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Abstract

This research explored different aspects of two hippoboscid
species: Lipoptena cervi (Linnaeus, 1758) and L. fortisetosa Maa, 1965,
which are hematophagous ectoparasites infesting mainly cervids and
occasionally biting humans. Investigations aimed at enlarging the
general knowledge on these species particularly renowned for their
possible role in human and animal health implications. To achieve the
research goal several studies groupable into five sections have been
conducted. In the first section an overview on the Hippoboscoidea
superfamily has been presented in order to show the scenario in which
the studied hippoboscids are included. The second section regards
morphological investigations that allowed to underline the peculiar
body characters discriminating L. cervi and L. fortisetosa which are
commonly mistaken. Additionally, several morphological adaptations
that some hippoboscid species differently evolved to efficiently live
together with their hosts have been shown. The process by which
ectoparasites locate the victims has been carefully discussed in the
third section. This topic has been assessed by examining L. fortisetosa
colour attraction trough an experiment conducted in field. This trial
allowed to prove that the fly is able to discriminate colours and uses
visual stimuli to find hosts. Besides, observations on the antennae of
different hippoboscid species have been performed using scanning
and transmission electron microscopes approaches. Morphological
studies provided a detailed description of the conformation of these
structures with a particular focus on the sensory pattern. Sensilla have
been mapping and typing, and, thanks to ultrastructure performed on
L. fortisetosa, the involvement of chemoreception played by basiconic

and coeloconic sensilla, as well as by other antennal features, has been




hypothesized. The four section includes the core data of the PhD
program. It deals with the diffusion of the two studied Lipoptena spp.
in central Italy and is focused on the relation these insects established
with their main cervid hosts. Parasitism dynamics and infestation
preference, in terms of species, sex, and age classes of hosts, have
been investigated comparing the results of the two hippoboscid
species. Further, phylogenetic analyses on L. fortisetosa have been
performed with the purpose of giving information useful to trace the
route this ectoparasite travelled from the native country Japan to
Europe, probably carried around by its original host, Cervus nippon.
Finally, the last section reports the results obtained by the
characterization of the bacterial community of L. fortisetosa. This
research proved that the fly harbours several pathogens of medical
interest confirming that it represents a possible risk for human health

as carriers of microorganisms potentially responsible of diseases.




Introduction

Parasites are considered as organisms evolved to be dependent
on other individuals of different species with which they are linked at
diverse association levels (Barnard, 1990). Among the numerous
arthropods, a relatively small group of species (ticks, mites, some flies,
myiasis, fleas, and lice) developed the ability to live directly at the
expense of other animals, entailing a relationship potentially
detrimental for these latter. If the relationship is harmful to the host, it
is named as parasitism (Wall and Shearer, 2001). The degree of
damage can vary considerably and generally it does not directly entail
lethal consequences for the host, allowing in this way the parasite to
survive at host' expense (Paakkonen, 2012). Organisms that live
externally to their victims, on the epidermis or burrow into the coats,
are called ectoparasites. The parasitism can be facultative if the
ectoparasite exploits the victim occasionally not being totally
dependent on it, otherwise it is described as obligatory. In addition, a
parasitic relationship varies according to the intimacy of the association
between insects and hosts. In fact, the ectoparasites can be defined as
permanent if they complete the life cycle entirely on the host,
semipermanent if they just spend several days continuously on the
subject, or occasional ectoparasites if they parasitize a host only
sporadically (Mullens, 2003).

Ectoparasites are exploitative animals that obtain from the host
everything they need to survive. Firstly, the host provides the food
source (blood, epidermis, or skin secretions), but, in case of permanent
ectoparasites, the host's body also represents the environment in
which the parasites persistently live and offers them the proper degree

of heat and moisture, the protection from the external habitat and the
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site for the reproduction (Wall and Shearer, 2001). Additionally, the
ectoparasites can unintentionally use their hosts as transports capable
to carry them worldwide, with the possible risk of an arthropod
colonisation in new geographical areas. The number of species (plants,
animals, and microorganisms) invading new territories has greatly
increased in the last centuries; for example in Europe the introduced
species expanded 76% in less than 40 years (Mazza et al., 2014). This
growth is mainly a consequence of changes in the social organisation
and the world population growth, which lead to increase human
movements, transports, and commerce, raising the probability of
accidental introductions of alien species (Mack et al., 2000; Pimentel et
al., 2001). Relocations of plants and animals have been carried out by
humans both accidentally and intentionally, but the majority of invasive
insects has been likely dispersed inadvertently (Mack et al., 2000).
Regardless of the causes, invasions of biotic species may likely entail
ecosystem damage, although with great variations in the adverse
consequences. A particularly high concern regards the spread of
insects potentially harmful to animal and human health (Mazza et al.,
2014).

Large vertebrates spreading throughout the world can be
dispersing-agents for the ectoparasites they carry (Boulinier et al.,
2001). According to the “enemy release hypothesis”, in fact, the hosts
can lose the ectoparasites during the invasion, increasing
consequently their survival and gaining advantages over native
animals to which insects are likely to adapt (Prenter et al.,, 2004).
Among large vertebrate groups, also deer have frequently been
agents of accidental or deliberate introductions all over the world due
to several different reasons. These animals were traded for restocking

farms or to be kept in captivity for recreational or conservational
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purposes, as well as for hunting activities. Additionally, natural
wanderings or migratory movements may have contributed to alien
deer spread, with consequent hybridization with native species in new
colonized areas. Deer naturalization has important direct and indirect
impact on invaded ecosystems and on autochthonous animal balance.
In fact, food competition, spatial distribution, population dynamics and
hybridization are just few examples of animal invasion consequences
(Dolman & Waber, 2008). The success of alien parasite colonisation is
strongly influenced by the adaptability level of the species. However, it
can be further ascribed to many biotic and abiotic factors (Kaunisto,
2012), including the scarcity of natural enemies in the introduced
territory compared with the native region. Parasite dispersion can be
favoured also by climate change. Many invertebrates such as ticks are
known to be affected by the weather, especially by temperature and
rainfall, both at a wide and a small scale (Allen et al., 2002; Cumming
& Van Vuuren, 2006). Moreover, environmental temperature
influences the flight capacity of ectotherms (Mellanby, 1939). For this
reason, it is plausible that the global warming currently affecting the
planet may promote the dispersion of ectoparasites, making other
geographical areas suitable for insect survival and settlement.

Diverse ectoparasite species infest a different array of host
species. Some are characterized as monoxenous and parasitize only a
single host species, while others are classified as generalists and can
infest a large range of species. In between these two extremes, some
parasites are defined as stenoxenous and can attack a group of
phylogenetically related species, though others are named as
oligoxenous infesting hosts restricted by ecological factors only (Maa

& Peterson, 1987; Hutson, 1984; Lourenco & Palmeirim, 2008).
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Undoubtedly the presence of parasites is strongly affected by the
availability of suitable host species. For this reason, generalist parasites
have a greater potential of successfully invading a new territory, since
their settlement will not be limited by the availability of a particular host
species. In Europe, the distribution and diffusion of ectoparasites
infesting ungulates is currently favoured by the substantial expansion
of free-living species that has occurred in last years (Apollonio et al.,
2010). The increase in wildlife abundance is worrying also for the
health of other animals and humans since they are known as the
principal reservoir of infectious agents. Deer indeed carry a huge
number of parasites such as insects and ticks able to vector pathogenic
microorganisms which are potentially responsible of diseases,
especially zoonoses whose cases are continuously growing (Bengis et
al., 2004).

Considering the scenario above depicted (naturalization of alien
animals and spread of related parasites, global warming, noticeable
increase in ungulate abundance, emerging and re-emerging vector-
borne zoonoses), the study of ectoparasites is extremely important and
requires great attention.

Among the known ectoparasites of mammals or birds, the family
Hippoboscidae encompasses three subfamilies, 21 genera, and 213
species of obligate, nearly permanent, hematophagous ectoparasites
(Bequaert, 1953; Dick, 2006). They belong to the superfamily
Hippoboscoidea, together with Nycteribiidae and Streblidae (bat
flies), and Glossinidae (tsetse flies). Actually, the taxonomic
classification of Hippoboscidae is contentious (Reeves & Llyod, 2019).
On the based of similarity of morphological features and feeding
mechanism between these families, a monophyly of the

Hippoboscoidea has been proposed. However, recent interpretations,
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supported by molecular techniques, propose a likely paraphyly of the
Streblidae or suggest nycteribiids and some streblids as a single group
(Dittmar et al. 2006).

Except for Glossinidae, whose members are free-living parasites
of various species, the other three families comprise flies that establish
a closer relationship with a variable array of host species (Hutson,
1984). The degree of association determines several aspects of the
physiology, behaviour, and morphology of the ectoparasites (Guerin
et al., 2000). The closer the association is, the deeper the level of
adaptation developed by the insects; however, this specificity
consequently limits the ability to exploit other species (Lehane, 2005).
Hippoboscid species take advantage of different features to
functionally live together with the victims: they have a flattened body
and a sclerotized exoskeleton useful for withstanding mechanical
stresses caused by host activities; their tough legs are equipped with
specific organs designed to adhere to the host's fur, and the piercing
mouthparts are adapted to hematophagous behaviour (Maa &
Peterson, 1987). Additionally, these parasites synchronize their life
cycle with that of the host species (Bequaert, 1953).

In general, hippoboscids are not considered as generalist
ectoparasites since they target a few host species. Among the genera,
host specificity is more marked in flies attacking mammals, while bird
parasites live at the expense of a higher range of hosts (Hutson, 1984).
However, different species of Hippoboscidae display a diverse
parasitic biology. In fact, some of them (Lipopteninae subfamily) live
almost all their life cycle on the skin of the same subject, being
apterous or becoming wingless (Bequaert, 1942), while others

(Ornithomyinae and Hippoboscinae subfamilies) are able to fly and
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frequently change individual, although they infest just one or a few
different host species (Bequaert, 1930; 1953).

Since the degree of association with the hosts may have
influenced the evolution of some parasite body features, the study of
the morphology of hippoboscids with different parasitic behaviour and
host range is particularly interesting from an evolutionary point of view,
and it is a topic worthy of investigation. Similarly, a parasite that has a
higher degree of specialization displays a deeper level of specificity in
the host choice process (Lehane, 2005). The host location is crucial for
an obligate parasite since its survival depends on the quick success of
this activity. Host signals are perceived by these ectoparasites
throughout sensory organs (sensilla) located in several regions of their
bodies (e. g. antennae, mouthparts, wings, legs, genitalia, cerci).
Sensilla are deputed to perceive several kinds of cues (Zacharuk,
1980). Different morphological features of sensilla can be reasonably
linked to different functions, although in order to prove their role it is
necessary to provide electrophysiological evidences corroborated by
behavioural trials (Zacharuk, 1985). Generally, olfactory sensilla are
mainly present on antennae (especially on the third segment, the
flagellum) together with maxillary palps (Schneider, 1964; Stocker,
1994: de Freitas Fernandes et al., 2005; Liscia et al., 2013). Like the
other body features, antennae are subjected to the selection pressure
and evolved accordingly to the different needs of the insect. The host
searching usually involves different kinds of stimuli, both visuals and
chemicals, that may act in combination, as demonstrated for example
for nycteribiids (Lourenco & Palmeirim, 2008) and other
hematophagous insects (Gibson & Torr, 1999; Hariyama & Saini, 2001;
Kortet et al., 2010).



https://www.sciencedirect.com/science/article/pii/S002073229900032X#BIB33
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As already underlined, some hippoboscids do not need to
continuously search for a host, since they establish a close association
with one subject; however, almost all species spend the post-
emergence period to find an appropriate host. Investigating how
hippoboscids locate their hosts is fundamental to understand the
relationship among these ectoparasites and their victims and allows to
determine which kind of stimuli are involved in this process.
Furthermore, this study can be useful for the development of strategies
to monitor and control hippoboscid populations, for example by
setting appropriate and effective traps or sampling tools. Although
hippoboscids target a rather limited array of species, they can
accidentally feed on animals not suitable as definitive hosts, since they
do not have all the requisites the parasites need to survive (Bequaert,
1953). It cannot be ruled out that an occasional host could become
appropriate as permanent host after an adaptation process. Often
hippoboscids have been spread worldwide by unintentional artificial
dispersal. Especially infesting-deer hippoboscids have been
established in other territories following the importation of related
hosts (Bequaert, 1954). In new areas these adventive ectoparasites
may adapt to different species, enlarging their host range. For this
reason, it is important to monitor ectoparasite populations, especially
those that are known for their medical and economic importance.
Thanks to regular sampling, it should be possible to promptly
underline a massive expansion or an adaptation to other host species,
that in turn could lead to a further ectoparasite diffusion with negative
consequences both in ecological and sanitary perspectives.
Furthermore, the acquisition of information on the presence of insects

in different countries and on the host species they target should be
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useful to piece together the route travelled by alien ectoparasites
probably spread with their hosts.

Livestock and wildlife are attacked by hippoboscid flies with health
implications and consequent economic losses. Through their bites
hippoboscids can produce direct negative effects on the hosts causing
severe bleedings, skin damage with potential onset of secondary
infections, dermatitis, and anaemia (Kaunisto et al., 2009; Madslien et
al., 2011; Reeves & Llyod, 2019). Additionally, in case of heavy
infestations they are bothersome to the hosts mainly due to the
swarming inside the fur. This stress can lead to behavioural alterations
reducing time spent grazing with a consequent decrease in body
weight, welfare, and productive performance (Kynkdénniemi et al.,
2014; Mullens, 2003). Melophagus ovinus is the most renowned
hippoboscid for the economic losses caused by the effects it produces
on sheep (Small, 2005). Infestations of this fly result in wool loss and in
“cockle”, a vertical ridging of the skin, which determines a devaluation
of sheepskins. In US the overall losses caused by keds is estimated to
be about 40 million $ every year (Wall & Shearer, 2001). Besides,
hippoboscids can be responsible for the maintenance and
transmission of several pathogenic microorganisms harmful to humans
(Baker, 1967; Bezerra-Santos & Otranto, 2020). This aspectis especially
worrying for people that routinely handle sheep or domestic pigeons,
which are commonly infested by two ectoparasites possibly vectors of
pathogens, M. ovinus and Pseudolynchia canariensis, respectively
(Reeves & Lloyd, 2019). Also deer keds have been suggested as
potential carriers of microorganisms (Bose & Petersen, 1991; Dehio et
al., 2004; Reeves et al., 2006; Duodu et al., 2013; De Bruin et al., 2015;
Korhonen et al., 2015; Buss et al., 2016; Lee et al., 2016; Szewczyk et
al., 2017; Regier et al., 2018; Werszko et al., 2020; Bartosik et al., 2021;

10
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Gatecki et al., 2021; Sato et al., 2021) increasing concern for people
that work in or visit natural habitats for recreational purposes or
hunting activities (Harkénen et al., 2009).

Due to their biological and behavioural traits, hippoboscids are
particularly suitable candidates for the maintenance and transmission
of pathogens (Bezerra-Santos and Otranto, 2020). In fact, they
parasitize animals (wildlife and birds) that are known as important
reservoir of microorganisms (Baker, 1967; Bengis et al., 2004), but they
can occasionally bite other hosts raising the possibility of transferring
etiological agents among different species. Additionally, both sexes
are hematophagous and feed repeatedly up to 20 times in a day
(lvanov, 1974) increasing the chance of acquiring infected blood.
Besides, they reproduce through an obligate pseudo-placental
unilarviparity (Meier et al., 1999), meaning that just a single fully-grown
larva is hold in the mother's uterus and is nourished by secretions
produced from milk glands. This reproductive strategy could allow a
vertical transgenerational transmission of pathogens that is necessary
for an efficient biological spread between vertebrate hosts (de Bruin et
al., 2015). Finally, ectoparasites that are strictly associated with their
hosts, on which feed frequently and intermittently, have a higher
probability of transmitting parasites mechanically, usually through
infected mouthparts (Barker & Reisen, 2019). Unfortunately humans
can be accidentally attacked by hippoboscid flies with possible risk of
pathogen transmission. Moreover, their bites lead to different
symptoms and reactions on humans (Reeves & Lloyd, 2019). Usually,
the bites are painful and result in a variable number of itching papules
that can persist for several weeks or up to a year. Several deer ked
attacks have been documented, and it has been observed that intense

pruritus can lead to scratching with subsequent irritation, secondary

11
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infections, allergic rhinoconjunctivitis, or dermatitis (Rantanen et al.,
1982; Laukkanen et al., 2005; Harkénen et al., 2009; Buczek et al,,
2020; Maslanko et al., 2020).

The possibility that deer ked species could be dangerous for
public health makes them worthy of accurate investigations from a

sanitary point of view in a One Health perspective.
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Objectives

The present research is focused on the study of the superfamily
Hippoboscoidea (Diptera) with particular reference to the deer keds
(family Hippoboscidae, subfamily Lipopteninae) currently present in
ltaly, Lipoptena cervi (Linnaeus, 1758) and L. fortisetosa Maa, 1965.

Since both these species seem to be involved in the possible
transmission of pathogens harmful to animals and humans, the general
aim of the PhD was to expand the knowledge related to these two
ectoparasites. More in-depth investigations were focused on L.
fortisetosa which has never been deeply studied, especially in Italy

where it has been recorded just in the last years.

Specifically, the research deals with different topics, grouped into

the following sections:

- Section 1. The Hippoboscoidea superfamily
ereview of the superfamily Hippoboscoidea, with particular

emphasis on species with medical and veterinary importance

- Section 2. Morphological traits and evolutionary adaptations
e observation of morphological features of hippoboscid species,
with detailed description of peculiar body differences between L.
cervi and L. fortisetosa, often confused
e investigation on morphological adaptations differently evolved
by four hippoboscid species belonging to the three subfamilies
(Ornithominae, Hippoboscinae, and Lipopteninae), which have a

diverse parasitic behaviour and infest different host species
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- Section 3. Hippoboscid host location

e study on the host location played by L. fortisetosa during the
emerging period of the winged adults, with special reference to
the use of visual stimuli and to the role of colour attraction during
the host-seeking process

escanning and transmission microscopy observation of the
antennal structure of the four hippoboscid species previously
studied for their evolutionary morphological adaptations (section
2), with more in-depth investigation on the sensory pattern and

sensillar ultrastructure of L. fortisetosa antennae

- Section 4. Relationship between deer keds and hosts

ecvaluation of deer ked distribution in the Tuscan-Emilian
Apennines (central Italy), and of the parasitism level these two
ectoparasites reached on the most infested deer species

e development of a morpho-molecular approach to investigate the
phylogenetic interrelationship of Italian and Asian individuals of
L. fortisetosa to hypothesise the way of introduction and the route
travelled by this ectoparasite from the original area (Japan) to

Europe

- Section 5. Health implications associated with L. fortisetosa
e characterization of the bacterial community of L. fortisetosa

considering potential implications for human health
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1. Keds and bat flies (Hippoboscidae, Nycteribiidae
and Streblidae)

This chapter has been published in the form as:

Annalisa Andreani, Patrizia Sacchetti, Antonio Belcari (2022) Keds and
Bat Flies (Hippoboscidae, Nycteribiidae and Streblidae). In: Nima
Rezaei ed. Encyclopedia of Infection and Immunity, vol. 2, pp. 935-
952. Amsterdam: Elsevier, Amsterdam, The Netherland. ISBN
9780128012383.
https://doi.org/10.1016/B978-0-12-818731-9.00011-2

Abstract

Ked and bat flies (superfamily Hippoboscoidea) are ectoparasites
of primary veterinary importance, for both livestock and wildlife.
Besides, they may be relevantalso for the public health since can attack
accidentally also humans producing in some cases severe pathologies.
Their peculiar morphological structures, evolved during the
adaptation process, allowed them to live together with the hosts
during their whole life, thanks to the presence of flattened and
sclerotized body, as well as of legs provided with strongly developed
claws and adhesion organs. All these species are hematophagous and
both sexes feed on the victim blood with a typical trophic behavior
present in all the members of this superfamily. Due to this
characteristic, these flies are involved potentially in the transmission of

pathogens responsible of diseases and/or zoonoses.

Introduction

The order Diptera, more than the other orders, has many families
characterized by an evolutionary adaptation in the trophic behavior:
the hematophagy (Petersen et al., 2007). Representatives of these

groups have modified the mouthparts in piercing-sucking
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appendages to feed on the blood of many vertebrate species. Thus,
the mouth apparatus has evolved in different types influenced by the
feeding behavioral mechanisms: species that insert their thin
appendages into the skin of the host reaching the capillary net,
injecting saliva and taping the blood, termed solenophages, or
species that by the external teeth-like structures scratch the host skin
and feed on the spilled blood termed pool feeders (Afonso et al.,
2012; Mehlhorn, 2018).

Mosquitoes, which belong to the suborder Nematocera, are
important vectors that carry the most severe diseases plaguing
humans. A major example is represented by malaria, caused by
Plasmodium parasites vectored by Anopheles spp. (Benelli and Beier,
2017), a plague yearly affecting more than two million of people and
has produced 405,000 deaths worldwide in 2018 (WHO, 2019) Of
note, Aedes and Culex vectors are crucial in spreading arboviruses. For
example, Aedes aegypti and Aedes albopictus act as vectors of
dengue, chikungunya, and Zika in humans (Powell, 2018; Benelli et al.,
2020).

In the suborder Brachycera there are important flies acting as
mechanical transmitters of pathogens (e.g. bacteria) and parasites
(e.g. protozoan cysts and helminth eggs), and some species play an
important role also as intermediate host or biological transmitters.
Furthermore, some are blood-sucking and attack both humans and
animals (lwasa, 1983; Onmazetal., 2013). Acalyptrate flies of the family
Psychodidae, Simuliidae Ceratopogonidae are important vectors of
diseases such as haemosporidian parasites or bacteria of genus
Bartonella as well as filarial nematodes (Durden and Mullen, 2009;
Santiago-Alarcon et al., 2012; Afonso et al., 2012). In high Calyptrate

Diptera, the family Muscidae has some important hematophagous
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species such as Stomoxys calcitrans, a worldwide distributed fly
responsible of considerable economic losses in dairy farms. Flies
generate direct nuisance such annoyance and blood loss in cattle, and
some representatives are implicated as mechanical vectors of
important viruses like West Nile Fever Virus (WNFV) or the African
Swine Fever Virus (ASFV) (Baldacchino et al., 2013). In the superfamily
Hippoboscoidea, the family Glossinidae includes representatives
responsible for the transmission of some Trypanosoma spp. that cause
the Human african trypanosomiasis or the African animal
trypanosomiasis, which cause the “sleeping disease” and the “nagana”
respectively in humans and in livestock (Vreysen et al., 2012). Finally,
Hippoboscidae (ked and louse flies), Streblidae and Nycteribiidae (bat
flies) are implicated in the horizontal and vertical transmission of
protozoa, bacteria as well viruses and nematodes to wildlife, and often
responsible of direct damage to humans causing allergic reactions by
their bite (Reeves and Lloyd, 2019). The present chapter reviews
current knowledge about these interesting families, describing the
biology, ecology, morphology and behavior of some species which are
important from veterinary and medical point of view, and providing
insights on current control tools available in the Integrated Pest/Vector

Management scenario.

The superfamily Hippoboscoidea

Hippoboscoidea is a superfamily of hematophagous
ectoparasites belonging to the order Diptera and includes four
recognized  family  level-taxa:  Glossinidae,  Hippoboscidae,
Nycteribiidae and Streblidae. All of these families were grouped under

the name Pupipara because they are viviparous and deposit larvae that
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quickly pupate. Currently, the name Pupipara is recognized as being
improper because females lay fully developed larvae instead of pupae.
For this reason, it is incorrect to consider this superfamily as
pupiparous but larviparous (Reeves and Lloyd, 2019).

Hippoboscidae commonly are referred to as keds or deer keds, or
as feather, bird, or louse flies, while Nycteribiidae and Streblidae are
known as bat, flat or spider flies (Reeves and Lloyd, 2019). The family
Hippoboscidae includes several parasites of mammals and birds, while
the other two families are exclusively limited to bats (Hutson, 1984).

Members of Hippoboscoidea are characterized by several
peculiar morphological and biological traits. Their reproductive
strategy is adenotrophic viviparity: larvae are contained singly in the
mother's uterus and are nourished from structures named “milk-
glands,” well-described by Benoit, etal., 2015. When a third-instar larva
is fully developed, it is deposited by the female and shortly thereafter
pupates. Females larviposit in different substrates depending on the
species. Some flies deposit larvae in nests, others on the host animal
fur, but some attack larvae to roost walls or glue them to the host wool.
Fully-grown larva is legless with a barrel-like soft body (Maa and
Peterson, 1987), while the puparium is similar to the mature larva with
more sclerotized cuticle <Figure 1.1>. In many hippoboscids, the
emergence of a new generation occurs simultaneously in a
determined range with the year, with pupae able to overwinter in
diapause, depending on the larviposition period (Bequaert, 1953;
Hutson, 1984).
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Figure 1.1. Lipoptena cervi. Gravid female (artificially depigmented) showing a
mature larva inside the uterus (A); female larvipositing (B); barrel-like larva just out of
the mother's body (C); typical dark sclerotized puparium (D).

In the adult stages, all members of Hippoboscoidea are obligate
and permanent blood-sucking ectoparasites, feeding on various host
species. Generally, a fly is specialized in attacking a specific host or a
few related groups, but occasionally can feed on other species, called
"accidental hosts,” which are used as food source but on which
reproduction does not occur (Maa and Peterson, 1987). Within the
superfamily, species exhibit varying parasitism levels. Some species
are monoxenous, meaning they are associated exclusively with a single
species; others are stenoxenous, and can infest a phylogenetically
related group, or oligoxenous if they parasite a limited number of hosts

restricted by ecological factors only; others instead are polyxenous
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and are able to live on a wide range of species (Hutson, 1984;
Lourenco and Palmeirim, 2008).

To live in close association with hosts, these ectoparasites have co-
evolved with them adapting morphologically and physiologically
(Guerin et al., 2000). For instance, parasites of birds synchronize their
life cycle with host seasonality: adults die when birds migrate, and the
emergence of a new generation coincides with host return (Bequaert,
1953). Similarly, aggregations of bat flies live in caves together with
their gregarious hosts. When a bat exits the cave to search for food,
female parasites leave the host to deposit pupae on the walls (Peterson
and Wenzel, 1987). Finally, deer keds are strictly dependent on a single
suitable host specimen and spend the entire life on the fur of the host
(Bequaert, 1942).

Representatives of Hippoboscoidea are adapted morphologically
for ectoparasitic life and display numerous structures that allow them
to efficiently live together with their hosts (Petersen et al., 2007). Their
body is dorsoventrally flattened with several reduced and fused
regions and a sclerotized exoskeleton that is able to withstand
mechanical stresses caused by host movements. Females show a
strong reduction or disappearance of abdominal sternites with large
intersegmental membranous areas allowing the develop of the larva in
the mother’s uterus <Figure 1.2>. Additionally, parasites have peculiar
adhesion organs that permit the adherence to animals (Maa and

Peterson, 1987; Petersen et al.,, 2018; Reeves and Lloyd, 2019).
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Figure 1.2. Gravid females of Pseudolynchia canariensis (A) and Lipoptena mazame
(B). Note the disappearance of abdominal sternites in both species allowing the
development of the larva.

Among the three families, Nycteribiidae are modified
morphologically to the extent that they no longer resemble most
Diptera, while Streblidae are unusually variable in features and
structures between their species (Hutson, 1984; Petersen et al., 2007).
The head is prognathous in Hippoboscidae and Streblidae, while in
Nycteribiidae it is protruding from the dorsal thoracic area (Maa and
Peterson, 1987; Dick and Patterson, 2006). Both sexes of
Hippoboscoidea are hematophagous and feed using highly adapted
mouthparts consisting of a slender proboscis embraced in two
concave, bristled, and sclerotized palpi. The alimentary canal is formed
by the union of labrum, hypopharynx, and labium (theca sensu
Snodgrass, 1943). Labella end the proboscis and bear at the tip
different kinds of teeth and sensilla <Figure 1.3> (Snodgrass, 1943;
Peterson and Wenzel, 1987; Wenzel and Peterson, 1987; Andreani et
al., 2019).

27



Section 1. The Hippoboscoidea superfamily Chapter 1

labrum

hypopharynx  labium

labellum

Figure 1.3. Head and mouthparts of Hippoboscidae (modified from Jobling, 1926
and Snodgrass, 1943). (A) Head; (B) Cross-section of mouth appendages; (C)
proboscis; (D) details of the proboscis tip.

Some species are wingless in the adult stage, e. g. nycteribiids or
some hippoboscids such the sheep ked, Melophagus ovinus
(Linnaeus, 1758), while others are caducous-winged and shed wings
once settled on a suitable host, as in the subfamily Lipopteninae of
Hippoboscidae. Finally, others, instead, maintain either reduced or
fully developed wings, like in Streblidae and some species of the
Hippoboscidae family, such as Hippobosca equina (Linnaeus, 1758) or
the louse fly Pseudolynchia canariensis (Macquart, 1840) (Hutson,

1984; Liu et al., 2019).
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Life-cycle of some Hippoboscoidea have been drawn and

presented below <Figures 1.4, 1.5, 1.6, 1.7>.

Figure 1.4. Life-cycle of Lipoptena spp. on red deer, Cervus elaphus.

Figure 1.5. Life-cycle of the sheep fly, Melophagus ovinus.
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Figure 1.6. Life-cycle of the pigeon louse fly, Pseudolynchia canariensis.

Figure 1.7. Life cycle of a bat fly of the family Nycteribiidae.
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Hippoboscidae
Bio-taxonomy, morphological adaptations and behavior

The family Hippoboscidae is composed by three subfamilies and
includes a total of 213 described species divided in 21 genera (Dick,
2006). The subfamily Ornithomyinae is the most numerous with 16
genera and 171 species; the subfamily Hippoboscinae, instead,
consists of two genera with eight species, while three genera and 34
species form the Lipopteninae subfamily (Maa and Peterson, 1987;
Dick, 2006).

Among the genera, host specificity is more marked in flies
attacking mammals, while bird parasites live at the expense of a higher
range of hosts (Reeves and Lloyd, 2019). Compared to the other two
families belonging to the Hippoboscoidea, Hippoboscidae includes
highly variable species in terms of morphology, biology, and behavior.

The head of hippoboscids is prognathous with mouthparts
consisting of two well-sclerotized palpi embracing the piercing
apparatus, called also proboscis (haustellum sensu Snodgrass, 1943).
It ends with two labella bearing a series of different types of sensilla
and teeth-like structures which allow to scratch the skin of the host. The
fly thus can feed on the blood spilled from the injury. Other interesting
features strongly adapted in these flies are the legs. They are provided
with an acropod (pretarsus) equipped with modified adhesion organs
such as claws, pulvilli, and empodium. These structures are armed
differently among species, but they allow the parasite to live together

with the host during most of the life-cycle <Figure 1.8>.
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Figure 1.8. Pseudolynchia canariensis. Frontal view of the head and anterior legs (A);
dorsal view of the prognathous head (B). Hippobosca equina. Mouthparts with
sclerotized palps embracing the proboscis (C); detail of the proboscis tip bearing
teeth-like structures and sensilla (D). Lipoptena spp. Acropod with asymmetric claws
(E). P. canariensis. Acropod with three differently sized claws (F).
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Lipopteninae subfamily is known to infest ruminant Artiodactyl
mammals, especially Cervidae and Bovidae (Bequaert, 1942; Hutson,
1984). This group is divided into three genera: Lipoptena, Melophagus
and Neolipoptena. Except Melophagus genus, which is totally
wingless, the others have caducous wings that show a predetermined
horizontal breaking line. Flies lose these structures during the passage
between the fur of the host (Haarlav, 1964). Lipopteninae species need
a single suitable specimen to survive. Due to their loss of wings once
on-host, it is difficult for these species to switch host. Pupae are laid on
the hairs of the fur but fall to the ground as a result of the mammal
movements; the emergence of a new generation occurs in a specific
range of time. New adults are winged and search for a specific host,
they are not able to move for long distances and remain near the
emergence site (Bequaert, 1942).

Ornithomyinae is the largest subfamily of Hippoboscidae. About
75% of hippoboscid species exclusively parasite birds and all of them
belong to this subfamily (Hutson, 1984). Eighteen bird orders are
infested by Hippoboscidae (Santos et al., 2014). The genera within this
group are related more strictly than those of the other two subfamilies.
Parasites live in close association with their victims and display different
level of host specialization, some are limited to one or few species,
while others affect a wider range of hosts. Pupae are deposited in bird
nests and the life cycle is synchronized with those of the hosts
(Bequaert, 1953). These species have peculiar morphological
structures that assist them in remaining on the host during its flight.

Subfamily of Hippoboscinae is indigenous throughout the
continental areas of the Old World. All species of this subfamily are
ectoparasites of mammals, with the exception of Struthibosca

struthionis (Janson, 1889) which solely parasite ostriches. Flies of this
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subfamily infest mainly ungulates and carnivores showing less host
specificity compared to Lipopteninae subfamily. They are winged
during all their adult life and are good fliers able to switch host
frequently (Bequaert, 1930).

Species of Hippoboscidae family can establish phoretic
associations with mites, fleas and lice (Maa, 1966; Maa and Peterson,
1987; Megat Abd Ranietal., 2011; Amaral etal., 2013). This aspect can
be relevant for the public health, because of the possible transmission
of zoonotic microorganisms carried by flies.

Several species of the three subfamilies have been confirmed as
potential and/or vectors of various pathogenic agents from veterinary
and medical point of view. Consequently, studies on the biology of
these parasites are increasing thanks to the modern molecular
technologies in order to understand their sanitary role as well as their

economic importance.

Relevant Hippoboscidae species for animal and human health

Subfamily Lipopteninae

Lipoptena cervi (Linnaeus, 1758)

The fly is a Palearctic species, nowadays distributed worldwide
<Figure 1.9>. Originally it has been recorded in Europe, Siberia and
North China, but subsequently the species has spread into Asia, North
Africa and North America, mainly as a result of both intentional and
accidental introductions (Bequaert, 1942). Currently, this fly is the most

widespread species in Europe (Salvetti et al., 2019).
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Itis usually named “deer ked"” as it infests several species of deer.
In fact, many species belonging to the Cervidae family are suitable

hosts for the parasite (Haarlav, 1964).

Figure 1.9. Lipoptena cervi adults. Female (A) and male (B).

In Europe, the fly predominantly parasites moose (Alces alces),
red deer (Cervus elaphus) <Figure 1.10>, and to a lesser extent
reindeer (Rangifer tarandus fennicus) roe deer (Capreolus capreolus)
and fallow deer (Dama dama). Recently it adapted to few Bovidae
species; in fact, some flies have been recorded on chamois (Rupicapra
rupicapra) and mouflon (Ovis musimon) (Ferron, 2008; Bianchi et al.,
2016). Moreover, it can occasionally parasite other species used as a
food source, such as horses, cows, dogs, cats, badgers, boars, and
humans (Bequaert, 1942; Hermosilla et al., 2006). Lipoptena cervi has
become a pest for animals and humans. In the past this parasite has
reached a very high density in Finland, causing such nuisance that
people strongly reduced recreational and professional activities in
woodland (Harkonen et al., 2009). The infestation can be surprisingly
high, in fact up to 17,500 flies have been counted on a single moose,
with severe consequences for the host, as skin injuries, dermatitis and

alopecia (Kaunisto et al., 2008; Madslien et al., 2011). Parasitism affects
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also the behaviour of the hosts, increasing defensive or restless actions
(scratching, grooming, shaking) with a decrease in the general animal

welfare (Kynkdanniemi et al., 2014).

Figure 1.10. Red deer thigh and breast with a high infestation of Lipoptena cervi and
L. fortisetosa (A-B); detail of an adult of Lipoptena cervi moving through the guard
hairs of the host (C)

Besides mechanical harms, recent studies have identified L. cervi
as potential vector for several pathogens. Borrelia burgdorferi,
etiologic agent of Lyme disease, has been detected and identified in
flies, as well as Anaplasma phagocytophlyum, responsible for human
and animal granulocytic anaplasmosis; in some case the specimens
were infected with both pathogens (Buss et al., 2016). Itis possible that
the parasite is a mechanical vector for the transmission of these agents,
acquiring them from the blood of an infected deer. This hypothesis is
confirmed also by lack of these pathogens in the winged flies (Vichova
et al., 2011). Moreover, L. cervi is considered a potential carrier for
Trypanosoma spp. (Bose and Petersen, 1991) and Bartonella spp
(Dehio et al., 2004; Halos et al., 2004, Regier et al., 2018), responsible
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of human dermatitis. Presumably, Bartonella schoenbuchensis is
vertically transmitted from the infected females to the new
generations, in fact the pathogen has been detected in larvae and
pupae, winged and wingless adults, and colonize the midgut of flies
(Dehio et al., 2004; de Bruin et al., 2015). In Norway L. cervi seems to
contribute to infect moose with Bartonella spp (Duodu et al., 2013). In
addition, Acinetobacter baumannii DNA has recently been detected in
one specimen of L. cervi, proving that the parasite can contribute to
the spread of this pathogen, affecting people with compromised
immune systems, in human and animals (Regier et al., 2018). Although
the presence of pathogen DNA in the flies does not imply their
competence as biological vector, it suggests that L. cervi can increase
the spread of the agentto humans and animals. However, the possible
mechanical transmission of the pathogen entails the risk to infect other

subjects via the bite of the parasite.

Lipoptena depressa (Say, 1823)

Lipoptena depressa has been divided taxonomically in two
different subspecies: L. depressa depressa (Say, 1823) and L. depressa
pacifica Maa, 1969 (Dick, 2006). These two subspecies are differently
distributed: the first occurs in several central states of the USA, while
the other occupies the eastern part of USA and Canada (Reeves and
Lloyd, 2019). Lipoptena depressa attacks several subspecies of the
ungulate Odocoileus hemionus (i.e O. h. hemionus, O. h. columbianus,
O. h. californicus, O. h. fulginatus) (Bequaert, 1953). Moreover, it is a
likely parasite of Odocoileus virginianus leucurus, the Western white-
tailed deer, and has been found on other accidental hosts, such as
horses and pigeons. Although in USA the infestation areas occupied

by Lipoptena species seem to be divided geographically, in western
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North America L. depressa and Neolipoptena ferrisi frequently occur
together on the same host, as well as L. cervi and Lipoptena fortisetosa
in Italy (Andreani et al., 2019; Skvarla and Machtinger, 2019).
Lipoptena depressa is considered a potential vector for Anaplasma

(Skvarla and Machtinger, 2019).

Lipoptena fortisetosa Maa, 1965

The species <Figure 1.11> is native to Japan but currently has
been identified in few other countries in Asia and Europe (Choi et al.,
2013).

Ilts original host is the Japanese deer, named Sika deer (Cervus
nippon) (Maa, 1965; 1967), although it has been recorded also on the
other hosts, such as deer, cattle, goat, sheep, dog, passerine birds and
humans (Schumann and Messner, 1993; Yamauchi et al., 2009; Sokét
and Gatecki, 2017; Kurina et al., 2019). In all the countries in which L.
fortisetosa has been recorded, its presence is considered to be related
to the Sika deer, frequently introduced and considered one of the
major naturalized alien ungulates in Europe (Mogi, 1975; Sonobe,
1979; Yamauchi and Nakayama, 2006; Choi et al., 2013; Raganella
Pelliccioni et al., 2013). On the contrary, Kurina et al., 2019 report that
just few Sika deer recently have been counted in Estonia, suggesting
that this host cannot be the mean by which L. fortisetosa arrived in this
area. However, it is undoubted that this hippoboscid is continuously
expanding its range, in fact in the last years several occurrences have
been recorded in further European countries (Sokét and Gatecki, 2017;
Andreani et al., 2019; Kurina et al., 2019; Mihalca et al., 2019).

Lipoptena fortisetosa is poorly investigated for possible
implications to animal and human health, but, as other hippoboscid

species, mechanical damages on the host skin have been attributed to
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this species, as well as anemia and hair loss (Kurina et al., 2019).
Besides, this fly is considered a potential vector for several pathogens.
In fact, the presence of Coxiella spp., Theileria luwenshuni and T. ovis
have been detected in some fly specimens, though its role in the
transmission of other agents (Babesia spp. Hepatozoon spp.,
Anaplasma spp., Ehrlichia spp., Rickettsia spp., Bartonella spp., Borrelia
spp.) has not been clarified (Lee et al., 2016). For this reason, further
investigations are needed to verify if the parasite acts as biological
vector for pathogens, as well as which effect it can produce on the host

(Reeves and Lloyd, 2019).

Figure 1.11. Lipoptena fortisetosa adults. Female (A) and male (B).

Lipoptena mazame Rondani, 1878
The species has been recorded in the southeastern United States
and several central and south America countries (Reeves and Lloyd,
2019; Skvarla and Machtinger, 2019). This parasite infests mainly
Mazama deer in central and south America and white-tailed deerin the
United States, but the fly may accidentally parasite pampas deer,
domestic cattle, pumas and humans (Reeves et al., 2006; Graciolli et

al., 2011). Recent studies have proved that L. mazame acts as vector for
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Bartonella spp. Every year B. henselae is responsible for over 20,000
human infestations in the United States; its main vectors are domestic
cats, but the presence of this pathogen has been detected in L.
mazame as well (Reeves et al., 2006). Moreover, the fly may transmit B.
schoenbuchensis, which is well-known to cause deer ked dermatitis in
humans, and it is implied also in the transmission of Anaplasma spp. in
cattle and Trypanosoma cervi in cervids (Reeves et al., 2006; Trout et

al., 2010).

Melophagus ovinus (Linnaeus, 1758)
This parasite is an important economic species of sheep. Adults
are wingless <Figure 1.12>, 4-7 mm long brown colored (Yevstafyeva
et al.,, 2017). Melophagus ovinus is distributed in the major part of

temperate and subtropical areas where sheep are bred.

Figure 1.12. Melophagus ovinus adult.

The life cycle of the parasite is completely carried out on the host:
gravid female generates a creamy fully grown larva which is attached

to the host wool by means a glue-like secretion and in few hours it
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molts in a dark puparium. A single female can generate up to five-six
larvae and the pupal stage lasts about 19-30 days in relation to the
temperature. Even if the species is wingless it can switch from one host
to another very easily, especially from the mother to lambs (Small,
2005). A study conducted on Wyoming unshorn lambs to investigate
the distribution of keds over the bodies, showed that the most
colonized area of the host was the rib for both sexes of the ked, while
the next most heavily populated area for the males was the thigh. Ked
populations increased in winter and spring, with an average of 400
keds/host approximately, decreased in summer and increased again
in the autumn (Legg et al., 1991).

The number of infesting keds on the sheep can vary a lot: in
Ukraine the mean number of the keds/host was 92.72 (Yevstafyeva et
al., 2017), while in Canada the mean number was higher. In fact, the
peak populations for barren ewes ranged from 61 to 659 keds and for
pregnant ewes from 110 to 1348 keds; anyway a general reduction of
keds in all animal categories was noticed (Nelson and Qually, 1958).
Reduction of the populations seems to be due to several factors such
climatic conditions, physiological status as well the intrinsic resistance
of the hosts. This latter has been fully investigated in some
experimental trials and it has been proved that sheep during the time
develop a resistance to the insect trophic activity in terms of
inflammatory response to keds. This resulted in changes to the skin
that reduced the keds' ability to feed successfully. In other words, the
development of resistance was at the beginning, determined by the
frequency of attempts for the feeding activity as well the ability and
time taken to engorge (Nelson and Kozub, 1980). Later, investigations
carried out on artificially infested lambs showed elevated antibody

titers within five months after the infestation which reached the
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maximum peak. Further experiments highlighted that the resistance
was temporary and mainly due to an inflammatory response to the skin
lesions produced by the keds activity as the direct result of the
localized arteriolar vasoconstriction that makes blood unavailable to
the keds (Baron and Nelson, 1985; Nelson and Kozub, 1980; Small,
2005).

Presence of keds on the host causes a skin reaction such as
pruritis, aggravated by the rubbing and scratching in response to the
irritation, with consequent reduction of growth rates and production.
Besides, losses of the leather quality due to the nodules produced by
the keds feeding activity have been observed (Legg et al., 1991; Small,
2005).

Melophagus ovinus is a species of veterinary and medical
importance since it is a vector of some important diseases. A recent
study conducted in China during the years 2013-2017 aimed at
investigating the presence of pathogens inside the sheep flies, showed
as primary result, the detection of Anaplasma ovis DNA in pupae,
confirming the potential vertical transmission. Anaplasma ovis is an
obligate pathogen infecting sheep, goats, and some wild ruminants
and its presence in animals causes the anaplasmosis which is an
important disease for public and animal health producing economic
losses to sheep breeding (Zhao et al., 2018). Moreover, M. ovinus is
capable to transmit the Blue Tongue Virus (Luedke et al., 1965) as well
as the Border Disease Virus, which is an important infection in sheep
and goats (Liu et al.,, 2019). In a survey carried out in Ethiopia, on
different domestic animals, it has been shown that about 86% of keds
collected from sheep were infected by Acinetobacter lowfii.
Acinetobacter spp. are ubiquitous bacteria implicated in different

types of human infections especially in immunocompromised
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individuals (Kumsa et al., 2013). Halos et al., 2004 demonstrated the
vertical transmission of Bartonella in M. ovinus due to the presence of
Bartonella DNA in all sampled pupae of the sheep ked, suggesting a
symbiotic association between the bacterium and the vector. Further
researches allowed the identification of this bacterium as B. melophagi
(Kumsa et al., 2013; Liu et al, 2018). Finally, some authors
demonstrated the presence of Borrelia burgdorferi and Rickettsia in

different sheep ked samples (Chu et al., 2011; Liu et al., 2016).

Management strategies for the sheep ked

Shearing practice can reduce about 75% of the ked population;
ewes have to be shorn prior to lambing, otherwise keds can move from
them and infest later their lambs. Unshorn lambs, until the following
spring, could became a reservoir of infestation for the flock (Johnson,
2011).

Topic application of chemical insecticides is a spread practice and
spray, or dust are usually applied in ked control programs. Best results
have been obtained treating sheep after shearing; the replacement of
animals should take into consideration to treat them before
introducing into the flock. It is important to keep treated animals away
for about seven - ten days in order to allow the insecticide to kill all the
external parasites. Best results in the treatment procedures have been
obtained by the application pour-on of permethrin plus piperonyl
butoxide (Johnson, 2011) or diazinon and cypermethrin that showed,
in addition to a remarkable effectiveness, a long-lasting preventive

action (Small, 2005).
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Neolipoptena ferresi Bequaert, 1935
This is the only species of Neolipoptena genus (Dick, 2006). Itis a
volant fly infesting predominantly Cervidae, to a lesser extent Bovidae,
and occasionally humans (Hutson, 1984). It is well-represented in
western America and occurs in the same areas of L. depressa. The

species is considered a potential vector for Anaplasma spp. (Skvarla

and Machtinger, 2019).

Subfamily Ornithomyinae

Crataerina pallida (Latreille, 1812)

The "swift louse fly" is a monoxenous ectoparasite, so named
because commonly collected on the European swift (Apus apus) and,
to a lesser extent, on martin (Delichon urbicum) (Hutson, 1984). This
hippoboscid is widespread in the Palaearctic region, although its
populations are decreasing due to the decrement of host species.
(Obonaetal., 2019). An interesting trait of this hippoboscid is its scarce
fly ability caused by reduced forewings unsuitable for this activity (Liu
etal., 2019). However, it is agile inside the plumage and establishes a
permanent association with a single host, adapting its life cycle with
the bird seasonality. Since the swift is a migratory bird usually returning
to the same places every year, C. pallida lays larvae directly in or
around the nest and dies when birds leave the nesting site to migrate
back to Africa. The new adult emergence, occurring after a dormant
period until the next breeding season, coincides with host return
(Bequaert, 1953; Hutson, 1984). Currently, this hippoboscid has been
studied for its interesting morphological and physiological
adaptations, mainly for its capability to remain adhere to the victim

which is able to reach altitudes exceeding 3500 m and velocities faster

44



Section 1. The Hippoboscoidea superfamily Chapter 1

than 40 km/h (Petersen et al., 2018; Liu et al., 2019). Differently to
Pseudolynchia canariensis, C. pallida attacks mainly adult instead of
young swifts; it has been recorded with a density of maximum 31
parasites on a single host subject (Hutson, 1984). Nevertheless,
damaging effects have never been detected on hosts, although the
parasite can remove up to 5% of the host's blood volume (Liu et al.,
2019). Recently, this species has been proved as a potential vector of
Rickettsia bellii and R. monacensis, suggesting its role in the

transmission or in the spread of these pathogens (Cerutti et al., 2018).

Icosta americana (Leach, 1817)

The species belongs to the Nearctic genus Icosta, which is the
largest of the Hippoboscidae family (Hutson, 1984). This fly is a parasite
of owls, which can be infested from a single individual to more than 12
specimens. [costa americana has been identified as a possible vector
of West Nile Virus (Gancz et al., 2004). Positive specimens, both
unengorged or with blood, have been collected from positive owls in
Pennsylvania and in Canada in Ontario (Farajollahi et al., 2005).
Although the competence of the vector has not been confirmed yet, it
is particularly worthy of attention that some positive parasites were
unengorged. It suggests that further investigations are needed to

understand the role of . americana as a carrier for the virus.

Pseudolynchia canariensis (Macquart, 1840)

This parasite is known as the “pigeon louse fly” because it is
generally associated with tame or wild pigeons, and doves; it is the
only hippoboscid attacking domestic birds (Maa, 1966). This species
shows the highest affinity for its host, Columbia livia, <Figure 1.13>
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although it has been found on other birds, such as Falconiformes

(Hutson, 1984; Yamauchi et al., 2011; Santos et al., 2014).

Figure 1.13. Pseudolynchia canariensis on the external plumage of a feral pigeon,
Columba livia.

The fly is present worldwide, in tropical, subtropical and
temperate areas, where its host occurs. Pseudolynchia canariensis can
attack occasionally humans, but it happens rarely, in case the parasite
has lost the pigeon and encounters humans nearby. The bite is a
painful annoyance for humans, but the fly seems to not transmit any
diseases to them (Kern, 2013); however, C. livia is a reservoir for
zoonotic pathogens, which means that the parasite could play a
significant role in the transmission (Amaral et al, 2013). This
hippoboscid is known to cause several health problems to the hosts,

such as skin irritation or dermatitis. Moreover, it is a potential carrier for
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Haemoproteus columbae an avian malaria parasite highly dangerous
for young birds and able to make hosts more susceptible to predation
(Earle et al., 1993; Pirali-Kheirabaldi et al., 2016). It is well-known that
the fly infests more frequently young subjects instead of adults,
probably due to the immunity acquired by adults, which additionally
use claws and beak as defense weapons against parasites (Amaral et
al., 2013). Besides, P. canariensis can potentially transmit Trypanosoma
hannae and DNA of Bacillus burgdorferi has been detected in this
species as well (Nartshuk et al., 2018). The pigeon fly establishes
phoretic association with mites <Figure 1.14> (particularly genus
Myialges), chewing lice and mallophaga as reported by Maa, 1966;
Macchioni et al., 2005; Amaral et al., 2013 and Kern, 2013.

HV  spot det vac mode WD HFW mag 100 pm

15.00 kV 4.5 LFD Low vacuum 11.2 mm 497 um 600 x

Figure 1.14. Abdomen of Pseudolynchia canariensis with phoretic mites.
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Subfamily Hippoboscinae

Hippobosca equina Linnaeus, 1758

Hippobosca equina is a medium-sized hippoboscid species,
spread in several temperate areas of the Palaearctic and West Oriental
Regions (Séos and Hurka, 1986). The fly is an obligate parasite that
feeds on several mammal host species, primarily on domestic horses.
The species can reproduce also on cattle (Maa, 1969; Hutson, 1984) or
on different secondary hosts such as red deer (Kadulski, 1996), camel
and rabbit (Maa, 1969). Further, also birds such the grey heron
(Olafsson, 1985) and northern goshawk (Kristofik and Stefan, 1980)
have been recorded as occasional hosts. The species is commonly
termed also “forest fly”. Wings <Figure 1.15> display a vein reduction
typical of nearly all representatives of the family, but primary veins
remain hardened allowing the adults to fly very fast and also for a long

time (Turner and Mann, 2004).

Figure 1.15. Hippobosca equina. Adult (A) and typical wing pattern (B).
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Gravid females larviposit a full-grown larva in suitable sites, mostly
in organic litter (Roberts, 1925). Main biological information for this
species have been given by Hafez et al., 1977, which report that H.
equina was reared artificially in Egypt on guinea pigs. Main results
relied on some physiological features of lab-reared adults who
survived up to 40-44 days when fed on the blood of factitious hosts
and only one-two days when starved. The female fecundity ranged
from seven and nine larvae during the entire life and the duration of
intrauterine life of the larvae lasts from three to eight days according
to different climatic conditions. A two-year study carried out in Poland
on primitive horses showed that H. equina was present in this area
mainly with highest presence from mid-June to the end of July and the
most attacked horses were working geldings, leading stallions, and
1.5-year-old colts (Sokdét and Michalski, 2015).

Hippobosca equina is a potential vector of some important animal
diseases such as the haemopathogen Anaplasma spp. on horses in
Tunisia (Selmi et al., 2019) or the Buffaloe Oedematous Skin Disease
(OSD) produced by Corynebacterium pseudotuberculosis equi which
cause closed skin lesions either edematous or nodular or open
ulcerative lesion in buffaloes in Egypt (Arafa et al., 2019). In a research
carried out in France in several specimens of H. equina the intracellular
Gram-negative bacterium Bartonella comelii has been detected and
identified (Halos et al., 2004). Bartonella spp. are considered to be
emerging pathogens in humans and animals and are present in a wide
range of wild and domestic mammals, some of which have been
associated with zoonoses (Breitschwerdt and Kordick, 2000; Chang et
al., 2000; Halos et al., 2004).

Some anaphylaxis cases due to the bite of H. equina to humans

have been described. In South America, a man 54 year-old showed
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severe reactions developing generalized pruritus, followed shortly by
generalized urticaria, palpebral and labial edema, dyspnea, and
hypotension after a bite of H. equina (Vidal et al., 2007). In ltaly a 48-
year-old female showed after a bite a generalized pruritus and then
extensive urticaria, abdominal pain, nausea, angioedema on the face,
and dyspnea (Quercia et al., 2005). Finally, in Hungary a 46-year-old
female patient showed different symptoms such as hard swelling at the
border of the forehead, with oedema. After, erythema and itching
developed locally and all over the body, with oedema in the hands,
face and lips, later accompanied by shivering, nausea and vomiting

(Decastello and Farkas, 2010).

Hippobosca longipennis Fabricius, 1805

Hippobosca longipennis is a common hippoboscid species
spread in several countries of southern Europe, Africa and Asia,
particularly China and India, associated especially to arid and semi-arid
areas. This parasite is frequently called “dog fly”, because wild and
domestic dogs are its principal victims, and it has been found also in
mummified dogs in Egypt (Sokdt and Gatecki, 2017). However, it has
been collected from different other species, such as fox, cat, hyena,
cheetah, lion mongoose or civet (Megat Abd Rani et al., 2011; Reeves
and Lloyd, 2019) and occasionally from humans (Bequaert, 1942).
Hippobosca longipennis is considered the main vector of the filarial
nematode Acanthocheilonema dracunculoides, found in several
European countries in different host species. Moreover, the
involvement of this fly as vector of the filarian nematode
Acanthocheilonema spp. has been proved in northern India (Megat
Abd Rani et al., 2011; Mihalca et al., 2019). The health importance of

this nematode seems to be little, with just one case in Australia: a
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female larva was detected in a human eye (Megat Abd Rani et al.,
2011), but further investigations are needed to better know its
implications. The transmission occurs trough the parasite bite, since
the infective larvae migrate from the fat-body cells to the mouthparts
of the fly. In addition, H. longipennis can have a phoretic association
with the mite Cheyletiella yasguri, zoonotic agent harmful for dogs and

humans since it can cause itching, erythema and exfoliative dermatitis

(Megat Abd Rani et al., 2011; Sokét and Gatecki, 2017).

Bat flies (Nycteribiidae and Streblidae)
Bio-taxonomy, morphological adaptations and behavior

Bat flies are a highly specialized group that includes two families,
Streblidae and Nycteribiidae, both strictly limited to bats (Dick and
Patterson, 2006). A total of 520 recognized species belong to the bat
flies, making this group the richest of species among the Calyptrate
Diptera related to mammals (Dittmar et al., 2006). Although they are
spread worldwide, no species, genus or even subfamily are present in
both hemispheres; in fact, streblids are well-represented in the
Western Hemisphere, while nycteribiids are common in the Eastern
(Dick and Patterson, 2006). Two subfamilies among the Streblidae
(Nycteriboscinae, Ascodipterinae) are well-represented in the Old
World, while the other three (Trichobiinae, Nycterophilinae and
Streblinae) have been recorded mainly in the New World (Petersen et
al., 2007). Bat fly families occur in different climate areas as well:
Nycteribiidae occupy temperate regions, while Streblidae have been
found in tropical and subtropical climates (Dittmar et al., 2006).

Life cycle of bat flies seems to be quite similar to that of

hippoboscids, and it is likely the same among species (Peterson and
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Wenzel, 1987). All of them live in close association with their hosts
inside caves together with gregarious bats and show a high level of
host specificity although different bat species occupy the same sites
(Lourenco and Palmeirim, 2008). About every ten days, females leave
the infested subject to stick on roost walls a single larva, and then
actively search for a new host. Since males do not lay larvae, it could
be thought that they always stay on the victim, but, actually, several
male flies have been collected from cave walls, proving that they leave
the host at least for brief periods (Dick and Patterson, 2006). Several
factors affect host specificity in bat flies, for example climate
conditions, isolation, competition or predation, and morphological or
physiological adaptations (Autino et al., 2011). Bat flies are
monoxenous or stenoxenous, and, although they are able to infest
alternative bat species that live in the same cave, their preference in
parasitizing one species have been demonstrated recently (ter
Hofstede et al., 2004; Lourenco and Palmeirim, 2008; de Vasconcelos
et al., 2015). Host specificity presumably is affected also by fly ability,
but, despite of nycteribiids are totally wingless, they are as specific as
the winged streblids (ter Hofstede et al., 2004). Different parasite
species can infest the same subject, and the presence of several flies
at the same time on a single host has been proved positively
associated (Dick and Patterson, 2006).

Bats are the first cause of parasite death. In order to avoid the
predation during host auto-grooming behavior, flies adapted to
occupy specific micro-niches, in fact, they generally are located on the
pelage or under the membranous wings of bats (ter Hofstede et al.,
2004). Moreover, they move very fast in all directions and have
structures, e.g. claws, that allow them to adhere to the host (Dick and

Patterson, 2006; Kim et al., 2012). Bat flies have a peculiar general
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morphology, and, like the other Hippoboscoidea, they display several
adaptations that make them able to efficiently live together with the
hosts (Peterson and Wenzel, 1987; Wenzel and Peterson, 1987).
Nycteribiidae evolved the same structures, while, among Streblidae
species, morphological adaptations are more variable. Differently from
Hippoboscidae except for Melophagus spp., bat flies have reduced or
absent compound eyes due to an evolutive response towards the dark
environment in which they live (Mayberry, 2014). Despite the two
families show several common characteristics in both morphological
and bio-ecological traits, they have been divided in two groups
because of differences in some body structures and in their

geographical distribution <Table 1.1>.

Subfamily Ascodipterinae

Genus Ascodipteron Adensamer 1896

Members of this subfamily are distributed in tropical and
subtropical areas especially in Africa, Middle East, Asia and Australia
(Wenzel and Peterson, 1987) Ascodipteron spp. represent the only
exception to the ectoparasitic nature of bat flies. After mating, an
eyeless female embeds herself in the tissue of the host thanks to a
strongly modified mouth apparatus that has series of cheliceral blades
located at the tip of the labial thecum (Hastriter et al., 2006), and
becomes an endoparasite (Wenzel and Peterson, 1987; Dick and
Patterson, 2006). When she settles on a host, immediately sheds wings,
halters and all legs except for coxae; moreover, thorax and mouthparts
invaginate within the abdomen forming a cyst-like body. This feature is
a rare example of neosomy in the adult stage; in fact, there is an

additional cuticular secretion that allows the enlargement of the whole
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abdomen. This latter protruding from the host skin displays three pairs

of respiratory spiracles close to the anal opening (Hastriter et al., 2006).

Nycteribiidae

buckwardly dorsally Eastern temperate
gﬁxm:m.a. folded at ahsent inserted | Hemisphere regions
spider-like rest
Streblidae
varying from
generalized
Il
GoRVEY fully tropical
laterally developed,
compressed rognathous | brachypterous, {arerdlly Wesieln dng
p BIoINANRLS, yp ’ | inserted | Hemisphere | subtropical
to stenopterous, e
dorsoventrally or apterous. 9
flattened;
flea-like

Table 1.1. Main differences between Nycteribiidae and Streblidae families.
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Health importance of bats and bat flies

Bats are a great diverse mammalian group, second only to
rodents. They play an essential role in ecosystems and have also public
health significance (Szentivanyi et al., 2019). In fact, bats are known to
be reservoirs of several etiological agents, such as Rabies, Marburg,
Ebola, measles, mumps, parainfluenza, canine distemper and hepatitis
Cviruses (Hanetal., 2015; Reeves et al., 2016). For many reasons these
animals are likely carriers of pathogens, they are the second largest
order of mammals with a high diversity of species and a long
evolutionary history allowing the co-evolution with viruses. Moreover,
bats are social animals that create aggregation of millions of subjects,
they are able to fly long distances facilitating the spread of agents and
have a relatively long-life span (Han et al., 2015). Bats are hosts for
many different ectoparasites, among which Nycteribiidae and
Streblidae flies are the most common. These parasites have been
implicated as vectors of several pathogens, like protozoa (Nycteria
spp.), arboviruses and trypanosomes (Trypanosoma vespertilionis). In
addition, nycteribiids are able to transmit Polychromophilus spp., while
filarial nematode DNA have been detected in streblids, although it is
not clear if it is only present in the last blood meal (Reeves et al., 2016;
Szentivanyi et al., 2019). DNA of Bartonella spp. was detected in
Trichobius major (Diptera: Streblidae), demonstrating that it may play
a role in the transmission of the agents but not explaining the
competence of the vector (Reeves et al., 2005). Bat flies more host
specific display a lower diversity of Bartonella spp., but a general high
prevalence of these pathogens, suggesting they have co-evolved with
bats. Viviparity could cause vertical transmission of agents from the
mother to the offspring through the “"milk glands” (Szentivanyi et al.,

2019). Finally, parasites can affect host behavior, inducing bats to
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change roost in case of a high pupal density on the walls. Moreover, a
high infestation level can reduce the survival and the reproduction

success of the host (Szentivanyi et al., 2020).

Concluding remarks and challenges for further research

After this literature analysis and critical discussion on keds, louse
and bat flies, itis clear that much work has been done in these last years
especially for the detection and identification of pathogens carried by
these parasites, proving in some cases that they could play an
important role as vectors of etiological agents responsible of diseases
in both animals and humans. Investigations have been carried out
thanks to new molecular tools allowing the identification of the species
as well of the different strains of pathogens. Nevertheless, we have to
stress the importance of future basic studies on these flies mainly
concerning their morphology, biology and behavior that may
contribute to better understand the real role of these parasitic flies,
particularly in relation to both wild and domestic hosts as well to the
environment. Finally, it will be particularly worthy of attention the

studies dealing with the possible zoonoses transmitted to humans.

References

Afonso, M. M. S., de Miranda Chaves, S. A, Ferreira Rangel, E. (2012).
Evaluation of feeding habits of haematophagous insects, with
emphasis on Phlebotominae (Diptera:Psychodidae), vectors of
Leishmaniasis - Review. Trends in Entomology 8, 125-136.

Amaral, H. L. C., Bergmann, F. B., Silveira, T., Silveira dos Santos, P. R.,
Ferreira Kriger, R. (2013). Pseudolynchia canariensis (Diptera:
Hippoboscidae): distribution pattern and phoretic association
with skin mites and chewing lice of Columba livia (Aves:
Columbidae). Journal of Natural History 47, 2927-2936.

56



Section 1. The Hippoboscoidea superfamily Chapter 1

Andreani, A., Sacchetti, P., Belcari, A. (2019). Comparative morphology
of the deer ked Lipoptena fortisetosa first recorded from ltaly.
Medical and Veterinary Entomology 33, 140-153.

Arafa, M. ., Hamouda, S. M., Rateb, H. Z., Abdel-Hafeez, M. M., Aamer,
A. A (2019). Oedematous Skin Disease (OSD) Transmission
among Buffaloes. Global Journal of Medical Research: G
Veterinary Science and Veterinary Medicine 19.

Autino, A. G., Claps, G. L., Barquez, R. M., Diaz, M. M. (2011).
Ectoparasitic insects (Diptera: Streblidae and Siphonaptera:
Ischnopsyllidae) of bats from Iquitos and surrounding areas
(Loreto, Peru). Mem©rias do Instituto Oswaldo Cruz 106, 917-925.

Baldacchino, F., Muenworn, V., Desquesnes, M., Desoli, F.
Charoenviriyaphap, T. Duvallet, G. (2013). Transmission of
pathogens by Stomoxys flies (Diptera, Muscidae): a review.
Parasite 20, 26.

Baron, R. W., Nelson, W. A. (1985). Aspects of the humoral and cell-
mediated immune responses of sheep to the ked, Melophagus

ovinus (Diptera: Hippoboscidae). Journal of Medical Entomology
22,544-549.

Benelli, G., Beier, J. C. (2017). Current vector control challenges in the
fight against malaria. Acta Tropica 174, 91-96.

Benelli, G., Wilke, A. B., Beier, J. C. (2020). Aedes albopictus (Asian
Tiger Mosquito). Trends in Parasitology,
https://doi.org/10.1016/j.pt.2020.01.001.

Benoit, J. B, Attardo, G. M., Baumann, A. A., Michalkova, V., Aksoy, S.
(2015). Adenotrophic viviparity in tsetse flies: Potential for
population control and as an insect model for lactation. Annual
Review of Entomology 60, 351-371.

Bequaert, J. (1930). Notes on Hippoboscidae 2. The subfamily
Hippoboscinae. Psyche 37, 303-326.

Bequaert, J. (1942). A monograph of the Melophaginae, or ked-flies,
of sheep, goats, deer and antelopes (Diptera, Hippoboscidae).
Entomologica Americana 22, 1-220.

Bequaert, J. (1953). The Hippoboscidae or louse-flies (Diptera) of
mammals and birds. Entomologica Americana 32-33, 1-442.

57


https://doi.org/10.1016/j.pt.2020.01.001

Section 1. The Hippoboscoidea superfamily Chapter 1

Bequaert, J. (1957). The Hippoboscidae or louse-flies (Diptera) of
mammals and birds. Part. Il. Taxonomy, evolution and revision of
American genera and species. Entomologica Americana 36, 417-
611.

Bianchi, A., Salvetti, M., Bertoletti, I. (2016). Preliminary data on
Hippoboscidae (Diptera) ectoparasites of ungulates in province of
Sondrio and Lecco (northern ltaly), and observations on the
species of the genus Lipoptena in Europe. Atti del Museo Civico
di Storia Naturale di Morbegno 27, 15-36 (in ltalian, English
abstract).

Bose, R., Petersen, K. (1991). Lipoptena cervi (Diptera), a potential
vector of Megatrypanum trypanosomes of deer (Cervidae).
Parasitology Research 77,723-725.

Breitschwerdt, E. B., Kordick, D. L. (2000). Bartonella infection in
animals: carriership, reservoir potential, pathogenicity, and
zoonotic potential for human infection. Clinical Microbiology
Reviews 13, 428-438.

Buss, M., Case, L., Kearney, B., Coleman, C., Henning, J. D. (2016).
Detection of Lyme disease and anaplasmosis pathogens via PCR
in Pennsylvania deer ked. Journal of Vector Ecology 41, 292-294.

Cerutti, F., Modesto, P., Rizzo, F., Cravero, A., Jurman, I., Costa, S.,
Giammarino, M., Mandola, M. L., Goria, M., Radovic, S., Cattonaro,
F., Acutis, P. L., Peletto, S. (2018). The microbiota of
hematophagous ectoparasites collected from migratory birds.
PLoS ONE 13, €0202270.

Chang, C., Chomel, B. B., Kasten, R. W., Heller, R., Kocan, K. M., Ueno,
H., Yamamoto, K., Bleich, Vernon, V. C., Pierce, B. M., Gonzales, B.
J., Swift, P. K., Boyce, W. M., Jang, S. S., Boulouis, H. J., Piémont,
Y. (2000). Bartonella spp. isolated from wild and domestic
ruminants in North America. Emerging Infectious Diseases 6, 306-
311.

Choi, C. Y., Lee, S., Moon, K. H., Kang, C. W., Yun, Y. M. (2013). New
record of Lipoptena fortisetosa (Diptera: Hippoboscidae)
collected from Siberian roe deer on Jeju Island, Korea. Journal of
Medical Entomology 50, 1173-1177.

Chu, C. Y., Jiang, B. G, Qiu, E. C,, Zhang, F., Zuo, S. Q., Yang, H., Liu,
W., Cao, W. C. (2011). Borrelia burgdorferi sensu lato in sheep

58



Section 1. The Hippoboscoidea superfamily Chapter 1

keds (Melophagus ovinus), Tibet, China. Veterinary Microbiology
149, 526-529.

de Bruin, A., van Leeuwen, A. D., Jahfari, S., Takken, W., Foldvari, M.,
Dremmel, L., Sprong, H., Foldvéri, G. (2015). Vertical transmission
of Bartonella schoenbuchensis in Lipoptena cervi. Parasites &
Vectors 8, 1-6.

de Vasconcelos, P. F., Dolabela Falcao, L. A, Graciolli, G., Zaza Borges,
M. A. (2016). Parasite-host interactions of bat flies (Diptera:
Hippoboscoidea) in Brazilian tropical dry forests. Parasitology
Research 115, 367-377.

Decastello, A., Farkas, R. (2010). Anaphylactic reaction following forest
fly (Hippobosca equina) bite: a human case. Clinical and
Experimental Medical Journal 4, 193-198.

Dehio, C., Sauder, U., Hiestand, R. (2004). Isolation of Bartonella
schoenbuchensis from Lipoptena cervi, a blood-sucking
arthropod causing deer ked dermatitis. Journal of clinical
microbiology 42, 5320-5323.

Dick, C. W. (2006). Checklist of World Hippoboscidae (Diptera:
Hippoboscoidea), 1-7. Department of Zoology, Field Museum of
Natural History, Chicago. Available at
http://fm1 fieldmuseum.org/aa/Files/cdick/Hippoboscidae_Che
cklist_20dec06.pdf

Dick, C. W., Patterson, B. D. (2006). Bat flies: Obligate ectoparasites of
bats. In Morand, S., Krasnov, B. R. & Poulin, R. (eds.)
Micromammals and macroparasites, from evolutionary ecology to
management. pp 179-194. Tokyo: Springer-Verlag.

Dittmar, K., Porter, M. L., Murray, S., Whiting, M. F. (2006). Molecular
phylogenetic analysis of nycteribiid and streblid bat flies (Diptera:
Brachycera, Calyptratae): Implications for host associations and
phylogeographic origins. Molecular Phylogenetics and Evolution
38, 155-170.

Duodu, S., Madslien, K., Hjelm, E., Molin, Y., Paziewska-Harris, A.,
Harris, P. D., Colquhoun, D. J., Ytrehusa, B. (2013). Bartonella
infections in deer keds (Lipoptena cervi) and moose (Alces alces)
in Norway. Applied and Environmental Microbiology 79, 322-327.

59


http://fm1.fieldmuseum.org/aa/Files/cdick/Hippoboscidae_Checklist_20dec06.pdf
http://fm1.fieldmuseum.org/aa/Files/cdick/Hippoboscidae_Checklist_20dec06.pdf

Section 1. The Hippoboscoidea superfamily Chapter 1

Durden, L. A., Mullen, G. R. (2019). Introduction. In Durden, L. A. &
Mullen, G. R. (eds.). Medical and veterinary entomology 3™ ed, pp.
1-16. Cambridge: Academic Press, Elsevier.

Earle, R. A., Bastianello, S. S., Bennett, G. F., Krecek, R. C. (1993).
Histopathology and morphology of the tissue stages of
Haemoproteus columbae causing mortality in Columbiformes.
Avian Pathology 22, 67-80.

Farajollahi, A., Crans, W. J., Nickerson, D., Bryant, P., Wolf, B., Glaser,
A., Andreadis, T. G. (2005). Detection of West Nile virus RNA from
the louse fly Icosta americana (Diptera: Hippoboscidae). Journal
of the American Mosquito Control Association 21, 474-476.

Ferron, G. (2008). Censimento degli ectoparassiti di capriolo e
camoscio nel territorio vicentino. BSc thesis pp. 35. Padua,
University of Padua, Faculty of Science. (available at
http://tesi.cab.unipd.it/14141/)

Gancz, A. Y., Barker, I. K., Lindsay, R., Dibernardo, A., McKeever, K,
Hunter, B. (2004). West Nile Virus outbreak in North American
Owls, Ontario, 2002. Emerging Infectious Diseases 10, 2135-2142.

Graciolli, G., Zucco, C. A., Duarte Cangado, P. H., Mourao, G. (2011).
Parasitism rates of Lipoptena guimaraesi and a new record of
Lipoptena mazamae on Ozotoceros bezoarticus from the Central
Pantanal wetlands in Brazil. Revista Brasileira de Parasitologia
Veterinaria 20, 178-180.

Guerin, P.M., Krober, T., McMahon, C., Guerenstein, P., Grenacher, S.,
Vlimant, M., Diehl, P.A, Steullet, P., Syed, Z. (2000).
Chemosensory and behavioural adaptations of ectoparasitic
arthropods. Nova Acta Leopoldina 83, 213-229.

Haarlav, N.(1964). Life cycle and distribution pattern of Lipoptena cervi
(L.) (Dipt., Hippobosc.) on Danish deer. Oikos 15, 93-129.

Hafez, M., Hilali, M., Fouda, M. (1977). Biological studies on
Hippobosca equina (L.) (Diptera: Hippoboscidae) infesting
domestic animals in  Egypt. Zeitschrift fir Angewandte
Entomologie 83, 426-441.

Halos, L., Jamal, T., Maillard, R., Girard, B., Guillot, J., Chomel, B,
Vayssier-Taussat, M., Boulouis, H. J. (2004). Role of
Hippoboscidae flies as potential vectors of Bartonella spp.

60


http://tesi.cab.unipd.it/14141/

Section 1. The Hippoboscoidea superfamily Chapter 1

infecting  wild and domestic ruminants. Applied and
Environmental Microbiology 70, 6302-6305.

Han, H. J., Wen, H. L., Zhou, C. M., Chen, F. F., Luo, L. M., Liu, J. W., Yu,
X. J. (2015). Bats as reservoirs of severe emerging infectious
diseases. Virus Research 205, 1-6.

Harkénen, S., Laine, M., Vornanen, M., Reunala, T. (2009a). Deer ked
(Lipoptena cervi) dermatitis in humans — an increasing nuisance in
Finland. Alces 45, 73-79.

Hastriter, M. W, Dittmar, K., Whiting, M. F. (2006). Investigation of
taxonomically important morphological features of endoparasitic
bat flies of the subfamily Ascodipterinae (Diptera: Streblidae) by
scanning electron microscopy. Zootaxa 1122, 57-68.

Hermosilla, C., Pantchev, N., Bachmann, R., Bauer, C. (2006). Lipoptena
cervi (deer ked) in two naturally infested dogs. The Veterinary
Record 159, 286-287.

Hutson, A. M. (1984) Keds, flat-flies and bat-flies. Diptera,
Hippoboscidae and  Nycteribiidae. Handbooks for the
|dentification of British Insects (ed by M.G. Fitton), 10, part 7, Royal
Entomological Society of London, London.

lwasa, M. (1983). A comparative study on the mouth parts of medically
and veterinarily important flies, with special reference to the
development and origin of the prestomal teeth in cyclorrhaphous
Diptera. Japanese Journal of Sanitary Zoology 34, 177-206.

Johnson, G. (2011). Managing ectoparasites on sheep. Montana State
University Extension. File under: Agriculture and Natural
Resources (Pest Management). New, 11/11 (MT201110AQ).

Kadulski, S. (1996). Ectoparasites of cervidae in north-east Poland. Acta
Parasitologica 41, 204-210.

Kaitala, A., Kortet, R., Harkonen, S., Laaksonen, S., Harkénen, L.,
Kaunisto, S., Ylénen, H. (2009). Deer ked, an ectoparasite of
moose in Finland: a brief review of its biology and invasion. Alces
45, 85-88.

Kaunisto, S., Kortet, R., Harkénen, L., Harkénen, S., Yldénen, H,
Laaksonan, S. (2008). New bedding site examination-based
method to analyse deer ked (Lipoptena cervi) infection in cervids.
Parasitology Research 104, 919-925.

61



Section 1. The Hippoboscoidea superfamily Chapter 1

Kern, W.H. (2014). Pigeon louse fly or pigeon fly, Pseudolychia
canariensis (Macquart) (Insecta: Diptera: Hippoboscidae).
University of Florida IFAS Extension, EENY-307. (available at:
http:// edis.ifas.uBB.edu/pdfbles/IN/IN58400.pdf).

Kim, H. C., Han, S. H., Dick, C. W., Choi, Y. G., Chong, S. T., Klein, T. A,,
Rueda, L. M. (2012). Geographical distribution of bat flies
(Diptera: Nycteribiidae and Streblidae), including two new
records, Nycteribia allotopa and N. formosana, collected from bats
(Chiroptera: Rhinolophidae and Vespertilionidae) in the Republic
of Korea. Journal of Vector Ecology 37, 333-337.

Kristofik, J., Stefan, P. (1980). Novel knowledge about the family of
Hippoboscidae (Diptera) in Slovakia. Biologia 35, 137-140.

Kumsa, B., Parol, P., Raoult, D., Socolovschi, C. (2013). Bartonella
melophagi in Melophagus ovinus (sheep ked) collected from
sheep in northern Oromia, Ethiopia. Comparative Immunology,
Microbiology and Infectious Diseases 37, 69-76.

Kurina, O., Kirik, H., C)unap, H., C)unap, E. (2019). The northernmost
record of a blood-sucking ectoparasite, Lipoptena fortisetosa Maa

(Diptera: Hippoboscidae), in Estonia. Biodiversity Data Journal 7,
e47857.

Kynkaénniemi, S. M., Kettu, M., Kortet, R., Harkonen, L., Kaitala, A.,
Paakkonene, T., Mustonen, A.-M., Nieminen, P., Harkénen, S.,
Yloénen, H., Laaksonen, S. (2014). Acute impacts of the deer ked
(Lipoptena cervi) infestation on reindeer (Rangifer tarandus
tarandus). Parasitology Research 113, 1489-1497.

Lee, S.H., Kim, K. T., Kwon, O. D., Younsung, O., Kim, T., Choi, D., Kwak,
D. (2016). Novel detection of Coxiella spp., Theileria luwenshuni,
and T. ovis endosymbionts in deer keds (Lipoptena fortisetosa).
PLoS One 11, e0156727.

Legg, D. E., Kumar, R., Watson, D. W., Lloyd, J. E. (1991). Seasonal
movement and spatial distribution of the sheep ked (Diptera:
Hippoboscidae) on Wyoming lambs. Journal of Economic
Entomology 84, 1532-1539.

Liu, D., Wang, Y. Z., Zhang, H., Liu, Z. Q., Wureli, H., Wang, S. W., Tu,
C. C., Chen, C. F. (2018). First report of Rickettsia raoultii and R.
slovaca in Melophagus ovinus, the sheep ked. Parasites & Vectors
9, 600.

62



Section 1. The Hippoboscoidea superfamily Chapter 1

Liu, S. P., Friedrich, F., Petersen, D. S., Busse, S., Gorb, S. N., Beutel, R.
G. (2019). The thoracic anatomy of the swift lousefly Crataerina
pallida (Diptera)—functional implications and character evolution

in Hippoboscoidea. Zoological Journal of the Linnean Society 185,
111-131.

Liu, Y. H., He, B., Li, K. R,, Li, F., Zhang, L. Y., Li, X. Q., Zhao, L. (2016).
First report of border disease virus in Melophagus ovinus (sheep
ked) collected in Xinjiang, China. PLoS ONE 14, e0221435.

Lourenco, S. I, Palmeirim, J. M. (2008). How do ectoparasitic
nycteribiids locate their bat hosts? Parasitology 135, 1205-1213.

Luedke, A. J., Jochim, M. M., Bowne, J. G. (1965). Preliminary
bluetongue transmission with the sheep ked Melophagus ovinus

(L.). Canadian journal of comparative medicine and veterinary
science 29, 229-231.

Maa, T. C. (1965). A synopsis of the Lipopteninae (Diptera:
Hippoboscidae). Journal of Medical Entomology 2, 233-248.

Maa, T. C. (1966). On the genus Pseudolynchia Bequaert (Diptera:
Hippoboscidae). Pacific Insects Monograph 10, 125-138.

Maa, T. C. (1967). A synopsis of Diptera pupipara of Japan. Pacific
Insects Monograph 9, 727-760.

Maa, T. C. (1969). A revised checklist and concise host index of
Hippoboscidae (Diptera). Pacific Insects Monograph 20, 261-299.

Maa, T. C., Peterson, B. V. (1987). Hippoboscidae. In McAlpine, J. F.,
Peterson, B. V., Shewell, G. E., Teskey, H. J., Vockeroth, J. R. &
Wood, D. M. (eds.) Manual of Nearctic Diptera, Vol. Il. Monograph
28, pp. 1271-1281. Ottawa: Research Branch, Agriculture Canada.

Macchioni, F., Magi, M., Mancianti, F., Perrucci, S. (2005). Phoretic
association of mites and mallophaga with the pigeon fly
Pseudolynchia canariensis. Parasite 12, 277-279.

Madslien, K., Ytrehus, B., Vikgren, T., Malmsten, J., Isaksen, K., Olav
Hygen, H., Solberg, E. J. (2011). Hair-loss epizootic in moose
(Alces alces) associated with massive deer ked (Lipoptena cervi)
infestation. Journal of Wildlife Diseases 47, 893-906.

Mayberry, J.R. (2014) Through the eyes of bat flies: behavioral,
phylogenetic, and histological analyses of compound eye
reduction in bat flies (Streblidae) provide evidence for positive

63



Section 1. The Hippoboscoidea superfamily Chapter 1

selection. PhD thesis pp. 155. Buffalo, State University of New York
at Buffalo. Available at
https://pgdtopen.proquest.com/doc/1700410764.htmI?EFMT=AI

Megat Abd Rani, P. A., Coleman, G. T., Irwin, P. J., Traub, R. J. (2011).
Hippobosca longipennis - a potential intermediate host of a
species of Acanthocheilonema in dogs in northern India. Parasites
& Vectors 4, 1-7.

Mehlhorn, H. (2018). Mouthparts of Bloodsuckers and their ability to
transmit agents of diseases. In Mosquito-borne Diseases. pp. 131-
158. Springer, Cham.

Mihalca, A. D., Pastrav, |. R., Sdndor, A. D., Deak, G., Gherman, C. M.,
Sarmasi, A., Votypka, J. (2019). First report of the dog louse fly
Hippobosca longipennis in Romania. Medical and Veterinary
Entomology 33, 530-535.

Mogi, M. (1975). A new species of Lipoptena (Diptera, Hippoboscidae)
from the Japanese deer. Konty( 43, 387-392.

Nartshuk, E. P., Matyukhin, A. V., Red’kin, Y. A. (2018). Association of
the louse-flies of the genus Ornithoctona Speiser, 1902 (Diptera:
Hippoboscidae) with birds and first record of O. australasiae
(Fabricius, 1805) from the Russian Far East. Far Eastern
Entomologist 355, 23-28.

Nelson, W. A., Kozub, G. C. (1980). Melophagus ovinus (Diptera:
Hippoboscidae): evidence of local mediation in acquired
resistance of sheep to keds. Journal of Medical Entomology 17,
291-297.

Nelson, W. A., Qually, M. C. (1958). Annual cycles in numbers of the
sheep ked, Melophagus ovinus (L.). Canadian Journal of Animal
Science 38, 194-199.

Obona, J., Sychra, O., Gres, S., Hefman, P., Manko, P., Rohéacek, J.,
Sestakova, A., §|apék, J., Hromada, M. (2019). A revised annotated
checklist of louse flies (Diptera, Hippoboscidae) from Slovakia.
ZooKeys 862, 129-152.

Olafsson, E. (1985). A heron carrying louse flies to Iceland. Bliki 3, 12-
14. (In Icelandic, English abstract).

64


https://pqdtopen.proquest.com/doc/1700410764.html?FMT=AI

Section 1. The Hippoboscoidea superfamily Chapter 1

Onmaz, A. C., Beutel, R. G, Schneeberg, K., Pavaloiu, A. N., Komarek,
A., van den Hoven, R. (2013). Vectors and vector-borne diseases
of horses. Veterinary Research Communications 37, 65-81.

Petersen, D. S., Kreuter, N., Heepe, L., Busse, S., Wellbrock, A. H. J.,
Witte, K., Gorb, S. N. (2018). Holding tight to feathers - structural
specializations and attachment properties of the avian
ectoparasite Crataerina pallida (Diptera, Hippoboscidae). Journal
of Experimental Biology 221, 1-9.

Petersen, F. T., Meier, R., Kutty, S. N., Wiegmann, B. M. (2007). The
phylogeny and evolution of host choice in the Hippoboscoidea
(Diptera) as reconstructed using four molecular markers.
Molecular Phylogenetics and Evolution 45, 111-122.

Peterson, B. V., Wenzel, R. L. (1987). Nycteribiidae. In McAlpine, J. F.,
Peterson, B. V., Shewell, G. E., Teskey, H. J., Vockeroth, J. R. &
Wood, D. M. (eds.) Manual of Nearctic Diptera, Vol. Il
Monograph, pp. 1283-1291. Ottawa: Research Branch,
Agriculture Canada.

Pirali-Kheirabadi, K., Dehghani-Samani, A., Ahmadi-Baberi, N,
Najafzadeh, V. (2016). A first report of infestation by
Pseudolynchia canariensis in a herd of pigeons in Shahrekord

(Southwest of Iran). Journal of arthropod-borne diseases 10, 424-
428.

Powell, J.R.(2018). Mosquito-Borne Human Viral Diseases: Why Aedes
aegypti? The American Journal of Tropical Medicine and Hygiene
98, 1563-1565.

Quercia, O., Emiliani, F., Foschi, F. G., Stefanini, G. F. (2005).
Anaphylactic reaction after Hippobosca equina bite. Alergologia
e Inmunologia Clinica 20, 31-33.

Raganella Pelliccioni, E., Riga, F., Toso, S. (2013). Linee guida per la
gestione degli Ungulati. Cervidi e Bovidi. Manuali e Linee Guida,
?1. Istituto Superiore per la Protezione e la Ricerca Ambientale,
Rome, ltaly. URL
http://www.isprambiente.gov.it/files/pubblicazioni/manuali-
lineeguida/MLG_91_2013.pdf [accessed on 8 June 2018].

Reeves, K. W., Beck, J., Orlova, M. V., Daly, J. L., Pippin, K., Revan, F.,
Loftis, A. D (2016) Ecology of bats, their ectoparasites, and

65



Section 1. The Hippoboscoidea superfamily Chapter 1

associated pathogens on Saint Kitts Island. Journal of Medical
Entomology 53, 1218-1225.

Reeves, W. K., Lloyd, J. E. (2019). Louse flies, keds, and bat flies
(Hippoboscoidea). In Durden, L. A. & Mullen, G. R. (eds.). Medical
and veterinary entomology 3" ed, pp. 421-438. Cambridge:
Academic Press, Elsevier.

Reeves, W. K., Loftis, A. D., Gore, J. A, Dasch, G. A. (2005). Molecular
evidence for novel Bartonella species in Trichobius major (Diptera:
Streblidae) and Cimex adjunctus (Hemiptera: Cimicidae) from two

southeastern bat caves, U.S.A. Journal of Vector Ecology 30, 339-
341.

Reeves, W. K., Nelder, M. P., Cobb, K. D., Dasch, G. A.(2006) Bartonella
spp. in deer keds, Lipoptena mazamae (Diptera: Hippoboscidae),
from Georgia and South Carolina, USA. Journal of Wildlife
Diseases 42, 391-396.

Regier, Y., Komma, K., Weigel, M., Pulliainen, A. T., Géttig, S., Hain, T,
Kempf, V. A. J. (2018). Microbiome analysis reveals the presence
of Bartonella spp. and Acinetobacter spp. in deer keds (Lipoptena
cervi). Frontiers in Microbiology 9, 1-10.

Roberts, J. I. (1925). On the bionomics of Hippobosca equina. Annals
of Tropical Medical Parasitology 19, 81-90.

Salvetti, M., Bianchi, A., Marangi, M., Barlaam, M., Giacomelli, S.,
Bertoletti, I., Roy, L., Giangaspero, A. (2019). Deer keds on wild
ungulates in northern ltaly, with a taxonomic key for the
identification of Lipoptena spp. of Europe. Medical and Veterinary
Entomology 34, 74-85.

Santiago-Alarcon, D., Palinauskas, V., Schaefer, H. M. (2012). Diptera
vectors of avian Haemosporidian parasites: untangling parasite
life cycles and their taxonomy. Biological Reviews 87, 928-964.

Santos Murgas, A., Lépez Chong, O. G. Miller, M. J. (2014).
Hippoboscidae (Insecta: Diptera). ectopardsitos en aves de
panamé, claves de identificacién, hospederos y distribucion.
Scientia 24, 49-68.

Schumann, H., Messner, B. (1993). Erstnachweis von Lipoptena
fortisetosa Maa, 1965 in Deutschland (Dipt., Hippoboscidae).
Entomologische Nachrichten und Berichte 37, 247-248.

66



Section 1. The Hippoboscoidea superfamily Chapter 1

Selmi, R., Dhibi, M., Ben Said, M., Ben Yahia, H., Abdelaali, H., Ameur,
H., Baccouche, S., Gritli, A., Mhadhbi, M. (2019). Evidence of
natural infections with Trypanosoma, Anaplasma and Babesia spp.

in military livestock from Tunisia. Tropical Biomedicine 36, 742-
757.

Skvarla, M. J, Machtinger, E. T. (2019). Deer Keds (Diptera:
Hippoboscidae: Lipoptena and Neolipoptena) in the United
States and Canada: new state and county records, pathogen

records, and an illustrated key to species. Journal of Medical
Entomology 56, 744-760.

Small, R.W. (2005). A review of Melophagus ovinus (L.), the sheep ked.
Veterinary Parasitology 130, 141-155.

Snodgrass, R.E. (1943) The feeding apparatus of biting and disease-
carrying flies: a wartime contribution to medical entomology.
Smithsonian Miscellaneous Collections 104, 1-51.

Sokot, R., Gatecki, R. (2017). Prevalence of keds on city dogs in central
Poland. Medical and Veterinary Entomology 31, 114-116.

Sokét, R., Michalski, M. M. (2015). Occurrence of Hippobosca equina
in Polish primitive horses during the grazing season. Annals of
Parasitology 61, 119-124.

Sonobe, R. (1979). Ecology of two species of deer ked (Diptera
Hippoboscidae) in Kinkasan Island, Miyagi Prefecture, Japan.
KontyG 47, 593-598.

Soos, A., Hurka, K. (1986). Family Hippoboscidae. In Soos, A. & Papp,
L. (eds.) Catalogue of the Palaearctic Diptera. Vol. 11,
Scatophagidae - Hypodermatidae. pp 215-226. Budapest:
Akadémiai Kiado.

Szentivanyi, T., Christe, P., Glaizot, O. (2019). Bat flies and their
microparasites: current knowledge and distribution. Frontiers in
Veterinary Science 6, 1-12.

Szentivanyi, T., Estdk, P., Pigeault, R., Christe, P., Glaizot, O. (2020).
Effects of fungal infection on the survival of parasitic bat fies.
Parasites Vectors 13, 1-8.

ter Hofstede, H. M, Fenton, M. B., Whitaker, Jr. J. O. (2004). Host and
host-site specificity of bat flies (Diptera: Streblidae and

67



Section 1. The Hippoboscoidea superfamily Chapter 1

Nycteribiidae) on Neotropical bats (Chiroptera). Canadian Journal
of Zoology 82, 616-626.

Trout, R. T, Steelman, C. D., Szalanski, A. L. (2010). Phylogenetics and
population genetics of the louse fly, Lipoptena mazamae, from
Arkansas, U.S.A. Medical and Veterinary Entomology 24, 258-265.

Turner, C. R, Mann, D. J. (2004). Recent observations of Hippobosca
equina L. (Diptera: Hippoboscidae) in South Devon. British
Journal of Entomology and Natural History 17, 1-4.

Vichova, B., Majlathova, V., Novékova, M., Majlath, 1., Curlik, J., Bona,
M., Komjati-Nagyova, M., Petko, B. (2011). PCR detection of re-
emerging tick-borne pathogen, Anaplasma phagocytophilum, in
deer ked (Lipoptena cervi) a blood-sucking ectoparasite of
cervids. Biologia 66, 1082-1086.

Vidal, C., Armisén, M., Bartolomé, B., Rodriguez, V., Luna, I. (2007).
Anaphylaxis to Hippobosca equina (louse fly). Annals of Allergy,
Asthma & Immunology 99, 284-286.

Vreysen, M. J. B, Talla Seck, M., Sall, B., Bouyer, J. (2013). Tsetse flies:
Their biology and control using area-wide integrated pest

management approaches. Journal of Invertebrate Pathology 112,
15-25.

Wenzel, R. L, Peterson, B. V. (1987) Streblidae. In McAlpine, J. F.,
Peterson, B. V., Shewell, G. E., Teskey, H. J., Vockeroth, J. R. &
Wood, D. M. (eds.) Manual of Nearctic Diptera Vol. Il. Monograph
28, pp. 1293-1301. Ottawa: Research Branch, Agriculture Canada.

World malaria report (2019). Geneva: World Health Organization;
2019. Licence: CC BY-NC-SA 3.0 IGO.

Yamauchi, T., Nakayama, H. (2006). Two species of deer keds (Diptera
Hippoboscidae) in Miyajima, Hiroshima Prefecture, Japan.
Medical Entomology and Zoology 57, 55-58.

Yamauchi, T., Tsuda, Y., Sato, Y., Murata, K. (2011). Pigeon louse fly,
Pseudolynchia canariensis (Diptera: Hippoboscidae), collected by

dry-ice trap. Journal of the American Mosquito Control Association
27,441-443.

Yamauchi, T., Tsurumi, M., Kataoka, N. (2009). Distributional records of
Lipoptena species (Diptera: Hippoboscidae) in Japan and Jeju-
do, Korea. Medical Entomology and Zoology 60, 131-133.

68



Section 1. The Hippoboscoidea superfamily Chapter 1

Yevstafyeva, V. A., Sharavara, T. A., Melnychuk, V. V., Sirenko, 0. V.,
Prijma, O. B., Nagorna, L. V., Kanivets, N. S., Borodai, Y. O. (2017).
The dynamics of the population and peculiarities of the
morphometric  structure of Melophagus ovinus (Diptera,
Hippoboscidae) in Ukraine. Biosystems Diversity 25, 243-248.

Zhao, L., He, B, Li, K. R,, Li, F.,, Zangh, L. Y., Li, X. Q., Liu, Y. H. (2018).
First report of Anaplasma ovis in pupal and adult Melophagus

ovinus (sheep ked) collected in South Xinjiang, China. Parasites &
Vectors 11, 1-6.

69



Section 2. Morphological traits and evolutionary adaptations Chapter 2

2. Comparative morphology of the deer ked
Lipoptena fortisetosa first recorded from ltaly

This chapter has been published in the form as:

Andreani A., Sacchetti P., Belcari A. (2019) Comparative morphology
of the deer ked Lipoptena fortisetosa first recorded from Italy. Medical
and Veterinary Entomology, 33: 140-153.
https://doi.org/10.1111/mve. 12342

Abstract

Hippoboscidae flies parasitize various animal species. Knowledge
about these insects remains sparse, although they are known to cause
stress and damage to their hosts, and can also accidentally infest
humans, causing different sanitary risks. Research conducted in
Tuscany assessing the biology and distribution of Lipoptena cervi
(Linnaeus, 1758) (Diptera: Hippoboscidae), the most common
ectoparasite of ungulates in ltaly, revealed the presence of Lipoptena
fortisetosa Maa, 1965 in ltaly for the first time. This study includes a
morphological comparative description of L. cervi and L. fortisetosa,
emphasizing the peculiar differences between the two species to
facilitate  their accurate identification. The most pertinent
morphological differences between the two species are highlighted,
such as the external features of the antennae, distribution of bristles,
and different features in the external genitalia. In both species,
scanning electron microscopy of mouthparts revealed strong adaptive
convergence in the feeding apparatus. Modified palps and a very thin

proboscis are described in relation to feeding behaviour.
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Introduction

Lipoptena fortisetosa Maa, 1965 is a haematophagous
ectoparasite belonging to the family Hippoboscidae, subfamily
Lipopteninae (Maa, 1965). The fly parasitizes mammals, particularly
cervids. This species is native to Japan, but has spread into Korea and
Russia. It has been recorded in a few European countries, such as
Germany, Lithuania, Moldova, Poland, the Czech Republic, Romania,
Slovakia and Switzerland (Choi et al.,, 2013). The main host of L.
fortisetosa is the Japanese deer [Cervus nippon Temminck, 1838
(Artiodactyla: Cervidae)], but other mammal hosts have been
reported, such as the Siberian roe deer [Capreolus pygargus Pallas,
1771 (Artiodactyla: Cervidae)] (Choi et al., 2013). Lipoptena fortisetosa
can also infest humans (Schumann & Messner, 1993). Lipoptena cervi
(Linnaeus, 1758) is another common hippoboscid species that attacks
ungulates. Lipoptena cervi was originally recorded in Europe, Siberia
and northern China, but it has spread into northern Africa, North
America and other parts of Asia (Bequaert, 1942). This fly lives on
various species of ungulate and can accidentally infest other species,
including humans (Harkénen et al., 2009a; Kaitala et al., 2009; Kaunisto
etal., 2010). In ltaly, L. cervi predominantly parasitizes red deer [Cervus
elaphus Linnaeus, 1758 (Artiodactyla: Cervidae)], roe deer [Capreolus
capreolus (Linnaeus, 1758) (Artiodactyla: Cervidae)] and, to a lesser
extent, fallow deer [Dama dama (Linnaeus, 1758) (Artiodactyla:
Cervidae)] (Haarlgv, 1964). When a ked finds a suitable host, it settles
on the mammal for the rest of its life and gradually loses its wings as a
result of its passage between the hairs of the host. Both L. fortisetosa
and L. cervi are viviparous species that generate full-grown larvae that
fall to the ground and pupate. Both species occur year-round, but the

emergence of winged adults occurs from summer to early autumn
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(Haarlav, 1964). Both species have been poorly investigated, although,
in recent years, the spread of L. cervi over northern European countries
has stimulated research into its population dynamics and invasiveness
(Harkonen et al., 2009b; Kaitala et al., 2009). These species are known
to cause sickness and stress in their hosts, and they facilitate the
transmission of pathogens and zoonoses such as borreliosis,
anaplasmosis and trypanosomiasis (Harkonen et al., 2009a; Vichova et
al.,, 2011; De Bruin et al., 2015; Buss et al., 2016; Lee et al., 2016). The
present paper reports the first record of L. fortisetosa in Italy, along with
a comparative morphological assessment of L. fortisetosa and L. cervi
to facilitate the accurate identification of the two species. Moreover,
morphological observations on some features found to be common to
both species, such as in the legs and mouthparts, are described in

relation to their parasitic lifecycles and feeding activity.

Materials and methods

Sampling procedures and taxonomic identification of Hippoboscidae

Observations were made in Tuscany, central Italy. Hippoboscids
were collected from five ungulates. Three C. elaphus specimens were
examined: a male fawn (44°4' 23.82" N, 11°5'46.74" E); a female fawn
(44°4" 49.28" N, 11°6' 58.83" E), and a male yearling (44°6" 19.08" N,
11°7' 17.10" E). Flies were collected from hunter-harvested deer in
2017 in the province of Prato, on 29 January, 11 February and 11
March, respectively. The other two parasite-yielding specimens were
C. capreolus and included a male fawn harvested by hunters in the
province of Grosseto (42°52' 55.66" N, 11°15" 10.45" E) on 26 August
2017, and a tame adult female kept at the experimental farm of the

Department of Agrifood Production and Environmental Sciences
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(DISPAA), University of Florence in Florence (43°47' 3.30" N, 11°13'
20.02" E), examined on 29 June 2017 (Figure 2.1). The hippoboscid
specimens were identified using taxonomic keys proposed by

Bequaert (1942), Mogi (1975) and Maa & Peterson (1987).

Sampling points of ungulates
* Roe deer female adult
[l Roe deer male fawn
@ Red deer female fawn
@ Red deer male yearling
4 Red deer female fawn

Figure 2.16. Locations of sampling of hippoboscids in Tuscany, Italy.

Morphological investigations

A morphological study was conducted using optical and scanning
electron microscopes housed at the Department of Agricultural, Food
and Agro-Environmental Sciences, University of Pisa, Italy. Several
specimens were prepared for the observations. Adults of both species
were anaesthetized and killed at —=20°C and then immersed in hexane
and sonicated for 10 min to clean them and to remove impurities and
secretions from their bodies. Subsequently, flies were sonicated again
for 10 min in water with two drops of soap (Ausilab™; Carlo Erba

Reagents Srl, Cornaredo, Milano, ltaly) to rehydrate the previously

73



Section 2. Morphological traits and evolutionary adaptations Chapter 2

cleaned samples. After this procedure, the specimens were air-dried,
quickly pinned, and prepared for optical observations. At least fifty
specimens of each sex and species were observed using an optical
microscope. Two dimensions were measured: the total length of the
body and the largest width of the abdomen. For scanning electron
microscopy, specimens in toto or some excised parts were placed in
hexane, sonicated for 10 min, and then dehydrated in a graded
ethanol series (70%, 80%, 90%, 95% and 100% ethanol). Subsequently,
samples were air-dried, mounted on stubs and gold-coated in a
sputter coater device (S150B; BOC Edwards, Burgess Hill, U.K.).
Observations were made using an FEI Quanta 200 high-vacuum
scanning electron microscope (Thermo Fisher Scientific, Inc., Waltham,

MA, U.S.A.).

Results

The examined ungulates hosted a large number of ectoparasites.
Among these, the presence of the hippoboscid L. fortisetosa was
detected for the first time in ltaly. A total of 802 parasites were
collected from the five ungulates. These included 622 L. cervi and 180
L. fortisetosa (Table 2.1). However, it was not possible to remove all the
flies from the two roe deer and hence the number of infesting insects

is assumed to have been greater.
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Table 2.1. Number of hippoboscid flies, divided by species and sex, collected from
ungulate hosts

Hosts L. cervi L. cervi L. fortisetosa L. fortisetosa
3 Q 3 Q

fnejed; fvrn 12 25 34 40

Red deer

female fawn 12 30 7 19

Red deer 220 323 0 1

yearling male

Roe deer

female* i i 7 10

Roe deer

male fawn* i i 31 21

*only few specimens sampled from the animal

Morphological and taxonomic differences between the species

The morphological features of both ectoparasites show an
extreme level of adaptation to parasitic life. This adaptation includes
the flattening of the body to enable the insect to remain on the host,
the thickening of the integument to withstand the mechanical
pressures caused by host movements, and the development of many
bristles for protection (Figures 2.2 and 2.3). The largest difference
between the two species refers to body size: L. fortisetosa is smaller
than L. cervi and females are larger than males in both species (Table

2.2).
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1 mm
i

Figure 2.2. Dorsal and ventral views of females of (A) Lipoptena cervi and (B)

Lipoptena fortisetosa.

1mm 1mm
— | |

Figure 2.3. Dorsal and ventral views of males of (A) Lipoptena cervi and (B) Lipoptena

fortisetosa.
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Table 2.2. Body dimensions (mean + SD) measured in both sexes of L. cervi and L.

fortisetosa
. L Number of Body length Abdomen
Hippoboscid flies measured .
) (mm) width (mm)
specimens

L. cervifemale 55 7.40 £ 0.527 3.84 +0.285
L. cervi male 54 6.64 +0.790 3.83 £0.454
L. fortisetosa female 59 474 +0.230 2.62 £0.222
L. fortisetosa male 51 3.89£0.472 2.03+0.302

Closer observation shows that the head of L. cervi is ovoid,
whereas the head of L. fortisetosa has a characteristic rhomboidal
shape (Figure 2.4). Other noticeable differences concern the
frontoclypeus area, which is trapezoid in L. cervi and elliptical in L.

fortisetosa.

1 mm 1 mm

Figure 2.4. Features on the head (dorsal view) of (A) Lipoptena cervi and (B)
Lipoptena fortisetosa. Differences between the species are detectable on the
frontoclypeus area (fc) and in the numbers of mechanosensory bristles and their
arrangement on the external side of the antennae.
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Additionally, the sensillar pattern present on the external surface
of the antennal segment differs between the two species: L. cervi
antennae bear two trichoid, one basiconic and seven coeloconic
sensilla (Figure 2.5), whereas there are nine strongly socketed sensillar

bristles in L. fortisetosa (Figure 2.6).

Figure 2.5. Lipoptena cervi. (A) Head with antennae and mouthparts. (B) Typical
arrangement of the antennae inside the frontal pit; note the branched arista (ar)
protruding from the antennal pedicellum (p). (C) Magnification of the antenna edge
with coeloconic sensilla (cs) and furcate microtrichia (fm) from the internal hollow. (D)
Socketed mechanosensory bristles (mb) on the external part of the antenna.

The thoracic region differs between the two species in both the
sutural pattern and the distribution of bristles. Lipoptena cervi displays
two protruding post-scutellar sutures that border a prominent central
area (acrostichal area) of the generally flattened thorax. Conversely, in
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L. fortisetosa these sutures are not present and the medionotal suture
is well marked and crosses the whole thorax longitudinally (Figure 2.7).

Figure 2.6. Lipoptena fortisetosa. (A) Head with antennae (an) and base of the
mouthparts. (B) Antenna inside the frontal pit with elongated bristles. (C) Detail of
the mechanosensory bristles (mb) with noticeable sensillar sockets (ss). (D) High
magnification of the grooved wall of one mechanosensory bristle.

A very important taxonomic feature of this region is the
chaetotaxy, which can help differentiate the two species. Lipoptena
cervi is hairier than L. fortisetosa and the dimensions of its bristles vary,
whereas all bristles in L. fortisetosa are of equal dimensions. The
distribution of bristles is very different. Lipoptena cervi exhibits some
groups of bristles that are not observed in L. fortisetosa and L. cervi has
a peculiar feature that is absent in the other species: the presence of

three bristles above the thoracic spiracle (Figure 2.7 C, D).
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Figure 2.7. Features on the thorax (dorsal view) of females of (A, C, E) Lipoptena cervi
and (B, D, F) Lipoptena fortisetosa. Morphological differences between the two
species are easily detectable on the prescutellar (pss) and medionotal sutures (ms),
in the number of spiracular bristles and in the number of coeloconic sensilla on the
prescutellar area (E, F). (F, inset) Coeloconic sensilla belong to the uniporous type.
(F) Note the wing-breaking line (wbl) on the L. fortisetosa thorax.
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Interestingly, both species display a sensory area consisting of a
group of coeloconic sensilla on the prescutellar region, close to the
spiracular bristles; there are approximately 10 sensilla in L. cervi but
fewer in L. fortisetosa (Figure 2.7 E, F). At high magnification, these
sensilla appear to be uniporous (Figure 2.7 F, inset). These insects lose
their wings after settling in a suitable host and the breaking line is
notable (Figure 2.7 F).

The abdomen of L. fortisetosa is less sclerotized and consequently
of a lighter colour, and in males is smaller than that of L. cervi. It is
notable that in both species the membranous tegument of the
abdomen of females is wider than the sclerotized areas, which allows
the extension of the body for progeny development. Female
terminalia differ between the species in features and in the number of
bristles on the genital opening (Figure 2.8). Lipoptena cervi shows
three pregenital aligned sclerites; each external sclerite bears two or
three bristles and the central sclerite has four bristles. Furthermore, the
pregenital plate is bilobate, whereas the hypoproct is semi-circular and
bare, with two nearly hairless cerci. Lipoptena fortisetosa has only a
central pregenital sclerite bearing two long and strong bristles, and the
pregenital plate is composed of two distinct narrow urotergites. The
hypoproct is semi-circular and, by contrast with the other species, is
hairy with well-developed bristles. The male terminalia are
characterized by a short aedeagus and two external gonopods that
protect it and guide it during mating (Figure 2.9). In L. cervi, the
aedeagus is cone-shaped and ends with a ridge-shaped process, and
the surstyli are well developed and bear strong bristles (Figure 2.9 A,
C, E). In L. fortisetosa, the aedeagus is membranous with a bilobate tip,
and each lobe bears spines on its edge (Figure 2.9 D, F). The

gonopods are elongated with tiny spines and cuticolar depressions on
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the surface, homogeneously distributed but different in size. Some of
these cuticolar depressions are presumably coeloconic sensilla (Figure
2.9 F). The surstyli are not as evident, but they exhibit some long

bristles.

Figure 2.8. Female terminalia in (A) Lipoptena cervi and (B) Lipoptena fortisetosa
showing main differences on pregenital sclerites (ps) and pregenital plate (pp)
features. h, hypoproct; c, cerci.
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Figure 2.9. Male terminalia in (A, C, E) Lipoptena cervi and (B, D, F) Lipoptena
fortisetosa. Note the morphological differences between the two species in the
surstyli (s), gonopods (g) and aedeagi (ae). Coeloconic sensilla (cs) are spread on the
gonopods in both species.
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External features common to both species

The legs and feeding apparatus in the two species are identical.
These structures are efficiently adapted to parasitic life. The legs are
robust and bear strong bristles that probably serve as
mechanoreceptors (Figure 2.10). Moreover, these bristles are also
useful for clasping on to the host and may help claws to hook firmly to
the fur of the ungulate host. Claws are the most important tools of
adhesion and are stout, asymmetrical and widely grooved to better
hold the hairs of the mammal. Two additional adhesion organs are also
present: the empodium and pulvilli (Figure 2.10 B).

The feeding apparatus is completely adapted for blood sucking.
It consists of a retracted proboscis embraced in two sclerotized, single-
segment, bristled maxillary palps (Figure 2.11). The proboscis
comprises three segments: the labella, labrum and labium [the latter
two, respectively, represent the labial gutter and thecal section sensu
Snodgrass (1943)]. The apical portion is formed by the labella, whereas
the main part of the proboscis is divided lengthwise into a thecal
section and a labial gutter that includes the hypopharynx (Figure 2.12
A). Numerous sensilla are arranged in a circle on the tip of the labella.
There are two types of sensilla: four basiconic sensilla symmetrically
arranged at the four corners, and various differently sized coeloconic
sensilla. Furthermore, coeloconic sensilla are also present along the
surface of the thecal section of the proboscis (Figure 2.12 A, inset).
Finally, onthe tip of the labella, the biting apparatus consists of a group
of prestomal teeth that scrape the host's skin (Figure 2.12 B, C).
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200pm

100pm 100pm

Figure 2.1017. Common features of the distal segments of the leg in (A, B) Lipoptena
cervi and (C) Lipoptena fortisetosa. cl, claw; e, empodium; p, pulvilli. Note numerous
long mechanosensory bristles on each tarsal segment.
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Figure 2.11. Common features of the mouthparts in (A, C) female and (B) male
Lipoptena cervi and (D) the Lipoptena fortisetosa female. Single-segment, bristled,
maxillary palps (mxp) serve as a sheath for the proboscis (p). The proboscis, formed

by the junction of labrum (lbr) and labium (Ibi), ends with the labella (la). The
proboscis is embraced by the maxillary palps in (A-C) L. cervi, but is everted in (D) L.
fortisetosa.

86



Section 2. Morphological traits and evolutionary adaptations Chapter 2

Figure 2.12. Common features of the proboscis (p) in (A) the Lipoptena fortisetosa

male and (B-D) the Lipoptena cervi female. (A) Sensillar arrangement on the medial

proboscis with magnification of a coeloconicum sensillum (inset). (B-D) Labella (la)

with a sensory area at the tip formed by a circle of coeloconic sensilla (cs) and four

basiconic sensilla (bs) symmetrically placed. Prestomal teeth (pt) are embraced by
the rim of the labella.

Discussion

In the present study, 802 hippoboscid specimens were collected
from five ungulates. These investigations showed that substantial
numbers of L. fortisetosa were present on each mammal, except for the
yearling male. This ungulate carried a high number of L. cervi and only
one L. fortisetosa specimen. This may reflect the predilection of L. cervi
for parasitizing yearlings. The fly attacks yearlings over fawns because
it uses visual stimuli during host seeking and hence tends to parasitize
hosts with larger body sizes (Kortet et al., 2009). However, L. cervi

prefers yearlings to adults because the latter are less active and
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movement has been shown to be one of the most relevant factors in
host selection in this species. In fact, the parasite rests in vegetation
and waits for a host to pass by and hence is more likely to encounter a
host that moves more (Madslien et al., 2012).

The other two sampled red deer had equivalent numbers of
parasites of the two species. Although it is not possible to determine
when L. fortisetosa colonized lItaly, it can be assumed that this parasite
is currently spreading into a new area and is strongly competing with
the native L. cervi, as well as adapting to a new environment. This
competition is related to the host, which represents the refuge,
reproduction site and food source for both species. In fact, although L.
fortisetosa has not been well studied, it shows a similar lifecycle to L.
cervi(Sonobe, 1979). Initially, both the autochthonous parasite and the
ungulate hosts may withstand the invasion, but later there may be a
reaction and an adaptation process that may lead to the establishment
of a new balance among L. fortisetosa and other competing parasites
(such as ticks) and hosts. However, the coexistence of two Lipoptena
species on the same host in the same geographical region is
reportedly unusual and leads to several ecological problems that
should be more deeply investigated (Mogi, 1975).

The first important issue worthy of attention is how L. fortisetosa
has spread into Italy. The present authors hypothesize that this species
may have arrived via C. nippon, its original host, because the fly is
native to Japan (Maa, 1965, 1967). Indeed, in all countries in which the
parasite has been discovered, its presence is considered to be related
to this ungulate (Mogi, 1975; Sonobe, 1979; Yamauchi & Nakayama,
2006; Choi et al., 2013). The Japanese deer is originally from the Far
East, but it is now distributed worldwide as a result of both intentional

and accidental introductions, and is one of the major naturalized alien
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ungulates in Europe (Raganella Pelliccioni et al., 2013). In Italy, this
mammal was recently discovered in the provinces of Modena and
Trento (approximately 100 km and 300 km, respectively, north of
Florence), and its presence in the country is undisputed (Ferri et al.,
2016). It is interesting to note that a recent study conducted in the
province of Sondrio in northern ltaly revealed the absence of L.
fortisetosa among the ectoparasites of ungulates (Bianchi et al., 2016).
Because the parasite has been recorded in Switzerland, the country
bordering Sondrio, it would be interesting to study the reasons why it
is absent from this area of Italy although, based on the present results,
it is clearly established in central Italy. As other authors (Mogi, 1975;
Choi et al., 2013) have assumed, C. nippon may have spread through
Europe carrying its ectoparasites, which later may have switched to
other cervid hosts. The current findings clearly demonstrate that L.
fortisetosa has adapted to other hosts. It should be noted that the
present study represents the first record of this species infesting roe
deer. Moreover, the fact that one of the roe deer from which L.
fortisetosa was collected was born and raised in Florence at the
DISPAA experimental farm shows the adaptability of the parasite to
heavily urbanized areas.

With respect to the morphological differences between the two
parasites, this study highlights the peculiar characteristics that facilitate
their identification. Among the numerous traits described, three major
differences should be emphasized. Firstly, body size provides
important information at a glance because L. cervi is visibly larger than
L. fortisetosa, and males of both species are smaller than females.
Secondly, the distribution of thoracic bristles is a fundamental
taxonomic feature. Overall, L. fortisetosa has fewer bristles, whereas L.

cervi is hairier and presents some groups of bristles that are not
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observed in the other species. In particular, it is possible to identify
three strong bristles above the spiracles, present only in the native
species, in agreement with the taxonomic key of Maa (1965). The third
marked difference refers to the sensillar pattern on the external surface
of the antennal segment. In L. cervi, two trichoid, one basiconic and
seven coeloconic sensilla are present, whereas L. fortisetosa shows
only nine strongly socketed sensillar bristles. This feature is important
for differentiating the two species and allows for further considerations
with respect to the host. The nine bristles of L. fortisetosa have grooved
surfaces and are probably mechanoreceptors, as has been shown in
horse stomach both flies (Zhang et al.,, 2016). However, L. cervi
presents three types of sensilla, which means that this species is likely
to use different stimuli to perceive the environment and locate a host.
In fact, the trichoid sensilla probably have a unique mechanoreceptive
function, whereas the basiconic and the coeloconic sensilla are
chemoreceptors and may allow the parasite to perceive changes in
temperature and humidity that help it to locate a host, as
demonstrated by Kortet et al. (2009). The presence of different
receptors on the antennae shows more developed sensory perception
and indicates a major opportunity for signal transduction in this
species. Nonetheless, additional information should be obtained by
further studies on the sensory area of the antenna, as recently shown
in three different hippoboscid species (Zhang et al., 2015).

The bodies of both L. cervi and L. fortisetosa are covered with a
number of bristles, which are useful for protection but also help in
clasping the host. Moreover, some of them may serve as
mechanoreceptors that increase sensory perception.

The legs and feeding apparatus are very similar in both species

and represent examples of adaptive evolution common to both
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species. The adaptation process has led to the development of all the
regions of the body for parasitic life. As previously noted, the legs are
strongly adapted to hook the fly to its host's fur and show asymmetrical
claws together with additional tools of adhesion, such as strong bristles
and spurs. Other flies that parasitize bats, such as those of the dipteran
families Nycteribiidae and Streblidae, also show modified legs
(Peterson & Wenzel, 1987; Wenzel & Peterson, 1987).

The feeding apparatus of these hippoboscid flies displays some
interesting characteristics, such as the sclerotized palps and the
presence of several sensilla arranged in a circle at the tip of the labella.
Although different groups of flies have evolved mouthparts according
to specific needs, maxillary palps are generally devoted to monitoring
the environment for both gustative and olfactive purposes, together
with other sensory structures present in the antennae, labial palps, tarsi
and ovipositor. In blood-sucking species, such as tabanid flies, palps
may play an important role in host location, as well as in the
environmental monitoring usually carried out by different types of
sensilla (Krenn & Aspock, 2012).

In other ectoparasitic dipterans, such as mosquitoes, maxillary
palps present specialized sensilla that respond to specific stimuli
involved in host-seeking behaviours. For example, sensilla on the
maxillary palps of Aedes aegypti (Linnaeus) (Diptera: Culicidae) detect
carbon dioxide. The same organs in Aedes albopictus (Skuse) show
four different sensilla, such as capitate pegs, and campaniform,
basiconica and chaetica sensilla, whereas the labial palps are covered
with three types of smooth chaetica sensilla at the tip of the labellum.
Similar structures have been reported in other mosquitoes and biting
insects (Seenivasagan et al., 2009). The presence of differently

specialized sensilla indicates a well-developed sensory perception
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system capable of detecting various stimuli. Other blood-sucking flies,
such as the Ceratopogonidae, present maxillary palps bearing a
relevant number of sensory structures mostly within a well-defined
sensory pit (Alexandre-Pires et al., 2010). In tabanids, the palps are
shortand two-segmented, and bear different kinds of bristles, but have
not yet been investigated in terms of sensory structures (Stoffolano &
Yin, 1983).

In phytophagous dipterans such as tephritids, maxillary palps
represent a specified sensory area. In the olive fly, Bactrocera oleae
(Rossi) (Diptera: Tephritidae), the internal side of the palps is covered
by microtrichi, and the external side shows mainly mechanosensory
bristles with basiconica sensilla interspersed among them. The palps
are equipped with olfactory sensilla involved in semiochemical
perception and respond to various volatile compounds (Liscia et al.,
2013).

In L. cervi and L. fortisetosa, the palps evolved differently from
those in other haematophagous flies. These parasites show two
strongly sclerotized, elongated and concave (channelled) palps that
enclose and protect the proboscis. These species live among the hairs
of the fur of their ungulate hosts in a hostile and cumbersome
environment. Moreover, in these species, the palps maintain sensory
function to a lesser extent as they show only bristles that are probably
mechanoreceptor sensilla and no other types of sensorial structures.

Although there are no detailed descriptions of the feeding
mechanisms of hippoboscid flies, it can be assumed that they have
followed an evolutionary path similar to that of the Glossinidae
(Diptera). In these parasitic flies, the palps are paired to form a sheath
that embraces the proboscis and, during feeding, they separate from

the proboscis, which penetrates the host skin with repeated
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movements to allow the fly to feed on the pool of blood that
accumulates under the skin (Krenn & Aspock, 2012).

With respect to the sensorial area located on the tip of the
proboscis, the present authors observed two types of sensilla that
differed in size: basiconic and coeloconic. The flies probably need all
these sensilla to test the skin of the host in order to find the most
appropriate feeding point, while the sclerotized palps lead the
proboscis. Snodgrass (1943) described the mouthparts of
hippoboscids, but not in great detail. After finding a suitable feeding
location, the parasite damages the skin of the ungulate using two
specific fixed rows of teeth and some specific eversible teeth near the
sensillar area on the labella. When blood emerges, the fly feeds
through the food canal.

Haarlav (1964) concluded that L. cervi is a pool feeder and not a
capillary feeder like some mosquitoes because it needs to injure the
skin of the host in order to suck blood from a haemorrhage made by
its teeth. Lipoptena fortisetosa shows mouthpart structures that are the
same as those in L. cervi and both are very similar to the feeding
apparatus of the Glossinidae (Snodgrass, 1943; Haarlav, 1964; Krenn
& Aspock, 2012; Gibson et al., 2017). The mouthparts of tsetse flies
include a proboscis that is equipped with arrays of teeth and rasps. The
proboscis is formed by labella at the top of the organ and is divided
lengthwise into a labrum and a labium that includes the hypopharynx
(Gibson et al., 2017).

Several species of biting insect are provided with sharp elements
that are able to tear the skin of the attacked animal; some tabanids
exhibit developed mandibles armed with marginal teeth, suggesting
haematophagous feeding. Conversely, smaller mandibles with

vestigial or absent marginal teeth, or those that are covered with
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micropilosity, may indicate different feeding behaviours in other
tabanid species (Gonzélez & Flores, 2004). Indeed, some muscids
within the Stomoxyinae also have similar structures to L. cervi and L.
fortisetosa. Stomoxys calcitrans (Linnaeus) (Diptera: Muscidae) has a
particularly hard and sclerotized haustellum with rows of teeth and
spines and two short palps, whereas Haematobia irritans (Linnaeus)
(Diptera: Muscidae) and Haematobia titillans (Bezzi) present two
aligned rows of bristles (Giangaspero et al., 1996).

In summary, L. fortisetosa and L. cervi are two parasitic
hippoboscids that were detected during a survey carried out on
ungulates in Tuscany. This finding of L. fortisetosa represents the first
record of this species in ltaly. The present report highlights some of the
most relevant differences in gross morphology between the two
species, such as those in the external parts of the antennae, the
distribution of bristles, and different features in the external genitalia.
Scanning electron microscopy of the mouthparts revealed a strong
adaptive convergence developed for feeding on the skin of the host in
both species, such as modified palps and a very thin proboscis with
teeth at the apex and a characteristic sensory area that suggests a
specialized feeding behaviour. The presence of an exotic species may
represent a new challenge to the health of its hosts in Italy, particularly
as L. cervi can transmit several disease-causing pathogens to animals,
as well as to humans. Further investigations into the importance of

Lipoptena species, especially L. fortisetosa, are worthy of attention.
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3. Evolutionary adaptations in four hippoboscid fly
species belonging to three different subfamilies

This chapter has been published in the form as:
Andreani A., Sacchetti P., Belcari A. (2020) Evolutionary adaptations in
four hippoboscid fly species belonging to three different subfamilies.
Medical and Veterinary Entomology, 34(3): 344-363.
https://doi.org/10.1111/mve. 12448

Abstract

Lipoptena cervi(Linnaeus, 1758), Lipoptena fortisetosa Maa, 1965,
Hippobosca equina Linnaeus, 1758, and Pseudolynchia canariensis
(Macquart, 1840) (Diptera: Hippoboscidae) are haematophagous
ectoparasites that infest different mammal and bird species and
occasionally attack humans. They are known for the health implications
they have as vectors of pathogens to humans and animals, and for the
injuries they inflict on their host's skin. This study focused on the
morphological structures evolved by parasites in terms of their biology
and the different environment types that they inhabit. To this aim, we
examined four hippoboscid species, as well as their hosts’ fur (ungulate
and horse), and feather (pigeon) through light and Scanning Electron
Microscopy (SEM) observations in order to highlight the main
morphological features that evolved differently in these flies and to
explain the effect of hosts’ fur/feather microhabitats on the
morphological  specializations observed in the investigated
ectoparasites. The studied species showed main convergent
characters in mouthparts while remarkable differences have been
detected on the antennal sensillar pattern as well as on the leg
acropod that displayed divergent characters evolved in relation to the

host.
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Introduction

Members of the Hippoboscidae family belong to the Diptera
order and are haematophagous flies that parasitize birds and
mammals (Hutson, 1984; Reeves & Lloyd, 2019). The Hippoboscidae
family has three subfamilies, Ornithomyinae, Hippoboscinae and
Lipopteninae (Maa & Peterson, 1987), of which 213 species have been
described (Dick, 2006; Obona et al., 2019).

Hippoboscid adults are obligatory blood-feeding insects; some
species remain on the host for the duration of their life cycles, while
others usually have multiple hosts during their life span (Maa &
Peterson, 1987). These flies are “pool feeders”, meaning that they
receive nourishment by the haemorrhage they produce with their
prestomal teeth on the host's skin (Haarlev, 1964). In order to secure
the blood, these parasites have a heavily adapted mouthpart
(Snodgrass, 1943). Their feeding apparatus is similar to the mouthparts
of members of the Glossinidae family (Diptera), with which they are
very closely related (Popham & Abdillahi, 1979; Gibson et al., 2017).
Members of both groups are equipped with a piercing proboscis,
which has a sensory area at the tip that allows these parasites to detect
the most appropriate feeding spot. The proboscis is embraced by two
sclerotized maxillary palps and is equipped with sharp elements that
allow it to tear the host's skin (Andreani et al., 2019). Although several
biting insect species use their teeth and rasps to injure the skin (Krenn
& Aspock, 2012), only members of the Glossinidae and
Hippoboscidae families have been classified as pool feeders (Haarlov,
1964); however, hippoboscids have recently been considered
solenophages or vessel feeders (Reeves & Lloyd, 2019) such as other
blood feeding flies (e.g. mosquitoes). Thus, further studies are needed

to better clarify the feeding behaviour of these parasites.
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Members of the Lipoptena genus (subfamily Lipopteninae) infest
ruminant artiodactyl mammals, especially cervids (Bequaert, 1942;
Hutson, 1984). Among these keds, Lipoptena cervi (Linnaeus, 1758) is
the most widespread species in Europe (Salvetti et al., 2020). It
predominantly parasitizes red deer, Cervus elaphus Linnaeus, 1758,
roe deer, Capreolus capreolus (Linnaeus, 1758), and to a lesser extent,
fallow deer, Dama dama (Linnaeus, 1758) (Haarlgv, 1964). Unti