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1. INTRODUCTION 1

1. Introduction

Mosquitoes are among the most researched arthropods worldwide, not least because of their
role as pest species and vectors of disease agents (LANE & CROSSKEY 1993). Though much
about the ecology of different mosquito species and transmission cycles of associated
pathogens is still unknown. In Germany, mosquito research was neglected for many years
(KAMPEN & WERNER 2015). One reason was the elimination of malaria in the 20th century,
after which mosquitoes were not considered important vectors anymore. Recently, interest in
mosquito research has increased again. One of the triggers was the outbreak of bluetongue in
2006 in Central Europe (MEHLHORN et al. 2008), although not a mosquito-borne but a biting
midge-borne disease. Unexpectedly, native biting midges (Ceratopogonidae) of the genus
Culicoides turned out to be the vectors of the bluetongue virus, which had previously only
been known to circulate in Africa and, occasionally, southern Europe (WILSON & MELLOR
2009). This 2006 outbreak impressively demonstrated that native hematophagous insect
species had the potential of transmitting disease agents, even if they had never before met
with the specific pathogen. Similarly, the outbreak of West Nile fever (WNF) in the USA in
1999 has shown that pathogens can be transported over long distances (LANCIOTTI et al. 1999)
and, once introduced, be transmitted by native potential vectors (HAYES et al. 2005).
Although in Germany, no large outbreak of a mosquito-associated disease comparable to the
WNF epidemic in the USA has occurred so far, mosquito-borne pathogens have repeatedly
been detected in recent years in mosquitoes collected throughout the country. These included
Batai-, Tahytia-, Sindbis- and Usutu viruses as well as filarial nematodes such as Dirofilaria
immitis, D. repens and Setaria tundra (KAMPEN & WERNER 2015). Among these, Usutu virus
(USUV) or D. immitis and D. repens are not endemic, but originate from Africa or southern
Europe and were accidentally introduced (WILLIAMS et al. 1964; GENCHI et al. 2011a).

In addition to native mosquitoes, which appear to be able to transmit disease agents formerly
not known in the country, invasive mosquito species are gaining importance in Germany.
Some invasive species have already succeeded in establishing populations and spreading
(KAMPEN et al. 2017). The invasive Asian tiger mosquito Aedes albopictus and the Asian
bush or rock pool mosquito Ae. japonicus, for example, are known vectors of mosquito-borne
pathogens such as chikungunya virus (CHIKV) or dengue virus (DENV) (GRATz 2006).
Autochthonous cases and outbreaks of chikungunya and dengue fever have been observed in
several European countries following the establishment of invasive Aedes species (ltaly,

France, Croatia, Madeira) (TOMASELLO & SCHLAGENHAUF 2013). Should competent vectors
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be present and the climatic conditions favourable, transmission of these or other mosquito-
borne pathogens would also be conceivable in Germany.

Changes in temporal and spatial distribution of vectors and pathogens are attributed to several
factors, including international trade and travel, anthropogenic activities and climate change
in general (RANDOLPH & ROGERS 2010). To make accurate risk analyses for Germany, a basic
understanding of the ecology of mosquito species is necessary. It is important to know, how
diverse mosquito communities in Germany are, how populations change over the season, and
if there are vertebrate species preferred by foraging mosquito species as blood hosts. To
describe these complex processes and relationships, the heterogeneous environment of a
zoological garden is an excellent location for research. Zoological gardens provide ideal
living conditions for mosquitoes during their whole life cycle, including numerous breeding
and resting sites and a variety of potential blood hosts within a confined area (TUTEN 2011b).
The daily interaction of wild animals and zoo animals, humans and mosquitoes is unique in
zoos, while findings are transferable to the environment outside the zoo area, since zoos are
open systems which can be entered and left arbitrarily at least by humans, mosquitoes and

wild native animals.
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2. Literature review

2.1 Mosquitoes in zoos

Zoological gardens are defined as park-like grounds for the keeping and exhibition of animal
species. Most modern zoos are concerned to create animal enclosures as close to natural
habitats as possible. If possible, they present the animals to visitors without fences and bars
and without a strict separation of different animal species (SUCHANEK 2012). As a result, zoos
have become islands of high biodiversity, not only providing habitats for the kept animals, but
also being attractive for wild native animals such as birds and arthropods like mosquitoes.
This is of major importance, since 600 million people worldwide visit zoos and aquariums
annually (GUSSET & Dick 2011).

Zoos provide numerous breeding sites for mosquitoes, mainly artificial ones, such as plastic
containers or rain barrels, but also natural ones such as ponds, tree holes or bromeliads
(Tuten 2011a). Through the close contact between animals and humans in zoos, the
accidental entry of a mosquito-borne pathogen, for example by migrating birds, could quickly
lead to a disease outbreak (TUTEN 2011b). In addition to WNF and Usutu fever, avian
malaria, eastern equine encephalomyelitis and dirofilariasis are well-known diseases
occurring in zoos worldwide (ADLER et al. 2011). Affected species are mainly owls and
penguins, which are susceptible to West Nile virus (WNV), USUV and avian malaria
parasites (LubwiG et al. 2002; HUIBEN et al. 2007; STEINMETZ et al. 2011). In 2006,
however, WNV was also detected in a diseased polar bear, and in 2012 in two orcas in a zoo
setting (DUTTON et al. 2009; JETT & VENTRE 2012), demonstrating that unexpected animal
species can be infected by mosquito-borne pathogens, too. The isolation of USUV from two
captive owls (Strix nebulosa) from the Zoological Garden Berlin in 2015 (ZIEGLER et al.
2016) underline the importance of zoos in the research and monitoring of mosquito-borne
diseases in Germany.

Ecological studies in zoos regarding the general phenology of Culicidae as well as analysis of
blood meal patterns can be decisive for a basic understanding of mosquito biology,
transmission sources and pathways of associated pathogens. According to a study on the
blood feeding ecology of mosquitoes collected in two zoos in South Carolina, USA,
mosquitoes accept both captive and wild animals as well as humans as blood hosts (TUTEN et
al. 2012). This emphasizes the risk of pathogen transmission by bridge vectors that have a low
host preference and facultatively feed on different taxonomic groups of vertebrates such as
birds and humans. The Culex pipiens complex which occurs widespread in Germany, contains

such indiscriminate blood suckers. Essentially, unattended and often unknown artificial
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breeding habitats are the origins of larger mosquito populations in zoos, while water sources
designed for zoo animals are usually well monitored and less commonly serve as mosquito
larval habitats (TUTEN 2011a).

Zoological gardens also gain importance as epidemiological sentinel stations, not least
because diseased animals are discovered much faster in zoos than in nature. Many zoos have
established collections of serum and tissue samples and have detailed medical records
available that could be beneficial not only for animal health but also for public health
(McNAMARA 2007). Compared to mosquito monitoring outside zoos, monitoring inside zoos
by pooling resources is more cost-effective, irrespective of the public and can be done
routinely (H. Tuten, University of Illinois, Prairie Research Institute, personal
communication). While several zoos in Europe have been studied in more detail, such as the
Zuerich Zoo in Switzerland (SCHOENENBERGER et al. 2015) and the London Zoo in England

(QUINTAVALLE PASTORINO et al. 2015), pertinent research in Germany is missing.

2.2 Mosquito biology and development
Although water is obligatory for immature mosquito development, life cycle strategies vary
between species. Mosquito species can be classified according to the different types of
breeding sites they use. One such breeding site classification was presented by LAIRD (1988)
who differentiates between above-ground water and subterranean water breeding sites on the
one hand and natural and artifical breeding sites on the other hand. This classification
provides a good overview about the large range of potential habitats mosquitoes can use for
larval development. Among above-ground waters, nine categories are defined:

1. Flowing streams
Ponded streams
Lake edges
Swamps and marshes
Shallow permanent ponds
Shallow temporary ponds
Intermittent ephemeral puddles

© N o o~ D

Natural containers

9. Artificial containers
Subterranean waters are divided into natural and artificial habitats. In a study by YEE et al.
(2012) mosquito composition is different between tree-holes (natural container) and car tyres

(artificial container), despite both being small and temporary habitats. Typical tree-hole



2. LITERATURE REVIEW 5

mosquitoes like Aedes geniculatus lay their eggs on the side of tree cavities above the water
level, and larval development begins when the water level rises (MARSHALL 1938). Other
container breeders are more indiscriminate in their acceptance of larval habitats, using not
only natural tree-holes for larval development, but also a variety of small artificial containers
such as flower pots, rain water barrels or discarded tyres. General container breeders often
occur in the vicinity or right in the middle of human settlements, where they find a variety of
breeding opportunities.

Another biological adaptation describes mosquitoes developing in shallow temporary ponds.
These mosquitoes lay their eggs on the surface of humid substrates with immature
development beginning when the pond fills with water, thus stimulating larval hatching. Some
species are adapted to ponds which build after the snow-melt in forests, for example spring
species such as Aedes cataphylla and Ae. communis. Other species like Aedes vexans and Ae.
sticticus prefer floodplains and hatch at higher temperatures during the summer months
(BECKER 1989). As a result, different landscape structures can produce different mosquito
communities.

Based on the diversity of existing larval habitats, zoological gardens represent a distinct
ecosystem for mosquitoes (TUTEN 2011a). In addition to a variety of artificial containers such
as used tyres or buckets and bowls, zoos provide ponds, waterfalls and tropical rainforest
plants right next to an arctic penguin enclosure. This results in a high diversity of possible
mosquito breeding sites within a small space. Regardless of which breeding site is used for
immature development, most non-predatory mosquito larvae feed on microorganisms and
detritus at the water surface (mainly Anophelinae) or in the whole water column (Culicinae)
(MERRITT et al. 1992). An exception are species of the genera Coquillettidia and Mansonia,
which feed in plant root zones.

In laboratory studies, survival rates of mosquito larvae vary considerably. Of Culex
quinquefasciatus and Aedes aegypti, between 3% and 92% survive, depending on species and
temperature of the larval habitat (RUEDA et al. 1990).

Adult female and male mosquitoes obtain their energy from floral nectars (FOSTER &
HANcocK 1994), but sometimes also honeydew, plant phloem or damaged and rotting fruit
are used as carbohydrate sources (YuvAL 1992). Since female mosquitoes are mainly
anautogenous, they have to feed on blood for reproduction. Mating of mosquitoes typically
takes place in swarms, but some species also mate on or near vertebrate hosts (TAKKEN et al.
2006). After blood feeding, mosquito females rest at shady sites for egg development. For

blood digestion, some mosquito species like Ae. vexans withdraw into the vegetation, others
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like Cx. territans can be found both in the vegetation and in artificial shelter-type habitats
(BURKETT-CADENA et al. 2008). Again, zoological gardens are outstanding ecosystems for
mosquitoes, since they provide to them a high diversity and density of possible natural and
artificial resting sites (TUTEN 2011b).

Mosquitoes can be univoltine, having only one generation per year, or multivoltine with
several generations per year. Favourable conditions for mosquito development include high
temperatures and high humidity. A mosquito’s life span can reach from a few days up to two

months, depending on climatic conditions and species (BECKER et al. 2010; CHAVES 2016).

2.3 The German mosquito fauna

Worldwide, 3,555 mosquito species are described, belonging to two subfamilies and 122
genera (HARBACH 2019). Mosquito taxonomy is still under discussion, especially within the
genus Aedes. The mosquito taxonomy used in this thesis follows WILKERSON et al. (2015),
according to the recommendation of REISEN (2016).

In Germany, eight species are described in the subfamily Anophelinae, all belonging to the
genus Anopheles, and 44 species in the subfamily Culicinae, distributed over five genera
(ROBERT et al. 2019): Aedes (27 species), Coquillettidia (1), Culex (6), Culiseta (8) and
Uranotaenia (1).

In addition to the native species, invasive mosquitoes have recently been collected in
Germany. These include Aedes albopictus, Ae. japonicus, Ae. aegypti, Ae. koreicus, Ae.
berlandi, Ae. pulcritarsis, Anopheles petragnani and Culiseta longiareolata (KAMPEN et al.
2017). Aedes japonicus, Ae. albopictus and An. petragnani are considered firmly established
in Germany, as hibernation has been documented repeatedly (KAMPEN et al. 2017).
Overwintering has also been shown for Ae. koreicus (PFITZNER et al. 2018; STEINBRINK et al.
2019). For Cs. longiareolata it is assumed that the species overwinters in Germany, but
ultimate proof is still missing as annual collections do not come from the very same sites
(KAMPEN et al. 2017).
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2.4 Blood feeding patterns of mosquitoes
In contrast to permanent ectoparasites, mosquitoes do not live on their hosts but have to locate
a potential blood source from the distance (SuTcLIFFE 1987). Three different phases of host
location were observed by SuTcLIFFE (1987):

1. Intuitive search without targeted orientation to a specific host.

2. Active host location through host-associated stimuli (e.g. carbon dioxide, host

evaporations containing ammonia, lactic and fatty acids, visual markers).
3. Aittraction following accidental approach into the immediate vicinity of the potential
blood source.

The distance from which hosts can be located by female mosquitoes differs, depending on
both mosquito and host species, but seems to range from 7 to 30 m (LANE & CROSSKEY
1993). Larger host species or a higher density of potential blood hosts can enhance the
distance from which attraction is possible (LANE & CROSSKEY 1993).
The time of the day of host seeking activity varies between species. Some species search for
blood hosts primarily during dusk or dawn (crepuscular), others bite mainly during night time
(nocturnal) or are active at day time (diurnal). Host preferences of mosquitoes can reach from
strictly specialized to one single specific host species to generalists, feeding on any vertebrate
host available. In general, four different feeding patterns are distinguished, although meant in
a relative and not in an absolute sense (LANE & CROSSKEY 1993):

1. Anthropophagy (preference for human hosts)

2. Zoophagy (preference for non-human hosts)

3. Ornithophagy (preference for avian hosts)

4. Indiscriminative biters (no host preference)
The ‘zoophagic’ group does not only include mosquitoes that accept non-human mammals as
hosts, but also those that feed exclusively on reptiles or amphibians. In fact, there are also
mosquito species in mangrove forests using fish as blood source or others using insects like
caterpillars as protein sources for egg development (LANE & CROSSKEY 1993), which is why a
clear classification of mosquito blood hosts is difficult.
There are external host factors such as body heat, body mass, defensive behaviour or odors in
general which could affect host preference (TAKKEN & VERHULST 2013). Furthermore,
mosquito feeding patterns can change with the season. In North America, Culex pipiens
prefers blood meals from avian hosts in spring, but shifts to human hosts in late summer,
when birds migrate (KILPATRICK et al. 2006). Therefore, blood meal patterns may be

influenced by host availability and not only by active mosquito choices (CHAVES et al. 2010;
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SIMPSON et al. 2011). Another explanation for this shift from avian to human hosts in late
summer could be caused by interbreeding of Cx. pipiens populations or biotypes. While
anautogenous populations or biotypes, which occur in spring, feed either on birds or
mammals, hybrids use both mammal and bird blood hosts (SPIELMAN 2001; REUSKEN et al.
2010; RizzoLl et al. 2015). This indiscriminant feeding behaviour of Cx. pipiens hybrids can
lead to an increased probability of transmission of zoonotic pathogens like WNV to humans
(FONSECA et al. 2004), underlining that the analysis of blood feeding patterns is one of the
major factors in describing transmission cycles of mosquito-borne pathogens.

Some mosquito species target certain vertebrate species irrespective of relative host
abundance (UNNAsCH et al. 2006). Second to host species, mosquitoes preferred to feed on
nestlings, as their defensive behaviour against biting attacks is less pronounced (UNNASCH et
al. 2006). A more broad classification of host selection was provided by BORSTLER et al.
(2016), who describe two different feeding patterns. The first group of mosquitoes prefers
non-human mammals and humans and the second the same two groups of hosts plus birds.

In contrast to the conditions in nature, where potential blood hosts are not permanently
available, human and animal populations in zoological gardens are a stable blood source for
foraging mosquitoes (ONYIDO et al. 2008). A constant interaction between blood hosts and
mosquitoes could elevates the potential of transmission (ONYIDO et al. 2008), since the
selection of a blood host is essential for a mosquito-borne pathogen to complete its life cycle.
Furthermore, host choice can influence the vertebrate species exposed to mosquito-borne

disease agents.

2.5 Public health importance of mosquitoes

2.5.1 Mosquito nuisance

Mosquitoes can become severe nuisances. After a mosquito bite, skin reactions like pain,
itching, redness and wheals are common and may be accompanied by allergic reactions
(SERVICE 1971). Questionnaire surveys have shown that people are more concerned about
mosquitoes as pests than as vectors of pathogens (DICKINSON & PASKEWITZ 2012; FOUMANE
et al. 2015). Nuisance species usually develop to high population densities, which are
persistent for a longer period of time (RusseLL 1999). Potential pest species are found in
various landscape structures like rural or urban areas and on the coasts (MEDLOCK et al. 2005,
2012). Some species like Cs. annulata can become a pest throughout the year (MEDLOCK et
al. 2012), other species only during spring or summer months under certain conditions. Spring

species associated with snow-melt pools in forests can cause nuisance in wooded habitats
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through their diurnal biting behaviour (MeDLOCK & VAUX 2011). Floodwater species such as
Ae. vexans are serious nuisance pests in summer months in flood plains, with diurnal biting
activity at shady places and aggressive biting at dusk (O'MALLEY 1990). Additionally, species
formerly not known as nuisance species can become pests when occupying artificial breeding
habitats that allow mass development. The tree-hole species An. plumbeus formerly not
known to cause nuisance, tends to mass occurrence when using abandoned manure pits for
immature development (DEKONINCK et al. 2011; HEymM et al. 2017). Since the species
aggressively attacks humans, it can become a serious burden for people living near such
breeding sources.

In some cases, nuisance can be stopped by sanitation, i.e. removal of the breeding site, as, for
example, in the case of An. plumbeus mass occurrence (HEYM et al. 2017). Other species such
as Ae. vexans which do not have a permanent breeding site need to be controlled on a regular
basis (BECKER 1997).

Mosquito pests are also common in zoo settings because of the availability of shelter, food
and water. Pests in a zoological garden cannot only be a burden for the kept animals, but
could also lead to economic losses of the park, as the attractiveness for visitors significantly

decreases (NATIONAL RESEARCH CouNCIL (US) CoMmMITTEE 2004).

2.5.2 Mosquitoes as vectors of diseases
Due to their hematophagous behaviour, mosquitoes are potential vectors of disease agents. In
most cases, mosquitoes are biological vectors, being an obligatory host in the pathogen’s life
cycle (LANE & CROSSKEY 1993). Mosquitoes can be biological vectors for three different
groups of pathogens:

1. Viruses (virus)

2. Protozoan parasites (protozoa)

3. Filarial nematodes (metazoa)
Vertebrate-pathogenic bacteria are not known to be biologically transmitted by mosquitoes,
but mechanical transmission is possible (MULLEN & DURDEN 2009). The best-known example
of mechanical transmission by mosquitoes is the tularemia-causing bacterium Francisella
tularensis (HopLA 1974). Contrasting this, F. tularensis has been found in unfed adult
mosquitoes reared from field-collected larvae in Sweden, suggesting at least transstadial
transmission (LUNDSTROM et al. 2011).
Developmental cycles of mosquito-borne pathogens include vertebrate and invertebrate hosts,

which is why a close adaption between pathogen and vector is necessary for successful
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transmission. Infection dynamics are complex and implicate various aspects such as the
ability of the pathogen to develop in various host species or environmental factors like rainfall
or temperature (UNNASCH et al. 2006).

2.5.2.1 Mosquito-borne viruses

Mosquito-borne viruses replicate in a variety of tissues, including ovaries, nerves and the
salivary glands of the vector (MULLEN & DURDEN 2009). Transmission usually takes place via
the saliva to the vertebrate host during blood feeding, but transovarial transmission to the
female’s progeny or venereal transmission from male to female may also occur (MULLEN &
DURDEN 2009).

If the vertebrate host is susceptible to the virus, the pathogen will replicate in the tissues of the
host (initially causing viremia) and can be retransmitted to the vector during the next blood
meal. In some cases, when the concentration of the virus in the blood is not high enough to
infect the blood-feeding mosquito, humans are dead-end hosts (DOBLER & AsPOCK 2010).

In Europe, ten mosquito-borne viruses belonging to three families (Bunyaviridae,
Flaviviridae, Togaviridae) are known to circulate. Of these, five have been demonstrated for
Germany (BATV, TAHV, USUV, WNV, SINV; Table 1). European Bunyaviridae are
generally of low virulence, causing mild to influenza-like symptoms in humans. While Inkoo
virus and Tahyfia virus are the most common California group viruses in Eurasia according to
antibody prevalences found in humans (GRATz 2006), TAHV has rarely been documented
from German mosquitoes. After it had been demonstrated in the 1960s from Ae. vexans
(SPIECKERMANN & ACKERMANN 1972), latest evidence came during the 1980s (PILASKI
1987). In recent studies, the virus was no longer found. By contrast, BATV turned out to be
the most common virus in mosquitoes collected in Germany from 2011 to 2016 (SCHEUCH et
al. 2018).

Of the Flaviviridae occurring in Europe, dengue virus (DENV) poses a major risk to human
health, as the virus is transmitted almost exclusively by anthropophagic mosquito species
(HuBALEK 2008). With the spread of the potential vector species Ae. albopictus in Europe, the
threat of endemic dengue cases has risen, as travellers infected with DENV regularly enter
from dengue-endemic countries (GRATz 2006). If the infection is not detected in time and the
patient is bitten by Ae. albopictus during the viremic phase, viral transmission is possible.
USUV seems to be a primarily avian pathogen. In Africa, where it was first isolated from a
bird-biting mosquito species (WiLLIAMS et al. 1964), it circulates between birds, and
mammals are known as accidental hosts (GRATz 2006). In 2013, the first human

neuroinvasive infections with USUV were documented in Croatia, emphasizing the potential
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public health significance of the virus (SANTINI et al. 2015). First evidence in Germany of
USUV from a mosquito was obtained in 2010, when it was isolated from Culex pipiens
biotype pipiens (JOST et al. 2011).

Similar to USUV, reservoir hosts for WNV are bird species. Nevertheless, WNV was isolated
from various mammals (Table 1), despite all of them being dead-end hosts and no competent
reservoirs (GRATz 2006). WNYV infections were reported from Germany in 2018 for the first
time (ZIEGLER et al. 2018), although WNV-antibodies were found in migratory birds in
Germany before (LINKE et al. 2007; SEIDOWSKI et al. 2010). While dengue fever was once
endemic in southern Europe and disappeared in the mid-20™" century together with the main
viral vector Ae. aegypti (SCHAFFNER & MATHIS 2014), USUV and WNV were apparently
introduced to Europe only recently (USUV: 1996, Italy (WEISSENBOCK et al. 2013); WNV:
1958, Albania (BARDOS et al. 1959)).

Another pathogen formerly not known to Europe is chikungunya virus (CHIKV), which
belongs to the Togaviridae. It was described in Tanzania in 1953 (Ross 1956) and has since
been detected in several African countries, the Indian subcontinent and southeastern Asia
(P1ALoux et al. 2007). In 2007, an outbreak of chikungunya fever occurred in Italy with more
than 200 diseased patients (RezzA et al. 2007). The virus was also found in local Ae.
albopicuts mosquitoes (RezzA et al. 2007), which underlines that tropical mosquito-borne
viruses have the potential to be transmitted in temperate regions if a competent vector is
present.

Symptoms of SINV-infected patients are mild (TEsH 1982). Humans are dead-end hosts of the
virus, and the main reservoirs are birds, mainly Passeriformes (HUBALEK 2008). SINV is the
most widely distributed virus causing arthritis in humans, occurring from Africa to Australia,
the Philippines, Asia and India to Europe (International Catalogue of Arboviruses. US
Dept.Health, Education, and  Welfare, Public ~ Health  Service, (CDC)

https://wwwn.cdc.gov/Arbocat).
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Table 1: Mosquito-borne viruses in Germany according to GRATz (2006), HUBALEK (2008)
and KAMPEN & WALTHER (2018).

family pathogen main vertebrate host | documented vectors
Batai  virus | mammals: boar, deer, | Aedes communis, Ae. punctor, Ae.
(BATV) hare, human, sheep, | vexans,  Anopheles claviger, An.
human maculipennis  s.l.,  An.  messeae,
birds: house sparrow Coquillettidia richiardii, Culex pipiens,
Culiseta annulata
Tahyna virus | mammals: bear, boar, | Aedes cantans, Ae. caspius, Ae. cinereus,
(TAHV) hare, cattle, goat, | Ae. communis, Ae. detritus, Ae.
Bunyaviridae human, sheep diantaeus, Ae. dorsalis, Ae. excrucians,
birds: cormorant, | Ae. flavescens, Ae. hexodontus, Ae.
duck, sparrow punctor, Ae. sticticus, Ae. vexans,
Anopheles claviger, An. hyrcanus, An.
maculipennis s.l., Coquillettidia
richiardii, Culex modestus, Cx. pipiens,
Culiseta annulata
Usutu  virus | birds: blackbird, | Aedes albopictus, Ae. cantans, Ae.
(USUV) nuthatch, owl, | detritus, Ae. rossicus, Ae. vexans,
sparrow, swallow, | Anopheles claviger, An. maculipennis
thrush s.l., Culex hortensis, Cx. modestus, Cx.
pipiens s.l., Cx. pipiens, Cx. territans,
Culiseta annulata
West Nile | mammals: boar, cat, | Aedes albopictus, Ae. annulipes, Ae.
virus (WNV) | cattle, camel, dog, | cantans, Ae. caspius, Ae. cinereus, Ae.
hare, human, horse, | dorsalis, Ae. excrucians, Ae. flavescens,
Flaviviridae pig, sheep Ae. geniculatus, Ae. japonicus, Ae.
birds: coot, crow, | punctor, Ae. rossicus, Ae. sticticus, Ae.
garganey,  goshawk, | vexans, Anopheles hyrcanus, An.
heron, ibis, lapwing, | maculipennis s.l., An. maculipennis, An.
pigeon, seagull, | messeae, An. plumbeus, Coquillettidia
starling richiardii, Culex modestus, Cx. pipiens,
amphibians: marsh | Cx. pipiens biotype molestus, Cx.
frog territans, Cx. theileri, Cx. torrentium,
Culiseta morsitans, Uranotaenia
unguiculata
Sindbis virus | mammals: human, | Aedes albopictus, Ae. caspius, Ae.
(SINV) rodents cinereus, Ae. communis, Ae. diantaeus,
birds: Passeriformes, | Ae. excrucians, Ae. punctor, Ae. vexans,
Anseriformes, chicken | Anopheles maculipennis s.l.,
. amphibians: marsh | Coquillettidia richiardii, Culex
Togaviridae frog modestus, Cx. pipiens s.l., Cx. theileri,
Cx. torrentium, Culiseta morsitans
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2.5.2.2 Filarial nematodes

In Europe, the most important filarial infections are caused by Dirofilaria immitis and D.
repens (Table 2). Dirofilaria immitis infects pulmonary arteries and right heart chambers
causing heartworm disease in dogs and cats, while D. repens has an affinity to subcutaneous
tissues (GENcHI et al. 2009). Dirofilariae are transmitted to vertebrate hosts in their third
larval stage during mosquito blood feeding (SIMON et al. 2012). As a result of reproduction in
their vertebrate host, they release microfilariae into the blood, which are again infectious to a
competent mosquito vector (GENCHI et al. 2009). In humans, who are not the definitive hosts
of dirofilariae, the developmental cycle can normally not be completed (KAMPEN et al. 2012).
Typical human infections are accompanied by an immune reaction, leading to the
encapsulation of the worm in subcutaneous, pulmonary and intraorbital nodules (McCALL et
al. 2008). Most of the human dirofilarial infections worldwide are caused by D. repens
(GRATZ 2004). However, the regionally high prevalence of canine infections with D. immitis
suggests a huge dark number of human infections which are most often asymptomatic (GRATZ
2004).

In Europe, highest Dirofilaria infection prevalences occur in the Mediterranean, although a
northward expansion of the worms into formerly non-endemic areas can be observed (GENCHI
et al. 2011a; MORCHON et al. 2012; SASSNAU et al. 2014). The main reason for that seem to be
increasing summer temperatures linked to global warming, allowing the development of
dirofilarial larvae and rendering natural transmission cycles more intense (GENCHI et al.
2011a; SASSNAU et al. 2014). In Germany, the first autochthonous Dirofilaria infection was
observed in 2004, when D. repens was isolated from a dog which allegedly had never left the
country (HERMOSILLA et al. 2006). Later, D. repens and D. immitis could also be
demonstrated in mosquitoes collected in Germany (CzAJKA et al. 2014; KRONEFELD et al.
2014).

In contrast to Dirofilaria, the nematode Setaria tundra infects mainly cervids (Table 2).
Setaria tundra has a significant veterinary importance, since it can cause serious disease, as it
was the case in a Finnish reindeer population from 2003 to 2005 (LAAKSONEN et al. 2009). In
Germany, S. tundra was isolated from mosquitoes several times, although no disease outbreak

has become known so far (CzAJKA et al. 2012; KRONEFELD et al. 2014).
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Table 2: Most important mosquito-borne filarial nematodes and the respective vectors in
Germany according to GRATZz (2004), GENCHI et al. (2009, 2011b), LAAKSONEN et al. (2009),
CzaiKaAet al. (2012), MORCHON et al. (2012) and ANGELONE-ALASAAD et al. (2016).

family pathogen main vertebrate | documented vectors
hosts

Aedes albopictus

Ae. caspius

Ae. geniculatus

Ae. vexans

D. immitis Anopheles maculipennis
_ Coquillettidia richiardii
carnivores Culex pipiens s.1.
(domestic and Cx. pipiens

wild, including Cx. theileri

dogs, cats and :
foxes) Aedes albopictus

Onchocercidae Ae. vexans
Anopheles spp.

An. daciae

An. maculipennis s.1.
Culex pipiens
Culiseta annulata

D. repens

Aedes cantans
cervids (reindeer, | Ae. sticticus

roe deer) Ae. vexans
Anopheles claviger

S. tundra

2.5.2.3 Protozoan parasites

Until the 20" century, human malaria was widespread in Europe. Agents of endemic human
malaria were primarily the protozoan species Plasmodium vivax and P. malariae (BRUCE-
CHWATT & DE ZULUETA 1980). In Germany, malaria disappeared at the end of the 19%"
century, although some endemic infection herds remained until the middle of the 1950s
(TRAUTMANN 1913; EICHENLAUB 1979). The draining of marshes, improved hygiene,
urbanization and the development of effective drugs are reasons for the decline of malaria in
Germany (EICHENLAUB 1979). Until today, isolated autochthonous cases of human malaria
occur in Europe, as demonstrated, for example, by two cases of P. falciparum malaria in
Duisburg, Germany, in 1997 (KRUGER et al. 2001). However, a re-emergence of malaria
seems unlikely due to an effective health-care system, land use or construction codes
(ROGERS & RANDOLPH 2000; SEMENZA & MENNE 2009).

In addition to plasmodia infecting humans, there are Haemosporidia species causing malaria-

like diseases in other animal groups. One of them is avian malaria, which is caused by species
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of the genera Plasmodium, Haemoproteus and Leucocytozoon. Avian malaria parasites are
common throughout the world and can be detected approximately in 68 percent of the world's
bird species (ATKINSON & VAN RIPER 1991). Haemoproteus sp. is mainly transmitted by
biting midges (Ceratopogonidae) and Leucocytozoon sp. by black flies (Simuliidae)
(ATKINSON & VAN RIPER 1991). The genus Plasmodium, which is transmitted by mosquitoes,
also contains species adapted to birds (Table 3).

The infection cycle of avian malaria parasites is similar to the mosquito-human transmission
cycle: A mosquito feeds on an infected bird and takes up the parasite with the host blood. If
the mosquito is a competent vector, the parasite will be able to undergo its extrinsic
developmental cycle and develop sporozoites infectious to a susceptible host during the next
blood meal of the mosquito.

Natural infections in birds from wild native populations usually appear relatively harmless,
whereas infections of exotic birds are often fatal (HuiBEN et al. 2007). Of the 38
morphologically distinguishable avian Plasmodium species, P. relictum and P. elongatum are
probably investigated best (HUIJBEN et al. 2007). Both species were involved in avian malaria
cases in zoos worldwide (GRACzYK et al. 1994; BUENO et al. 2010; SIIBRANDA et al. 2017).
Mosquito vectors of avian malaria parasites are often Culex species, as opposed to human
malaria parasites which are only transmitted by species of the genus Anopheles (HUIJBEN et
al. 2007). However, the vectors of many avian plasmodia are not known (see Table 4), since
parasites are often only known from their vertebrate hosts.

Little is known about the prevalence of avian malaria in Germany. A study by KRONE et al.
(2001) has found a rate of 11% in 1,149 analysed owls and raptors, including the genera
Haemoprotoeus, Leucocytozoon and Plasmodium. The analysis of 369 passerine blood
samples from Lower Saxony revealed 25% positive results, which could be attributed mainly

to Plasmodium (15.4%) and Haemoproteus species (5.1%) (WIERSCH et al. 2007).


https://en.wikipedia.org/wiki/Ceratopogonidae
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Table 3: Avian malaria Plasmodium species in Europe and their potential vectors according
to HUFF (1965), BENNETT et al. (1993), GLAIZOT et al. (2012) and ZELE et al. (2014).

Plasmodium species potential vector
Plasmodium cathemerium Culex territans*
P. circumflexum Cx. pipiens
Culiseta annulata*
P. elongatum Cx. pipiens*
Cx.. territans*
P. fallax Aedes albopictus*
P. garnhami no data available
P. giovannolai no data available
P. hegneri no data available
P. juxtanucleare no data available
P. iophurae Ae. albopictus*
Cx. pipiens*
P. matutinum Cx. pipiens*
P. nucleophilum no data available
P. polare Cx. pipiens
P. relictum Ae.s dorsalis*
Ae. vexans*
Cx. modestus
Cx. pipiens
Cx. territans*
Cx. theileri
P. rouxi Cx. pipiens*

P. subpraecox
P. vaughani

Cx. territans*
no data available
Cx. pipiens

* reports on vector status contradictory
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3. Project aims

According to the WHO (1975), effective mosquito control measurements start with the
analysis of mosquito biology and their habitats in a defined area. In order to better understand
mosquito biology, it is important to study them throughout their life cycle. Mosquito larvae
may use different breeding habitats, while adult mosquito females may prefer different blood
hosts and digest a blood meal in different kinds of shelters. Mosquito communities might even
differ within small geographical scales, which could have an effect on potential host species.
This is because the distinct blood feeding behaviour of different mosquito species can lead to
different exposure to disease agents, as different vertebrate species can be reservoirs for
different kinds of pathogens. Furthermore, different mosquito species could be vectors of
different pathogens, which also needs to be considered.

From these considerations three questions arise that are important in the study of mosquito
biology in a particular area:

1. Which mosquito species occur when and in which abundance?

2. Which hosts are used by the mosquito species for blood feeding?

3. Which mosquito-borne pathogens circulate in the area?

To analyse these questions zoological gardens are ideal locations. They provide mosquitoes a
variety of breeding and resting sites as well as with a high diversity of potential blood hosts,
including humans, mammals, birds, reptiles and amphibians. All these conditions are
available in a zoo in a confined space and make the zoo a perfect place for ecological studies
on mosquitoes. Furthermore, the study of mosquitoes in zoos is of public relevance. Zoos play
a role in the conservation of endangered species and attract millions of visitors each year.
Both animals and humans are affected by mosquitoes, be it as a nuisance or as potential
pathogen vectors.

The present study addresses mosquito populations in two zoological gardens in Germany to
analyse the ecology of mosquito communities and their vector potential. On the one hand, the
results are meant to contribute to a better understanding of mosquito ecology in Germany in
general, on the other hand may lead to a greater awareness of German zoological gardens for

mosquitoes and the disease agents they possibly carry.
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In the framework of the present dissertation, the following aspects were studied:

1. Mosquito communities in two zoological gardens in Germany — species composition
and occurrence of potential vectors

2. Blood meal patterns of mosquitoes in two zoological gardens in Germany

3. Vector-borne pathogens of mosquitoes from two zoological gardens in Germany:

screening for viruses, filarial nematodes and avian malaria parasites

Pictures of mosquito breeding- and resting sites as well as EVS-trap locations of both studied

zoos are shown in the Supplementary Appendix.
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ABSTRACT: Duc to their large diversity of potential blood hosts, breeding habitats, and resting sites, zoological gardens represent highly
interesting places (o study mosquito ecology. In order to better assess the risk of mosquito-borne disease-agent transmission in zoos,
potential vector species must be known, as well as the communitics in which they occur. For this reason, species composition and
dynamics were examined in 2016 in two zoological gardens in Germany. Using different methods for mosquito sampling, a total of 2,257
specimens belonging to 20 taxa were collected. Species spectra depended on the collection method but gencerally differed between the two
zo0s, while species compaositions and relative abundances varied seasonally in both of them. As both sampled zoos were located in the
same dimatic region and potential breeding sites within the zoos were similar, the differences in mosquito compositions arc attributed to
immigration of specimens from surrounding landscapes, although the different sizes of the zoos and the different blood host populations
available probably also have an impact. Based on the differences in species composition and the various biological characteristics of the
species, the risk of certain pathogens to be transmitted must also be expected ta differ between the zoos, Journal of Vector Ecology 43

{1): 80-88. 2018,

Keyword Index: Culicidac, biodiversity, urban, mosquito seasonality, vector, sampling methods.

INTRODUCTION

Zoological gardens represent unique ccosystems where
exotic and native animal species coexist. These heterogeneous
human-madc environments are mostly located in urban arcas and
provide ideal living conditions for mosquito larvae and adults,
with numecrous opportunitics for taking blood mcals, mating,
resting, and ovipaosition (Tuten 2011). Zoos also offer attractive
habitats for wild native animals, such as squirrcls, raccoons, and
birds, both through the availability of food sources and the lack
of natural predators (Nelder ct al. 2009). If & potential mosquito
vector population existed within the zoo area, the accidental entry
of mosquito-associated pathogens could quickly lead to a discase
outbreak among the zoo animals but might possibly also affect zoo
visitors and workers.

The probability of disease-agent transmission, hawever,
depends on many factors, such as the availability of vector-
competent mosquitospecies, their population density, the presence
of reservoir hosts, the proportion of infectious mosquitoes, and the
rate at which people/animals are bitten, all of them cantributing
to the vector capacity {Smith et al. 2004). In addition to abiotic
factors, like temperature and precipitation, the probability of
discase transmission is strongly affected by biodiversity in the
ecosystem. A study from the U.S.A. has shawn that mosquitoes
in zoos use captive animals as well as humans and [ree-roaming
native animals as bload hosts, making a transmission of pathagens
between the various groups possible (Tuten et al. 2012). A high
diversity of the blood host population, which is typical for zoos,
is assumed o reduce the risk of vector-burne disease, also known
as the dilution effect (Ezenwa et al. 2006). The dilution effect,
however, only takes eflect if the mosquito is not host-specific and
if the various possible blood host species are poor reservoir hosts.

1M the particular host species of the mosquito population contains
competent reservoirs, high species diversity could lead to an
increase in disease prevalence {Ostleld and Keesing 2000, Ezenwa
ct al. 2006). By contrast, a high biodiversity of the mosquito vector
population may reduce the risk of pathogen transmission, as
mosquito species-rich communitics usually have a lower density
as compared Lo species-poor communities (Chaves etal. 2011).

Mosquito abundance can vary considerably within small
geographic areas, for example between two neighborhoods of
a city (LaDeau ct al. 2013). This can be attributed to dispersal
barriers, such as streets or the availability of larval habitats,
although mosquito ccology in urban environments is still poorly
understood (LaDeaw et al. 2015), In Wellington, New Zealand, it
was found that the density of adult mosquitoes was substantially
higher in the urban zoo area than in a natural forest only a few
kilometers away (Derraik et al. 2003).

Due to the vulnerability of zoo animals in a non-natural
and non-native environment where pathogens that they are not
adapted to may circulate, infections often have life-threatening
consequences. Cases of mosquito-borne diseases in zoological
gardens have repeatedly been reported, During the 1999 West Nile
outbreak in New York, numerous specimens of the Bronx Zoo/
Wildlife Conservation Park hird collection died after infection
with the virus (Ludwig et al. 2002). Cases of avian malaria, castern
equine encephalomyelitis, and dirofilariosis are also documented
for zoos (Adler et al. 2011).

Species affected by mosquito-borne diseases in zoological
gardens are mainly penguins and owls, which are susceptible 1o
West Nile virus (WNV), Usutu virus (USUV), and avian malaria
parasites (Ludwig et al. 2002, Huijben et al. 2007, Steinmeltz et al.
2011). The detection of St. Louis encephalitis virus and WNV in
orcas particularly emphasizes the vulnerability of captive animals
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to mosquito-borne pathogens as compared to wild specimens of
the same species which do not come into contact with mosquitaes
in their natural habitat (Jett and Ventre 2012). In Germany, USUV
was isolated from two perished captive great grey owls in the
Zoological Garden Berlin in 2015 (Ziegler et al. 2016). Since such
specific infections are often discovered in zoos sooner than in
their natural surroundings, zoological gardens gain importance as
epidemiological sentinel stations (McNamara 2007).

In order to better understand transmission cycles of
mosquito-associated pathogens, to identify infection sources
and to be able to successfully control the veclors, accurate
investigations of vector communities and seasonal population
dynamics are crucial. Detailed knowledge about mosquito species
composition, hawever, is scarce in Germany, with hardly any data
about mosquito communities in zoological gardens.

In order to assess differences between the mosquito faunas
oceurring in different Kinds of zoological gardens, this study
included a large zoo in a densely populated urban area and a
smaller one that is surrounded by forest, Species composition and
seasonal variation of mosquito populations in the two zoos were
examined for a better understanding of mosquito community
patterns and to identify potential vectors of mosquito-borne
disease agents. To Lest if the collection method has an impact on
the observed diversity, different methods for sampling were also
compared,

MATERIALS AND METHODS

Study locations

Mosquitoes were collected in the Tierpark Berlin (Berlin,
Germany, N52°49,8406; E13°53.0210') and the Zoological Garden
Eberswalde (Brandenburg, Germany, N32°82.2664) E13°78.30257).
The distance between the two zoos is approximately 40 km (Figure
1).

The Tierpark Rerlin is one of two zaological gardens in the city
of Berlin. It covers 160 ha and is the largest so-called Tandscape’
zoological garden in Europe, The zoo area is characterized by
deciduous and coniferous trees, with artificial ponds and ditches
traversing the park. The surroundings of the Tierpark are shaped
by urban settlements, with the Spree River and the Treptower Park
located ata linear distance of 4.2 km. The animal callection consists
of a total of about 7,500 animals belonging to approximately 900
native and exatic species.

The Zoological Garden Eberswalde covers an area of 15 ha
and is located in the southem outskirts of Fherswalde, federal
state of Brandenburg. Small artificial ponds and ditches are
present in the zoo area, but in contrast to the Tierpark Berlin, the
Zoological Garden Eberswalde is adjacent o a nature reserve in
the southeast, which is characterized by an alluvial forest, and to
a forest in the northwest, which is dominated by beech and pine
trees. The zoo is home to some 1,500 animals of approximately 150
native and exolic species,

Mosquito sampling

Mosquito sampling took place from May to Scptember,
2016, in a four-week rhythm in each zoological garden. At bath
locations, cight EVS-traps (BioQuip Products, CA, US.A; Rohe
and Fall 1979) were evenly distributed at comparable locations

and heights between 160 cm and 200 cm, with a minimum of 50 m
distance to ensure independence. As access to animal enclosures
was restricted, traps could be located at freely accessible sites only.
They were equipped with dry ice praducing €O, as an attractant
and were operated for 24 h. At the Zoological Garden Eberswalde,
EVS-trapping could not be done in September.

In addition to trapping, mosquitoes were collected one day
per month from selected potential resting sites using a hattery-
powered Improved Prokopack Aspirator (model 1419; John
W. Hock, F1, US.A.). In each zoo, 15 natural and artificial sites
were sampled. Aspirator collections were performed for five min
per resting site. Natural resting sites were represented mainly by
understory vegetation, artilicial resting sites by eaves, and wooden
or stone constructions with shaded hiding places. Mosquitoes
approaching and trying to bite the collector during the fieldwork
were also captured and later referred to as *hand catches” All
collected adult mosquitoes were preserved on dry ice and stored
frozen (-80° C) until further processing.

Larval stages were collected with a dipper in breeding sites
like puddles, ponds, and ditches. Smaller artificial breeding sites,
such as plastic containers, tree-haoles or tires, were sampled with
a tea straincr. Each potential breeding site was dipped ten times,
or until the water of the breeding site was exhausted before ten
samples could be taken. Since the number of possible breeding
sites varied over the season, the number of sampled sites was
not standardized between the two zoos. In the Tierpark Berlin,
a maximum of 15 breeding sites, and in the Zoological Garden
Ebcrswalde, a maximum of 19 sites was sampled per visit.

Mosquito identification

Immature masquito stages collected were raised to adults in
the laboratory for casier morphological identification. Adults were
morphalogically determined to species using the identification keys
by Schaffner etal. (2001) and Becker ctal. {2010). Identification of

Figure |, Location of the study areas in Germany,
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Anopheles maculipennis complex specimens was done genetically
by spedies-specific ITS2-PCR (Proft et al. 1999, Kronefeld et al.
2014), whereas identification of Culex pipiens complex specimens
was conducted by a multiplex real-time PCR assay (Rudalf et al,
2013). Mosquitoes not belonging to these complexes but for some
reason not morphalogically identifiable (e.g., because of damage)
were subjected to CO1 (cytochrome oxidase gene subunit 1)
barcading (Folmer et al. 1994, Hébert et al. 2003).

Females belonging to  the Aedes cinerens and  Ae,
annulipes groups could neither be determined to species level
morphologically nor by CO1 barcording and were evaluated
as groups. Also, Culiseta morsitans and Cs. fumipennis females
were evaluated jointly, as no reliable morphological or molecular
differentiation was possible.

Data analysis

Statistical analyses were conducted in R Version 3.2.0. Non-
identified isomorphic specimens belonging to the Cx. pipiens or
An. maculipesnis complexes were not included in the statistical
analysis. For comparing the biodiversity of the studied zoos,
the Shannon-Wiener index ([H'=EZpixin pi], where pi is the
proportion of the i-th species in the studied zoo) and the Shannon
evenness ([E'=H'/H'max|, where H' is the Shannon  Wiener index
and H'max is the maximum possible valuc of H') were calculated.
Only adult mosquito samples were analyzed, as larval collections
may be influcnced by aggregate distributions of individuals, which
could occur when farge numbers of larvae of a single mosquito
specics are found in one breeding site (Medeiros-Sousa ct al. 2015).

Because the observed number of species is often lower than
the number of species actually present, sample adequacy was
evaluated by a species accumulation curve, and total richness was
estimated by the first-order jackknife method for cach zoological
garden (Burnham and Overton 1979, Medeiros-Sousa et al, 2015),
For the analysis, 1,000 randomizations were implemented without
replacement, and the 95% confidence intervals were estimated
by the vegan package in R (Oksanen ct al. 2016). This analysis
was performed for both immature and adult forms accarding
to Medeiros-Sousa et al. (2015), as it was assumed that species
presence in the larval collections basically corresponded to their
presence in the adult form.

To illustrate seasonal changes in the species composition, the
five most common species of each zoo, as based on adult mosquito
catches, were plotted in a radar chart according to month. Direct
visual comparison was facilitated by log  transformation of the
data,

Finally, non-metric multidimensional scaling (NMDS) was
performed with the vegan package in R (Oksanen et al. 2016) to
compare e species communities between the two coological
gardens with regard to the used adult collection methods, EVS-
trapping and aspirating. Because in Eberswalde EVS-collections
had not been conducted in September, trap data for both locations
were analvzed only [rom May Lo August, Species which had only
been captured once during the study period were not considered
for NMDS. A stress test was performed to check whether the data
were suitable for the analysis. The distance measure used was the
Bray-Curtis index; the maximum number of random starts in
search of a stable solution was 100.

RESULTS

Mosquito species diversity

In total, 2,257 specimens helonging to 20 mosquito species
were collected, represented by 16 taxa in each zoo (Table 1). Aedes
punctor, Ae. rusticus, An. daciae, and Cs. morsitans/fumipennis
were only collected in Eberswalde, while Ae. catuphylia, Ae.
geniculatus, Cx. modestus, and Cx. pipiens biotype molestus were
only sampled in Berdin, Ten mosquito species were collected as
immature forms. Aedes geniculatus was only detected in the larval
form, but all other species collected as larvae were also found
as adults. The majority of the ‘hand-catches’ consisted of Ae
annudipes group species in the Zoological Garden Eberswalde and
of Ae. vexans in the Tierpark Berlin (Table 1),

Regarding adult mosquitoes, species diversity obtained
by EVS-traps was higher than by aspirator collections. As the
Shannon evenness values were 063 (H'=1.82) for the Zoologial
Garden Eberswalde and 0.65 (H'=1.76) for the Tierpark Berlin,
respectively, the abundance of diflerent species was more even
in Berlin than in Eberswalde. This can be explained by the much
higher number of Ae. annulipes group mosquitoes {n=425)
collected with EVS-traps in the Zoological Garden Eberswalde
as compared o all other mosquitoes {second most frequently
collected species: 129 Cs. anmudata; Table 1).

The species accumulation curve of the Zoological
Garden Eberswalde reaches an asymptote after 40 collections,
demonstrating a good sample adequacy (Figure 2a). First-order
jackknifc total richness estimation indicates approximately 18
species (standard error (SE) = 0.99) for the Zoological Garden
Eberswalde, which is close to the observed 16 species. For the
Tierpark Berlin, the curve (Figure 2b) is still nat stable at the end
of the collection peried, suggesting that more samples are needed
to cover the whole biodiversity of this lacation, Tt also indicates
that in the Tierpark Berlin more common and less rare mosquito
species occur. The jackknife total richness estimator givesa higher
probability for 21 species to occur than for the observed 16 taxa,
although a high standard ervar (SF = 1.98) was measured.

Seasonal variation of mosquito species

Figure 3 visualizes the seasonal variation of mosquito taxa at
the two locations, In Eberswalde, high numbers of Ae. anmudipes
group mosquitoes were observed in May. Altogether, specimens of
this group accounted for 45.2% of all captured adult masquitoes
at this location. The second most frequently collected species
in Eberswalde was Cx annulata (17.2% of all adult callections),
dominating from June until August. Starting in June, high numbers
of Cq. richiardii (6.0% of all adult collections) were recorded,
but this species was not present in the September collection. In
September, Cx. p. biotype pipiens {4.2% of all adult collections in
Eberswalde) predominated over Cs. anmulata. High numbers of
specimens were constantly collected for An. messeae (4.8% of all
adults in Eberswalde).

‘The species pattern was different in Berlin, as the numbers of
specimens ol the dominant species remained relatively constant,
confirming the results of the speces accumulation curves and
the higher evenness value (Figure 3). Here, Cs. anmudata, An.
maculipennis s.s,, and Cx. p. biotype pipiens were collected with
relatively constant high numbers over the whole season, Culiseta
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Table 1. Specics compuosition in the sampled zoos according to collection method.
Tierpark Berlin Zoological Garden Eberswalde
Specics Aspirator  EVS-trap c]:till‘\gs collJIaC rc\;?(lm Aspirator  EVS-trap c:ltz;:(cis c;l‘lac:’t;lclm

Ae. annulipes group! - 3 3 - 11 425 19 2
Ae. cataphyila - 1 - - - - - -
Ae. cinereus group' = 2 = - - 16 1 -
Ae, geniculatus 2
Ae. punctor - - - - - 6 1 -
Ae. rusticus - - - - - 1 - -
Ae. vexans 2 194 16 I 3 - -
An. claviger - 2 - - 28 19 1 1
An. macudipennis complex® 173 2 - 15 3 1 13

An. dacae 11

An. maculipennis s.s. 96 8 - 20 15 2 - 10

An. messeae 4 2 - - 21 27 - 2
An. plumbeus 32 1 - - 4 2 - 1
Cq. richiardii I - - - 58 1 -
Cs. annulata 124 16 - 13 48 129 - -
Cs. morsilans/fumipenms' 14
Cux. pipiens complex® 4 30 - 73 30 6 - 119

Cx. p. biotype molestius . 1

Cx. p. biotype pipiens 28 79 - 13 40 3 6 4

Cax. torrentivm 5 18 - 6 10 7 - 3l
Cx. modestus - - 1 -
Cx. lerrilans 3 1 12 16 20
Total number of species’ 13 3 6 13 14 f 8
Total collected 513 361 20 154 256 30 203

! reliable morphological or genetic differentiation not possible,
“not identified to specics.

*An, macwlipennis and Cx. pipiens complex specimens only considered if species differentiation was done,

annulata accounted for 15.7%, Cx. p. biotype pipiens tor 12.0%,
and An. maculipennis s.s. for 11.3% of all adult mosquitoes. In
contrast to Eberswalde, high numbers of Ae. vexans were recorded
in Berlin in July. Allogether, Ae. vexans specimens made up for
23.7% of adult mosquitoes collected in the Tierpark Berlin,

Differences in species composition between the zoos

Diferent community patterns at both locations and
differences in species composition depending on aspirator or EVS-
collections are visualized in the NMDS plotin Figure 4. Mosquito
collections in the Tierpark Berlin were more similar to each other,
while collections made in the Zoological Garden Eberswalde
were more variable (Figure 4). Aspirator and EVS-collections in
Eberswalde from May are charactericed by a completely different
species compaosition, attributed both to a high proportion of Ae.
annudipes group mosquitoes in EVS-collections and high numbers
of aspirator-collected Cs. morsitais/fumipennis. Monthly aspirator

and EVS-collections from June to August from Eberswalde are
more similar o each other than the May collections, From June
to August, An. messeae and Cg richiordii had a great influence
on the observed species composition. Eberswalde aspirator
collections from September are more similar to Tierpark Berlin
EVS-collections from June, At both lowtions, Cx. lorrentium
was caught in high numbers. Monthly aspirator collections from
Berdin were quite similar among each other, with a predominance
of An. maculipennis s.s., Cx. p. biotype pipiens, Cs. annulata,
and Arn. plumbeus. Berlin EVS-collections from June and July
were dominated by Ae. vexans and from August by Cx. ferritaits.
Tierpark Berlin EVS-collections from May were dissimilar to
the other collections, as Ae. annulipes group and An. daviger
mosquitoes significantly influenced the mosquito compasition
but were not found in later samples.
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Figure 4. Non -metric multidimensional scaling (NMDS) plot showing maosquito species composition similarity between collections by
different methods and at different locations. Each of the 18 dots corresponds to all samples collected at the same time with the same

method,

DISCUSSION

Although the Tierpark Berlin and the Zoological Garden
Fherswalde are located in the same dimatic region, mosquito
species compositions were different. These results agree with
a study from the USA. from 2013, where the composition af
species varied substantially between two sites located in the same
ecological region with the same regional pool of species (IalDeau
et al. 2013). In the present study, the surveyed zoos differed in
size and in surrounding landscapes but also in the spectrum aof
available blood hosts. Heterogeneous environments across space
and time affect the demography and composition of mosquito
populations and thus may influence the risk of mosquito-borne
diseases (Smith et al. 2004). Consequently, disease risks in zoos
embedded in different landscape structures have to be estimated
according to the specific situation, as different species may have
different signilicance as potential vectors of different pathogens,
Factors that could make a mosquito species a relevant vector in
zows, in addition to its innate vector competence, include a wide
spatial distribution at high population densities, host preferences
for captive animals and humans, and an extended seasonal
occurrence (Smith et al. 2004; Meyer Steiger ct al. 2016). Of the
50 mosquito species native to Germany, 27 have been found
associated with pathogens, although not necessarily with vector
competence (Kampen and Werner 2015). Five of them were
detected in the present study in one or both zoos with at least
hundred captured specimens: Ae, annulipes group, Ae. vexans, Cs,
anmdata, An. maculipennis s.5.,and Cx. p. biotype pipiens. Of note,

the proportion and influence of isomorphic An. macudipennis and
Cx. pipiens complex species could be underestimated, since notall
individuals were identified to species level

‘The Ae. annuwlipes group was not only the maost frequently
captured taxon in the Zoological Garden Eberswalde but is also
widespread in Germany in general (Mohrig 1969). One member
of the group, Ae. cantans, is suspected to be involved in the
transmission of WNV; Tahwha virus {TAHV), Usutu virus (USUV),
and of the filarial nematodes Dirofilaria repens and Setaria tundra
(Czjaka et al. 2012; Kampen and Walther 2018). Preferred hosts
of Ae. canfans are mammals and birds (Medlock et al. 2007), but
blood-feeding on exotic animals has not been documented. In the
present study, most of the hand-caught mosquitoes belonged to the
Ae. annulipes group, confirming an association with human hosts.
Controlling Ae. annulipes group mosquitoes in the zoo area could
be difficult, as the preferred breeding sites, shaded ponds, and
swampy waters which may develop after the snow melt or heavy
rainfalls (Becker et al. 2010), do not only exist on the premises of
the zoological garden but also in the surrounding forest.

As opposed to the Zoological Garden Eberswalde, spring
species were less abundant in the Tierpark Berlin. Instead, high
numbers of the floodwater species Ae. vexans were recorded in
July. These had mainly been captured by EVS-traps, not excluding
the possibility of attraction from outside the study arca. A study
by Burkett- Cadena et al. {2008) has shown that Ae. vexans prefers
understory vegetation for rest, where mosquitoes have a higher
probability of escaping from being caught than at shelter-type
resting sites. The specics is also known from urban environments
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(Lebl et al. 2014), and is onc of few mosquito species actively
dispersing over longer distances (Verdonschot and RBesse-
Lototskaya 2014).

As a typical floodwater mosquito species, Ae. vexans could
play an important role in the epidemiology of viral mosquito-
borne diseases, as immature stages may develop in tremendous
numbers in floodplains, the resting sites of resident and migratory
birds which can be reservairs of the causative viruses {Kampen et
al. 2012). The species has been shown to be vector-competent for
Rift Valley fever virus, various equine encephalitis viruses, TAHV,
WNW, and Zika virus (ZIKV) and has been incremented as a
potential vector of Batai virus (BATV), CHIKV, USUV, and filarial
worms (Kampen and Walther 2017). Avian malaria parasites
like P circumflexum and B elongatum, which frequently infect
anseriform and galliform birds but also bird species in zoological
gardens {Bennett et al. 1993), were also isolated from Ae. vexans
(Hull 1965). Aedes vexans is a primarily ornithophilic mosquito
species, but blood meals are occasionallyalso taken from mammals
and exotic oo animals (Becker et al. 2010; Schoenenberger et al,
2015). Additionally, this species scems to accept human hosts, as
demonstrated by the attacks and biting altempts on the mosquito
collector during the ficldwork of this study. Aedes vexans is not
active throughout the complete vegetation period but mainly
during the summer months when it was observed in the Tierpark
Berlin, Since humans prefer to visit the zoos in summer and most
zoo animals arc only outdoors during the warmer periods of the
vear, both are more exposed to mosquitoes in summer, Aedes
vexans therefore would have a higher probability to transmit
pathogens than typical spring species. In addition, the extrinsic
incubation period is shorter at summer temperatures.

Although Cs, annulata was caught regularly at both survey
sites as adult and immature forms, its abundance was higher in the
Zoological Garden Eberswalde, The species prefers the proximity
to human settlements and hibernates as adult females in houses or
cellars (Peus 1929), Preferred blood hosts are birds and mammals,
including exotic zoo animals (Medlock etal. 2005; Schoenenberger
et al. 2015). Field-collected (5. annulata specimens were found
infected with BATV, USUV, and D. repens, and transmission
was shown for TAHV (Recker et al. 2014; Kampen and Walther
2017). Additionally, avian malaria parasites have been isolated
from this species (Huff 1965). All of these findings give rise to the
assumption that Cs. annulata might be a vector in both zoos.

Studies on the vectar competence of isomorphic species
belonging Lo species complexes are rare. Therelore, species of the
An. maculipennis and the Cx. pipiens complexes are discussed on
& complex level. Both species complexes were regulary found
at the two study sites as adult and immature forms. Species of
the An. maculipenms complex were one of the most frequently
caught taxa in the Tierpark Berlin. Vector competence has been
demonstrated for malaria parasites, BATV, Sindbis virus (SINV),
and WNV, and An. maculipennis complex species are probably
also involved in the transmission of dirofilariae (Kampen and
Walther 2017). Dirofilaria repeiis was isolated from an An. daciae
specimen captured in Germany in 2012 (Kroneleld et al. 2014), a
mosquito species included in the collections from the Zoological
Garden Eberswalde, Anopheles maculipennis complex species are
described to be opportunistic feeders and have been shown to
take blood meals on both mammals and birds {Danabalan et al,

2014). Also, feeding on exotic species in zoos has been described
{Schaenenberger et al. 2015).

Various viruses have been detected in members of the Cx.
pipiens complex, for example BATV, SINV, WNV, TAHV, and
USUV (Kampen and Walther 2017). Avian malaria parasites,
mainly P relictum, were isolated from Cx. pipiens complex
mosquitoes (Hufl 1965). Also, D. immitis was demonstrated
in species of this complex in Germany in 2012 (Kronefeld et
al. 2014). Despite a preference for birds, Cx. p. biotype pipiens
mosquitnes may take advantage of human hosts and thus increase
transmission risk to humans (Kilpatrick et al. 2006}). Furthermore,
Cx. pipiens complex species accept exotic zoo vertebrates as hosts
(Schoenenberger et al. 2013).

According to Smith (2004), mosquito biting rates are highest
near breeding sites where adull emergence lakes place. By
cantrast, vector infection rates are highest far from the breeding
sites, where older mosquitoes can be found. Thus, the distance of
adults to the breeding place reflects the age structure of mosquito
populations. According o this hypothesis, species whose larvae
develop within the zoo area would be more likely to become a
mere nuisance, while species developing outside the zoo area have
a higher probability to be infectious when collected within the zoo.
For this reason, breeding site management in the zoo could reduce
the nuisance situation but not necessarily the transmission risk
ol mosquito-associated pathogens, These aspects require further
rescarch, as the infection risk is also influenced by mosquito
densities and biting rates, landscape, and, above all, blood and
reservoir host densitics (Tsuda et al. 2016), which are probably
higher in the zoo than outside.

The results also demonstrate that the obtained mosquito
spectra depend on the collection method applied. Therefare, the
sampling methodology may have an impact on which species is
perceived as a relevant vectar as, for example, attractant EVS-traps
collect higher numbers of mosquitoes and species compared to
aspirator callections. On the ather hand, species like Cx. territans,
which is not or poorly attracted to commonly used lure traps, are
more likely to he callected hy aspiration ar larval sampling { Kiipper
et al. 2006, Burkett-Cadena et al. 2008). Furthermore, different
mosquito species prefer different types of resting sites (Burkett-
Cadena et al. 2008), causing a bias in the species collected by the
selection of sampled sites. Finally, the sampling season is crucial
as the biodiversity is subject to change with progressive seasons.

According to the vector potential of the most commonly
collected species in the Zoological Garden Eberswalde, TAHV,
USUV, WN'V, filariae, and avian malaria parasites seem to have
the highest risk of being transmitted to zoo animals or humans.
Given the vector potential of Ae. vexans, a theoretical risk for
the transmission of a much broader spectrum of pathogens can
be deduced for the Tierpark Berlin. Regarding transmission to
zoo animals, Disease agents like BATV, SINV, TAHV, USUV, and
filarial worms are of major importance, as these have recently
been shown to dreulate in Germany, Additionally, avian malaria
parasites present a considerable risk to susceptible exotic bird
species.

Although potential mosquito vectors occur in both zoos
surveyed, in neither of them are mosquitoes actively controlled,
although prophylactic trecatment for the prevention of avian
malaria is administered. Should control be implemented, it is
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important to consider mosquito breeding sites both within and
outside the zoo areas.

As the vector potential of native mosquito populations is
hardly known, detailed risk analyses are difficult, the mare so
as the transmission of mosquito-borne pathogens depends on
many additional abiotic and biotic factors. The surveillance of
mosquito species is only a ficst step for further research. The study
demonstrates that in addition ta the special structure of the zaa,
the environment in which it is embedded needs to be considered
when it comes to risk analysis, mosquito control, and mosquito-
borne disease management. While the present study focused on
the masquito fauna within zo0s, the special situation in the area
surrounding the zoo should be included in future analyses,
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Abstract. Because they provide a high density and diversity of vertebrate species,
small water pools and shaded environments, zoological gardens offer ideal living
conditions for numerous mosquito species. Depending on their host preferences and
vector competencies, these species may be able 1o transmit pathogens between native
and non-adapted exotic blood host species, thereby causing morbidity and mortality
among valuable zoo animals. To determine the extent 1o which native mosquito species
feed on captive and wikl animals, as well as on humans, in two German zoological
gardens, mosquitoes were collected over two seasons by trapping and aspirating.
A total of 405 blood-fed specimens belonging o 16 mosquito taxa were collected.
Genetic bloodmeal analysis revealed 56 host species. mainly representing mammals
of the zoo unimal population. including exofic species previously not known us blood
hosts of the mosquito species collected, These results indicate opportunistic feeding
patterns with low host-specificity in the snalysed mosquitoes, although these could be
grouped, according to their bloodmeals, into ‘amphibian-", *non-human mammal-" and
‘non-human mammul and human-* feeding species. As the blood-feeding preferences
of veclor-competent mosquito species are major determinants of vector capacity,
information on the blood-feeding behaviour of mosquitoes in zoos is crucial o the
success of targeted vector management.

Key words. Culicidae, bloodmeal. host preferences, host species. zoo.

Introduction optimal host involves the risk of dying before a bloodmew can

be tuken (Lyimo & Ferguson, 2009), Accordmgly, speciahiziaton

The haematophagous behaviour of i vector-competent mosquito
specics is essential to the lifecycle of a mosquito-borme pathogen
(Takken & Verhulst, 2013). The choke of blood host deter-
mines the pathogens to which the mosquito s exposed during
feeding and vice versi. Studying mesquite bloodmeal patterns
1s therefore crucial to understanding the transmission cycles of
mosquito-borme pathogens,

Although mosguitoes vary according to their specialization in
host species, ther mouthparts are guite similar across species
and theoretically enable them to feed on a wide range of verte-
brates(Hocking, 1971}, The development of a generalist feeding
behaviour s supported in ecavironments with low densitics of
vertebrates and low levels of bsodiversity becanse waiting for an

in blood feeding might develop in an covironment with a high
density and diversity of potential hosts, Vertebrate biodiversity is
therefore likely to influence the host choice of mosquitoes. The
extent tn which blood-feeding patrems are affected by the avail-
ability of diverse vertebrate specics, however, remains unclear
(Chaves ezal., 20010),

In addition to the availability of acceptable hosts,
blood-feeding success may also depend on the defensive
behaviour of potentinl hosts and the density of the mosquito
population (Thicmann e al.. 201 1; Takken & Verhulst, 2013). A
scasonal shift from avian to mammalian hosts is also possible,
as ohserved in the Culex pipiens complex (Dipters: Culicidae)
(Kilputrick er al., 2006).

Correspordence: Bva C. Heym, Leibriz Land Use and Governence, Centre for Agnculiural Landscape Research, Eberswalder Strasse 84, 15374
Muencheberg, Genmany. Tel: + 4933432 B2 36K, Fax: + 4933432 82387, E-mail: eviheym@ zslt de
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The unique environment of the zoological garden offers sdeal
conditions in which to study this complexity of cavironmental,
hast and mosguito factors and therr mteractions within a lmited
area (Tuten etal., 2012). Zons are charcterized by a high
bicdiversity of exotic animals. In addition to animal species
living in captivaty. 2008 are artractive habitars for free-roaming
animals, such as squirrels, ruccoons and birds. providing food
sources and relative secunity from naturul peedators (Nekler
et el 2000). Atthe same time, the mosquito fauna inzoos can be
highly diverse us a result of the various types of breeding sites
within the zo0 arca and also becanse mosquitoes are artracted
from survounding arcas (Heym erad.. 2018).

A study conducted i two zoos in South Caroling, ULS.AL,
found that the bloedmeal preferences of mosquitoes reflected
those observed m nature, although some differences occurred
(Tuten eral., 2002). Forexample, Culex ervaticus (Diptera: Culy
cidac} showed a preference for avian hosts in a zoo setting,
although it is deseribed as an indiseriminate feeder (Tuten e al.,
2012). Similarly. a large portion of mammalophilic Aedes japon-
icus (Dipterw Culicidae) fed on birds in @ zeo in Switzerlund
(Schisaenherger etal.. 2015), Ta hath stadies, narive maosquito
species included exotic wnimals into their host spectra.

With respect 1o the circulation of agents of mosquito-bome
discase, infections in zoo animals are likely to be detected ar
an early stuge as @ result of thorough health monitoring in
2005 (McNamara, 2007). This is of major public health impor-
tunce because humans, in akhiion o captive and wald am-
mals, have been shown 0 be common masquito bleod hosts
in zoos (Greenberg erad.. 2012: Tuten e al.. 2012: Schiénen-
berger etal,, 2015), The wentification of vectors in cases of
cmerging mosquito-bome discases is only possible if the forag-
ing behaviours and the blood-host prefereaces of the occurring
mosuito specres are known (Chaves eral,, 2010).

In Germany. knowledge of the bloedmeal patterns of native
MOSGUILo species is scant, A recent study has shown that the
host spectra of mosquitoes in Germany are beoad and do not
necessunly reflect the restricted preferences described in the
literatare (Bisestler eral., 2016},

To beter understand mosquito host preferences, blood-ted
mesguitoes, collected over 2 years in two zoologicul gurdens
in Germany, were examined to determine the origing of their
bloodmeals, The wim was 1o evaluate the extent to which native
MOSQUItO SPOCics accept captive zoo animals as hosts, in addition
to free-roaming wild animals and humans. Morcover, the study
imvestigated whether the species collected were generalists,
feeding on any available host. or specialists. sclecting specific
vertebrate groups or species for hlood feeding. regardless of the
hroad range of potential hosts avarlable,

Materials and methods
Study locations

Mosquitoes were collected in the Tierpark Berlin (Berlin,
Germany; 52°49.8406' N, 13°53.02 10" E) and the Zoological
Garden Eberswalde (Brandenburg. Germany: 52°82.2664" N,
13*783025" F). The 160-ha Tierpark Berlin is surrounded
by urban settlements, with the River Spree and the Treptower
Park at @ lineur distunce of 42km. A total of 7500 animals
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belong to the Tierpark animal collection, representing approx.
imately 900 native and cxotic specics. Most of the animals are
birds (30,2%), mvertebrates (28.4%) and mammals (18 8%,
With 15 ha, the Zoological Garden Eberswalde is much smaller
und is located in a forested arcw The zoo is home to approxi-
mately |500 animals, representing some 150 nanve and exotic
specics. Birds again make up the majority of the kept unimals
[32.0%, followed by mammuls (27.3%) uni reples (8.8%),

Mosquito sainpiing

Masquito sampling ook place from May to September 2016
and trom April to September 2017. Collections were performed
for 24h i 2 dweek cyele i each zoological ganden, Fight
EVS traps (BioQuip Products, [nc.. Rancho Domingucz, CA,
.S AL) (Robe & Fall, 1979) were placed a1 comparahle sites in
both zoos at heights of 160-200 cm, with a minimom distance
of 50m between traps to ensure independence. As access to
animal enclosares was linated, traps conld be placed only at
freely accessible sites. The traps were operated with dry ice
evaporating carbon dioxade as un attractant. At the Zoologicul
Garden Eberswalde, the nse of EVS waps was pot possibke in
September 2016,

Additicaally, adult mosquitoes were  actively collected
from sclected potential resting sites using a battery-powered
Improved  Prokopack Aspirator (model 1419; John W Hock
Co.. Gainesville, FL, U.S.A.). In total. 15 natural and artificial
resting sites were sampled once per month in both 2oes for
Smin per session. Natural resting sites were represented mainly
by understory vegetution. artiticial resting sites by caves and
wooden or stone constractions with shaded hiding places. The
heights of the sampled sites varied from 1 m to 3m.

Any mosquitoes that tried o wtack the collector during
ficldwork were also captured and later referred to as hand
catches'. Collected mosquitoes were conserved on dry ice und
stoved frozen (—80°C) uatil farther peocessing.

Mosquito identification

Marphological specics determination was performed using
the identification keys of Schaffner erol (2001} and Becker ez al,
12010). Complex species were wdentified genetically. Anople-
fes maculipennis complex  (Dipteru: Culickdue) specimens
tincluding Anopheeles atroparves, Anopheles dacioe, Anophe-
fes maculipennis und Anopheles messeae) were unulysed by
species-specific internal transcribed spacer 2 (ITS2) pol ymerase
chain reaction (PCR) (Proft e1wi.. 1999: Kroacfeld ¢ al., 2014),
whereas the identification of Cr. pipiens complex specimens
(including Cx. pipiens biotype pipiens., Cx. pipiens biotype
mofesties and Cielex forrentivm) was camed out using a multi-
plex real-time PCR assay (Rudolf eral., 2013} Because of dam-
age to or the absence of characteristic identification cucs. some
mosquitoes not belonging (0 a species complex were not identifi
ahle marphologically, Tn these cases, specimens were subjected
to cytochrome oxidase gene subunit I (COI) barcoding (Folmer
etal., 1994: Hebent 2 al., X003), Females belonging o the Aedes
cinerews and Aedes annutipes (Dipterw: Culicidae) groups were
evaluwted ut group level as species determination was possible
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neither morphologically nor genetically, For the same reason,
Cudiseta morsitans (Diptera: Culicidac ) and Coliseta fumipennis
females (Dipteny: Culicadae) were yointly analysed.

Bloodmeal identification

Bloodmeals were wentified based on PCR umphibeation
und sequencing of a polvmorphic region of the venebrute
mitochondrial 168 ribosomal DNA (fDNA L DNA was prepared
from individual blood-fed mosquitoss using the NuckoMag®
VET Kit (Macherey-Nagel GmbH & Co. AG, Duren. Ger-
many), following the manufacturer’s protocol. The unversal
PCR primers and protocol were those descnibed by Kitino erol.
{2007). When the 168 rDNA PCR assay failed. another PCR.
targeting & specific part of the IRNA“feviochmme b gene of
vertebrate DNA, was conducted using primers and protocols
according to Woll eral. (1999).

Fach PCR assay included a “no-template control” (NTC) and
a positive control (rut DNA) run in parallel with the test samples
(e.g- Burken-Cadena ez af., 2008a. Barrera et al.. 2012, Stevens
eral., 2012). Previous studies have shown that the PCR procwocol
consistently amplifies vertebrate DNA of any origin, which is
why only one DNA sample (var) was routinely used as a positive
control.

In order o avoid coatamination, the varous experimental
steps were carried oul m separate rooms or laboratory hoods.
The PCR products were checked by electrophoresis on 1.5%
agarose gels. excised and recovered wsing the QIAquick Gel
Extraction Kit (Qiagen GmbH, ITilden, Germany). Products
were subsequently analvsed by Sanger DNA sequencing using
the BigDye Terminator Version 1.1 Cyele Sequencing Kit
(Apphied Riosystems Deuntschland GmbH, Darmstadt, Ger-
many). Products were purified using NucleoSEQ Columns
{Macherey Nagel GmbH & Co. AG) hefore they were loaded
onto a 3130 Geaetic Analyzer (Applied Biosystems Deutsch-
lund Gmbl}. The data obtuined were analysed with the
bioedit programme Chromas (hrp:ffsww. techaelysinm.com
.aw/chromus2 html), und high-guality sequences (1.¢. seguences
without artefacts and signs of contamination) were aligned
against seguences aviiluble in GenBank using the BLAST algo-
rithm in the National Center for Biotechnology Information
(NCBI) database {Altschul eral., 1990).

The best fiting vertebrate species that was reasonable was
chosen as the blood host specics. Sequeace similaritics kower
than 95% indicated questionable wentitics and were not coa-
sudered, Sometimes, maore than one species fitted by more than
95% and were geographically plausible. In such cases, however.
the possihle bost species belonged to the same family, such as
in the cervids Dama dama (Artiodacty lu: Cervidae) and Cervus
elaphus (Artioductyla: Cervidae), and hence these hosts were
evaluated only af the family level.

Data analysis
As not every specimen belonging 1o the An. maculipennis

and Cx. pipiens complexes could be identified to species level.
statistical unulysis included both only as complexes.
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Post-bloodmeal flight distances were calculated only  for
mosquito species feeding on exotic host specics found at the
Tierpark Berdin or the Zoological Ganden Eberswalde, bat not
normally present in Germany. The distance from the centre of
the exatic amimal’s enclosure 1o the mosquito sampling site
was determined to the nearest metre using GPS. as described
by Greenherg ctal. 12012). A one-way analysis of vanance
(anova) was conducted using R (R Core Team, 2017} to test
if flighr distances varied significantly amaong mosquito species.
Before analysis, measured distunces were Box=Cox trans-
foemed foe normal distribution with a A-valoe of 0.5, The level
of significance wus setat P <005,

A co-occurrence analysis according to Chaves eral. (2010)
wis conducted to test if mosquito feeding pattems wre rundom
or stuctured. Analysis was performed in R, vsing the package
LeoSimR (Gotelli eval., 2013). [For both zoos, the null hypothe-
sis that mosquito species were cqually likely to foed on any host
species was tested, To do so, the checkerboand score (¢-score)
(Stone & Roberts, 19901 wis applied 1o detenmine the random-
ness of the distribution of two ar more specics feeding on differ-
ent host species.

In ceder to use the e-score for the analysis of host peeferences.
15 formula was interpeeted as stated by Chaves ez of, (20141), The
duty consisted of g binary presence—absence matrix in which
each row s o mosquito species and each column is one of the
observed host specics. The enwies represent “feeding” (13 or "not
feeding” (0) on the host. As some of the hloodmeal hosts could
be identitied only to family level and exemplary analysis of duta
avarlable a1 species level produced no added valoe. all hosts
were unalysed at the family level, The applied null models were
fixed-equiprobable. For the test, 1000 randomizations of the
null models were calculated. In the interpretation of the results,
the standardized effect size (SES). which converts the P-value
into a standurdized deviate, was applied. Non-significant tail
prohabilities fall berweea — 2.0 and + 2.0, which would mean
that the simulated distribution of mosquito species and hosts
does pot differ significantly from their observed distributioa
pattern, This would indicate a random feeding pattern and no
pronocanced host specificity.

Toillustrate whether mosquito species can be subsumed under
larger groups according to taxonomically related blood hosts. &
two-way cluster analysis was performed with past Version 3.x
Chitps:/ffolk uio nafohammes/past/), using the unweighted pair
group with arithmetic mean (UPGMA ) method with Euclidean
distance. For this analysis, blood hosts were grouped into
‘non-human mammal’. ‘human’, ‘avian' and “amphibian’. and
dara were log, transformed for nonmal distributson. Mosquito
species for which only one analysed bloodmeal was availuble
were not inchided in the cluster analysis.

Resuits
Masquito collection
A totad of 4605 mosquito specimens belonging to 21 tuxu

were collected. of which oaly five raxa were not represented
by blood-ted specimens (Aedes caspius, Aedes punctor, Aedes
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Table 1. Blood-fed mosguito species in which the host source was successtully identified in the Tierpark Berlm and the Zoologieal Girden Eberswabde
and wvernge Aight dstinces fram the enclosures of Klentified hoses (2016, 2017),

Terpark Bedin Zoological Garden Eborswalde Flight
Flight distance distnee (m)
Specimens Blood-fed {m) mezn + ST Specimens  Blood-fed mem + SE

collected,  spocimens,  Amplificanon  (distances collectad,  specimens, Amplification  (distances
Bloud fed species ” nis success, & mesured. ) n n{%) success, © messured, w7)
Aevles pimidipe s O —_ —_ 718 |25 96.6 8898 £ 97.3(57)
proup
Aedes caraphilu 1 0 — - 8 245.m 0.0 004
Acdes cmersus group 7 1{14.3) oo 200,011y 51 0.0 NO=0.0{2)
Aevles srdorious 10 ) — —_ n 100 001003
Awvles vexans 352 H{1.7) 1nn 1293£75.0(3) 29 8.5 297 =48.2 (6)
Anophieles claviger 2 0 — — 12 2452)  BLs G1L6 =444 (25)
Anapheles 175 240137y 875 1496 =58.7 (14) 13 {230 66.7 OO0+ 110.042)
o peni iy
complex
Anopheles dacioe — — — — 47 I543319) 867 T232T2502)
Anapheles 250 TiUI88)y 957 1819+ 1421 (455 89 27303 8LS T24=533121)
muculipennis S8
Anapheles messe e 5 2{25.00 1on 0INnL130(2) 98 IS(153) 867 179 2422(12)
Anopheles plumbeus 66 416.1) oo 1340+ 35604 s E112.5) 100 —
Covpiletidia 1 1 {100 100 — 98 0 — -
richiandii
Culirera annuiata 226 21 19.3) oo 2159+ 1699200 310 Tale 9w 650=66.1(31)
Cudizeta morsi- — — — — 42 2{4.8) 0.0 —
rany/fompenn s
Culea pipiens 5 8 {10.6) 30 21255227542y 526 7{1.3) 100 —
complex
Culex pipiens bitype 305 21 69 7.0 3623+£156.243) 205 16 (7.8) 438 132.2+1239¢6)
pipiens
Cudex torrenium 3 2159 100 — 55 2{3.0) 100 &5l
Cldlex territans 16 3{18.8) oo 53 2{18) 100
Total 1536 0.1 886 1932+ 14274131 2457 265 (10.7) 909 TL2I=T76(181)

SF. standarcd crrar.

rusticus, Celex modesius, Cx. pipiens biotype molesius ). Collec-
tions in the Teerpark Berlin amounted 1o a total of 140 hlood-fed
specimens, representing 12 tuxw, and those in the Zoologicul
Gurden Eberswalde towlled 265 blood-fed specimens, repee-
senting |6 taxa (Table 1),

Allmosquito species with blood-fed specimens were collected
by aspirating, but EVS trups were also able to catch some
blood-fed specimeas (Fig. 1). [nthe case of Ae. annwdipes group
mosguitoes, EVS traps collected mare blood fed specimens
(n=2531 than the asprator (n =32},

Moseuito Bivod hosis

The amplification success of mosquito bloodmeal DNA was
generally high (90.1%). although a considerable percentage
of PCRs of blood host DNA from Cx. pipiens biotype pipiens
collected in the Zoological Ganden Eberswalde faled (Table 1),
The NTC reactions included always correctly yiclded negative
results and the positive control reactions revealed the vertebrate
species tested (rat)

Fifty-six diflerent host species belonging to 23 ventebrate
families were identified. including exotic species not native to

4 ¥ ST A FIOU [
Av. il
Aa pacvesun groap

Ae sicvicus

A weaony

LRSI
LEVY ap
B Hard cache

i maeaine s complex
An. pewbeus

Cq. rackiandis

Cs. anwafain

Ce. xwovrarans faangemnes
Cr. pypens complex

WOAe A E e 100%

Cx fevrians

Fig. 1. Mathod sof collecting Bead-fad mosquita taxn, Av Asdes An.,
Anapheles; Cq., Coquillenidio; Ce., Culisetic; Cx., Culer,

Germany (Tahle 2)Tn both sampled 2005, the host species were
mainly mammals (Tieepark Berlin: 96.8%. o = 1 20: Zoological
Gurden Eberswalde: 97.5%, n1=235). Avian (Tierpark Berdin:
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1.6%, n=2; Zoological Garden Fherswalde: 1.7%, 5 =4) and
amphibian (Ticrpark Berlin: 1.6%. n=2: Zoological Garden
Eberswalde: 0.8%, a = 2) blood hosts were rarely identified,

Tdentified blood host specses were mainly represented by
the captive zoo ammal population at both locutions (Table 2
and Fig. 2). This contrasts with the findings of an earler
study conducted in the US.AL in which mosquitoes contain-
ing bloodmeals from captive and wild unimuls were collected
in almost equal proportions {Fig. 2). In the Tierpark Berling
magor hosts belonged to the fumilies Bovidae (38.9%, 0w 37).
Camelidae (358%, n=3M) and Cervidie (7.4%, n=7). Simi-
larly, in Eberswalde, most bloodimeals that could be assigoed
to zeo amimals were from Bovidae (33.0%, n=60), Eguidae
{25.3%, a=406) and Cervidac (16%. n=40). All avian blood-
meals oniginating from the zoo animal population were from
ostriches [Strahio camelus (Struthioniformes: Struthionwdae} ],
which was also the most common avian host species (57.1%,
s =4). Homans were the second most frequent blood hosis o
both locations, whereas bloodmeals from free-roaming wild ani.
mals were rarely detected (Fig. 2). [dentitied blood hosts belong-
ing 10 the wild animal population at the Tierpark Reslin were
foxes [Vidpes vudpes 1Carnvora: Canidae), = 2], common road
| Buto bufo (Anura: Bufonidue). ne= 1], wild boar [Sws scrofa
(Artiodactyla: Suvidac), a= 1], great tit [Puews mufor (Passeri-
tormes: Paridue), n= 1] and house sparmow |Passer domesticus
(Passenformes: Passeridag), o= 1), in addition 1o a frog [Rana
sp. (Anura: Ranidac)] which could not be ideatified to species.
[n Cherswalde, two bloodmeals from wild boar (S, scrafa), one
from a fox (¥ vaipes) and two from the geaus Rana were
identified.

Blood-feeding preferences

To analyse if mosquito taxa had preferences for cermain host
fumilies. a co-occurrence analysis was conducted (Table 3).
According to the SES value, the results indicate no aggregared
pattens of mosquito species with regard to host family m either
#00as the observed pattemn showed no statistical difference from
what wouald be expected for a random feeding pattem.

Nevertheless, the mosquitoes sampled could be categori zed
into three groups based on their blood feeding behaviours
according to cluster analysis (Fig. 3). Cudex ferrirany is the only
species that fed on amphibians, which 15 why this species has
its own branch. The other mosquito species are divided into
two groups: the tirst incluwdes specimens that hud mainly fed
on non-human mammals and the second inclades karge portions
of specimens that hud ingested cither human or non-hurman
mammal blood (Fig. 3.

Past-blondmeal flight distances

Cakeulated flight distances vanied between Om and 770m,
with generally larger distances observed in the Tiemark Bedin
thun inthe Zoological Garden Eberswalde (Table 1) The longest
distance measured applied 10 An. maculipennis 85, 1770m),
but anova showed no significant difterences between species
(Flay19 =22, P=0.06).
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Discussion

The mosquito feeding pattemns found mainly confirm the use
of host vertebrates reported as tuvoured in the literature. indi-
cating that hlood-feeding behaviour in z00s does not differ from
that observed in natere (Table 2). Deviations were observed
for the mammalophilic Anopheles claviger (Dipteru: Culici-
dac), which used an avian bost (8. camelus), and amphibiophilic
Cudex tereitany (Diptera: Culicidae ). which fed oa ahuman host.
in akdition to their docurmented preferred hosts (Tablke 2),

[respective of mosquito specics. most mosquitocs mainly
used humans and pon-human mammals of the zoo animal pop-
ulations s hosts, The study protocol was designed o ensure
human-origin results did not derive from experimental contam-
ination by ficld collectors. Morcover. only samples showing
clear sequence electrophergrams without evidence of signals
from two or more DNA frugments were unalysed. Unfortunutely.
however, this approuch excluded mosquitoes that had fed ca
more than ane host.

Among non-humun mammals, lurge herbivorous mammals,
such as those of the Camelidae, Bovidue und Equidue. were
primarily identified. This is in agreement with carlier std-
ies on mosquito bloodmeal pattems in zoos, in which New
World camelids [Loma glama, Lama guonicoe, Vicugna pacas
(all: Artiodactyla: Camelidac)] (Schtneaberger eral_, 2015) or
equids [ Lguus cobalius (Penissodactyla: Equidaed] (Tuten eral.,
2002 were the most common hosts, in addition o humans, One
reason for this could be that large host specics attract mosquitocs
from a wider distance than do smuller ventebrates as they cmit
more odorants {Tane & Crosskey, 1993). Tn additon, karger ver
tebrate species may have more difficulty in repelling insects
by defence behaviour (Edman & Scott. 19871 Both body size
and the difficulty of peeventing insect bites may explain why
ostriches were the most common avian blood hosts and were
also selected by mammalophilic An. claviger.

Regardless of that, avian blood was rarcly identificd in the
collected mosquitoes, although both zoological gardens keep
more avian than mammal specimens, This is in contrast with
findings in previous zoo studics, in which binds were frequently
wentified as hosts, For example, Tuten eral, (2012) collected
a high mtio of wikl animal bleodmenls compared with the
numbers found in Berin and Eberswalde, most of which were
of avian origin. Hence, if anly the abundance of potential host
spacies was the decisive factor, mare avian bloodmeals shounld
huve been expected. One cause of the present contrury finding
may refer to the small proportion of nestlings during the study
period. Nestlings are particolarly proae 1o mosquito bites as
they display much kess defence behuviour than older birds, and
their protective plumage is not pronounced (Kake v al., 1972;
Unnasch eral, 2006). In addition. the mosquito specics sampled
were considered predominantly o be mammalophilic or at
lcast indiscriminate feeders. rather than omithophilic feeders
(Table 2).

Further, the aspirator collected mosguito species selectively
and blood-fed specimens most effectively. Thus, some mosquito
species were collected more often in a bleod-fed stutus than
others. For example. Aedes vevons (Dipera: Colicudae) prefers
to rest in understory vegetation (Burkett-Cudenu er al., 2008b)
from which ¢ scupe is casier than from shelter-type resting sites.
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Table 2. Blood hasts of mosquite mxa samplad in the rwo Gemman 200s over 2 years (2016, 201 7) and hest preferences acconding o the Nreratore,
Al speces considered nalive and free-romming e underlined.

Mosguso laxva Blood host species wentilied Hosls accordng 1o lilerwture  Relerences (e.2.)
Avdes amulipes Mammal: Axis axiv, Bison bonesus, Bos muius, Bovidae, Mamnels zd buds Medlock eval.. 2007
group Camelus dactrianus, Capra fircus, Dama dema. Equiey
aslnis, Homo saplens, Hvdrochaens hydmchaens,
Lepialirns serval, Procwon lotor, Tupirus tere steis,
Viulpes valpey
Aedes cataphWia Mammal: Dama dama Mamnls Murdock eral.. 2010
Aedes cimercus group  Mummal: Eguis asinus, Homao sapaen s, Rangifer wrandus Predominantly mammals Schanenbenger eral, 2013

Avele s apeiions
Agele s vexams

Anopheles claviger

Anopheles
macwlipennis
camplex

Anopheles dacioe

Anopheles
marculipennis s.5

Aniopheles messear

Anopheley pliumbeus
Coguillenidia

richsanii
Cufiseta anmulata

Culiseias movsi-

Mammal: Capra Mlrews, Eguus asany

Muammal: Bovidoe. Camelidar. Comelus Bactrlans,

Prodominanty mammals
Predeminantly mammal

Caragonay wageen!, Cervus eluphas, Equns aiins, Hovwe

sapieny, Vilpey vilpes

Mummal: Axic axviv, Bion bonasws, Bos grmeicns, Camelus

Mammuls

baemscanus, Capra hicus, Cervidae, Damao dawa. Equidae.
Home: sapien «, Hydeoclueels Kydeochoeris, Panthe ca pardas,

Rungsfer tarandus, Sus serofa, Tragelophis spevi

Ay i Strarho camelus

Mammal: Bos tawris. Bovidae, Budoreay saacolor,

Mammsls and birds

Camelidar, Camelus bactrian s, Cameluy dromedarius.
Cands Tupus, Caprg hircus, Eguidar, Egeis asimns, Equus
caballis, Mac ropodinae, Sus scrofa, Tavassu pecart

Mammal: Bison bovasuy, Cameles boctviunas, Capra Wircas,

Mamnals ad birds

Felidae, Panthera keo. Panthera nyrws, Rangifer tarandis,

Sue wmifn

Mammal: Bison bovas s, Bos mitis. Bos liwrs, Bovidae,

Soe complex

Budoreay weocor, Camelidae, Cameluy bactnanus,
Camelus dromedaries, Capra hircuy, Calagoms wagneri,
Caviidae, Cervdae, Cervus Nippon, Cuon alpinus, Equus
avinis, Equus zetva, Homo soplens, Hysirix indica, Lama
Lianicor, Laa pacos, Martes favigalo, Meplilis mephitis,
Ommnos americams, Oves addes, Rawgifer iiramdns,

Swneerus culfer
Avinn: Strartoo camelus

Mammal: Axic axly, Bos geundens, Camelidos, Camelus

Mammals and birds

Bacmianus, Copra hirewy, Cavitdar, Dvama dama, Faguu s
avinues. Homo sagiens, Luma gwimcoe, Macropws

nfegrises. Rangifer sorodus
Avinn: Soradio cameius

Mammal: Camelidue. Camelus dromedarucs, Homa sapiens,

s arles
Mammal: Home sagpieny

Mammal: s avir, Bison bonesus. Hos e, Bor faurs,

Mammals and birds
Mamnals sod buds

Predoomtantdy mammals

Benidae, Buballs bubalis. Camehdae, Camelus bactricanus,
Camedws dromedirlos, Capeg Macus, Cervinae, Ceevus
canadensiy, Dama dama, Eguidae, Eguis asinas, Equus
Ingrehelli, Girallo camefopuedaiis, Home sagens,
Macropodidas, Macropus niegriseus, Ovis ammon, Oviy
aries, Pandvena lvo, Rangifer tarands. Syeercuc caffer

Mammal: Homo sagpisny

Mamnals and birds®

Schdncaborger eral,, 2003
Schinenhesper eral, 2003

Schanenherper eral, 2003
Biestler eral., 2016

Scldnenberger eral, 2005

Danabalan eraf., 2014

See complex

Danabalan eraf,, 2004

Medlock etal.. 2005
Biwestier etal,, 2016
Sclwinenberger eral, 2013
Biestler etal, 2016
Sclilinenberger eral, 2003

Medlock ¢l 2002

s dfumi s
Cufex pipieny Mammal: Bovidar, Cameluy deomedarivs, Homo sagiens Mamnsls @d buds Apperson ef .. 2004
camplex
Cuiex pipiens bionype  Mammal: Copra hirws, Hoso sapiens, Mephisic mephoas, Mammals and birds Biestler eval,, 2016
Pimens Oris aries, Rangifer tarandus, Sus semfa
Aviam: Fovms maor, Posser domesticus
Cufex torrentivm Mammal: Camelidue. Homo sapiens Mamnsls @nd birds Biestler eral., 2016
Cufex terntans Mummal: [lomo sapiens Preclomirantly amphibiuny  Savage eral, 2007
Amphibian: Fufo bufo, Rava sp.
+Data wviluble for Calicera morsizans ooly,
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n=134
{A)

n=27
(B)
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Fig. 2. Origins of bloodmeals according o captive zoo animal popalarion, wild ammal populataon and humans o (A) the lierpark Belin, (B) the
Zoological Garden Eberswalde and (C) the 200s siudied by Tulen et al. (2012): Greenville Zoo and Riverbenks Zoo (South Caroling. U.S.AL),

Table 3. Co.occumence analysis of mosguik blood - feeding patlerns in the lwo sumpled 2oos, 2016 and 2017,

C-R00 SES Panetn
Lacation abserved Simulated vanance, mesn £ SD
Tierpask Berlin 4.2 461 4 007 - L6 Random
Zoalogica] Garden Eberswalde 1.29 1294002 0.78 Ramiom

c-seore, checkerboand scare: SD. siandand deviation: SES. standardized eflect size.

Therefore. it must be noted thut the outcome of the blood host
analysis is influenced not only by the relative abundances of
the verebrates available, but also by the relative abundances of
the mosquito specics in the collections, together with the relative
levels of defence behavinur in the vertebrate species available
at the time the study was conducted, and hence may not reflect
the use of the most preferred host species (Chaves ez al., 2010
Simpson eral., 2012; Tukken & Verhulst, 2013}

On a staristical basis, a random feeding pattern was identified
by co-oceurrence analysis, which indicates that the mosquito
specics collected hud no pronounced preferences for certain host
species. The present data da not allow foe clarification of the
extent to which animal species not found us host species hid
beca puarposely avoided by the mosquitocs or were not present
n the sample by chance, particularly as the analysis could
include only animal familics from which at least one bloodmecal
was available. The generalist feeding behaviour found possibly
reduces the risk for the trunsmission of mesquito-borne dis-
casc ageats, as the dilution effect might prevent the specad of
o pathogen (Ostfeld & Keesing, 20003 However, the risk for
transmission may be enhanced if the prefemed host species are
equally comperent pathogen reservoirs and a “diversity ampli-
fication” oveurs (Miller & Huppert, 2013), Such reinforcement
may be particularly prevalent in zoos, in which stressed captive
animals may be equally at risk of mfectson with locally ocur
ring pathogens. Nooctheless, cluster analysis identified three
groups of mosquitoes according 1o blood-feeding hehaviour.
One group contains one mosquito species feeding on umphib-
ans (Cr. ferrdanys), the second group consists of mosquito
taxa that fed on high proportions on non-human mammals
(Ae, clrerens group, Aedes sticticus. Ae. vexans. A claviger,
Anapheles plumbens), and the thind cluster includes mosguito

tang of which the mujority used both humans and non-human
mammals as hlood hosts and a smaller proportion used birds
as blood hoss (Ae annulipes group, An maculipennis com-
plex, Cuwliseta annudata, Cx. piplens complex). These groups
comespond to host-feeding gronps of Genman mosquito species
identibed by Bdéestler eral. (20161 Thus, the overlup of host
species as recognized by Boestler erel. (2016) for different
mosguito species collected all over Germany applies even within
the smaller scale of the zoological gardea, despite the use of
non- native vertebrate species as main bosts in the later conrext.

Culex tervitans is known to prefer amphibians as blood hosts,
but has been found to feed on reptiles. birds and mammals as
well (Savage efal., 20075 this was confinmed by the finding of
one human bloodmeal in this study. The mosquito group feeding
mainly on hoaman and non-human mammal blood also included
the species most frequently collected in o blood-fed status, All
of these are considered potenrial vectors of mosquito-borme
disease ugents und may be uble o transmil zoonotic agents.
Specics of the group that fed mainly on non-human mammals
were ess abundint in the samples, which suggests they may
show a brosder host range with a larger sample size and
explaing why the data pertaining to this group should not be
overestimited. Notwithstanding, these species may play a role
in the transmissson of pathogens within the zeo population, as
well as between captive and wikd animals,

Bloodmeals originating from frec-roaming wild animals were
rarely detected. Among these. a house sparmow and a great 1it,
which belong to the aviun order Pusseritormes, were identi fied
in the Teerpark Berlin, Passeriform birds are known to be
hous of Batw, Sindbis. Tahyfa and Usuto viruses (Gratz,
20062 Hubdlek, 2008}, all of which have been demonstrated to
circulate n Germany (Pilasks, 19872 Jésr eral.. 2010, 20113,

£ 2018 The Royal Estomalegical Seciety, Modical end Veterinary Entanalogy, dot: 10111 Lmve. 1 2350
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iCx. fervitians

Ae. vexans

A claviger

A plumbeus

Ae. cinervus group

A, macidipeniic complex

0 1] 0 amphibian
0 0.30 0 avian
Dah 158 148 buman
1.7 T4 174 pop-humnn mammal
non-humun g +
huekn dominating
= 5 nan-human mammal
; 2 dominating
e <
= =
§ 5 I amphibian
= 3

—| A saterievs

|
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.
Ik

Fg. 3. Two way cluster analy sis grouping mosquilo species acconding (o blood source {amphibian, avizm, humam, nonhaman mammal ). Ae.. Aedes;
An, Anoplieles; Co, Culiseta:, Cr,, Culex. [Colour figure can be viewad ar wilesonlinelibeary.com],

201 1b). Thus, the potential for introducing these viruses into the
700 popalation exists.

A previous study on the mosquito fauna of the Tierpark Berlin
and the Zoological Garden Eberswalde found that the loca-
tons differ in their species composition, with parially differ
ent mosquito species seting as possible vectons (Heym eral..
2018). Accordingly, the analysis of blood-fed mosquitoes also
showed differences between the zoos in terms of the num-
ber of blood-fed specimens collected. The number of engorged
mosquitocs caught in the smaller Zoological Garden Eberswalde
was highes than that in the larger Trerpark Berln, which may he
attributable to @ higher host density in Eberswakie. This muy
have led to a higher mosquito density in the smaller zoo, which
would neresse the Jevel of nuisance caused by mosguitoes.
However, as almost equal ratios of humans, and captive and wild
animals served as blood hosts at both locations and feeding pat-
terns were random for both 700, mosquito foraging behavioos
appears to be similur, imespective of mosguite sbundances.

Flightdistances varied between the zoos, with longer distances
measured in the Twerpark Beclin (up to T70m) in compirison
with those in other studics conducted in zoological gardens.
Ejirt eral. (2011 measured a maxmum distance of 380m,
Greenberg eral. (2012) of 170 m and Tuten eral, 12012) of
327m. Indeed, the Tierpurk Berdin is much lurger than the
Zoological Garden Eberswalde and the other zo0s cited and
therefore longer distances are more likely i Berlin, According
to the literature. mosguito flight capacity is strongly related to
the ecological preferences of a species and 1o its physiology, but

also to ubiotic factors such us landscape structure and climatic
conditions (Verdonschot & Besse-Lototskaya, 2014), In this
study, no significant differences among specics were observed.

Conclusions

The mosquito species collected in the present study displayed
a generalist feeding behuviour, with no statistically signifi-
cant preference for certain taxonomic famibies, although mainly
mammal hosts were identified. As frec-roaming wild ani-
mals were also derected as blood hosts, the mtroduction of 4
mosquito-bome pathogen into the zo0 animal population is
possible, and chroascally stressed animals living in captivity
are probubly partiularly vulnerable. Becuuse humans have
choser contact with wild animals in zoos than outside zoos
and mosquitoes are particularly hikely o bite visitors in the
200 arcus, a risk for pathogen trunsmission to humans should
be considered. Not to be underestimated 38 the mere nuisance
to humans und wnimals caused by biting mosquitoes. The results
of this work demonstrate that mosquito blood feeding can be
influenced by the body size and defensive behaviour of potential
hosts. and that mosquitoes do pot discriminate between native
and exotic vertehrate species when cheosing a Moodmeal host.
There are still mumy lactors influencing mesquito blood feed-
ing that require further mvestigation. For example, 1t s still not
clear if a change in or abscnee of defensive behaviour against
mosgumies in captive anmmals can affect mosquito bloodmeal

© 2018 The Royal Entcenological Society, Medical and Vererinaery Enfomolegy. doi: 10,111 1inve. 12350
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preferences. Additionally, the spatial contexts in which zoo ani-
mals are kept may influence mosquito host choee, Future stud
ies might also focus on determining the optimum method of col-
lecting blood-fed mosquitoes m onder to provide a more bal-
anced spectrum of mosqguito species and 1o obtain a differenti-
ated picture of the local annoyance caused by mosquitoes. More
detarled knowledge about the factors determining mosquito
blood-feeding behaviour can kead to a better assessment of the
risks for the ransmission of mosquitn-bome disease in general
and in zoos in particulur.
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Abstract

In Germany, knowledge of disease agents transmitted by arthropods in zoological gardens is scarce. In the framework of
ecological studies, mosquitoes were therefore collected in German zoological gardens and examined for mosquito-bome path-
ogen DNA and RNA. In total, 3840 mosquitoes were screened for filarial nematodes and three groups of viruses
(orthobunyaviruses, flaviviruses, alphaviruses) while 405 mosquitoes were tested for avian malana parasites. In additon to the
filarial nematode species Dirofilaria repens (n=1) and Setaria fundra (n=38), Sindbis virus (2= 1) and the haemosporidian
genera Haemoprotens (n = 8), Leucocyrozoon (n=10) and Plasmodium (n = 1) were demonstrated. Identified pathogens have the
potential to cause disease in zoo and wild animals, but some of them also in humans. Positive mosquitoes were collected most
often in July, indicating the highest infection risk during this menth, Most of the pathogens were found in mosquito specimens of
the Culex pipiens complex., suggesting that its members possibly act as the most important vectoss in the surveyed zoos, although
the mere demonstration of pathogen DNA/RNA in & homogenised complete mosquito is not finally indicative for a vector role.
Outcomes of the study are not only significant for arthropod management in zoological gardens, but also for the general
understanding of the occurrence and spread of mosquito-bome discase agents.

Keywords Avian malaria - Dirofilaric - Haemoproteus - Leucocytozoon - Plasmodium - Sindbis virus

Introduction

Through globalisation, both invasive mosquito species and
mosquito-bome pathogens can be introduced into temperate
climate zones such as central Europe. Climate change might
facilitate survival of the mosquitoes in the newly invaded re-
gions but alse lead to conditions allowing pathogen develop-
ment or increasing the efficiency of pathogen replication in
vector-competent mosquito species (Weissenbock et al. 2010).
As both globalisation and climate change significantly in-
crease the risk of mosquito-borne disease outbreaks (Suk
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2017). surveillance of mosquitoes and mosquito-bome patho-
gens become more and more impoertant.

Monitoring mosquito-borne pathogens faces difficulties
since not all potential vectors are known, and most infections,
particularly of animals, remain undetected. This is different in
zoological gardens, where mosquito-bome diseases are likely
to be detected in an carly stage as the health status of zoo
animals is regularly and thoroughly monitored. In addition,
stressed coptive vertebrate species can be vulnemble for dis-
case agents, rendering the zoo animals into sentinels for
mosquito-borne discases in urban settings (McNamara
2007). In parallel, zoological gardens ofter ideal living condi-
tions for mosquitoes through numerous breeding and resting
sites and provision ofa high diversity of vertebeate species for
blood feeding (Tuten 2011).

Maosguito-bome diseases have been repeatedly document-
ed from zoo animals worldwide (Adler et al. 2011). The agents
of these include vinses, filarial nematodes and avian malaria
parasites infecting non-adapied animals. For example, the first
avian infection by Dirofilaria immitis Leidy, 1856 was from a
Humboldt penguin living in a zoo in Japan (Sano et al. 2005).
Likewise, the avian malaria parasites Plasmodium reficrum
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Grassi & Feletti, 1891 and Plasmodium elongatum Hutf, 1930
were involved in vanious fatal cases in zoos (e.g. Graczyk et al.
1994: Bueno et al. 2010; Sijbranda et al. 2017).

In addition 1o known pathogens infecting vulnerable zoo an-
imals, pathogens previously not known to occur in the studied
area have been documenied trom diseased animals in zoos. In
1999, for example. the Bronx Zoo/'Wildlife Conservation Park.
New York, was cae of the first institutions recognising unusually
high bird mortality that was later atributed to West Nile virus
(WNV), which was not known from the USA at that time
(Ludwig et al. 2002). Also in Germany, the first documentation
ever of WNV was from zoological gardens, where six fatal cases
of infection occurmed i wild and captive birds (Ziegler et al,
2018). In the Zoological Garden Berlin, Germany, a Usatu virus
srain was detected in two deceasod juvenile great grey owls.
which could be distinguished from strains previously known to
circulate in Germany, demonstrating the moebility of mosquito-
borne viruses (Ziegler et al. 2016).

Other mosquito-home vinuses documented for Germany are
Batai virus (BATV). Sindbis virus (SINV) and Tahyfn vinis
(TAHV) (Pilaski 1987; Jost et al. 2010, 2011). BATV ocours
widesprend in Furope and was the most often detected vinis in
mosquitoes collected in Gemany from 2011 to 2016 (Scheuch
et al. 2018). Human infections by BATV seem to be mre and
associated with mild sympioms, but little is known on the path-
ogenicity to animals (Hubilek 2008). In contrast, SINV can
cause acute disease in humans and birds (Hubdlek 2008:
Adouchiefet al, 2016). Passeriform birds are the main vertebrate
hosts, but the virus has occasionally been isolated also from
rodents and amphibians (Hubalek 2008), According to antibody
prevalence studies in humans, TAHV is among the most com-
mon California group viruses in Eurasia (Gratz 2006), although
infection rates in hare, which are the principal vertebrate hosts
next to hedgehogs and radents, are low in Germany (Dobler et al,
2006). Whether infections produce disease in animals is un-
known but humans may develop influenza-like symptoms
(Hubdlek 2008),

The first evidence of an autochthonous Dirofilaria mfec-
tion tfrom Germany is from 2004, when Dirofilaria repens
Railliet & Henry, 1911 was isolated from a diseased dog
which had never left Germany (Hermosilla et al, 2006),
Dirafilaria repens was later also demonstrated in mosquitoes
from Germany (Czajka et al. 2014; Kronefeld et al. 2014a),
just us Dirofilaria immitis, the latter being the first evidence of
this nematode in mosquiteoes collected outside the
Mediterranean (Kronefeld et al. 2014a). Dirofilaria repens
and D. immiiis are endemic in southern Burope, where they
muainly infect canines, felines and other carnivores, but human
infections have increasingly been reported (Genchi et al.
2011). Due to improving climatic conditions, but also through
the introduction of dogs and cats from endemic countries, both
nematode species have successfully established in northern
and eastern European countries (Genchi et al. 2011).
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The nematode Setaria mndra Rajewsky, 1929 is generally
believed to be asymptomatic in its natral hosts, which are
mainly cervids, although severe disease outbrenks have been
reported in reindeer populations in Finland (Laaksonen et al.
2007). There are no documented human infections with
S. tundra.

Avian malaria is a parasitic discase caused by haemospo-
ridian protozoans. Haemosporidians infecting birds include
the genera Plasmodium Marchiafava & Celli, | 885,
Haemoproteus Kruse, 1890 and Leucocwozoon Ziemann,
1898, There is little information about haemosporidian prev-
alence in Germany, although all three genera were previously
documented (Krone et al. 2001, 2008; Wiersch et al. 2007).
While infections of native birds with indigenous haemospo-
ridian strains are usually harmless or asymptomatic, mortality
rates are high in infected captive non-native birds which are
immunologically naive (Huijben et al. 2007).

Although mosquite-associated pathogens have been de-
tected repeatedly in Germany, it remains difficult to assess
transmission risks at a local level. A recent study about the
mosquite fauna of two zoological gardens in Germany
showed that differences in mosquito species composition
can occur even within small geographic scales (Heym et al.).
Due to varying biological chamcteristics of the most frequent
mosquito species, different pathogens could therefore become
locally relevant. Additionally, blood meal analyses in the same
zoological gardens demonstrated that humans and captive zoo
animals were the most frequent blood-hosts of the collected
mosquito species (Heym et al. 2019). suggesting that trans-
mission of circulating mosquito-bome microorganisms be-
tween zoo animals and humans cannot be excluded, although
most of them might be non-pathogenic to humans.

To better estimate the transmission risk of mosquito-borne
pathogens in 2 zoo setting, the aim of this study was to analyse
pathogen species/group, time and locality of circulation, as
well as mosquito species carrying them,

Material and methods
Study locations and mosquito collection

Mosquitoes were collected in a 4-week thythm from May to
September 2016 and from Aprl to September 2017 in the
Tierpark Berlin (Berlin, Germany, N 52 49.8406", E 13°
53.0210") and the Zoological Garden Eberswalde
(Brandenburg, Germany, N 52° 82.2664", E 13 78.3025'). The
Tierpark Berlin covers an area of ca. 1640 ha, is surounded by
urban arca and harbours some 7500 animals. The Zoological
Ganden Eberswalde comprises only 15 ha, is located in a forested
area and is home to ca. 1500 animals.

Mosquito collections were conducted with eight EVS-traps
(BioQuip Products, CA, USA: Rohe and Fall 1979), placed at
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comparable locations in both zoos at 1.6-2 m height, with a
minimum of 50 m distance to ensure independence. EVS-
traps were baited with dry ice producing CO; as an attractant
and were operated 24 h per field visit, In the Zoological
Garden Eberswalde, EVS-trapping was not possible in
September 2016.

In addition. adult mosquitoes were collected from their
resting sites using a battery-powered Improved Prokopack
Aspirator (model 1419; John W. Hock, FL, USA).
Aspimtion took place at a total of 15 resting sites per zoo,
which were sampled once during every zoo visit for 5 min
cach. Resting sites consisted of shaded hiding places. which
included inderstorey vegetation as well as eaves and wooden
or stone constructions. Sampled sites were at a height of 1-
3 m. Mosquitoes trving to bite the collector during fieldwork
were also captured, later defined as “hand catches”. All col-
lected mosquite specimens were conserved on dry ice and
stored frozen at ~80 °C.

Mosquito identification

Mosquito species determination was conducted morphologi-
cally using the identificanon keys by Schatther et al. (2001)
and Becker et al. (2010).

Specimens belonging to the Anopheles maculipenanis and
Culex pipiens species complexes (An, maculipennis s.l., Cx,
prpiens s.l.) were identified genetically. Species-specific ITS2-
PCR was conducted to analyse An. maculipennis complex
specimens (Proft et al. 1999; Kronefeld et al. 2014b). Culex
pipiens complex specimens were determined by a multiplex
real-time PCR assay (Rudolf et al. 2013).

Mosquitoes not belonging to a species complex, but not
identifiable morphologically due to missing identification
cues, were subjected to COI (eytochrome oxidase gene sub-
unit 1) barcoding (Folmer et al. 1994; Hébert et al, 2003).

Females belonging to the Aedes cinereus Meigen, 1818 and
Aedes anmdipes Meigen, 1830 groups, where species identi-
fication is possible neither morphologically nor genetically,
were evaluated at the group level. Also, Culiseta morsitans
Theobald, 1901 and Culiseia ftonipennis Stephens, 1325 fe-
males were not separated in the evaluation, due to not being
reliably distinguishable morphologically or genetically.

Pathogen screening

Virus diagnostics

Mosquito pools were screened using quantitative real-time
PCRs following the protocols of Lambert and Lanciotti

(2009) for orthabunyaviruses, Chao et al. (2007) for
flaviviruses and Eshoo et al. (2007) for alphaviruses.

Filarial diagnostics

Mosquito screening for filavial nematedes was performed with
a filarioid-specific real-time PCR assay according to
Kronefeld et al. (2014a), targeting a 90 bp fragment of the
mitochondrial 16S rRNA gene. Real-time PCR dissociation
curves were analysed with the BioRad CFX-Manager soft-
ware (www.bio-rad.com), If a signal was detected, a second
conventional PCR was conducted on the sample, targeting
650 bp of the filariond COI gene (Casiraghi et al. 2001). The
resulting PCR products were processed and sequenced as de-
seribed by Kronefeld et al. (2014a). Species ideatification of
obtained sequences was conducted by standard BLAST pro-
gramme search against the GenBank nucleic acid sequence
database (Altschul et al. 1990).

Haemosporidian diagnostics

Screening for haemosporidian parasites of the genera
Haemoproteus, Leucocytozoon and Plasmodium was per-
formed with a real-time PCR assay targeting i 182 bp fragment
of mitochondrial tDNA followed by high-resolution melting-
analysis (Bell et al. 2015). Briefly, DNA was prepared from
individual engorged mosquitoes using the QlAamp DNA
Blood Mini Kit (Qiagen). Five microlive of DNA was then
used as a template in a 25 pl amplification reaction using the
2% QuantiTect SYBR Green PCR Master Mix (Applied
Biosystems, Gemmany), as well as 0.4 uM forward (R330F)
and reverse primer (R480RL), 8§ pl sterile RNase-free water
and 5 pl control or test DNA. Each real-time PCR assay sys-
tematically included a no template control (NTC) reaction and
two positive control reactions (DNA from Plasmodium avale
Stephens, 1922 and Haemoprotews sp.) ran in parallel with the
test samples. Reactions started with an incubation step at 95 °C
for 15 min, followed by 39 cycles at 94 °C for 15 5, 51 °C for
30 sand 72 °C for 30 s, and were completed by a dissociation
curve ranging from 60 10 95 °C in steps of § °C. All data were
analysed using the BioRad CFX-Manager software.

To confirm positive PCR results, two nested PCRs
targeting the cytochrome b gene were conducted, which am-
plify a 477 bp fragment in the case of Huemoproteus!
Plasmodium and o 526 bp fragment in the case of
Leucocytozoon (Bell et al, 2015). PCR products were
visualised by electrophoresis on a 1.5% agarose gel, excised
and purified by means of the QIAquick PCR Purification Kit
(Qiagen, Germany). This was followed by one-directional se-
quencing with the BigDye Temminator v1.1 Cycle Sequencing
Kit (Applied Biosystems) using the primer FIFI for sequenc-
ing Haemoproteus and Plasmodivm DNA and the primer
LS45F for Lencocytozoon DNA (Bell et al. 2015). Products
were then purified by SigmaSpin Sequencing Reaction Clean-
Up Columns (Sigma Aldrich, Germany) before loading onto a
3130 Genetic Analyser (Applied Biosystems). The genus
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assignment of the unknown samples was determined by com-
paring with sequences at GenBank.

Results

From the Zoological Gurden Eberswalde. 2407 mosquito fe-
males belonging to 20 taxa were screened for filarial nematodes
and viruses. Of these, 265 blood-fed specimens, including 17
taxa, were additionally sereened for avian malaria pamsites.

From the Tierpark Berlin, a total of 1402 mosquito females
belonging to 16 taxa were analysed for filarial nematodes and
viruses. The haemosporidian sereening was conducted on 140
bleod -fed specimens belonging to 12 taxa. Table 1 gives an
overview of the collected mosquito species and analysed
Specimens.

Filarial nematodes

In the Zoological Garden Eberswalde, filarial nematode DNA
was detected in four different mosquito species (Table 2). In
addition 1o one nematede which could not be determined to
species level, D. repens and S. tundra were identified.
Dirofilaria repens was found in Anopheles messeae
Falleroni, 1926 in July 2016, while evidence for S. tundra
came from Ae. annudipes group mosquitoes, which had been
caught in June and August 2016.

Setaria tundra was also detected in five Aedes vexans
Meigen, 1830 pools collected in the Tierpark Berlin in
July 2016. In addition, a Cr. pigiens biotype pigiens Linnaeus,
1758 specimen was found positive for a filarial nematode that
could not be identified to species level (Table 2).

No filarial nematode DNA could be detected in mosquitoes
collected in 2017,

Mosquito-bome viruses

SINV-RNA was demonsirated in July 2016 in the Tierpark
Berlin in a mosquito peol (12 individuals) belonging to the
Cx. pipiens complex (Table 2). Mosquito-bome viruses were
neither detected in mosquitoes collected in 2016 in the
Zoological Garden Eberswalde nor in 2017 in any of the zoos.

Haemosporidian protozoans

DNA of haemosporidian parasites of the genera
Huaemoproteus, Lewcocytozoon and Plasmodam was demon-
strated in mosquitoes from both zoos (Table 2).
Haemoproteus sp. DNA was detected in the Zoological
Garden Eberswalde in one Cx. pyiens biotype pipens mos-
quito collected in July 2016 and two Cx. pipiens biotype
pipiens mosquitoes collected in August 2017 (Table 2),
Huemoproteus sp. was also identified in one Cx. pipiens

&) Springer

Table 1 Analysed number of specimens per mosunto species collected
in the two sampled Genman zoos
Tierpark Berlin Zoological Garden
Ebcrswalde

Total no. of specimens  Total no. of specimens
(no. of blood-led (no. al blood- ted

Species

specimens) analysed  specimens ) analysed
Ae. anmdipes group' S () 699 (88)
A, cagius LR 1)
A, conaphylla 10 6(2)
Ae. cinereus group! 7 44(5)
Ae. punctor 0 15a)
Ae. nusticus (IR 1(0)
Ae. sucricus 1000y 103}
Ac. wexuns 352(6) 20(8)
An. daviger 20 1H7T(32)
An. :mmli;:mm'( 175 (24) 4(3)
complkx
An daciar 210 46(15)
An. maculipennis 8.5, 245 47) 8927
AN, messeae 712) 98 (13)
An. plumbens 15¢1) 4
Cq. nekiandis 1 98 (0}
Cv. anmdat 142 (21) 290 (37)
Cr. 0y 42(2)
mOrsians's
fumimmus'
Cx pipiens complex® 75 () 54 (7)
Cx. g biotype 20 00
maoNey ey
Cx. p. biotype piptens 305 (21) 202 (16
v Larreniivm 34(2) 53¢2)
Cx. mendesius 3 2{0)
O territans 16(3) 53(2)
Totl no ol species 17 20
Total no. of specimens 1402 {1440) 2407 (265)
sl ysed

! Relinhke morphological or genetic dfferentintion nat possihle
2 Not identified ta species

biotype pipiens and one Cx. rorrentivon Martini, 1925 speci-
men, respectively, collected in the Tierpark Berlin in 2017,
Leucocytozoon sp. was demonstrated in the Zoological
Garden Eberswalde in 1 mosquito belonging to the An.
maculipennis complex (Table 2). The positive sample originat-
ed from June 2016. In the Tierpark Berlin, Leucocytozoon sp.
was detected in one Cx. pipiens biotype pipiens mosquito col-
lected in 2016 and in three Cx. pipiens biotype pipicns mosqui-
toes and one Culex torrentian collected in 2017. The positive
Cax. pipiens biotype pipiens mosquito collected in June 2016 in
the Tierpark Berlin was co-infected with Haemoproteus sp. and
Plasmodiwn sp. (Table 2). while three Cx. piprens biotype
pipiens mosquitoes collected in May and July 2017 were found
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Table 2 Mospnto-bome -
pathogens fourd in mesquitoss in Pathogen Mosquito Number of specimens’ Collection Locaton'”’
the owo sampled German zocs Pecies pools tested positive month. vear
[mosquito collections May
September 201 6. April Filarial nematodes
September 2017) Dirmfilaria repens An. messse 1 July 2016 ZE
Filarioiden sp, Cix, gnrentivm 1 June 2016 ZE
Filarioidea sp. Cix, piplens 1 June 2016 m
hiofypc
Dipiens
Seturia tundra Ae. annulipey 2pools (r=5,7) June 2016 VA
group 1 August 2016 ZE
Setarta tundra Ae. vexans Spoolsin=2,10, 10, 14, July 2016 B
7
Viruses
Sindbis virus Cx. pipiens 1 pool (n = 12) July 2016 B
complex
Haemospondia
Haemoproteus sp. Cox. piplens 1 July 2017 ™
biotype
Dipiens
Haemapeoeus sp, Cr, denrventivm 1 July 2017 L
Haemaproteus sp, Cx, pipieny 1 July 201/ ras
biotype
pipriens
Haemoproseus sp. Cor. pipicns 2 August 2017 ZE
biotype
Dipiens
Leucocyfozoon sp. Cix. pipiens 1 June 2016 B
hwtype
pipiens
Leucocyioon sp. Cr. pipieny 2 June 2017 ™
biotype
Dipiens
Lewcocysozoon sp. Cx. piplens 1 Seprember B
bixotype 2007
piiens
Leucocviomon sp. Cr. enrentivm 1 June 2017 B
Leucacyiozoon sp A 1 July 2006 ZE
maculipenniy
complex
Heemaopieuy Cr. pipiieny 1 May 2017 ™
sp./Leucocytozoom sp. biotype
co-infection Dipiens
Heemapvriteuy Cr. pipieny 1 July 2007 ™
spLencoeytozom sp. biotype
corinfaction pipiens
Haemaoproteus Cx. pipiens i August 2017 ZE
spLeucocyiazom sp. bwotype
co-infection pipiens
Flasmodium Cix, pipiens 1 June 2016 "
spleneyozom sp. hxotype
co-infoection pipiens

! 28, Zoological Gonden Fherswalde

T8, Tierpark Berlin

co-infected with Haemoprotews sp. and Lewwocytozoon sp. One
Cx, pipiens biotype pipiens co-infected with Haemoproteus sp.
and Lexcocytozoon sp. from the Zoological Garden Eberswalde
was collected in August 2017,

Discussion

In the past. infections in zoo animals were mostly imported
together with their hosts, which had been capmured in the field
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(Canavan 1929). Nowadays. zoos are increasingly able to
maintain their animal collections by own breeding or ex-
change with other wildlife parks, indicating linkage of poten-
tial infections to transmission within the zoo area. By
analysing hacmatophagous arthropods in the zoo area, it can
be examined to what extent vector-borne pathogens circulate,
even if there are no acute disease cases. Knowing circulating
disease agents helps better assess risks that humans and ani-
muals are exposed to in zoological gardens.

While 2. repens has not been documented from a zoo
animal yet, the parasite had already been detected in
Germany in 2011 and 2012 in mosquitoes caught only
30 km away from the Zoological Garden Eberswalde
(Czajka etal. 2014), and. apparently, autochthonous infections
had been disgnosed in dogs in the same federal state of
Brandenburg {Sassnau et al. 2009). An established wansmis-
sion cycle of this filarial species in that arca can therefore be
assumed. It is conceivable, that the nematode found in this
study came from a fox, which is a possible reservoir host
(Magi et al. 2008). At this point. it is unclear if 7oo animals
in the Zoological Garden Eberswalde are asymptomatically
infected with /). repens, as happened to & snow leopand in
Japan infected by D. immitis (Murata et al. 2003).
Awareness for 1. repens is needed not only regarding the
zoo animals but also regarding zoo visitors since this filarial
species is the main agent of human dirofilanasis in Europe
(Gratz 2004). Principal vectors of D. repens are supposed to
be Aedes albopicrus Skuse, 1895, Cx. pipiens s.l. and An.
maculipennis 8.1 (Cancrini and Gabrielli 2007), the latter in-
cluding An, messeae, a species found infected in this study and
shown to feed on humans ina previous study in the Zoological
Garden Eberswalde (Heym et al, 2019),

The main vectoss of S. nndra are Aedes species (Laaksonen
etal. 2009), corresponding with the finding of the worm in the
Ae. annulipes group in this study. However, S. rundra has been
shown to be not very vector-specific, which could increase the
probability of the nematode to expand its geographical range
(Laaksonen ¢t al. 2009). In Genmany, the worm was detected in
mosquitoes collected in the federal states of Baden-
Wuerttemberg. Bavaria, Rhineland-Palatinate and Saxony
(Czajka et al. 2012; Kronefeld et al. 2014a), Despite no known
S. tundra infection of a zoo animal, there is a certain disease risk
for cervid zoo animals if infected with the nematode at higher
doses, which had led to an outbreak of peritonitis in reindeer in
Finland (Laaksonen et al. 2007),

All filarial species that could not be identified in the present
study were demonstrated in Cufex species collected in
June 2016. This is in agreement with the study of Czajka
et al. (2012), who had also found indeterminable filarial spe-
cies exclusively in Culex mosquitoes. Due to the omithophilic
blood feeding behaviour of most Cudex species, Czajka et al.
(2012) assume that these species most likely use birds as ver-
tebrate hosts. This might also apply to the findings of this
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study, indicating that there are probably numerous
unrecognised filarial species in the field, including some with
disease potential for exotic birds held captive in zoos.

SINV had previously been isolated in Germany from Cx.
pipiens s.1. and An. maculipennis 5.1. mosquitoes collected in
2009, 2013 and 2015 (Jost et al. 2010; Scheuch et al. 201X).
The detection of SINV in a mosquito pool in the Tiempark
Berlin was from a July sample, which is consistent with Jost
et al, (2010), who measured the highest mosquito infection
rate with SINV in Germany in the same month in 2009,
Main hosts of SINV are migratory birds, which could spread
the virus over long distances (Jést etal. 2010). For this reason,
it is likely that the mosquitoes tested positive in this study had
obtained the virus from a wild bird and not from the zoo
animal population. Although there are no SINV cases of cap-
tive animals documented until new, the poteatial of the virus
to infect humans makes this pathogen an important arhovirus
in Germany.

Since most studies on avian malana pamsites focus on
vertebrate hosts, evidence of these blood pamsites from inver-
tebrate species is of major importance 10 better understand
disease epidemiology. Avian malaria parasites of the genus
Haemoproteus are the most common and least pathogenic
haemosporidians infecting wild birds (Atkinson and van
Riper 1991). Transmission of Haemoproteus species has been
shown to be continuous throughout the mosquito season, al-
though main vectors are supposed to be biting midges
(Atkinson and van Riper 1991), The detection of
Haemoproteus sp. in this study is the fust documentation of
this protozoan genus from Geman mosquitoes. A study by
Valkiunas et al. (2013), analysing Aedes cantans Meigen.
1X18, has shown that Haemoproteus species indeed undergoe
sexual processes in mosquitoes. and DNA can be detected in
the head, thorax and abdomen of an infected mosquito, but
sporogonic development is terminated in the cocyst stage
without the formation of sporozoites, Gutiérez-Lopez et al.
(2016) demonstrated Cx, pipiens to be a competent vector of
avian plasmodia, but not of Haemaoproteus sp.

The blood parasite Lewcocytozoon is known to infect main-
ly domestic poultry and waterfow] (Atkinson and van Riper
1991), but was recently also detected at a very high prevalence
mate (835.3%) in crows from southem Germany (Schmid et al.
2017). Infections oocur mainly in spring and fall {(Atkinson
and van Riper 1991), corresponding to the demonstmtion of
Leucocytozoon sp. in this study in June and September.
Similar to Haenoproteus sp., mosquitoes are no proven vee-
tors of Leucocytozoon sp.; instead, black flies are considered
the main vectors (Atkinson and van Riper 1991).

Haemoprotews sp. and Lewcocyiozoon sp. were the only
pathogens in this study documented in both project years,
indicating a high prevalence of the parasites at both locations.
Both groups of parasites had been detected in birds from zoo-
logical gardens before, and a study conducted in the
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Oklahoma City zoo revealed that 149 of wild and captive bird
species harboured them (Halpemn and Bennett 1983; Chagas
et al. 2016). Also in the Zoological Garden Eberswalde, mas-
sive infections of snow owls with species of the
Huemoproteus subgenus Parehaemogrotens had previously
oceurred, subsegquently resulting in regular malaria prophylax-
is in owls and penguins (Valentin et al. 1994).

Avian malaria parasites of the genus Plasmodium were
only detected in the Tierpark Berlin in 2016. Main vectors
of avian Plasmodium species are Culex mosquitoes
(Huijben et al. 2007), in which the parasite was also de-
tected in this study. Plasmodium infections in evolutionari-
ly adapted wild birds appear to be relatively harmless, but
infections of captive non-adapted birds are often fatal
(Huijben et al. 2007). Thus, avian malaria is one of the
major causes of captive penguin mortality (Grilo et al,
2016). Infections of penguins are a worldwide problem in
zoos, with recent reports from Japan (Ejiri et al, 2009),
Brazil (Bueno et al. 2010) and Israel (Lublin et al. 2018).
Also in the Tierpark Berlin, avisn malaria is well known.
and penguins are subjected to routine malaria prophylaxis.

Despite a study on blood meal paterns of mosquitoes
collected in the Tierpark Berlin and the Zoological Garden
Eberswalde showing low numbers of avian blood meals
(Heym et al. 2019). the detection of avian pathogens in this
study suggests Culex/avian interactions in both zoos. This
is of major importance, since birds are especially important
as reservoirs and amplifiers of zoonotic pathogens
transmitted by mosquitoes. Hamer et al. (2012) showed
that birds trapped in urban sites were more often seropos-
itive for WNV than birds from less urban locations. This
could have also been the case in the present study, as the
only mosquito-borne virus was detected in the urban
Tierpark Berlin. Additionally, with six mosquito pools
and 11 single mosquito specimens positive for vector-
borne pathogens, disease agents were more prevalent in
Berlin than in Eberswalde, where two mosquite pools
and cight single specimens tested positive for one or more
pathogens. Among the pathogens. D. repens was only de-
tected in the Zoological Garden Eberswalde, while SINV
was only detected in the Tierpark Berlin, indicating that
different pathogens can be imporant at different locations,
depending on various ccosystemic factors, as already
discussed by Heym et al.

Most of the pathogen-positive mosquitoes were collected
in July. This is in agreement with carlier studies that analysed
mosquito-bome viruses and filarial nematodes in Germany
and obtained most pathogen-positive mosquitoes from July
to September (Kronefeld et al. 2014b; Scheuch et al. 2018).

Since some of the detected disease agents were only dem-
onstrated in one of the project years. it cannot be clarified
whether the pathogens are firmly established at the study sites.

As no infection of a zoo animal with one of the pathogens
detected in the mosquitoes was registered over the course of
the project, the prevalence of circulating pathogens still seems
to be rather low. As for vinuses and filarial worms, this as-
sumption is supported by other studies (Kronefeld et al.
2014a; Scheuch et al. 2018). More prevalent are certainly
avian malaria pamsites of the genera Haemoproteus sp. and
Lewcocyozoon sp. which were not only detected in this study
in hoth zoos in both project years but have been repeatedly
demonstrated in Germany previously from infected birds
(Krone et al. 2001, 2008; Wiersch et al, 2007).

Although a relatively low number of mosquitoes were test-
ed compared with other studies analysing mosquito-borne
pathogens. it can be stated that several pathogen-positive
mosquito specimens collected in the zoos were demonstrated
in this study. This is of major importance, since operators of
zoological gardens are pretty much aware of the risk of
arthropod-borne diseases in zoo animals, such as avian ma-
laria, but there is still little attention given to the vectors which
transmit the disease-causing pathogens. In a closer collabom-
tion between entomologists and zoological gardens, pathogen
circulation could be detected in an carly stage and vector
control measures be implemented if considered necessary.
This could be particularly relevant in Germany where
mosquito-bome pathogens and their vectors have been
neglected for decades. Only recently, activities to screen po-
tential vertebrate hosts and mosquitoes for disease agents
have been resumed (e.g. Jost et al. 2010, 2011a, 2011b:
Michel et al. 2018; Scheuch et al. 2018). In 2018, WNV
emerged in Genmany for the first time, with the first evidence
coming from zeos and wildlife parks (Ziegler et al. 2018).
Thus, zoological gardens can be excellent locations to detect
and analyse such incidents, since here potential vertebrate
hosts and vanous mosquito species live close together within
a defined space, and previous disease cases should be known.
Mosquito and mosquito-borne disease agent surveillance in
zoological gardens would not only help zoos to protect their
animals, but could, as a by-product. also contribute to public
health surveillance.
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6. Summary

The present work focusses on the mosquito populations of two zoological gardens in
Germany with the aim to better understand mosquito biology of native species and to
contribute to a greater awareness of mosquito and mosquito-borne disease agent surveillance
in zoos. For this purpose, data on species composition, blood meal patterns and mosquito-
borne pathogens were analysed. The investigated zoological gardens differed not only in their
sizes and animal stocks, but also in their surrounding environments. The 160 ha Tierpark
Berlin is located in a densely populated urban area, while the 15 ha Zoological Garden
Eberswalde is surrounded by forest.

To gain an overview about the mosquito fauna of both zoos, adult specimens were caught by
aspirating and EVS-trapping during the 2016 season. In addition, larval stages were collected
from their breeding sites located in the zoo areas. In total, 2,257 mosquitoes were sampled,
belonging to 20 taxa. Seasonal differences between the zoos were documented, both in terms
of species composition and the relative abundance of mosquito species collected. As the
studied zoos were located in the same climatic region and both locations provided similar
breeding sites, differences in species composition were attributed to the entry of mosquitoes
from surrounding landscapes. Influencing factors could have been the different sizes of the
zoos and variations in the potential host animal populations.

According to the vector potential of most frequently collected taxa in the Zoological Garden
Eberswalde (Annulipes Group, Culiseta annulata), TAHV, USUV, WNV, filariae and avian
malaria parasites appear to have the highest risk of being transmitted at this location. In the
Tierpark Berlin, Aedes vexans was the most frequently collected mosquito species, suggesting
a theoretical risk for the transmission of a broader spectrum of pathogens due to covered
vector competences. Pathogens such as BATV, SINV, TAHV, USUV and filarial worms
could be of major importance regarding transmission risk to zoo animals, as they had
previously been found to circulate Germany. In addition, avian malaria parasites represent a
considerable risk for susceptible exotic bird species in Berlin.

Since the blood-feeding behaviour of vector-competent mosquito species has a major
influence on the transmission of a mosquito-associated pathogen, the analysis of blood meal
patterns is crucial to better understand vector-pathogen cycles. Therefore, blood meals of
blood-fed mosquitoes caught in 2016 and 2017 by aspirating and EVS-trapping in the
Tierpark Berlin and the Zoological Garden Eberswalde were analysed. The aim was to
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investigate to what extent native mosquito species accept exotic zoo animals, wild native
animals and humans as blood hosts. In addition, it was examined whether the collected
species are generalists or specialists when selecting vertebrates for blood feeding.

A total of 405 blood-fed mosquitoes from 16 taxa were collected. The genetic analysis of
blood meals identified 56 host species, which — in addition to humans — mainly originated
from mammals of the zoo animal populations. In agreement with the previous study on the
mosquito fauna of the Tierpark Berlin and the Zoological Garden Eberswalde, the analysis of
blood meals also showed differences between the two zoos. In the smaller Zoological Garden
Eberswalde, a higher number of blood-fed mosquitoes was collected than in the Tierpark
Berlin, probably caused by a higher host density in Eberswalde, which may have led to an
overall higher mosquito density. However, no differences between both zoos were observed
with respect to the blood feeding behaviour of the analysed mosquito species: Mosquitoes of
both locations were rather generalistic, although species could be grouped according their
blood meals into 'amphibian’, 'non-human mammal' and, ‘non-human mammal and human’
feeding species. The more random selection of hosts could indicate a low probability of
effective pathogen transmission by applying the 'dilution effect’. Notwithstanding, since wild
animals have also been accepted as hosts, pathogen transmission by bridge vectors from one
vertebrate group to another could be relevant in the sampled zoos.

Adult mosquito specimens collected in 2016 and 2017 were screened for filarial nematodes,
avian Haemosporidia and mosquito-borne viruses. Dirofilaria repens was detected in a
mosquito from the Zoological Garden Eberswalde. Mosquitoes from Berlin and Eberswalde
were tested positive for the nematode species S. tundra. Sindbis virus was found in a
mosquito pool collected in the Tierpark Berlin, while no mosquito-associated viruses were
detected in specimens collected in the Zoological Garden Eberswalde. Mosquitoes from both
zoos were positive for the haemosporidian parasites Haemoproteus sp. and Leucocytozoon
sp., and one documentation was made for avian Plasmodium sp. in the Tierpark Berlin.

The identified pathogens have the potential to cause disease in captive and wild animals, and
some of them also in humans. Most of the mosquitoes tested positive had been collected in
July, suggesting a high infection risk during this month. Since most pathogen detections were
made from species belonging to the Cx. pipiens complex, species of this complex seem to be
most relevant in the studied zoos when it comes to mosquito-borne pathogen transmission.
Although mosquitoes are no proven vectors of most of the avian malaria parasite genera
found, evidence for Haemoproteus sp. and Leucozytozoon sp. demonstrated a high prevalence

of avian malaria parasites in the zoos.
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In summary, the results of the three studies indicate regional differences both in the mosquito
species composition and in the occurrence of mosquito-borne pathogens. However, no
differences were found between the mosquito communities of both zoos concerning their
blood feeding behaviour, suggesting that the general behaviour of the insects is location-
independent.

Several potential disease agents were found in the collected mosquitoes, although not at high
abundances. Whether these pathogens were found by chance in the two zoos or whether the
particular zoo environment is a hot spot of arthropod-borne pathogens cannot be determined
with the studies conducted. Nonetheless, it seems clear that zoological gardens are attractive
to mosquito females not only in their search for breeding sites, but also when looking for
blood hosts and places for mating or resting. These advantageous conditions also attract
mosquito species that have their larval habitats outside the zoological gardens, which is why
elimination of breeding sites on the zoo premises alone will not necessarily keep away all
mosquitoes.

A closer collaboration between zoological gardens and entomologists could be beneficial for
both. Zoo officials could benefit from being able to identify potential arthropod vectors on the
zoo grounds and receiving information on circulating arthropod-borne disease agents, as well
as on the animal species susceptible to those. For entomologists, zoological gardens are ideal
research locations, as they provide an environment with a high diversity of habitats and
potential blood hosts for haematophagous arthropods in a confined space.

Studying mosquito biology will become even more significant in the future, since in a world
that is getting smaller, both potential vectors and pathogens are regularly introduced into areas
where they did not occur before. Therefore, it would be desirable if more studies targeting
ecological as well as infectiological aspects of vector species in zoological gardens in

Germany were carried out.
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9. Appendix

9.1 Pictures of mosquito breeding sites
9.1.1 Mosquito breeding sites of Zoological Garden Eberswalde
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9.1.2 Mosquito breeding sites of Tierpark Berlin
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9.2 Pictures of mosquito resting sites
9.2.1 Mosquito resting sites of Zoological Garden Eberswalde
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9.2.2 Mosquito resting sites of Tierpark Berlin
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9.3 Pictures of EVS-trap locations
9.3.1 EVS-trap locations of Zoological Garden Eberswalde
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9.3.2 EVS-trap locations of Tierpark Berlin




