the eight BAV isolates obtained in this study.

On the website of the International Committee on Taxonomy of Viruses (ICTV;

https://talk.ictvonline.org/), two viral species, Euprosterna elaeasa virus and Thosea asigna

virus, are members of the genus Alphapermutotetravirus in the family Permutotetraviridae
(assigned one genus for this family) as lepidopteran insect viruses. In addition, several related
viruses, such as Newfield virus (Webster et al., 2015), SWKYV (Sadeghi et al., 2017), Shinobi
tetravirus (SHTV) (Fujita et al., 2018), and Egaro virus (no article available, GenBank
accession no. NC 030845.1), have been reported from dipteran specimens recently. In this
study, I selected 20 BGV isolates from 34 RT-PCR samples positive for BGV and determined
their sequences (393 nt, Fig. 3-8). The analysis revealed 23 substitutions causing two amino
acid differences. Our isolates showed 87.2%—88.5% nt and 95.4%—96.1% aa sequence identity
to that of SWKYV strain SWK-MS26 (NC 040540.1), and 84.2%—85.4% nt and 93.1%-93.8%
aa sequence identity to that of SHTV strain Shinobi (LC270813.1). Phylogenetic analysis for
permutotetraviruses based on the 131 aa sequences of the putative RdRp region indicated that
our 20 BGV isolates formed one cluster with SWKV and STHV (Fig. 3-4).

On the ICTV website, members of the family Mesoniviridae (order Nidovirales,
suborder Mesonidovirineae) currently consist of nine species (A/phamesonivirus 1-9). I carried
out sequence analysis of 23 RT-PCR products by using the AMSV-specific primer set. [ found

that 7 of 23 RT-PCR products were overlapped sequences, possibly due to superinfection of 2
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or more alphamesoniviruses. Therefore, I used 16 mesonivirus sequences for phylogenetic
analysis (336 nt, Fig. 3-5). The result revealed that they were divided into 2 alphamesonivirus
species, 14 isolates of Alphamesonivirus 2 and 2 isolates of Alphamesonivirus 3 (Fig. 3-5).
Alphamesonivirus 2 was obtained from pools of Ae. albopictus, Ar. subalbatus, Cx.
quinquefasciatus, and Cx. tritaeniorhynchus mosquitoes, and Alphamesonivirus 3 was
obtained from pools of Cx. tritaeniorhynchus mosquitoes (Table 3-3). There were no
substitutions among the 14 isolates of Alphamesonivirus 2 and 2 isolates of Alphamesonivirus
3. 1 concluded that at least two alphamesonivirus species (A/phamesonivirus 2 and
Alphamesonivirus  3), including the possibility for superinfection with another

alphamesonivirus species, were distributed in the wild mosquito population in Indonesia.

3.5. Discussion

In this study, I conducted surveillance of mosquito-borne viruses in four islands of
Indonesia, Sumatra, Java, Bali, and Borneo, during 2016-2018. A total of 10,015 mosquitoes
were collected during the study and used for virus isolation, resulting in isolation of many
mosquito-borne viruses belonging to families Flaviviridae (three insect flaviviruses: CFAV,
AEFV, and CxFV), Reoviridae (BAV), Permutotetraviridae (tentatively named Bogor virus),
and Mesoniviridae (Alphamesoniviruses 2 and 3). These findings are valuable for quick
identification and diagnosis of viruses in captured mosquitoes in Indonesia and contribute to
the understanding of the biodiversity of mosquito-virus relationships and virus taxonomy in
tropical regions.

Many viruses in this study were predominantly ISVs except for BAV, and no arboviruses,
such as JEV and DENV, were isolated. Previous studies reported that DENV genomes were
detected by RT-PCR in 0.12% (36/29,252) (Rahayu et al., 2019) and 0.66% (110/16,605)

(Mulyatno et al., 2018) in mosquito population. In a DENV-endemic area in Brazil, the MIR
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of DENV by RT-PCR in wild 4edes mosquitoes was 19.8 (Medeiros et al., 2018). In this study,
I collected approximately 3,000 Aedes mosquitoes (both male and female of Ae. aegypti and
Ae. albopictus) (Table 3-2) and used them for virus isolation, but not for RT-PCR analysis.
Therefore, the number of our collected 4edes mosquitoes may be insufficient for detection of
Aedes-borne arboviruses by virus isolation. Survey of JEV in Culex mosquitoes revealed that
the MIR of JEV in Indonesia was 0.06 (1/1,485) (Garjito et al., 2019). Recently in China, 10
of 511 pools of Culex mosquitoes were positive by RT-PCR for detection of JEV genome, and
the MIR of JEV was estimated at 0.91 (Fang et al., 2019). Thenmozhi et al. reported that JEV-
antigen was detected in 4 of 580 mosquitoes in India by ELISA and the MIR was estimated at
6.9 (Thenmozhi et al., 2013). Because of the dominant religion in Indonesia, rearing of
domestic pigs has been restricted except for in some provinces such as Bali (Im et al., 2018).
In this study, I collected 1,030 adult female Cx. tritaeniorhynchus mosquitoes, known as the
main vector for JEV, mainly in Bogor, West Java province (Table 3-2), where domestic pigs
are rare (Ministry of Health 2018). Therefore, the number of collected Cx. tritaeniorhynchus
mosquitoes may not be adequate for isolation of JEV from mosquitoes. I should improve the
method for efficient collection of arbovirus-infected mosquitoes for further entomological
surveillance and risk assessment of arboviral diseases.

Three insect flaviviruses, CFAV, AEFV, and CxFV, were isolated from Ae. aegypti,
Ae. albopictus, and Cx. quinquefasciatus, respectively (Fig. 3-2 and Table 3-3). Although
CFAV and CxFV have been reported from Surabaya city, Java, in Indonesia (Hoshino et al.,
2007; Hoshino et al., 2009), the isolation of AEFV is the first report in Indonesia. In the
phylogenetic analysis, our CxFV isolate CxFV/MQ/174/Bogor/2017 formed a subcluster with
CxFV strain Surabaya-2 (Fig. 3-2). Partial genome sequences encoding NS5 gene of
Indonesian CFAV strain Surabaya-10 (Hoshino et al., 2009) was deposited in GenBank

(accession no. AB488428.1) and showed overlap of only 91 bp with sequences of our CFAV
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strain. Additionally, the highest homology between Surabaya-10 and our CFAV strain was
observed in this 91-bp region (data not shown). These results implied that insect flaviviruses
have been maintained and circulate in Java, Indonesia.

BAVs were isolated from several species of female mosquitoes, Ae. aegypti, Ae.
albopictus, and Cx. tritaeniorhynchus (Table 3-3). A previous study reported that BAV was
also isolated from Cx. pseudovishnui, Ae. vagus, and Cx. pipiens at several sites in Indonesia
during 1980-1981 (Brown et al., 1993). Other mosquito species, such as Anopheles sinensis
and Ae. vexans, and biting midge (Culicoides sp.) have been also reported as potential vectors
for BAV in China (Liu et al., 2010; Song et al., 2017; Xia et al., 2018). BAV was first isolated
from cerebral fluid of human patients with encephalitis (Xu et al.,, 1990), and several
seroepidemiological studies on BAV infection in human and animals have suggested the
potential of BAV to cause arboviral diseases (Song et al., 2017). These findings suggested that
BAYV has been maintained among several mosquito species in various Asian countries and
probably circulate between mosquitoes and vertebrate hosts in nature (Liu et al., 2016).
However, I did not detect any BAV isolates from mosquito pools inoculated on both
mammalian Vero and BHK-21 cell lines. Further investigation of transmission dynamics and
pathogenicity of BAV strains in vertebrates is required.

On ICTV taxonomy, the viral family Permutotetraviridae currently consists of one
genus Alphapermutotetravirus and two species, Euprosterna elaeasa virus and Thosea asigna
virus, are assigned. They are known as lepidopteran insect viruses. In 2010, the viral genome
of permutotetra virus-like virus, named Newfield virus, was discovered from wild-collected
Drosophila flies (Webster et al., 2015). In 2017, SWKYV was isolated from a pool of male Ae.
albopictus mosquitoes in Sarawak State (northwest Borneo) of Malaysia as a new member of
tetravirus (Sadeghi et al., 2017). Our colleagues reported the isolation of SHTV strain Shinobi

from the Ae. albopictus mosquito cell line, JCRB, in 2018 as a new member of the family
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Permutotetraviridae (Fujita et al., 2018). Overall, three new permutotetraviruses have been
reported as a new group of probable dipteran insect tetraviruses. In this study, I successfully
determined the almost full genome sequences of BGV strain BGV/MQ/34/Bogor/2017 (5319
nt without terminal regions), which contains two putative ORFs (Fig. 3-8, GenBank accession
no. LC536112). The putative amino acid sequences of BGV ORFs showed high homologies to
those of SWKYV strain SWK-M26 (GenBank accession no. NC 040540.1; 96.5% for ORF1
and 91.3% for ORF2) and SHTV strain Shinobi (GenBank accession no. YP_009553485.1;
94.8% for ORF1 and 88.5% for ORF2).

I obtained 34 BGV isolates from various mosquito species, Ae. aegypti, Ae. albopictus,
Ar. subalbatus, Cx. quinquefasciatus, and Cx. fuscocephala, at several sites in Indonesia (Java
and Borneo), suggesting that this virus may be widely distributed in tropical areas and mosquito
populations. However, it is unknown whether BGV can transmit among different mosquito
species.

Twenty-three alphamesoniviruses were isolated from various mosquito species (Table
3-3), and phylogenetic analysis of these isolates revealed that they were classified as at least
two viral species, Alphamesonivirus 2 and Alphamesonivirus 3 (Fig. 3-5). Alphamesonivirus 2,
alias Karang Sari virus, was isolated from specimens of a pool of Cx. vishnui mosquitoes in
1981 at Karang Sari, Banten province, Indonesia (Vasilakis et al., 2014). I isolated
Alphamesonivirus 2 from mosquito pools of Ae. albopictus, Ar. subalbatus, Cx.
quinquefasciatus, Cx. tritaeniorhynchus, in Java in 2017. By contrast, Alphamesonivirus 3,
alias Dak Nong virus, was discovered from a pool of Cx. tritaeniorhynchus mosquitoes in
Vietnam (Kuwata et al., 2013). Another related strain of Alphamesonivirus 3, Kamphaeng Phet
virus, was found in Thailand, but no information on mosquitoes was available (Vasilakis et al.,
2014). In this study, I obtained Alphamesonivirus 3 only from pools of Cx. tritaeniorhynchus

mosquitoes in Java, suggesting that alphamesoniviruses might possess host-specificity to
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mosquito species. I found the mixed growth of two or more alphamesonivirus species in the
same C6/36 cultures (7 samples), although mixed growth has not been observed among
flaviviruses, BAV, and BGV. 1 hypothesize that no competition occurred among
alphamesoniviruses or genetically related viruses in C6/36 cells. These interactions among
viruses in mosquitoes should be analyzed to clarify virus-vector interaction.

Mosquito-borne viruses are considered a significant cause of major health problems in
Indonesia. Although I did not isolate human-related arboviruses in this study, I believed that
this large surveillance of mosquitoes collections and virus isolation provides a more accurate
view of the prevalence of arboviruses. Furthermore, the presence and distribution of ISVs in
mosquito populations raise interesting issues about their possibility to interact with pathogenic
viruses and to be the next emerging infectious pathogen. Monitoring and long-term
surveillance of mosquito-borne viruses are critical to prevent and control emerging and re-

emerging arboviral diseases in Indonesia.
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3.6. Figure legends

Fig. 3-1 Mosquito collection sites in this study. Black points show Bengkulu province (1) in
Sumatra; Banten (2), Jakarta (3), West Java (4), and Central Java (5) provinces in Java; Bali

province (6) in Bali; and Central Kalimantan province (7) in Borneo.

Fig. 3-2 Phylogenetic tree of representative insect-specific flaviviruses based on the partial
NS5 gene (203 nt) by the maximum likelihood algorithm. Each branch was assessed by the
bootstrap method with 100 replicates under the generalized time reversible model. Sequence
data for reference isolates were obtained from the NCBI database, and the country and year of
isolation are provided in parentheses. Bold and underlined letters show isolates detected in this

study. DDBJ accession numbers are shown in brackets.

Fig. 3-3 Phylogenetic tree of Banna viruses based on the partial VP1 gene (736 nt) by the
maximum likelihood algorithm. Each branch was assessed by the bootstrap method with 100
replicates under the generalized time reversible model. Sequence data for reference isolates
were obtained from the NCBI database, and the country and year of isolation are provided in
parentheses. Bold and underlined letters show isolates detected in this study. DDBJ accession

numbers are shown in brackets.

Fig. 3-4 Phylogenetic tree of Bogor viruses with the related permutotetraviruses based on
putative amino acid sequences (131 aa) from partial ORF1 sequences by the maximum
likelihood algorithm. Each branch was assessed by the bootstrap method with 100 replicates
under the JTT model. Sequence data for reference isolates were obtained from the NCBI

database, and the country and year of isolation are provided in parentheses. Bold and
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underlined letters show isolates detected in this study. DDBJ accession numbers are shown in

brackets.

Fig. 3-5 Phylogenetic tree for alphamesoniviruses based on the partial ORF1 gene (312 nt) by
the maximum likelihood algorithm. Each branch was assessed by the bootstrap method with
100 replicates under the generalized time reversible model. Sequence data for reference isolates
were obtained from the NCBI database, and the country and year of isolation are provided in
parentheses. Bold and underlined letters show isolates detected in this study. DDBJ accession

numbers are shown in brackets.

Fig. 3-6 Manifestation of the CPEs by the infection of each pools on mosquito cell line C6/36.
These cells were inoculated with the previous supernatants of passage after 5 days post

inoculations. Scale bars indicates 100 um.

Fig. 3-7 Supplemental Figure 2 Schematic diagram of the genome organization of Banna virus
(BAV). All segments of BAV (VP1-12) and their expected sizes are presented. Open boxes
indicate BAV segments from references (BAV strain JKT-7043, GenBank accession no.
AF134519.1), and the sequence fragments obtained in this study are shown as grey boxes.
Nucleotide and amino acid identities of BAV segments to reference sequences were shown as

Table.

Fig. 3-8 Supplemental Figure 3. Schematic diagram of the genome organization of Bogor virus
(BGV). The black boxs indicate the reference sequence of Sawarak virus (SWKYV, GenBank

accession no. NC 040540.1), and the gray box indicates the sequences obtained in this study
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(5319 nt, GenBank accession no. LC536112). Nucleotide identity between BGV and SWKV

of the gray region were 88.9 %.

Fig. 3-9 Schematic diagram of the genome organization of A/phamesonivirus 3 (Dak Nong
virus, Genbank accession no. NC 038297.1) and the sequence fragments obtained by the
MinlON sequencing in this study as gray boxes. Four sequence fragments shown as gray boxes
indicate the approximate positon on the Alphamesonivirus genome, and the fragment size and

nucleotide identities were shown.

Fig. 3-10 Phylogenetic relationships among AEFV 5 strains based on the nucleotide sequences

(10026 nt) cording polyprotein region. Bold and underlined letters show our isolates.

85



86
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Fig. 3-3.
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Fig. 3-4.
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Fig. 3-5.
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Fig. 3-6
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Fig. 3-7
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Fig. 3-8
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Fig. 3-9
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Fig. 3-10
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Table 3-1 List of primer sets used in this study

Target

Primer name  Direction Sequence Size (bp)  Target virus gene Ref.
MAMD Sense 5' -AAACATGATGGGRAARAGRGARAA- 3’ N Scaramozzino et al,
260 Flavivirus NS5 (2001)
cFD2 Antisense 5" -GTGTCCCAGCCGGCGGTGTCATCAGC- 3’ Kuno et al. (1998)
VIR2052F Sense 5'-TGGCGCTATGATGAAATCTGGAATGTT-3’ '
144 Alphavirus nsP4  Eshoo et al. (2007)
VIR2052R Antisense 5'-TAC GAT GTT GTC GTC GCC GAT GAA-3'
MBPL3100F  Sense 5'-AGTCTCYTCTGCCATYTC-3'
) 890 Phlebovirus L this study
MBPL3287R  Antisense 5'-AGGATCTRGARGGGAACTTRT-3'
RHNB1520F  Sense 5'-ACIAAIAARTWIATGATGATGAA-3' ' '
‘ 188 Rhabdovirus N Kuzmin et al. (2006)
RHNB2134R  Antisense 5'-TGIARDATICCYTGCATCAT-3'
BANV-F Sense 5’-AGATCCTAACTGTGACCCAATGTT-3’
770 Banna virus VP1 this study
BANV-R Antisense 5’-TGTAACTTCTAACAAATCCGCAAA-3’
BGV-F Sense 5’-GTAGACGAATGCATGTTCGATAAG-3’ . putative .
) 441 Bogor virus this study
BGV-R Antisense 5’-CCGTCTAACTGTGTGGATAACAAG-3’ RdRp
AMSV-F Sense 5’-TATGGCAAACGACGTATAGCAG-3’ o putative .
) 371 mesoniviruses this study
AMSV-R Antisense 5’-AAGCATARAYTGGTTGTGACG-3’ RdRp
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Table 3-2 Number of mosquitoes used for virus isolation in this study

Q
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Site Date No. F M F M M F F M F M F M F F F F F F F  Total
Daytime, residence
Bogor, West Java June 2016 1 11 0 66 0 0 6 0 0 24 0 I8 0 29 2 0 53 96 0 2 307
Bogor, West Java Nov 2016 2 22 20 11 12 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 74
Bogor, West Java May 2017 3 101 54 117 193 0 4 111 o4 0 0 0 3 0 0 0 0 0 0 0 647
Tangerang, Banten May 2017 4 26 0 0 0 0 1 75 9 0 0 0 o0 0 0 0 0 0 0 0 111
Bogor, West Java Oct 2017 5 8 10 96 380 0 3 293 25 30 0 0 0 0 0 0 0 0 0 922
Bengkulu, Bengkulu  Oct 2017 6 41 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 41
Solo, Central Java Oct 2017 7 40 O 0 0 0 0 40 0 0 0 0 0 0 0 0 0 0 0 0 80
Bekasi, West Java Feb 2018 8 4 0 14 0 0 5 840 301 3 0 0 0 0 0 0 0 0 0 0 1167
Pasar Minggu, Jakarta March 2018 9 163 O 8 0 0 5 12 0 0 0 0 o0 0 0 0 0 0 0 0 188
Tangerang, Banten March 2018 10 = 87 0 521 0 0 119 13 0 0 0 0 0 0 0 0 0 0 0 0 740
Tangerang, Banten July 2018 11 0 0 261 135 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 396
Bogor, West Java July 2018 12 200 96 0 130 0 125 2599 51 0 100 0 0 O 0 25 0 3 115 0 3444
Tangerang, Banten July 2018 13 0 0 0 0 0 50 0 0 0 0 0 0 0 0 0 0 0 0 0 50
Night, animal houses
Bogor, West Java June 2016 14 0 0 0 0 0 0 15 0 0 0 0 0 0 0 0 0 0 0 0 15
Bogor, West Java Nov 2016 15 0 0 0 0 0 26 50 45 71 0 0 0 0 0 0 0 23 0 0 215
Bengkulu, Bengkulu ~ Oct 2017 16 0 0 0 0 0 6 90 0 52 0 0 0 0 0 0 0 0 0 0 148
Denpasar, Bali Oct 2017 17 0 0 2 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 0 10
Bogor, West Java March 2018 18 = 43 0 25 0 0 7 10 0 0 0 0 0 0 0 0 0 0 0 0 85
Palangka Raya, March2018 19 0 0 75 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0 0 75
Central Kalimantan
Bogor, West Java July 2018 200 0 0 0 0 0 0 0 850 450 0 0 0 0 0 0 0 0 0 1300
Total 823 180 1196 850 9 357 4156 495 1030 550 18 3 29 2 25 53 122 115 2 10,015
Female/male 4.6 1.4 8.4 1.9 6.0
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Table 3-3 Summary for the result of virus isolation (CPE and RT-PCR) on C6/36 cells from collected mosquitoes

Noof  CPE on RT-PCR [source of sample no. in table 1]

Mosquito species Sex  pools C6/36 Flavivirus Alphavirus ~ Phlebovirus ~ Rhabdovirus BAV BGV MSNV
Aedes aegypti 30 1 4 CFAV [3] 0 0 0 25 O 530’]5’ 0
Aedes aegypti M 6 2 2 CFAV [3] 0 0 0 0 0 0
Aedes albopictus F 33 13 I AEFV* [3] 0 0 0 411, 5] ZoBigs]’ 28]
Aedes albopictus M 19 9 0 0 0 0 0 ? 530’]5’ 0
Aedes sp. M 1 0 0 0 0 0 0 0 0
Culex quinquefasciatus F 99 9 1 CxFV [12] 0 0 0 0 6 [3, 8] 2[5, 8]
Culex quinquefasciatus M 10 1 0 0 0 0 0 0 1[8]
Culex tritaeniorhynchus F 32 19 0 0 0 0 2 [5] 0 1172[51’3?’
Culex tritaeniorhynchus M 14 0 0 0 0 0 0 0 0
Culex hutchinsoni F 2 0 0 0 0 0 0 0 0
Culex vishnui F 1 0 0 0 0 0 0 0 0
Culex gelidus F 1 0 0 0 0 0 0 0 0
Culex fuscocephala F 1 1 0 0 0 0 0 1[12] 0
Culex sp. F 1 0 0 0 0 0 0 0 0
Armigeres subalbatus F 26 7 0 0 0 0 0 6 [8, 10] 1[5]
Anopheles vagus F 4 0 0 0 0 0 0 0 0
Anopheles barbirostris F 4 0 0 0 0 0 0 0 0
Anopheles sp. F 1 0 0 0 0 0 0 0 0
Total 285 72 8 0 0 0 8 34 23
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5. GENERAL CONCLUSION

Vector-borne diseases (VBDs) are threats to humans and animals and many
microorganisms including pathogens were reported in arthropods. The roles of these
microorganisms have not been still unknow. To assess the risk of VDBs, I investigated the
prevalence of mosquito- and tick-borne pathogens in ticks and mosquitoes collected in
Indonesia.

In Chapter 1, tick-borne bacteria were surveyed in Am. varanense ticks fed on lizard, a
water monitor (V. salvator). The water monitor is a common reptile, found in city areas and
bred as pet animals in Indonesia and the other Asian countries. A total of 23 ticks (21 males, a
female and a nymph) were collected from one V. salvator. According to the morphological
features and molecular analysis based on mt-rrs, all ticks were identified as Am. varanense.
DNA fragments of Anaplasma spp. were detected in 4 (17.4%) ticks by PCRs targeting both
the 16S rRNA and 60-kDa heat shock protein genes. One of four was closely related with
Anaplasma sp. detected from sheep in China. The others were related with Anaplasma sp.
detected from ticks infesting birds in Taiwan. Borrelial DNA fragments were detected in 22
(95.7%) ticks by PCR targeting borrelial flagellin gene. Thirty strains of Borrelia sp. were
isolated from midguts and/or salivary glands. All strains belonged to the reptile-associated
borreliae. Rickettsial DNA fragments were detected from 5 (21.7%) ticks by PCRs targeting
both the 17-kDa antigen and citrate synthase genes. The detected Rickettsia was classified into
spotted fever group of Rickettsia and identical with Candidatus Rickettsia sepangensis.

In Chapter 2, I conducted surveillance of mosquito-borne viruses at several sites in
Indonesia during 20162018 for risk assessment of arbovirus infection and analysis of virus
biodiversity in mosquito populations. I collected 10,015 mosquitoes comprising 11 species

from 4 genera. Major mosquito species collected in this study were Cx. quinquefasciatus, Ae.
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albopictus, Cx. tritaeniorhynchus, Ae. aegypti, and Ar. subalbatus. The collected mosquitoes
were subjected for virus isolation using two mammalian cell lines, Vero and BHK-21, and one
mosquito cell line, C6/36. Seventy-two pools showed clear CPEs in C6/36 cells. Using RT-
PCR and next generation sequencing approaches, these isolates were identified as insect
flaviviruses (Cell fusing agent virus, Culex flavivirus, Aedes flavivirus) (family Flaviviridae,
genus Flavivirus), Banna virus (family Reoviridae, genus Seadornavirus), new
permutotetravirus (designed as Bogor virus) (family Permutotetraviridae, genus
Alphapermutotetravirus), and alphamesoniviruses 2 and 3 (family Mesoniviridae, genus
Alphamesonivirus).

In conclusion, novel findings were obtained by surveillance of microorganisms in
mosquitoes and ticks, in Indonesia. Ticks on water monitor, Am. Varanense, harbored several
tick-borne bacteria (Anaplasma spp., Borrelia spp., and Rickettsia spp.). This result suggested
that the reptiles living close to humans and the infesting ticks possessed variety of unknown
bacteria. In addition to potential pathogenic viruses, Banna virus, Indonesian mosquitoes
harbored several arthropod-specific viruses such as Cell fusing agent virus, Culex flavivirus,
Aedes flavivirus, Bogor virus, alphamesoniviruses 2 and 3. Although the pathogenicity and
biology of these detected viruses and bacteria are unclear, it was guessed that these arthropod-
specific microorganisms might interact with pathogenic microorganisms inside the vectors.
This large surveillance of VBDs provides basic information for the prevention and control of

emerging and re-emerging diseases in Indonesia.
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