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Introduction

1 Introduction

Stable flies (Stomoxys calcitrans) are serious pests of livestock, companion animals and
humans worldwide. Nuisance by stable flies and the ensuing negative impact on livestock
productivity play an important role in animal husbandry. Annoyance caused by their painful
bites can reduce the productivity of livestock and lead to suffering in companion animals and
humans. Additionally, stable flies are known vectors of blood-borne pathogens and are,
therefore, potential transmitters of infectious diseases (Baldacchino et al., 2013).

Livestock production systems like dairy farms serve as an ideal livelihood and basis for the
reproduction of flies. Stable flies disturb cattle in various ways. Since they induce pain they
can reduce grazing time and provoke defensive behaviour like foot stomping, tail wagging,
panniculus, and head throwing (Dougherty et al., 1993; Taylor et al., 2012b). This may lead to
less time spent lying down and bunching (Berry et al.,, 1983). While bunching intends to
decrease the attack rate of stable flies in the individual animal, it increases heat stress and the
risk of injury (Catangui et al., 1993). It is estimated that the losses of the US cattle industry
caused by Stomoxys calcitrans amounts to about 2.2 billion dollars annually (Taylor et al.,
2012b).

Unfortunately, little is known about the effectiveness of insecticides against stable flies and the
resistance in Stomoxys calcitrans in Germany. Thus, the objectives of this survey were to
appraise the use and effectiveness of different insecticides and to assess the present status
of occurrence and distribution of insecticide resistance in stable flies on dairy farms in the
federal state of Brandenburg. Finally, it aimed at raising farmers’ awareness and may assist in
applying best-bet strategies for on-farm pest control in order to minimize both the use of
insecticides and the risk of resistance development. The objective of the study was based on
earlier results which indicated resistance in Musca domestica against several adulticides in
livestock production systems in Germany (Hildebrand, 2017; Jandowsky, 2009; Jandowsky et
al., 2010). However, as Semme (1958) discovered in Norway, 74.5 % of flies observed in barns
were stable flies. Thus, the assessment of the occurrence and distribution of insecticide
resistance in stable flies in Germany seemed to be long overdue.

Since the Nobel prize winning discovery of DDT more than 50 years ago, the number of insects
and mites worldwide that have developed strains resistant to one or more chemicals has
increased to at least 504 (Georghiou, 1990).

In 1961, it was reported that WHO programs had been so successful that one third of the world
was entirely free of Malaria and the other third was close to its eradication (Brown, 1961).
Between the years 2000 and 2015, malaria incidence was reduced by 37 % globally and by

42 % in Africa due to insecticidal nets and indoor residual spraying with insecticides (WHO,
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2016). In 2015, the WHO, however, still calculated 214 million cases of malaria and 430,000
deaths. Several species of the Malaria vector Anopheles spp. have developed resistances
against various insecticides (Corbel et al., 2007; Elissa et al., 1993; Ranson et al., 2001).
Insecticides that can no longer eradicate crop and livestock pests put an unnecessary strain
on human health and the environment. Therefore, in 2018 the European Commission in
cooperation with the European Food Safety Authority (EFSA) planned a blanket ban for the
external use of three neonicotinoids as plant pesticides. This is expected to protect bees and
to prevent the ensuing drastic decrease of natural pollination. The ban could already be
activated in 2017 if EU member states assent (Kirchner and Liebrich, 2017).

In Denmark, an amendment of the Chemical Act during 1994 allowed to ban the import, sales
and use of plant protection products (Environmental Protection Agency, 2017). The use of
pesticides containing seven different active ingredients was prohibited, among them
deltamethrin for outdoor use, which in Germany is still authorized in compliance with EU
directive 98/8/EG (98/8/EC, 1998).

This study was intended to give an overview of the occurrence of insecticide resistance in
livestock production systems in Germany using dairy farms in the Federal State of
Brandenburg as a showcase. The results of this work are supposed to serve as a basis for
purposeful, sustainable integrated pest management programs aiming at minimizing the use

of insecticides in the future and thus, the development of insecticide resistance.



Literature review

2 Literature review

2.1 Stomoxys calcitrans
The blood-feeding cosmopolitan stable fly Stomoxys calcitrans (Linnaeus, 1758) is a common
problem in animal husbandry worldwide and can have a considerable negative impact on

animal wellbeing, health and productivity (Berry et al., 1983; Taylor et al., 2012c).

2.1.1 Taxonomic classification

Kingdom: Animalia
Phylum: Arthropoda
Class: Insecta

Order: Diptera
Suborder: Brachycera
Family: Muscidae
Genus: Stomoxys

Species: Stomoxys calcitrans

The genus Stomoxys includes at least 18 species (Zumpt, 1973).

Figure 1 Stable fly (Stomoxys calcitrans) with non-retractile proboscis.
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2.1.2 Morphology

Both, female and male stable flies, are blood-sucking biting flies. Similar in size and colour the
stable fly can be easily distinguished from the house fly by its short maxillary palps and its non-
retractile proboscis adapted for penetrating the skin and imbibing blood (Masmeatathip et al.,
2006). Horn flies, Haematobia irritans (Linnaeus 1758), which are also similar to Stomoxys in
shape and colour have maxillary palps of the same length as their proboscis (Hale, 2011). The
piercing sharp mouthpart of the stable flies held in a horizontal position is black and composed
of three long sclerite parts as in other Muscidae: the labrum or upper lip, the hypopharynx and
the horned labium or lower lip (Salem et al., 2012b). The labium comprises both the labrum
and hypopharynx and terminates in a two-lobed labellum, which houses chemoreceptors,
mechanoreceptors and prestomal teeth. The teeth are sharp, sclerotized and enlarged
compared to those of other flies (Mullen and Durden, 2009). Stable fly imagoes of 4 to 7 mm
in length (Zumpt, 1973) with an average length of 6.3 mm £ 0.6 mm (Salem et al., 2012a) can,
furthermore, be differentiated from the house fly adults by their broader abdomen and the
position of their wings. Their wings are longer than the abdomen, do not overlap and thus, form
a triangle with wider angles. The position of the wings’ veins are characteristic to the species.
In stable flies the fourth vein shows an oblique curve at the distal end of the wing (Brain, 1912).
On the second and third segment of the abdomen there is a checkerboard of dark spots
(Masmeatathip et al., 2006) whose form and position allow to distinguish the different stable
fly species (Zumpt, 1973). Stomoxys calcitrans presents three spots on each of the two rear
abdominal segments and a relatively wide frons. The male genitalia consisting of the horned
sclerite and the aedeagus, a pair of pre- and postgonits, can also be employed for
differentiating Stomoxys spp. (Masmeatathip et al., 2006; Zumpt, 1973).

Stomoxys calcitrans possesses the typical eyes of an insect, two big compound ones at each
side of the head and three ocelli at the vertex dorsal to the front (Peterson, 1916; Ranade,
1970). The ommatidia which the compound eyes are composed of form a net of hexagonal
meshes (Houlbert, 1920). They contain a cluster of photoreceptor cells surrounded by support
and pigment cells. At least two features distinguish male and female stable flies. The frontal
index defined as the frontal space of vertex divided by the eye length, is smaller in males
(medium of 0.3 £ 0.3 mm) than in females (medium of 0.55 + 0.04 mm) (Masmeatathip et al.,
2006). The presence of an anal sclerite in the male stable flies can also be employed to sex
Stomoxys calcitrans.

Like all brachycera muscid flies Stomoxys calcitrans presents two antennae frontally and
centrally on the head between the two compound eyes that are densely covered with

microtrichia. The antennae consist of three segments: first a proximal scape, then a pedicel
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where Johnston’s organ is located and which features bristles for tactile functions. Thirdly, it is
made of a distal flagellum which is characterized by a non-innervated arista (Salem et al.,
2012b). The arista is a single hair with fine setae along its shaft. The third segment is
profoundly topped with sensilla, superficial sense organs (Lewis, 1971; Sukontason et al.,
2004). In stomoxine flies seven sensilla have been described: two trichoid, three basiconic,
one clavate and one styloconic (Giannakakis and Fletcher, 1985; Lewis, 1971).

The stable fly’'s grey thorax features four longitudinal dark stripes. As is typical for the
zoological class of insects their thoraces are composed of three sections, the prothorax,
mesothorax and metathorax. The more developed membranaceous pair of wings is attached
to the mesothorax whereas the second pair of so-called halters, which are rudimentary wings
for more balance, originates from the metathorax.

In every segment of the thorax there is a pair of legs, each composed of coxa, trochanter,
femur, tibia and tarsus. The legs are of a dark brown colour with a pale tinge at the tips of
femur and basal parts of tibia (Masmeatathip et al., 2006). The femurs of the first pair of legs
are provided with hair on the dorsal as well as ventral parts. The femurs of the second and
third pair of legs only possess hair on the ventral side whereas the hair of the third pair is rather
short with the exception of the terminal one (Salem et al., 2012b). At the end of each tarsus
there is a pair of claws and a hairy fleshy ball which allows the stable flies to find stability on
slippery surfaces. A sensorial hair is of additional help.

The abdomen is divided into two parts: the pre-abdomen which consists of five segments
clearly visible on the dorsal surface and the post-abdomen composed of seven segments
transformed into a reproductive apparatus (Mullen and Durden, 2009; Salem et al., 2012b).
The male possess an aedagus, an intromittent organ, which at rest is enclosed in a genital
pouch. In the female, the terminal segments form a tubular ovipositor that is extended to lay
eggs. Here, chemoreceptors can also be found (Mullen and Durden, 2009).

The digestive system of the stable flies is composed of an oesophagus, a crop, a
proventriculus, midgut, hindgut and rectum (Lotmar, 1949). Stable flies store the ingested
blood meal in the anterior midgut. Two hours following ingestion it is gradually passed to the
posterior midgut where digestion occurs (Venkatesh and Morrison, 1980). Since Stomoxys
calcitrans also sometimes feed on nectar, Lee and Davies (1979) documented that when a
10 % sucrose solution was ingested some of it went to the midgut but the main part remained
in the crop. Stable flies generally deny feeding on blood when they are less than a day old but
readily imbibe sucrose solutions when only three hours old (Lee and Davies, 1979). This might
be due to the fact that the mouthparts have to harden adequately before being able to pierce
skin (Hale, 2011).

Stable fly eggs are white, with a length of 0.9 to 1 mm and a width of 0.3 mm. They are

elongated, conical at one end, convex at the ventral side and concave at the dorsal side. They
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show two lengthwise rips that correspond to the zones where the egg dehisces when the larva
hatches (Salem et al., 2012b). The stomoxine life cycle consists of three instars: L1, L2 and
L3. The L1 is translucent and measures 1.5 to 2.5 mm whereas the L2 of 2.6 to 4.4 mm is
créme-white and differs from the first instar by having anterior spiracles with 4 to 7 lobes.
Posterior spiracles in second instars are weakly pigmented and have two slits in each (Hale,
2011). Third instars possess a light yellow to white colour, a length of 4.8 to 12 mm (Skidmore,
1985) and 12 cylindrical segments (Zumpt, 1973). Apart from their length, they can be
separated from the L2 by the three sinuous slits in their spiracles. The first two segments
cannot be easily distinguished (Zumpt, 1973) and contain a black sclerotic cephalopharyngeal
skeleton and teeth, both visible through the integument (Salem et al., 2012b). The mandibles,
modified to mouth hooks, the maxillary palpi and labial lobes allow the larvae to crawl and dig.
Since the larvae lack eyes, they are provided with a pair of antennae. Antennae display an
anterior dome which serves for olfaction whereas the maxillary palpi are innervated with
mechano- and chemosensilla and scolopodia (Friesen et al., 2015). While each of the thoracic
segments comprises Keilin's organs for hygroreception, the abdominal segments feature the
anal pad, anus and papillae. Deprived of legs, they are provided with ventral creeping velts for
locomotion (Friesen et al., 2015). Stable fly larvae can easily be distinguished from other
muscid larvae by the form and assembly of their digitation and their posterior stigmata,
especially presentin L2 and L3, which are heavily sclerotized, subtriangular in shape and twice
as far apart than the plate’s width (Moon, 2002). Posterior spiracles are transformed from round
spiracular discs with two straight slits in the first instar to a triangle with two and three sinuous
slits in the second and third instar, respectively (Friesen et al., 2015). In pupation, the
stomoxine third instar shortens rapidly to 5 to 10 mm of length and 2 mm in width and changes
its colour from bright yellow to a chestnut colour (Brain, 1913). The integument becomes hard
and dry underlining the form resemblance of a barrel. Only eleven segments are visible, the
anterior one showing the thoracic, the rear one the posterior stigmata. The pupa turns almost

black about a day before the imago is ready to hatch (Hale, 2011).

2.1.3 Life cycle

Stable flies are obligate blood-sucking livestock pests (Skidmore, 1985; Taylor et al., 2010).
Since the larval body fat declines after two days post-emergence, adult female stable flies
need an external protein source for oogenesis (Hale, 2011). Hence, for the females to produce
their first cluster of eggs at least five blood meals are required (Chia et al., 1982). The first
three blood meals stimulate the growth of the imago’s fat body and the following two meals

propagate a rapid ovarian growth accompanied by a decline in body fat (Chia et al., 1982).
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Stable flies deprived of a blood meal three days after emergence show a lower life expectancy
and females produce fewer and smaller eggs (Sutcliffe et al., 1993). Salem et al. (2012b) found
that stable flies fed with honey and water only lived 10.7 + 3.9 days whereas Stomoxys
calcitrans males and females fed with honey, water and blood lived 23 and 24 days,
respectively. While spermatogenesis in which spermatids evolve from fat fusiform cells to
elongated ones was described to be independent from blood-feeding (Morrison et al., 1982),
males are reported to require blood, too, for their accessory glands to produce the seminal
fluid necessary for sperm transfer (Anderson, 1978). Males fed on sucrose solution were
observed to produce low (Anderson, 1978) or no sperm transfer (Meola et al., 1977; Morrison
et al., 1982). Meola (1977) demonstrated that only blood-fed flies were able to create and
respond to the hydrocarbons which the female sex pheromones are composed of (Muhammed
et al., 1975; Uebel et al., 1975). While male stable flies were documented to inseminate six
females on average, females were observed to mate only once (Harris et al., 1966). Mating
starts two days after hatching from the pupa, reaches its peak at five days after emergence
and lasts for 5 minutes and 40 seconds on average (Anderson, 1978). Before that, males
explore the females’ heads with their mouth parts (Buschman and Patterson, 1981). Female
stable flies begin to lay eggs after a minimum time period of five days (Ashrafi, 1964; Hogsette
and Farkas, 2000). Sutherland (1979) states that the pre-oviposition time lasts 4.3 days at
30 °C and 11.7 days at 20 °C. Although oviposition encompasses a period of twenty days, egg
production reaches its maximum peak when females are eight days old (Ashrafi, 1964). Lysyk
(1998) discovered that stable fly females yielded less than 30 eggs at 15 and 35 °C and up to
700 eggs at 25 °C. Bailey et al. (1975) observed that females produce an average of 292 eggs
during their life span. Ten to eleven batches of an average of 35.5 eggs were oviposited at a
time, one single mating appearing to be sufficient (Schoof, 1964). Ashrafi (1964) detected a
more active mating behaviour resulting in an increased egg production when illumination was
prolonged to fourteen hours a day. Oviposition sites are elected by olfactory stimuli
(Jeanbourquin and Guerin, 2007).

The life cycle is composed of several stages: the egg, three larval stages, the pupa and the
imago (Zumpt, 1973). After 12 to 80 hours the eggs hatch (Hale, 2011; Larsen and Thomsen,
1940; Skidmore, 1985). Kunz (1977) observed the egg hatch time to range from 36 hours at
23.9 °C to 22 hours at 35 °C. Stable fly larvae hatch after 19 hours and five days at a
temperature of 28 °C according to Simmons (1944). The development from one developmental
stage to another is greatly influenced by temperature and humidity (Lysyk, 1998). The total
maturation can vary from 12 to 150 days (Berry et al., 1976). This was confirmed by Gilles
(2005) who observed that the life cycle required 13 and 71 days at temperatures of 30 and
15 °C, respectively, to be completed. At temperatures above 30 °C again longer developmental

times were described (Lysyk, 1998) with a temperature optimum of 30 °C (Kunz et al., 1977;
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Sutherland, 1979; Thomsen and Thomsen, 1937). Even a higher barometric pressure is
observed to lead to an increase in biting activity (Voegtline et al., 1965) and therefore, to an
increase in egg production. Temperatures above 35 °C and below 12 °C are expected to be
less productive or even fatal (Kunz et al., 1977; Larsen and Thomsen, 1940), a temperature
above 45 °C is lethal to eggs. Smith (1985) found that the egg mortality was 20.6 %. Nine to
14.2 % were attributed to egg sterility, 1.1 % to predation and 8.3 % to unknown causes such
as desiccation (Berkebile, 1995). The water content must be above 36 % in order to survive
(Abasa, 1983). At 25 °C the life cycle was described to be of a length between 17 (Gilles et al.,
2005) and 19 (Salem et al., 2012b) days. However, immature stage stable flies were found to
develop under several different physical conditions (Rasmussen and Campbell, 1981).
Development temperature ranges from 21.10 to 25.25 °C, pH from 7.13 to 8.23 and humidity
from 22.90 to 65.02 %.

Often larval development is associated with unhygienic husbandry conditions (Berkebile et al.,
1994; Broce et al., 2005; Meyer and Petersen, 1982). Decaying organic material mixed with
animal waste products as well as hay balls are very advantageous breeding sites (Berkebile
etal., 1994; Foil and Hogsette, 1994; Hall et al., 1983; Hogsette et al., 1987; Lysyk and Krafsur,
1993; Salem et al., 2012b; Skoda et al., 1991; Zumpt, 1973). It was demonstrated that certain
bacteria play an essential role in larval development (Albuquerque and Zurek, 2014; Romero
et al., 2006; Talley et al., 2009). After hatching, the larvae pupate for a duration of eleven to
30 days (Bishopp, 1913; Brain, 1912; Newstead, 1906). Melvin (1931) found that at controlled
temperatures of 25 °C and 30 °C, pupation occurred after 15.7 and 13.6 days, respectively.
Mitzmain (1913) discovered that maturity was reached after seven to eight days at 30 and
31 °C and Hummadi and Maki (1970) observed the larvae to develop in 10.9 days at 30 °C.
Berry et al. (1977) noted the maximum time span for larval development to be 156 days at
10.9 °C with a survival rate of 70 %. The subsequent pupal development is completed after 3
to 26 days (Bishopp, 1913; Brain, 1912; Jones and Smith, 1966; Lodha, 1961). At 27 °C Lodha
observed the pupal stage to be completed after three to five days. According to Kunz (1977),
at 23.9 °C 95 % of the adult stable flies emerge from the pupae. Melvin (1931) found the
emergence rate to be of 99.8 % at 25 °C and 100 % room humidity (Berkebile, 1995) whereas
it dropped to 10 % at 25 °C and 73 % room humidity. At temperatures between 15 and 20 °C
mortality increases (Sutherland, 1979). At a temperature of 30 °C emergence rates of 30.5
(Kunz et al., 1977) to 35.5 % (Sutherland, 1979) were described. Sutherland (1979) noted
45 °C to prevent emergence at any relative humidity. Adults of stable fly were observed to live
between 46 and 53 days (Bishopp et al., 1915; Glaser, 1924). At temperatures above 45 °C
adult Stomoxys were only able to live for four hours (Sutherland, 1979). Low humidity increases

the mortality rates at temperatures between 18.3 and 35 °C (Wang, 1970).
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Stable flies cease to be active at 12 °C in the tropics (Hafez and Gamal-Eddin, 1959; Kunz,
1976) and at 10 °C in the subtropics (Buschman and Patterson, 1981). Nevertheless, stable
fly imagoes often take refuge in artificially heated buildings or farms (Larsen and Thomsen,
1940; Sgmme, 1961) when the average temperature remains between 15 and 20 °C and does
not go below 0 °C. If that is not possible, stable flies overwinter as pupae (Hewitt, 1909) or
quiescent larvae (Hale, 2011). Quiescent larvae are characterized by a reduced metabolism
and survive in substrates such as open silage storage systems (Greene et al., 1989; Meyer
and Petersen, 1983; Scholl et al., 1981; Todd, 1964; Williams et al., 1980), piles of fermenting
vegetation (Simmons and Dove, 1941) and manure (Berkebile et al., 1994), hay balls (Broce
et al., 2005), peanut litter (Simmons, 1944), straw stacks (Bishopp, 1913; Bishopp, 1920) and

pig manure (Mellor, 1919) which provide adequate moisture and warmth.

2.1.4 Occurrence and distribution

Stable flies are cosmopolitan livestock pests that can be found close to husbandry systems
throughout the whole world. Its northern borderline extends from southern Alaska across
central Canada (Huckett, 1965), Norway, Finland and through northern China (Brues, 1913).
The southern boundary runs through Chile, South Africa and New Zealand (Brues, 1913;
Skidmore, 1985). Stable flies were long believed to preferably feed on cattle blood (Anderson
and Tempelis, 1970). Anderson and Tempelis (1970) observed that when catching flies on
poultry farms none would have fed on birds. When feeding on herbivores the stomoxine egg-
production and life span were described to be greater than when feeding on omnivores and
carnivores. Subsequently, Sutherland (1978) noted that no eggs were laid when Stomoxys fed
on chicken blood. However, although this might only be a reflection of their opportunistic
feeding behaviour (Hale, 2011), stable flies were later discovered feeding on American white
pelicans infected with West Nile Virus (Johnson et al., 2010). Likewise, Friesen (2012)
observed that stable flies artificially fed on chicken blood showed a 20 % higher oviposition
rate than when fed on cattle or horse blood. Nevertheless, stable flies showed a 50 % longer
fecundity when provided with cattle blood only.

Unlike house flies, stable flies prefer a breeding substrate that is composed of manure as well
as some decomposing plant material in contrast to pure manure (Meyer and Petersen, 1983;
Schmidtmann et al., 1989). Boire et al. (1988) demonstrated that cattle and horse manure
generated a higher pupal production and pupae of higher weight. Although normally stable
flies gather around favourable feeding and breeding sites, long distance flights also occur.
Bailey et al. (1973) noted that stable flies were capable of flying at least 3.2 km in search of a

blood meal. Hogsette et al. (1987) concluded that stomoxines looking for a blood meal travel
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5 km or more. Taylor et al. (2010) observed 50 % of the stable flies beyond 1.6 km of their
natal site, whereas only 5 % had dispersed beyond 5 km. Molecular analysis led to the
assumption that they could fly even longer distances (Jones et al., 1991; Szalanski et al.,
1996). Hogsette and Ruff (1985) were able to catch stable flies in Florida 225 km from their

starting point due to transport wind after the passage of a cold front.

2.2 Harmful effects and economic impact of Stomoxys calcitrans

2.2.1 Stomoxys calcitrans as a nuisance insect

Stable flies are part of the most damaging arthropod pests of cattle worldwide (Taylor et al.,
2012b). They preferably feed on the legs or abdomen of an animal (Cortinas and Jones, 2006).
Since they lack an anaesthetic in their saliva, their stings cause a lot of pain (Cortinas and
Jones, 2006). Schofield and Torr (2002) observed that stable flies never fed to repletion and
that only 24 % reacted to host defensive behaviour. The authors compared this behaviour to
that of tsetse flies which were more responsive to the host behaviour. Since stable flies have
a shorter life span and are oviparous in contrast to the larviparous tsetse flies, they take greater
risks to obtain a blood meal (Schofield and Torr, 2002). Although cattle, other livestock animals
and horses seem to be preferred, dogs and humans are also attacked in their absence
(Bishopp, 1913). Along seashore and beaches they are often observed to cause pain and
irritation to humans in recreational areas (Hansens, 1951). Especially in cattle, their painful
stings as well as the concomitant blood loss of 11 to 15 ul per average feeding (Schowalter
and Klowden, 1979) cause stress and defensive movements like head and ear movements,
tail swishes and the panniculus reflex (Dougherty et al., 1995) as well as gatherings for mutual
protection. By retrenching into water or stomping their feet, cattle and horses try to chase stable
flies away. This often causes swollen joints (Bishopp, 1913). However, persistent attacks due
to high stable fly density can lead to habituation and, thus, to a decrease in defensive behaviour
in cattle and other animals (Mullens et al., 2006). Stable flies often provoke cutaneous lesions
due to hypersensitive reactions (Moorhouse, 1972). Related to abundance of the stable flies,
this can lead to reduced weight gain in cattle and swine or a decline in milk production in dairy
cows (Campbell et al., 1987; Campbell et al., 2001; Campbell et al., 1977; Catangui et al.,
1993, 1997). Studies showed that dairy cattle treated with insecticides produced more milk
(Baker, 1918; Bishopp, 1913; Freeborn et al., 1925) and had longer lactation periods (Bruce
and Decker, 1958; Morgan and Bailie, 1980). Nevertheless, as Berkebile (1995) pointed out,
several of those earlier studies lacked an adequate comparison between treated and untreated
dairy cattle (Cheng and Kesler, 1961; Miller et al., 1973; Todd, 1964). Furthermore, since
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insecticides, especially petroleum based ones, that were used as veterinary medicinal
products, can increase the body temperature as well as the respiration rate (Freeborn and
Regan, 1932; Melvin, 1932), some of them are expected to cause more harm than the stable
flies themselves. Campbell et al. (1977) found that 50 stable flies per calf resulted in reduced
weight gains by 0.9 kg/day due to the concurrent reduction of food intake. Berry et al. (1983)
concluded that the decrease in weight gain is of 0.652 % for each stable fly per front leg.
However, changes in weight gain differ between different cattle breeds (Catangui et al., 1993).
Dougherty (1995), on the other hand, noted that stable flies caused cattle to increase their dry
matter intake and bite mass. Wieman (1992) discovered that the heat stress caused by the
cattle bunching when annoyed by flies is more responsible for the reduction in weight gain than
the stable flies themselves. Schwinghammer (1986) noted an increase in physiological stress
such as raised cortisol concentrations, heart and respiration rates as well as rectal temperature
when cattle was exposed to 25 to 50 stable flies. Estienne (1991), however, observed that ten,
20 or 30 stable flies per animal did not cause any physiological stress nor any alteration in food
consumption. Economic thresholds of two stable flies per leg in feedlot cattle (Campbell et al.,
1987) and three per leg in pastured calves (Campbell et al., 2001) have been defined. Bruce
and Decker (1958) observed a 0.7 % decrease in milk production due to stable fly nuisance.
Barré estimated in La Réunion the daily milk loss per cow to be of 0.5 to 1 | in highly infested
farms (Barré, 1981). In the United States the economic impact on the cattle industry was
estimated to be of 400 million dollars per year (Kunz et al., 1991) and of more than 300 million
dollars in the milk industry (Taylor et al., 2012b). In total, Taylor (2012b) calculated the annual
economic loss in the US cattle industry due to stable fly nuisance to be of over 2,000 million
dollars. Furthermore, Geden and Hogsette (2001) assumed that over 40 million dollars were

spent in 1997 on ectoparasite control in horses.

2.2.2 Stomoxys calcitrans as a vector of pathogens

The blood-sucking nature of the stable fly makes it a potential mechanical as well as biological
vector of skin and blood borne pathogens especially of livestock, but occasionally also
humans. As a consequence of its nuisance host animals gather close to each other facilitating
the probability for the flies to move from one host animal to another in case of interrupted
feeding. Thus, when feeding is interrupted, Stomoxys calcitrans is likely to reassume its blood
meal on another host and thereby, inject some of its saliva that might be mixed with infected
blood (Baldacchino et al., 2013). It was also noted that stable flies keep some blood in their
crop which offers a friendly environment for potential pathogens that could be regurgitated and
then transmitted during the next blood meal (Coronado et al., 2004). Straif et al. (1990) found

11



Literature review

that Stomoxys calcitrans was able to transmit erythrocytes and pathogens mechanically and
by regurgitation in vitro. As spontaneous regurgitation was rarely observed and at that time the
in vivo transmission was not described for all of the following pathogens, it was concluded that
for successful transmission the mobility and degree of infectivity of the pathogens were
important factors. Since stable flies can have an immunosuppressive impact as a consequence
of stress, energy losses and food intake on their hosts, they can enhance the pathogenesis of

infected animals and reduce the resistance of potential hosts (Desquesnes and Dia, 2004).

Attempts to transmit Potomac horse fever, a disease caused by Ehrlichia risticii, (Burg et al.,
1994; Burg et al., 1990) and lumpy skin disease, a viral disease of cattle, (Chihota et al., 2003)
by the stable fly have failed. Nevertheless, a successful transmission of bovine leucosis virus
has been shown (Buxton et al., 1985). Bovine diarrhea virus which can lead to abortions and
foetal abnormities in cattle was proven to be retained by stable flies for up to three days (Tarry
et al., 1991). Furthermore, Stomoxys calcitrans has been demonstrated of being capable to
transmit Retroviridae which can cause Equine infectious anemia disease (Foil et al., 1983;
Green et al., 1996; Hawkins et al., 1973; Scott, 1922), Asfarviridae which can cause African
swine fever virus (Mellor et al., 1987), Bunyaviridae which can cause Rift Valley fever virus
(Hoch et al., 1985), Bovine Herpes virus (Gibbs et al., 1973), and possibly Flaviviridae which
can cause West Nile virus fever (Doyle et al., 2011), Reoviridae which can cause Blue Tongue
virus (Krinsky, 1976) and Rhabdoviridae which can cause Vesicular stomatitis virus (Ferris et
al., 1955; Smith et al., 2009). Bacteria like Bacillus anthracis (Hugh-Jones and Blackburn,
2009; Schuberg and Boéing, 1914; Schuberg and Kuhn, 1912; Turell and Knudson, 1987),
Anaplasma marginale (Guglielmone, 1995; Kocan et al., 2003; Scoles et al., 2005; Urdaz-
Rodriguez et al., 2009), Pasteurella multocida, Erysipelothrix rhusiopathiae, Francisella
tularensis (Krinsky, 1976), Dermatophilus congolensis (Macadam, 1977; Richard and Pier,
1966) as well as Enterobacter sakazakii (Mramba et al., 2007) have also been demonstrated
to be transmittable by stable flies. De Castro et al. (2007) reported the presence of 33 different
species of bacteria such as Escherichia coli, Staphylococcus aureus and Staphylococcus
infermedius on the cuticle, mouthparts and abdominal alimentary tract of stable flies. Coxiella
burnetii could also be collected from Stomoxys calcitrans (Nelder et al., 2008). Apart from
tsetse flies, stable flies have also been shown to be able to mechanically transmit the
unicellular flagellated protozoan trypanosomes. Stable flies are capable of passing on
Trypanosoma brucei, T. vivax, T. congolense and T. evansi (Desquesnes and Dia, 2003a, b,
2004; Mihok et al., 1995). Bouet and Roubaud (Bouet and Roubaud, 1912) demonstrated that
T. evansi might not only be mechanically transmitted with immediate effect but also after
contact with a delay of 24, 48 and 72 hours. While delayed transmission had never been

observed in tabanids, these experiments showed the stable flies’ potential capacity of it. The
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apicomplexan protozoon Besnoitia besnoiti causing bovine Besnoitiosis has also been shown
to be mechanically transmittable by stable flies (Bigalke, 1968; Liénard et al., 2011; Liénard et
al., 2013). Berberian (1938) reported a successful transmission of Leishmania tropica by
Stomoxys calcitrans. Stable flies were found to be vectors and intermediate hosts of the
nematode Habronema microstoma (Yarmut et al., 2008) when its nematode DNA was
discovered in different anatomical parts of both field and laboratory flies (Traversa et al., 2008).
The embryonated eggs or larvae of the nematode are ingested by stable fly larvae where they
develop to the L3 stage. When the stable fly imago hatches the pupae the infective Habronema
larvae are excreted from them during the feeding process and deposited around nostrils, lips,

or wounds of the host (Baldacchino et al., 2013).

2.3 Control measures against Stomoxys calcitrans

Numerous stable fly control methods have been established over the years due to the
economical as well as sanitary harm they can cause. Consequently, those control measures

encompass mechanical, physical, biological and chemical methods.

2.3.1 Stable hygiene

Recent studies revealed that mechanical control measures and the reduction of breeding sites
facilitate minimizing stable fly breeding and, thus, stable fly populations (Keiding, 1986;
Thomas et al., 1996). In addition to the mechanical removal of potential breeding material, the
accumulation of liquid manure can be avoided by accelerating the slurry flow rate (Ribbeck et
al., 1987). A good stack management of the dung hill can enhance destroying larvae and
breeding sites due to biothermical processes (Ribbeck et al., 1987). It was reported that several
farmers succeeded reducing the stable fly population by burning residues of hay and straw
(Hogsette et al., 1987) or by covering it with tarps (Fay, 1939) or black polyethylene foil in order
to induce a heat development leading to the death of larvae (Hogsette et al., 1987). Spreading
the manure as a thin layer on agricultural fields (Burg and Axtell, 1984) or storing it at a dry
place with the manure showing no more than 50 % of moisture is also documented to prevent
fly development (Watson et al., 1998). Composting increases the inner waste temperature and
decreases the moisture content resulting in not being apt enough anymore for flies
(Machtinger, 2011). Therefore, aged swine compost was reported not to aid house fly breeding
(Larrain and Salas, 2008). Watson et al. (1998) integrated poultry manure at different depths
in soil and observed that no depth was significantly better in reducing fly development than the

treatment of the surface. Putting hay on mobile wagons and frequently relocating round hay

13



Literature review

bales, however, might cut down stable fly breeding (Broce et al., 2005). Schmidtmann (1991)
discovered that sawdust and gravel bedding were most effective in preventing flies from

breeding.

2.3.2 Physical control measures

Mechanical control measures resulting in a good stable hygiene achieve a decrease in fly
abundance to some extent (KociSova et al., 2002). However, if the pest pressure is too high,
stable flies can also be coped with by physical measurements. Especially calf holding areas,
where manure management is rather difficult, serve as an important breeding source for flies
(Meyer and Petersen, 1983; Schmidtmann, 1991). Catching adult flies with fly traps (Broce,
1988; Hogsette and Ruff, 1990; Pickens, 1995; Pickens and Miller, 1987; Thimijan et al., 1970;
1972; Williams, 1973) in these areas may provide an additional relief to calves (Kaufman et
al., 2005). Miller et al. (1993a; 1993b) documented sticky pyramid traps to reduce stable fly
populations on dairy farms. Kaufman et al. (2001a) reported that spider webs, high-capacity
sticky traps, are able to attract and capture large numbers of stable (Kaufman et al., 2005) and
house flies in dairy calf greenhouses (Kaufman et al., 2001a). Broce (1988) and Hogsette and
Ruff (1990) found alsynite traps, which reflect ambient light at a UV wave length attractive to
stable flies (Agee and Patterson, 1983), and Williams traps were comparably efficient in
decreasing stable fly pressures. Alsynite traps that were combined with permethrin have also
been investigated on and proven to be effective (Hogsette and Ruff, 1996; Koehler and
Patterson, 1982). Taylor and Berkebile (2006) found other materials to be as attractive to stable
flies as alsynite ones. Accordingly, materials like adhesive-coated corrugated plastics (Cilek,
2003) and coloured coroplast sticky traps (Beresford and Sutcliffe, 2006) have been proven to
work against stable flies. However, Foil and Younger (2006) documented UK Trigger targets
to catch a higher number of stable flies than alsynite cylinder traps. Laveissiére and Grebaut
(1990) discovered Vavoua traps employed for sampling tsetse flies in Africa, baited with
octenol, to be at least as successful as the Williams trap in catching stable flies. The Broce
trap was significantly less effective than the Vavoua, Nzi and Williams traps for catching stable
flies on La Réunion island (Gilles et al., 2007). Furthermore, fly screens (Kuhlhorn, 1961) and
suitable ventilation engineering (Kuhlhorn, 1965) can hinder flies from entering the stables.
Since Stomoxys are diurnal insects they are attracted to the ultraviolet radiation that
electrocuting traps emit and thereby electrocuted when coming into contact with the electrifying
wires (Weidhaas and Haile, 1978). Electrocuting traps are reported to be well suited and

effective due to the large number of insects they can catch (Hienton, 1974; Pickens, 1991).
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According to Foil and Younger (2006) and Hogsette et al. (2008), treated cloth targets are a

more recent and effective method than the standard alsynite sticky traps.

2.3.3 Biological control measures

Due to the increasing amount of ineffective chemical control measures caused by the growing
resistance development in flies, some farmers feel encouraged to include biological control
measures into their integrated pest management. While biological control measures are
proven not to be a sole method for fly control, combined with chemical and mechanical control
measures they can enhance the overall effectiveness (Machtinger, 2011). Among the natural
enemies of flies are fungi, mites, spiders, parasitic and predatory hymenoptera, birds
(Kahlhorn, 1983), nematodes (Geden, 2012; Smith et al., 1987), bacteria (Lysyk et al., 2010)
and viruses (Coler et al., 1993; Moussa, 1978). Simmons and Dove (1941) even reported fire
ants (Solenopsis geminata (F.)), a predacious wasp (Vespula squamosa [Drury]) and a
predacious bee (Xylocopa micans [Lepeletier]) to capture or feed on stable fly eggs. Pteromalid
wasps like Spalangia cameroni [Perkins], Spalangia nigroaena [Curtis], Spalangia endius
[Walker], Muscidifurax spp., Pachycrepoideus vindemiae [Rondani], Urolepis rufipes
[Ashmead], Nasonia vitripennis [Walker], an ichneumonid Phygadeuon fumator [Gravenhorst],
a diapriid Trichopria sp. and a coleopteran staphylinid Aleochara sp. (Skovgard and Jespersen,
1999) which parasitize on fly pupae were shown to be effective against house and stable flies
in several studies (Birkemoe et al., 2009; Legner and Brydon, 1966; Legner and Olton, 1971;
Morgan et al., 1975; Petersen and Meyer, 1983; Rutz and Axtell, 1979). However, several
authors (Geden and Moon, 2009; Greene et al., 1989; Jones and Weinzierl, 1997; Pawson
and Petersen, 1988; Petersen and Meyer, 1983; Quarles, 2006; Skovgard and Jespersen,
1999) suggested that if pteromalid wasps are considered as a biological control measure, first
one should determine which species is suitable for the specific habitat and the climate aimed
at. For some species were not as viable and therefore effective as others under certain
environmental circumstances like temperature and humidity. Furthermore, an existing
parasitoid population can inhibit the installation of a new species (Legner et al., 1990). Other
dipterous predators like Muscina stabulans and Hydrotaea aenescens have been reported to
mostly attack Musca domestica or Fannia larvae (Legner et al., 1967) but not Stomoxys
calcitrans larvae.

The fungus Entomophthora muscae has already been employed as a biological control
measure against insects (Hildebrand, 2017; Vogel, 1968). While house flies are very
susceptible to Enfomophthora muscae, which penetrates the fly body through the hemocoel

and proliferates through the whole organism harming also the central nervous system, stable
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flies are reported not to react to them (Kramer and Steinkraus, 1981). However, stable fly eggs
are susceptible to the fungus Metarhizium anisopliae (Moraes et al., 2008). Beauveria
bassiana, known to cause white muscardine disease, was shown to be pathogenic to
Stomoxys calcitrans, too. However, stable flies are less susceptible than house flies (Watson
et al., 1995). Additionally, mites are often found to be phoretically attached to flies which
appears to prevent them from emigrating (Beresford and Sutcliffe, 2009). However, Kinn
(1966) reported Macrocheles muscadomesticae being predacious on both Musca domestica
eggs and first instar larvae to be unimportant in controlling large stable fly populations. As an
alternative to synthetic insecticides, Bacillus thuringiensis in a spray or feed-through
formulation have been developed and tested on poultry and dairy farms against house and
stable flies. Bacillus thuringiensis is a Gram-positive bacterium that produces protein based
crystals that can be ingested by the insects. Inside their intestines those endotoxins destroy
the intestine cells (Gill et al., 1992). They can even have a negative effect on the larvae, the
hatching or pupation rate (Labib and Rady, 2001; Tharwat et al., 1994). Gingrich (1965) found
that stable fly larvae could be controlled by Bacillus thuringiensis var. thuringiensis (Berliner)
as feed additive, although they appeared to be less susceptible than Musca domestica (L.)
and Haematobia irritans (L.). Lysyk et al. (2010) reported 95 % of 85 Bacillus thuringiensis
(Berliner) isolates to result in less than 50 % mortality, 93 % in less than 25 % mortality in
stable flies. Nevertheless, five isolates were highly toxic to Stomoxys calcitrans.

Geden et al. (2011) showed that the double stranded DNA Musca domestica salivary glands
virus of the virus family Hitrosaviridae also affected selected fitness parameters of Stomoxys
calcitrans. Infected house flies develop greatly enlarged salivary glands caused by the massive
viral reproduction and females become sterile due to a virus-induced impaired protein digestion
and a following down-regulation of vitellogenesis (Lietze et al., 2007). Virus injected stable flies
suffered from a higher mortality and a lower fecundity rate than control flies. They also
deposited less faecal spots than healthy flies (Geden et al., 2011). However, Stomoxys
calcitrans did not develop salivary gland hypertrophy, which probably led to a virus titre two
orders of magnitude lower than the one in Musca domestica. Nonetheless, extracts of stable
fly salivary glands and ovaries were infective to house flies. It is assumed (Lietze et al., 2013)
that in order to be transmitted the virus is able to disrupt the fly’s peritrophic membrane and,
thus, to facilitate oral infection from a feeding bait. Another plausible option is that the virus
might be equipped with sharp materials to enhance infection through a damaged cuticle after
topical aerosol applications (Lietze et al., 2013).

Furthermore, although they produce additional waste products that can aggravate pest
management control measures, swallows are found to contribute to the reduction of nuisance
flies in cattle barns (Stuyck, 2014).
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Imai (1987) succeeded to reduce the resistance levels to Fenitrothion and Diazinon to 1/6 and
to other organophosphates (Fenthion, Calclofos, Dichlorvos) by half in Musca domestica field
populations by releasing susceptible house flies. This scenario is likewise imaginable for stable
flies. As Patterson et al. (1981) demonstrated, 99.9 % of an enclosed stable fly population can
be eliminated by releasing sterile male flies. Over a period of 18 months, they released 100,000
sterile male insects five days a week on St. Croix, U.S., Virgin Islands. After that, the population
was zeroed out with the exception of few fertile flies that were believed to have come from
surrounding islands with the wind or had been imported with livestock or pets. So this could be

thought as part of future integrated pest management as well.

2.3.4 Chemical control measures

Over the last centuries, chemical control constituted the mainstay for managing nuisance
insects in livestock production systems. In 1972, it was pointed out that the use of big amounts
of fly traps would be more expensive than the use of insecticides (Thimijan et al., 1972).
However, the toxicity to non-target species and environmental pollution as well as the
increasing resistance levels overtime have cast some doubt on insecticides as the primary
control for nuisance insects (Cilek and Greene, 1994; KocCiSova et al., 2002; Pickens and Miller,
1987).

There are chemical insecticides of a variety of forms and modes of action. The form of
application can be gaseous that can be fumigated, liquid, or powdery, or in form of pellets,
impregnated strips, toxic baits or fabrics. Natural and synthetic insecticides can be
distinguished as well as repellent and lethal substances. Repellents are substances that are
able to prevent insects from sitting on or piercing through body surfaces. With their repulsive
inherent smell, repellents cover up attractants produced by body scented secretions and
thereby chase away insects. In livestock production systems, insecticide impregnated ear tags
are often employed as repellents. However, against stable flies they are of limited use. Stable
flies prefer to feed on the lower extremities, which are only reached by small quantities of the
insecticide. Additionally, since stable flies spend only a few minutes a day on the host for blood
feeding, their time of exposure to the insecticide is relatively short.

Within the lethal form of insecticides there are larvicides and adulticides. Among the
adulticides, there are contact, feed-through and respiratory insecticides. Since Stomoxys
calcitrans in contrast to house flies almost exclusively feeds on blood, feed-through
insecticides like neonicotinoids and spinosyns are not considered to be effective against stable
flies and adding of attractants is deemed necessary (Carlson et al., 1971). Apart from

larvicides, those ectoparasitic drugs are usually based on neurotoxic mechanisms provoking
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paralysis or death. If the time of contact with the insecticide is too short or if the substance
intake is too low, however, the organism can recover from its effect (Richter and Steuber,
2010).

2.3.4.1 Legal framework

In the EU, insecticides, larvicides and acaricides can be authorized either as biocides or as
veterinary medicinal products. Whether a product is regulated by the Regulation (EU) No.
528/2012 as a biocidal product or whether it falls under the Directive 2001/82/EC as a
veterinary medicinal product is to be decided on a case-by-case basis. Those decisions are
based on the guidance document of the European Commission on borderline products and on
the jurisdiction of the European Court of Justice. The main criteria for such a borderline setting
are the compliance of a product with the relevant definition and the intended purpose of a
product. In case of incertitude for a specific product, however, the competent authorities of
either the Medicinal Products Directive or the Biocidal Products Directive should be consulted.
According to Art. 1 of Directive 2001/82/EC a veterinary medicinal product is defined as “any
substance or combination of substances presented as having properties for treating or
preventing disease in animals or any substance or combination of substances which may be
used in or administered to animals with a view either to restoring, correcting or modifying
physiological functions by exerting a pharmacological, immunological or metabolic action, or
to making a medical diagnosis” (2001/82/EC). In Germany, the national authorisation
procedure is based on the German drug law (Arzneimittelgesetz). The Federal Office of
Consumer Protection and Food Safety (German: Bundesamt fur Verbraucherschutz und
Lebensmittelsicherheit, BVL) authorises on application of a pharmaceutical company. In the
European Union, through Regulations and Directives, the European Commission created three
admission procedures: the centralised procedure (CP), the decentralised procedure (DCP) and
the mutual-recognition procedure (MRP). The CP authorises a veterinary medicinal product in
all EU countries. It is handled by the European Medicines Agency (EMA) and the Committee
for Medicinal Products for Veterinary Use (CVMP). The CP is mandatory for new active agents
that have been produced by a certain biotechnological procedure. If the product is aimed at
treating animals of the food industry, the CVMP will establish maximum residue limits for each
active substance in a product. The MRP is used if a veterinary medicinal product is already
nationally authorised in one or more member states and the authorisation holder seeks
recognition in another member state. In the DCP a previous national authorisation is not
required. The pharmaceutical company applies for a marketing authorisation in all selected
member states with one serving as a reference member state. In accordance with the

Regulation (EEC) No 2377/90, a marketing authorisation for a veterinary medicinal product
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intended for one or more food-producing species cannot be applied until a valid application
has been made for the establishment of maximum residue limits, at least six months should
elapse between both. The 2001/82/EC additionally states that “where relevant, data on the
potential emergence of resistant organisms of clinical relevance are necessary for veterinary
medicinal products”. It further declares that “measures to limit resistance development from
the intended use of the veterinary medicinal product shall be proposed by the applicant”.
Biocidal products are defined as “active substances and preparations containing one or more
active substances, put up in the form in which they are supplied to the user, intended to
destroy, deter, render harmless, prevent the action of, or otherwise exert a controlling effect
on any harmful organism by chemical or biological means” (98/8/EC, 1998).

As aforementioned, products that have lethal effects on external parasites including lice, fleas
or ticks on humans and animals can be either authorised as biocidal or veterinary medicinal
products depending on how they are used. If a product is used on the structures, where the
animals are housed, kept or transported but not on the animal itself, it is classified as a biocidal
product. If it is used on human beings or animals its classification depends on the intended
use or demonstrated claim. Normally, however, such products are authorised as human or
veterinary medicinal products with precise medicinal indications, including prevention or
treatment of disease. In the absence of such a claim, they could be considered as biocidal
products. Insecticides with lethal effects that are categorised as biocidal products belong to
the product type 18 “Insecticides, acaricides and products to control other arthropods” of the
main group 3 “Pest control product types” according to the biocidal product regulation (BPR,
(EU) 528/2012). Products that only have a repellent activity, without any killing effect and
without any medical claim, such as collars, neckties and ear marks, are, thus, regarded as
biocidal products belonging to the product type 19 “repellents and attractants” of the main
group 3 “Pest control product types” according to the biocidal product regulation (BPR, (EU)
528/2012).

The (EU) 528/2012 regulation declares that biocidal products can pose risks to humans,
animals and the environment and, therefore, need to be regulated. Thus, one of the conditions
for granting an authorisation for biocidal products is to ensure that they do not have an
immediate or delayed effect themselves, or as a result of their residues, on the health of any
human or animal, directly or through drinking water, food, feed, air, or through other indirect
effects. Another condition is that the biocidal product should not have unacceptable effects as
a product or as a result of its residues on the environment. Furthermore, when properly used
for the purpose intended, biocidal products are expected to be sufficiently effective and to have
no unacceptable effect on the target organisms like resistance or unnecessary suffering and
pain. Moreover, the regulation (EU) 528/2012 explains that for authorisation maximum residue

limits for food and feed should be established with respect to active ingredients contained in a
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biocidal product to protect human and animal health. When these requirements are not fulfilled,
biocidal products should not be authorised unless their authorisation is justified due to the non-
symmetrical negative impact for society of not authorising them when compared to the hazards
emerging from their use (528/2012, 2012). Based on those maximum residue levels of a
substance in an organism which are established upon the acceptable daily intake of an animal,
withdrawal periods are determined before a product is released to the market. During this
withdrawal periods animal products like meat or milk are not allowed to be sold when treated
with an insecticide. Questions concerning the legal limits of maximum residue levels of
pesticides in food of plant or animal origin are controlled by the regulation (EG) 396/2005 (EC-
Regulation, 2005). This limits the variety of products to a relatively small range.

Since 2006, there is an EU regulation (EC-Regulation, 1907/2006) which addresses the
registration, evaluation, authorisation, and restriction of chemicals (REACH). It encompasses
the production and use of chemical substances as well as their potential impacts on both
human health and the environment. The regulation also established the European Chemicals
Agency that manages the technical, scientific and administrative aspects of REACH. The
competent authority for Biocidal products in Germany is the Federal Office for Chemicals (BfC)

at the Federal Institute for Occupational Safety and Health (BAuA).

2.3.4.2 Insecticides

Historically, there are three generations of insecticides (Heimbucher, 1982). The first
generation includes non-synthetic substances like inorganic arsenic and fluorine containing
compounds, sulphur, some organic compounds and naturally occurring active substances out
of plants. The second generation was developed in the 1930s with the discovery of chlorinated
cyclic hydrocarbons and organophosphates and in the fifties of the 20" century when
carbamates were started to be used. New classes like the synthetic pyrethroids and insect
growth regulators represent the third generation of ectoparasiticides (Hatch Jr, 1911;
Heimbucher, 1982).

2.3.4.2.1 Chlorinated cyclic hydrocarbons

Dichloro-diphenyl-trichlorethane (DDT) which was discovered in 1939 by the Swiss chemist
Paul Miller was first employed as an insect control measure during World War Il. Since then
it has been used worldwide as a pesticide and insecticide. DDT inhibits the inactivation of the
neuronal sodium channels and thereby provokes spasms and paralysis. Resistances could
be observed over time (Davies et al., 2007; WHO, 1991). Due to the many kdr-gene based

cross-resistances with synthetic pyrethroids, many Malaria transmitting mosquitoes of the
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Anopheles species were cross resistant against pyrethroids as well as DDT. The same could
be observed for Aedes species (Brengues et al., 2003; van den Berg, 2009). Although DDT
possesses a high specificity to insects, as a result of its lipophilicity it accumulates in human
and animal tissue and eventually in the food chain. It was also shown that DDT and some of
its degradation products exhibit hormone-like characteristics (Bitman et al., 1968).
Furthermore, it was found out that birds of prey laid eggs with a higher breakage frequency
and a reduced eggshell thickness (Lundholm, 1987; Peakall et al., 1973; Ratcliffe, 1970) due
to DDT intoxication. Exposure to DDT may also increase cancer risk in humans (Cohn et al.,
2007; Garabrant et al., 1992). That is why DDT has been banned in most Western industrial
states since the 1970s. Countries that signed the Stockholm Convention in 2004 can only

produce and apply DDT against disease transmitting insects, like Malaria mosquitoes.

2.3.4.2.2 Organophosphates

The first organic phosphoric acid ester was synthetized in 1854. After that, highly toxic
compounds have been used as weapons in the war. Later, organophosphates were employed
against arthropods as contact and feed-through poisons, some volatile compounds were also
used as respiratory poison (diazinon and phoxim). Their lipophilic properties facilitate their
resorption through the skin and the digestive tract. Today, their use is exclusively external.
Organophosphates irreversibly inhibit acetylcholinesterases and thereby provoke an increase
of acetylcholine in neuromuscular synapses. This leads to a depolarising muscle relaxation
which entails a spastic paralysis and ultimately death (Richter and Steuber, 2010). Warm-
blooded animals are capable of detoxifying small amounts of organophosphates, and their
persistence in the environment is relatively small. However, toxicity against bees (Schricker
and Stephen, 1970; Zhu et al., 2014) and fish (Coppage and Matthews, 1974; Kavitha and
Rao, 2008) is being investigated. Organophosphates that are frequently used as veterinary
medicinal products are coumafos, which is still approved as veterinary medicinal products
against varroosis in bees, fenthion (not further authorised in Germany), tetrachlorvinphos,
diazinon, phoxim, and azamethiphos (in Germany as biocide only). Walsh et al. (2001) found
that the thiophosphate ester azamethiphos was most potent compared to other
organophosphates like dichlorvos and malaoxon. They supposed that this was a sign of the
high affinity of the binding site of the AChE that appeared to outweigh possible mutational
effects in the AChE genes. Apart from insects, azamethiphos is approved as a veterinary
medicinal product (e.g. Salmosan® Vet, Norway) against sea lice in farmed salmons (Roth et
al., 1996) or other fish (Trident®). However, it was reported that azamethiphos has neurotoxic

effects on other marine animals like the marine mollusc Mytilus edulis in which it can also
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modulate haemocyte functions. In genotoxicity studies with Drosphila melanogaster, diazinon,
dichlorvos, methyl parathion and azamethiphos, in decreasing order, were observed to have
genotoxic effects. Thus, although not yet proven, it is possible that they can have effects on

human health and the environment (Cakir and Sarikaya, 2005).

2.3.4.2.3 Carbamates

Carbamates, which are employed systemically as indirect parasympathomimetics, are not
sufficiently effective against insects. Only synthetically increased lipophilic carbamates can be
used as pesticides. Similarly to the organophosphates, as contact and feed-through
insecticides they reversibly inhibit the cholinesterases (Richter and Steuber, 2010). Their
toxicity against warm-blooded animals and their environmental persistence is low. However,
they are reported to be toxic against bees (Akca et al., 2009) and fish (Jabeen et al., 2015;
Olson and Christensen, 1980). Since other insecticides are more advantageous, carbamates
have been used less frequently over time (Beckmann and Haack, 2003). In the EU, bendiocarb
is still allowed as a biocide (98/8/EC, 1998) but not approved yet as an active substance in a
veterinary medicinal product. As veterinary medicinal products propoxur and neostigmin are

available.

2.3.4.2.4 Pyrethrum

Pyrethrum are extracts out of chrysanthemum (Asteraceae) flowers which possess six active
compounds: pyrethrine | and Il, yasmoline | and Il and cinerine | and Il. As contact poisons,
they have been used against insects for more than a hundred years. They feature a strong
repellent and toxic effect on arthropods and a low toxicity on warm-blooded animals forming
little residues (Richter and Steuber, 2010). When pyrethrum is being taken up by an arthropod
through the prolonged opening of the sodium channels, first it induces excitation, then
movement and coordination disorders, followed by paralysis or death. Pyrethrum is, however,
rather unstable under UV light, so often their effect is short and affected parasites recover after
a short time. Since 1973, chemical modifications, nevertheless, have helped to produce more
stable derivatives, called synthetic pyrethroids (Davies et al., 2007; Heimbucher, 1982;
Loscher et al., 2006). Insects are able to detoxify pyrethrines and pyrethroids by binding to the
cytochrome P-450 dependent mixed function oxidases that can be blocked by piperonyl
butoxide. Therefore, many pyrethrines or pyrethroid containing insecticides are fixed combined
with the synergistic acting compound piperonyl butoxide (PBO) in order to increase the efficacy
of the products. Thereby, the selective toxicity against parasites can be risen by a factor of 10

(Richter and Steuber, 2010). Resistance in insects caused by increased activity of the insect’s
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mixed function oxidase could be undermined by the combination with PBO in a product (Levot,
1994).

2.3.4.2.5 Pyrethroids

Pyrethroids are synthetic and more stable derivatives of the naturally occurring pyrethrum,
chemically they are esters of the cyclopropanecarboxylic acid. They provide several
advantages over other insecticide classes due to the rather small costs and the low toxicity in
mammals.

Similar to the pyrethrines, the lipophilic pyrethroids passively pass through the insect’s cuticula
before they spread through their entire body. The prolonged inflow of sodium ions results in a
continuous depolarisation. They then inhibit the inactivation of the neuronal sodium channels
in a way that the channels stay open longer. The characteristic signs of an initial excitation and
hyperlocomotion followed by a sublethal so-called “knock-down effect” and paralysis, which
arthropods generally show after a contact with pyrethrum, are also shown when pyrethroids
are applied. There are two types of pyrethroids: type I-pyrethroids (tetramethrin, permethrin,
transfluthrin) without a substitution at the alpha-carbon site and type Il-pyrethroids
(cypermethrin, cyfluthrin, deltamethrin, flumethrin) with a cyano-group substitution (Richter and
Steuber, 2010). Type |-pyrethroids attack at the peripheral nervous system, while type II-
pyrethroids attack at the central nervous system (Miller, 1988). Pyrethroids are five to ten times
more effective when absorbed topically than when ingested orally (Gunjima, 1992). Pyrethroids
are highly toxic to cats, bees and fish. According to the summary of product characteristic of
Deltanil® deltamethrin is excreted in faeces. Its excretion may take place over a period of 2 to
4 weeks. Faeces that contain deltamethrin excreted onto pasture by treated animals may
reduce the abundance of dung feeding organisms. It states that “the risk to dung fauna can be
reduced by avoiding too frequent and repeated use of deltamethrin (and other synthetic
pyrethroids) in cattle, e.g. by using a single treatment per year on the same pasture”.
Deltamethrin, which belongs to the type ll-pyrethroids, is one of the most frequently used
insecticides in cattle and sheep livestock production systems (Jandowsky, 2009; Jandowsky
et al., 2010). Its duration of effectiveness is between two weeks and five months depending on
mode of application and dosage. Mostly, deltamethrin as veterinary medicinal product is
marketed as pour-on preparations with withdrawal periods in cattle for edible tissues of 17 or
18 days and of zero hours for milk. In sheep it is one day for edible tissues and 12 hours for
milk. Predominantly, it is used against sucking and biting lice, house and stable flies
(Haematobia irritans, Stomoxys calcitrans, Musca spp. and Hydrotaea irritans) as well as
Malaria mosquitoes. Regarding the latter particularly pyrethroid-treated bed nets can be used

for personal protection to reduce malaria transmission in the home environment. Unfortunately,
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78 % of 49 endemic malaria countries that monitored resistance, recorded resistance of
malaria vectors against pyrethroids in 2014 which must be deemed alarming (Mnzava et al.,
2015). There is, however, at present, no alternative available for the treatment of human bed
nets and the WHO Pesticide Evaluation Scheme (WHOPES) is currently evaluating
alternatives (WHO, 2016). Several studies, however, showed that insecticide treated nets can
still be successfully used for the control of nuisance insects like tsetse, house and stable flies
when putting around cattle surrounding fences (Bauer et al., 2006; Blank, 2008; Holzgrefe,
2013; Maia, 2009; Rohrmann, 2010; Zaspel, 2009). They were observed to be effective for five
to six months (Arends, 2016; Holzgrefe, 2013). Additionally, it was suggested that pyrethroids
can also be used on sheep against blue-tongue disease transmitting biting midges
(Ceratopogonidae) (Weiher et al., 2014) but the indication is not yet approved in veterinary

medicinal products.

2.3.4.2.6 Phenylpyrazoles

Phenylpyrazoles were introduced in the 1990s as a new class of pesticides. Fipronil represents
a phenylpyrazole that is widely used on domestic animals such as dogs and cats in order to
treat the infestation with fleas and ticks. It attacks the central nervous system of insects and
acari by blocking the GABA-gated chloride channels and gluatamate-gated chloride channels
inhibiting the transmission of nerval stimuli. Its insecticidal efficacy against Stomoxys calcitrans
was evaluated by Fankhauser et al. (2015), who found that a topical spot-on formulation for
dogs containing 6.76 % fipronil and 50.48 % permethrin in fixed combination was able to repel
stable flies at a rate of 96.6 % for 28 days. However, in the EU, fipronil is not approved for
food-producing animals. Since 2014, it is limited to the application on seeds growing in green
houses. The treatment of maize and sunflower seeds will no longer be authorised (EU No
781/2013). Although fipronil is authorised in the EU as an active substance in products for
plant protection, no such products containing fipronil are approved in Germany (BMEL, 2017).

Fipronil, however, is authorised as a biocide against insects and acari (528/2012).

2.3.4.2.7 Insect Growth Regulators

Insect growth regulators (IGRs) are active agents that very selectively interfere with pre-adult
development stages of arthropods and thereby impair their life cycles (Richter and Steuber,
2010). The insecticidal effect follows one of three mechanisms: 1. chitin synthesis inhibition
(lufenuron, triflumuron, diflubenzuron), 2. inhibition of ecdysis and pupation by ecdysteroids

(dicyclanil, diofenolan), 3. analogues of juvenile hormone (methoprene, pyriproxyfen) (Tunaz
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and Uygun, 2004). Since mammals and birds lack the specific target sites, they can tolerate
IGRs rather well. IGRs have no adulticidal activity, it is, therefore, recommended to start control

measures with adulticidal treatment or by using a fixed combination of both IGR and adulticide.

Chitin synthesis inhibitors

The insect exoskeleton as well as the covering of the digestive tract, the reproductive duct and
some glands are made of insect cuticle. It primarily consists of protein and chitin fractions and
serves as a protective barrier between the animal and the environment. Most inhibitors of the
chitin synthesis are the organic compounds of benzoyl phenylurea (triflumuron, lufenuron,
diflubenzuron, fluazuron). All of these compounds interfere with the chitin polymerisation and
the following incorporation of chitin chains into the cuticula. As a result, the cuticula gets
malformed, ecdysis cannot be completed and the larvae die. The first benzoyl phenylurea
which was introduced as a larvicide was diflubenzuron (Miyamoto et al., 1993). The target site
of diflubenzuron is assumed to be a sulfonyl urea receptor (Matsumura, 2010; Nasonkin et al.,
1999) which was identified in Drosophila melanogaster. Sulfonylurea receptors, which belong
to one of the transporter family proteins, are ATP- and GTP-sensitive potassium channels that
are responsible for the Ca?* transport. When they get blocked by diflubenzuron the K* influx
into the cells is inhibited and the intracellular Ca?* content is increased. As a result, the
incorporation of N-acetylglucosamine into insect chitin is impeded (Matsumura, 2010).
Generally, chitin synthesis inhibitors are poured on and mixed into manure and slurry pits.
While normally inducing their larvicidal effect through surface contacts, Vazirianzadeh et al.
(2007) described the successful use of cyromazine as a feed-through larvicide. Howard and
Wall (1995) demonstrated that when adult flies ingested a sugar solution containing
triflumuron, they produced eggs with a reduced hatching rate. However, oral applications via
the gastrointestinal tract providing faeces of the treated host were also studied. Mascari et al.
(2007) found novaluron, an insect growth regulator of the benzoylphenyl urea class, to inhibit
the development of sand flies (Phlebotomus paptasi Scopoli) when their larvae fed faeces of
hamsters that had been fed a diet containing novaluron. Wright et al. (1975) discovered that
when feeding 1 mg/kg pellets to rhinoceros the hatch rate of the flies was reduced drastically.
Pospischil et al. (1996b) showed that chitin synthesis inhibitors were effective against multi-
resistant Musca domestica strains with resistances against pyrethroids, organophosphates
and carbamates. Diflubenzuron as well as lufenuron had a measurable impact on the chitin
synthesis of the trachea (Gangishetti et al., 2009). Since benzoyl phenylureas are not selective
and affect all chitin forming organisms it is also harmful to bees (Amir and Peveling, 2004;
Barker and Taber, 1977; EI-Din et al., 1990), and crustaceans (Miura and Takahashi, 1974).
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Triazines

Triazines are a group of chemical compounds that are based upon nitrogen-containing
aromatic heterocycles. They are often used as a basis for various herbicides. The triazine
derivative cyromazine is also employed as moulting process inhibitor. Cyromazine was
established as a control method for Musca domestica and Lucilia cuprina in the 1980s (Magoc
et al., 2005) but was also reported to be effective against Stomoxys calcitrans (Taylor et al.,
2012a). It compromises their moulting and pupating process without affecting the chitin
synthesis. lts specific mode of action, however, remains unknown (Magoc et al., 2005).
Cyromazine was observed to be selective on dipteran species and is able to harm other insects
only at higher concentrations (Hildebrand, 2017). While normally cyromazine is applied to
manure or slurry pits, Miller et al. (1996) discovered concentrations above 0.5 mg/kg body
weight to be effective when administered to diary calves. Nevertheless, any oral application
resulted concurrently in residues in kidney fat, liver and occasionally in round muscles of the

treated calves.

Juvenile hormone analogues

Synthetic juvenile hormone analogues imitate the hormonal activity of the natural juvenile
hormone and thereby have an effect on its receptor. The insect juvenile hormone leads an
essential role in the larval development and acts as an agonist of the moulting and pupation
hormone ecdysone (Richter and Steuber, 2010). The peptides of the prothoracic tropic
hormones from the brain induce the secretion of ecdysone from the prothoracic gland. When
juvenile hormone levels are high, the epidermis is programed for a larval moult. If not, the
epidermis is programed for metamorphosis (Tunaz and Uygun, 2004). Since the juvenile
hormone is found to be absent in pupation and is, among others, necessary in adults for some
reproductive functions, it was concluded that it suppresses pupation and induces vitellogenesis
during the reproductive stage of the imago (Eto, 1990). Thus, any disturbance in the juvenile
hormone balance is expected to cause a disorder in the development of the insect (Tunaz and
Uygun, 2004). The instability and synthetic difficulties of the juvenile hormones themselves,
however, were the reason to create selective juvenile hormone analogues (Eto, 1990). It has
been shown that the activity of the juvenile hormones is dependent on the timing of application
(Tunaz and Uygun, 2004). It was suggested that third instar larvae are only sensitive to juvenile
hormones between its disappearance and the appearance of ecdysone (Miyamoto et al., 1993;
Riddiford, 1976). When pupae are treated with juvenile hormones imagoes do not develop in
a normal way (Tunaz and Uygun, 2004). Although the adult stages of most insects are
insensitive to juvenile hormone analogues some are reported to become sterile after their

application (Retnakaran and Percy, 1985).
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Methoprene

Methroprene was the first compound introduced to the market. It is a terpenoid compound,
which is compatible with mammals and produces very low residuals on plants or in soil due to
its sensitivity to UV light. Therefore, it is often used for flee control in cats and dogs (Smith,
1995).

Methoprene was also tested against honey bees. When 250 pg of methoprene were applied
on adult honey worker bees, they were induced to move from the broodnest to the food storage
region prematurely where they showed a premature foraging behaviour (Robinson, 1985). It
also activated the precocious production of two alarm pheromones. Workers treated with 2000

Mg of methoprene died.

Pyriproxyfen

Pyriproxyfen is a pyridine based juvenile hormone analogue, which is more effective than
methoprene. Additionally, pyriproxyfen is not likely to be inactivated by larval esterases
(Richter and Steuber, 2010). Compared to methoprene it is stable to UV-light. In fleas it does
not only inhibit the pre-adult development, it also interferes with the adult fleas’ fertility (Richter
and Steuber, 2010). Liu et al. (2012) demonstrated similar results in stable flies. The LDsgbeing
0.002 mg/kg for larvae, they reported that even the topical treatment of 1- and 3-day-old adult
female stable flies had a bad effect on oviposition and egg hatching at a dose of 8 ug
pyriproxyfen/fly. Bull and Meola (1993) calculated a LDsy of 128.3 mg/m?. Ishaaya and
Horowitz (1995) found a LDg of 0.05 and 0.02 mg/kg for whiteflies and scale insects,
respectively. While pyriproxyfen is hardly toxic to vertebrates, it is lethal to fish and crustaceans
(Richter and Steuber, 2010). Pyriproxyfen, however, is sparingly soluble in water, it is highly
soluble in organic solvents such as hexane and xylene (Sullivan and Goh, 2008). Since it was
introduced into Brazilian drinking water in 2014 after the first Zika virus linked microcephaly
outbreaks in neonates, the possibility that pyriproxyfen was responsible for the microcephaly
has been discussed (Valentine et al., 2016). According to several WHO controlled studies,
pyriproxyfen has now been ruled out as a likely aetiology (Valentine et al., 2016). Zhang et al.
(1998) found that microsomes of pyriproxyfen resistant house flies had higher levels of total
cytochrome P450s in both fat and gut body. Shah et al. (2015a) discovered that, after
generating a high resistance against pyriproxyfen in Musca domestica after 30 generations of
selection the resistance in the house fly was autosomally inherited, completely dominant and
polygenic. The observed very low cross-resistance among pyriproxyfen and other insecticides
tested leads to the suggestion to rotate with these insecticides in order to delay the

pyriproxyfen resistance in flies.
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2.4 Resistance development

Since several studies have shown that the persistent and non-strategic use of insecticides can
enhance resistance development, it has become clear that resistance development is one of

the central problems which modern pest control has to deal with (Unterstenhdéfer, 1970).

2.4.1 Definition of insecticide resistance

According to the WHO (WHO, 1957), resistance is defined as the ability of an insect strain to
tolerate doses of toxic substances that would cause the death of the majority of sensitive
individuals of the same species.

The IRAC (Insecticide Resistance Action Committee) defines resistance in more detail as “a
heritable change in the sensitivity of a pest population that is reflected in the repeated failure
of a product to achieve the expected level of control when used according to the label
recommendation for that pest species” (IRAC, 2017).

Resistance can be justifiably suspected when chemical control measures do not function
adequately anymore although they had worked in the past (Beckmann and Haack, 2003). It is
a significant genetic modification on a molecular or biochemical basis or in the behaviour of an
insect as a result of selection by insecticides which limits the control measurements in the field
(Robertson et al., 2007). An organism can show resistance towards one substance only
(Kunast and Guntzrodt, 1981), towards multiple substances of the same chemical group
(Deplazes et al., 2012) or towards substances of different chemical groups. Resistance
towards different chemical groups is called cross resistance (Schnieder, 2006) especially when
the organism has not been selected by exposure to all of the insecticides. Generally, resistance
towards several pesticides of different chemical classes is termed multi resistance. Resistance
to the same chemical class with the same mode of action is called side resistance (Bates,
2012).

According to the World Health Organization which provided resistance definitions for malaria
vectors, mosquitoes, a mortality rate below 98 % suggests a probable and one below 90 %
indicates a complete resistance (WHO, 2016). Mortality or paralysis rates above 98 % reveal
susceptibility. If the paralysis rate is between 90 % and 97 %, the occurrence of resistant genes
in the field population must be verified by additional tests with the same population or by
molecular assays. Resistance is confirmed if at least two of the tests result in mortality rates
below 98 %. Given that at least 100 mosquitoes of each strain were tested, if the paralysis
rates are below 90 %, further testing is not required. If not, it is necessary to prove samples of

the population using multiples of the LDgs. Mortality rates of 98 to 100 % at the five-fold
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concentration suggests a low resistance and it is not necessary to assay higher concentrations.
Paralysis of below 98 % at the five-fold concentration, however, requires further testing at the
tenfold concentration. A mortality rate between 98 and 100 % at the tenfold concentration
affrms a moderate resistance and mortality rates below 98 % confirms a high resistance
intensity. In this study every strain was tested with the discriminating dose (i.e. the LDgs), a
four-fold of the LDgs and a 16-fold of it.

2.4.2 Resistance mechanisms

Natural selection by an insecticide supports the initially very rare but naturally occurring insects
with resistance genes to survive and to pass the resistance trait on to their progeny (IRAC,
2017). “Under permanent selection pressure, resistant insects outnumber susceptible ones
and the insecticide is no longer effective. The speed with which resistance develops depends
on several factors, including how fast the insects reproduce, the migration and host range of
the pest, the availability of nearby susceptible populations, the persistence and specificity of
the crop protection product, and the rate, timing and number of applications made” (IRAC,
2017).

Miller (1988) categorised all occurring resistance mechanisms in four groups:

1. Behavioural resistance, where insect behaviour is modified and thus, the insect no
longer comes into contact with the insecticide.

2. Penetration resistance, where the design of the insect’s exoskeleton is altered in ways
that inhibit insecticide penetration.

3. Site-insensitivity, where the chemical site of action for the insecticide becomes modified
to have reduced sensitivity to the active form of the insecticide.

4. Metabolic resistance, where the insect’'s metabolism becomes modified in ways that
detoxify the insecticide, or impede the metabolism to convert it into its toxic form. In the
case of pyrethroids most of these metabolic resistance mechanisms include
multifunction oxidases, glutathione-S-transferase, and esterases.

a) Oxidases are enzymes which catalyse a variety of different reactions. Cytochrome
P450 monooxygenases are involved in many cases of insecticides resistance
(Bergé et al., 1998). Oxidases generally metabolize water-insoluble compounds the
way they can be excreted more easily (Guengerich, 1991).

b) Glutathione-S-transferases comprise a family of isoenzymes that are able to
catalyse attachments of the reduced form of glutathione to xenobiotic substances

for detoxification (Scott et al., 1990) by conjugating the thiol group from glutathione
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to compounds that have an electrophilic centre (Low et al., 2007). Those conjugates
can be eliminated from the organism by excretion or in vacuoles. The insect specific
epsilon and delta glutathione-S-transferases are capable of detoxifying
organophosphates (Huang et al., 1998; Lewis and Sawicki, 1971; Oppenoorth et
al., 1979) and organochlorines (Clark and Shamaan, 1984; Tang and Tu, 1994) by
conjugation. Glutathione-S-transferases even assign resistance to pyrethroids by
reducing the oxidative damage that they cause to lipids (Vontas et al., 2001).

c) Esterases are hydrolase enzymes that split esters into an acid and an alcohol.
Oppenoorth and Van Asperen (1960) found that genetically altered ali-esterases
are able to break down organophosphates which under normal circumstances

inhibit esterases.

Generally, it is assumed that site-resistance and metabolic resistance play the main role in
resistance development (Georghiou, 1994). Resistance is based on the primary selection of
genetically resistant individuals that through natural mutation already existed among the
population before insecticides had been employed (Georghiou, 1994). Georghiou and Taylor
(1977b) stated that some factors like the initial frequency of resistant alleles, reproductive
potentials, migration rates, dominance of alleles that concede resistance, and the presence of
refugia are not human-controlled. The long-term use of insecticides, however, the prolonged
application of the same active ingredient or insecticides having the same mode of action over
time, underdosing, the employment of antagonistic insecticides as well as the non-strategic
use of insecticides are observed to enhance resistances (Richter and Steuber, 2010).
Georgihou and Taylor (1977a, b) assumed that insecticide resistance evolved most slowly
when the population was diluted with immigrants, when population density was suppressed by
selection and when susceptible individuals had a reproductive advantage over the resistant
correspondent. Furthermore, lower insecticide dose levels, higher selection thresholds,
varying selection schedules and the presence of refugia were reported to slow down
insecticide resistance development. Since those operational factors can be controlled, the risk

of resistance progress could be reduced by modifying them (Georghiou, 1994).
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2.4.3 Resistance marker genes

In comparison to Drosophila melanogaster and Musca domestica, little is known about the
genetic resistance in stable flies. In house flies, distinctive resistances are controlled by a
variety of resistance genes: knock-down resistance (kdr) (Busvine, 1951; Farnham et al., 1987;
Ingles et al., 1996; Rinkevich et al., 2012; Tsukamoto et al., 1965), reduced-penetration
resistance (pen) (Farnham, 1973), cytochrome-p450-monoxygenase mediated resistance
(Kulkarni and Hodgson, 1980), acetylcholinesterase resistance (AChE-R) (Walsh et al., 2001),
and larvicide resistance genes (Shen and Plapp, 1990). It can be assumed that resistance in
the closely related stable fly is controlled by similar resistance genes as in Musca domestica
and other fly species (Ingles et al., 1996; Pitzer et al., 2010; Soderlund and Bloomquist, 1990).
Based on Feyereisen (1995), on a molecular level, these mechanisms of resistance are
realized by: “point mutations in the ion channel portion of a GABA receptor subunit (cyclodiene
insecticides); point mutations in the vicinity of the acetylcholinesterase (AChE) active site
(organophosphorus and carbamate insecticide resistance); amplification of esterase genes
(organophosphorus and carbamate insecticides); mutations linked genetically to a sodium
channel gene (DDT and pyrethroid insecticides); and yet uncharacterized mutations leading to
the up-regulation of detoxification enzymes, such as cytochrome P450 and glutathione S-

transferases (many classes of insecticides)”.

Kdr resistance

Kdr resistance was first described by Busvine (1951) who found that its resistance is located
in a recessive factor of chromosome Ill. Kdr resistance includes kdr and super-kdr resistance.
Since the voltage-sensitive sodium channel (Vssc) is the main target site of DDT and
pyrethroids, the phenomenon known as knock-down resistance (kdr) is characterized by nerve
insensitivity to these compounds (Williamson et al., 1993). It was shown that resistance
rendered by kdr/super-kdr mechanism maps to a house fly sodium channel gene referred to
as Msc (Williamson et al., 1993). Huang et al. (2004) discovered that the frequency of kdr
mutations was strongly correlated with reduced mortality rates of various house fly strains
when treated with pyrethrum and bioresmethrin. Depending on the active ingredient, strains
with super-kdr 3D were described to show a 38- to 64-fold resistance whereas super-kdr A2
and kdr-carrying strains displayed an 11- to 20-fold resistance (Farnham et al., 1987). Vais et
al. (2001) found that the incorporation of super-kdr mutation into the Drosophila sodium
channel increased channel inactivation and reduced deltamethrin sensitivity by over a 100-
fold. Based on cross-resistance patterns, the absence of synergism of esterase and oxidase

inhibitors, and verified electrophysiological evidence of reduced neuronal sensitivity, it was
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implied that kdr-linked reduced neuronal sensitivity corresponds to an important mechanism
of pyrethroid resistance in a number of insect taxa (Soderlund and Bloomquist, 1990). Kdr and
super-kdr mutations could be attributed to leucine-phenylalanine replacements in the
hydrophobic 11S6 transmembrane segment, while super-kdr mutations appeared to be linked
to an additional methionine to threonine replacement within the intracellular 11S4-S5 loop.
Neither of those mutations could be found in pyrethroid-sensitive strains (Williamson et al.,
1996). To date, 120 haplotypes of the kdr nucleotide sequence have been described in flies
(Rinkevich et al., 2012).

In 2011, Olafson et al. (2011) identified a point mutation resulting in a leucine to histidine amino
acid change in stable flies. Since this location coincided with that observed for knockdown
resistance mutations in other insects the allele was then termed kdr-his. Using a molecular
assay, the frequency of the mutation was subsequently determined from five field-collected
stable fly colonies. The accumulation of the mutation ranged from 0.46 to 0.78, supporting

further evaluations on the prevalence of the allele.

Reduced-penetration resistance (pen)
Mutation of the pen resistance factor gene, which is localised on chromosome Il as well is
characterized by reducing the penetration rate of insecticide through the cuticle. By itself, it

only results in minor resistance but may increase the effect of other factors (Farnham, 1973).

Cytochrome-p450-monoxygenase mediated resistance
Since cytochrome-p450-monoxygenase metabolizes a variety of organic compounds that
otherwise would accumulate to toxic concentration, its low sensitivity is likely to induce cross

resistances in other non-related insecticide classes (Kulkarni and Hodgson, 1980).

Acetylcholinesterase resistance (AChE-R)

Acetylcholinesterase is a serine esterase in the a/f hydrolase that completes nerve impulses
by degrading the neurotransmitter acetylcholine. It is the target of organophosphate and
carbamate compounds that phosphorylate or carbamylate the active site of serine to block the
hydrolysis of acetylcholine. This eventually leads to the death of the insect. Mutations in the
AChE gene, which in Musca domestica is mapped to chromosome |l were found to lead to an
insensitivity against acetylcholinesterase in several insects. In the house fly five mutations
(Val-180 - Leu, Gly-262 > Ala, Gly-262 - Val, Phe-327 - Tyr and Gly-365 - Ala) could be
observed (Mutero et al., 1994), these occurred in isolation or in combination (Walsh et al.,
2001). Villatte et al. (2000), however, suggested that more than seven mutations might be

involved in the organophosphate and carbamate resistance.
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Rdl resistance
The gene for resistance to dieldrin operates the gamma aminobutyric acid receptor. Cross-

resistance has been observed towards fipronil (Ffrench-Constant et al., 2000).

Larvicide resistance genes relevant to stable flies

Shen and Plapp (1990) found that in Musca domestica the gene that conferred resistance to
cyromazine and diflubenzuron, a benzoylurea insecticide, was on chromosome V. Stable fly
resistance to cyromazine and diflubenzuron, however, appeared to be different from other
types of insecticide resistance. Douris et al. (2016) found that the resistance mutation (I11042M)
in the chitin synthase 1 (CHS7) gene of benzoylurea resistant cabbage moths (Plutella
xylostella), insects, was at the same position as the [1017F mutation reported in spider mites,
acari, that confers etoxazole (an acaricide that targets nymphs, larvae and eggs) resistance.
Zhang et al. (1998) confirmed that microsomal cytochrome P450 monooxygenases play an
essential part in the pyriproxyfen resistance of the house fly. Furthermore, they suggested that
the fat body must be as important as the gut for the metabolism of pyriproxyfen in resistant

house fly larvae.

2.4.4 Occurrence of insecticide resistances in Stomoxys calcitrans

As early as in 1976, the “WHO expert committee on Insecticides” reported on resistances in
vectors and reservoirs of disease to pesticides. Over 100 vectors were identified as being
resistant against one or more insecticides (WHO, 1976).

The “arthropode pesticide resistance database” http://www.pesticideresistance.org which is

maintained by Michigan State University, publishes data on arthropod resistance cases from
1914 to the present. The “Insecticide Resistance Action Committee” (IRAC) which was formed
in 1984 works as a specialized technical group of the industry association “CropLife”, which is
an international trade association of agribusiness companies founded in 2001, and provides
“a coordinated industry response to prevent or delay the development of resistance in insect
and mite pests” (IRAC, 2017). IRAC consists of employees from the agrochemical and public
health companies normally associated with “CropLife” through membership in the relevant
national associations.

Many research studies worldwide have focused on the resistance development in house flies
(Abbas et al., 2014; Acevedo et al., 2009; Akiner and Caglar, 2012; Bell et al., 2010; Cetin et
al., 2009; Harris et al., 1976; Jandowsky, 2009; Jandowsky et al., 2010; Kaufman et al., 2001b;
Khan et al., 2015; Kristensen, 2008; Kristensen et al., 2001; Pap and Farkas, 1994; Pinto and
Prado, 2001; Pospischil et al., 1996a; Pospischil et al., 1996b; Seraydar and Kaufman, 2015)
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and found increasing resistances against all insecticide groups. Thus, in 1999, Keiding (1999)
gave an overview over the global resistance status in field populations of Musca domestica
since the 1970s and discovered worldwide resistances against DDT although this active
ingredient had not been applied in several years. Additionally, he observed pyrethroid and
organophosphate resistances globally. Resistances against the insect growth regulators
cyromazine and diflubenzuron were already known in a few places in the Netherlands, the
USA and Japan.

Resistances in stable flies have also been investigated for a variety of insecticides throughout
the world albeit to a lesser extent than in house flies. Insecticide resistances have been
demonstrated previously in Stomoxys calcitrans, but in many cases against insecticides that
are not used any more, such as organochlorines and DDT (Pitzer et al., 2010; Semme, 1962;
Stenersen, 1966).

In 1958, Semme (1958) observed a rise in tolerance by five or six times in field collected stable
fly strains when exposing them to DDT or lindane, an organochlorine insecticide. In the
laboratory they then generated even higher resistance levels within only two generations.

In 1962, Semme (1962) studied the resistance to chlorinated-hydrocarbon insecticides in six
stable fly field strains in Norway. Due to laboratory selection, two strains became resistant
against DDT and most of the strains were resistant against chlordane. Resistance could,
therefore, be caused via selection. Strains with high chlordane resistance were also more
resistant to dieldrin, an organochlorine insecticide, which indicated cross resistance.

Right after that, Stenersen and Sgmme (1963) showed by selection that compared to sensitive
strains stable fly field strains became 25 times more resistant to DDT, 110 times more resistant
to methoxy-DDT, and even more resistant to DDD (dichlorodiphenyldichloroethane) although
stable flies possess very little dechlorinase and do not detoxicate DDT. Genetical studies
revealed that resistance to these insecticides is mainly caused by a recessive gene,
nonetheless, less important genes are probably also present. Stenersen (1966) also found that
selection with Dilan, an insecticide derived from the nitroparaffins, not only conferred DDT-
resistance on insects, but that a selection with DDT also conferred resistance to Dilan. Through
gas-liquid chromatography, Mount et al. (1966) had discovered that the metabolism or the
excretion of dieldrin was more rapid in resistant flies than in susceptible ones. As a further
proof that DDT-resistance is not a result of increased detoxication, it was shown that adding
the synergist “WARF Antiresistant” - an inhibitor of the DDT-dehydrochlorinase in insects - to
DDT, the resistance of the Dilan and DTT resistant stable fly strains did not decrease
(Stenersen, 1966).

In 1964, Harris (1964) studied the susceptibility of stable flies against 15 insecticides and found

that the organophosphorous insecticides were more effective than the chlorinated
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hydrocarbons. He additionally discovered that the response of the flies was more variable after
the exposure to chlorinated hydrocarbons than to the organophosphates.

In 1986, Hogsette and Ruff (1986) demonstrated in Florida, USA, that ear tags impregnated
with the synthetic pyrethroid flucythrinate and ear tapes containing the synthetic pyrethroid
permethrin were effective against stable flies for ten weeks.

In 1994, Cilek and Greene (1994) detected insecticide resistance against two
organophosphates, dichlorvos and stirofos, and a pyrethroid, permethrin, in stable fly field
strains collected from eight cattle feedlots in south-western Kansas, USA. The prevalence of
resistance ranged from 2 to 100 % and was generally of the following decreasing order in each
population: dichlorvos, stirofos, permethrin. Resistance was also found in feedlots where
insecticide use was non-existent or did not exceed one application per year. It was assumed
to have resulted from the intermingling of resistant flies from nearby feedlots with local ones.
When comparing three exposure techniques for the analysis of stable fly susceptibility in
southeastern Nebraska, USA, Marcon et al. (1997) found that the topical application was better
suited for this species than treated filter papers and treated petri glass dishes. However, the
magnitude of the paired comparisons of field and susceptible stable fly strains after topical
treatment with permethrin or methoxychlor was not bigger than the significant differences
between one and another within the sensitive laboratory strain. In 2005 it was reported that the
stable fly strains tested were still susceptible to synthetic pyrethroids (Cruz-Vazquez et al.,
2005; Muraleedharan, 2005). In Bangalore, India, Muraleedharan (2005) discovered that a
single application of 0.2 % of the synthetic pyrethroids esfenvalerate and deltamethrin was
100 % effective against stable flies during a 21-day period of observation. Cruz-Vazquez et al.
(2005) reported stable fly populations collected from sixteen dairy farms in Aguascalientes,
Mexico, to be susceptible to permethrin when exposing them to two discriminating doses.
Stable flies were subjected to glass vials that contained the LDso and LDgs (0.0014 pg/cm? and
0.0026 ug/cm?, respectively) and were observed to be susceptible when compared to a
sensitive reference strain. Yet, this was the first study in Mexico on the susceptibility of stable
flies to any insecticide.

In 2010, Pitzer et al. (2010) demonstrated resistance to permethrin in field-collected stable flies
from geographically separated horse farms in Florida. Three Stomoxys field strains displayed
a maximum of 57 % and 21 % survival to permethrin residues of 3 times and 10 times the LDy
of a susceptible strain, respectively. Even stable flies which had not had contact with
insecticides expressed a 20 % survival when treated with the 3x-LDgo. A stable fly strain that
previously had shown a low resistance level, had a 15-fold increased resistance after five
generations permethrin selection in the laboratory.

The research group around Salem et al. (2012a) was the first one to study stable fly

susceptibility to insecticides in Europe. In France, they evaluated resistance against the
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pyrethroids cypermethrin, deltamethrin, fenvalerate, A-cyhalothrin and the organophosphate
phoxim in two stable fly field strains after a one-hour exposure to an impregnated filter paper.
One of the field strains originated from an organic farm where insecticides had not been used
for over ten years and the other field strain was collected at a farm where insecticides had
frequently been applied. The LDso and LDgo were observed to be higher in blood-engorged
stable flies than in non-blood-engorged flies. Except for phoxim, which had not been used on
both farms in several years, the LDy, values obtained for the organic farm strain were 1 to 4
times lower than the recommended doses for all tested pyrethroids. For the conventional farm
strain the LDgo values were between 7.1 and 22.6 times over the recommended doses for the
pyrethroids employed indicating a correlation between the use of insecticides and resistance

development.

2.4.5 Methods for detection of insecticide resistances

2.4.5.1 In-vivo methods

Resistance testing by in-vivo methods can be performed either in the field or in the laboratory.
When testing in the field a complete description of all factors that could have an influence on
execution, comparability, and significance is necessary. Specifications on hygiene
management, the use of former control measures, the season or temperatures should be taken
into consideration (Hildebrand, 2017). The European Chemicals Agency (ECHA) is regularly
controlling active ingredients and their product concentrations. When testing in the laboratory,
first a representative number of individuals has to be collected before being bred in the
laboratory under parameters, like light, temperature and humidity, that are as constant as
possible (Keiding, 1999). Tests are then conducted with the F1 or following generations.
Normally, field populations are then being compared to a sensitive reference strain which often
originates from a laboratory WHO strain. Natural variations in sensitivity within those of

sensitive reference strains (Schaub et al., 2002) should be taken into account.

2.4.5.1.1 Test of adults

Among the tests for adult insects there are “self-dosing” tests in which insects have the
possibility to avoid insecticide contact and “forced exposure” tests in which the substance is
directly applied to every single insect.

“Self-dosing” tests with which feed-through insecticides are often tested can be differentiated

into “choice” and “non-choice” feeding tests. “Choice” tests examine above all the
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attractiveness of a product. In “non-choice” assays, the tested product is the only food source
available in the way that insects cannot avoid ingesting them. “Choice self-dosing” tests,
however, cannot differentiate between the refusal of the product intake and a resistance.
Additionally, feed-through tests are not suited in stable flies since they almost exclusively feed
on blood sources.

In “forced exposure” tests insects cannot avoid the contact with the insecticide. Most of those
tests are performed with the method of topical application which is a WHO approved standard
method. On that account, pure substances are being dissolved in oil, acetone or an oil-
acetone-mixture. Then between 0.3 and 1 yl of this insecticide solution is topically applied on
the dorsal surface of the insect’s thorax. Another method to force a contact between the animal
and the insecticide is the use of a treated vial or impregnated filter paper to which the insects
are exposed. The control group is only treated with the solvent. The CDC bottle bioassay
similarly measures the time it takes an insecticide to penetrate a vector. Information derived
from this bioassay may provide initial evidence that an insecticide is losing its effectiveness. It
can be performed on vector populations collected from the field or on those reared in an
insectary from larval field collections (CDC, 2010). The bottles are coated with a diagnostic
dose of the insecticide. It is recommended that a minimum of 100 insects, divided among four
replicate bottles, are tested for an insecticide at a given concentration. Insects are then
transferred to the bottles and mortality is noted every 15 minutes up to two hours (CDC, 2010).
The Flybox® test used in this study can also be considered a “forced exposure” test since the
flies are transferred into a box coated with an insecticide impregnated net. Due to the darkness
of the inner side of the box, flies do not have a choice other than sitting down and getting into
contact with the respective insecticide. Before those “forced exposure” tests, a lethal dose (LD)
has to be determined with the aid of a sensitive reference strain. Normally, the LDsg or LDy is
being used in order to compare mortalities between the test and the reference population.
Margon et al. (1997) found the topical application as a test method most sensitive for stable

flies when comparing it to impregnated filter papers and treated glass petri dishes.

2.4.5.1.2 Test of larvae

Larvicide tests are normally being conducted by placing insect eggs or different larval stages
on a rearing medium which has been dispersed evenly with the larvicide under investigation
(Jandowsky, 2009; Jandowsky et al., 2010). Various concentrations are produced and tested,
often around the dosage recommended by the manufacturer. Eggs are normally situated on a
serial dilution of rearing media mixed with larvicide in order to control the hatching rate more

easily. Depending on the outside temperature, after 3 to 6 weeks the emerging imagoes of the
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test strains are compared to the ones of the sensitive reference strain (Kristensen and
Jespersen, 2003). Cerf and Georghiou (1974) tested third instar larvae of house flies by the

topical application of insect growth regulators.

2.4.5.2 In-vitro methods

In-vitro methods have important advantages compared to in-vivo methods. They do not only
detect resistance but also provide information on the probable mechanisms involved, they are
faster, and permit the analysis of a single insect (Brown and Brogdon, 1987). In in-vitro
methods, enzymes as well as genetic changes such as mutations being suspected to play a
role in the development of insecticide resistance are tried to be detected. In particular, the
polymerase chain reaction (PCR) is being applied (Walsh et al., 2001). Additionally,
spectrophometry or electropherograms for the detection of increased glutathione S-
transferase activity are being used (Brown and Brogdon, 1987). The activity and inhibition of
the DDT dehydrochlorinase can be uncovered by gas-liquid chromatography (Oppenoorth,
1965).

2.4.6 Strategies for the delay of resistance development

As Busvine (1957) already stated in 1957, resistances appear to be growing faster than the
ability to deal with them. As far back as then, an urgent need for researching whether
resistance can develop in any insect to any insecticide that is extensively in use and for long
periods was proposed (Busvine, 1957). Later, the correlation between the use of insecticides
and the levels of resistance could be confirmed (Scott et al., 2000). The Food and Agriculture
Organization of the United Nations (FAO) states in Article 3.10 of its “International Code of
Conduct on the Distribution and Use of Pesticides”: “It is recognized that the development of
resistance of pests to pesticides can be a major problem. Therefore, governments, industry,
national institutions, international organizations and public-sector groups should collaborate in
developing strategies which will prolong the useful life of valuable pesticides and reduce the
adverse effects of the development of resistant species.”

Resistance development depends on the frequency of naturally occurring genes for resistance
and the severity of selection determined by the size of the population exposed to the insecticide
and the proportion killed (Busvine, 1957). Busvine (1957) suggested that since resistance
appeared to develop more rapidly in response to high dosages the lowest level sufficient to
prevent transmission of disease should be applied in most cases. He recommended that good

alternative insecticides should be reserved for the use in epidemics. He pointed out that the
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rotation of insecticides might not have the expected practical value since it would take a long
time for resistance to disappear. In Musca domestica a DDT resistance might last for about
ten years and the effectiveness of DDT use afterwards would be limited to a two-year period
(Busvine, 1957). KociSova et al. (2002), however, who also stated that the alteration of
insecticides would only prolong the successful application of some insecticides, valued this as
a practicable option for future control measurements.

Busvine (1957) expected increased dosages and the use of alternative insecticides not to be
efficient against high-level resistances and supposed that the future of insect control lay in the
use of control measures other than insecticides. Nevertheless, he assumed that if the selection
by insecticides would cease in a population, that mainly consists of resistant and hybrid
individuals, in the end the population would be made up of resistant individuals only due to the
possible dominance of resistant ones over susceptible ones.

Hammock and Soderlund (1986) stated that a key strategy for integrated pest management
(IPM) is to use insecticides only when damage is expected to exceed clearly defined economic
thresholds. This should decrease the selection pressure imposed by the extensive use of
insecticides which generally leads to resistance development and preserves natural enemies
of the target insect. At the same time this would naturally reduce environmental contamination
as well as the exposure of farm workers and consumers. Effective pest control requires also
the development of new insecticides with novel modes of action and negative cross-
resistances to existing ones (Voss, 1988) although this will only slow down resistance
development and prolong the usefulness of available chemicals (Hammock and Soderlund,
1986). The finding of new molecular and biochemical targets in insects and mites as wells as
extensive research efforts in biochemistry, physiology, genetics and insect behaviour are
expected to improve existing monitoring measures. Since the risk of resistance development
is not equally high in all arthropod life stages, control methods should always be directed at
the life stage in which resistance is least likely to prosper (Voss, 1988). Hoffmann (1987b)
emphasized to also focus on waste hygiene in order to reduce the need for insecticide use,
and Foil and Younger (2006) found that treated targets could be a feasible addition in stable
fly control programs. Biological control measures like a mass release of the pupal parasitoid
Spalangia cameroni is also reported to be effective against stable flies (Skovgard, 2004),
especially when new flies do not immigrate and temperatures are not too high (Birkemoe et
al., 2009). Additionally, education of those who sell, recommend and use insecticides is also
an important step in minimizing the application of chemical control measures by raising
awareness (Voss, 1988).

According to Hoffmann (1987a) and Roush (1993), resistance development can be slowed
down by using different active ingredients at the same time, by avoiding the application of

sublethal doses, by consideration of non-persistent substances (Hoffmann, 1987a; Scott et al.,
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1990), by using primarily non-chemical control measures and by using insecticides as a last
resort and restricting their application to seasons in which the population density is highest.
The dose of an insecticide should be intended to kill heterozygotes in populations that are still
not fully resistant (Roush, 1993). An unreasonable increase in insecticide concentration and
application frequency, however, is not suited to reduce resistance development since it can
lead to intoxications in humans and livestock (Hoffmann, 1987a). Furthermore, it is not legally
allowed. Additionally, the advantage to a high dose approach is very small when the resistance
allele frequency is more than 103. Instead of rotating two different biocidal insecticides, which
are used in the surroundings of livestock, they can also be combined and applied at the same
time (Roush, 1993). The main reason for that is a concept known as “redundant killing”: an
individual is very unlikely to carry both resistance alleles of two separate loci (Roush, 1993).
Therefore, if both active ingredients are applied in sufficiently high dosages that would Kkill
susceptible insects by themselves, those pesticides are redundant in terminating fully
susceptible individuals. Their effectiveness, however, is weakened if one of the ingredients
has a significantly longer persistent activity (Roush, 1993). The one with the longer persistent
activity only benefits from redundant killing when the other is present (Roush, 1993), otherwise
it can enhance resistance development by favouring heterozygote resistant individuals.
However, not all insecticide combinations result in synergism, some have a significantly
antagonistic effect (Abbas et al., 2014).

Although the concept of refugia has not been fully verified by experiments to flies (Heath and
Levot, 2015), it could also be applied to stable flies. It states that if parts of a pest population
are removed from exposure to an insecticide, genes that confer resistance reach levels low
enough to be of no concern (Goss and McKenzie, 1996). Heath and Levot (2015) comment
that alleles that are responsible for resistance would be disadvantageous for survival in the
absence of the insecticide. Thus, periods during which animals are not chemically treated
could play a major role in the reduction of insecticide resistance development.

Georghiou (1994) categorized approaches to resistance management in three groups:
management by moderation, management by saturation and management by multiple attacks.
Thus, a low selection pressure supplemented by a strong non-chemical component, the
addition of attractants or unspecific synergists like PBO in order to increase the insecticide
intake and the use of biocidal combinations, rotations or chemicals with multi-site action were
suggested, supporting recommendations of other authors.

In conclusion, there are many very similar approaches for reducing resistance development.
Nonetheless, according to the WHO the use of insecticides can be summarized under the

motto: as much as necessary and as little as possible (WHO, 1991).
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2.5 Alternative control strategies

Apart from chemical control measures there are, as aforementioned, mechanical, biological
and physical control methods (2.3.1.-2.3.3). Other than those, due to the little threat they pose
to the environment and human health, botanical pesticides are considered to be attractive
alternatives to synthetic chemical insecticides. Pyrethrum (dried flowers of Chrysanthemum
spp.) as well as neem (Azadirachta indica seed powder extract) are well established on the
market, and insecticides based on plant essential oils are also sometimes commercially used
(EI-Wakeil, 2013). The use of plant derivatives dates back at least 2000 years in ancient Egypt,
China, Greece, and India (Thacker, 2002; Ware, 1983). Apart from plant derived toxins, certain
essential oils are reported to be able to repel not only certain arthropods but also to have
contact and fumigant pesticidal effects against some insects (Grundy and Still, 1985; Isman,
2000). Other oils like dillapiole and parsley seed oil were found to serve as potential pyrethrum
synergists against house flies (Joffe et al., 2012). Essential oils from Minthostachus verticillata,
Hedeoma multiflora and Artemisia annua were shown to be potent insecticides to Musca
domestica themselves. (4R)(+)-pulegone, an organic compound which is often used as
flavouring agent in perfumery due to its peppermint-like odour, was identified to be the main
ingredient in those plant oils. Those oils are observed to act as a natural insecticide against
house flies (Palacios et al., 2009). Khater et al. (2009) reported essential oils of camphor
(Cinnamona camphora), onion (Allium cepa), peppermint (Mentha piperita), chamomile
(Matricaria chamomilla) and rosemary (Rosmarinus officinalis) to show significant repellent
properties against Stomoxys calcitrans. Hieu et al. (2010) tested 21 essential oils against
Stomoxys calcitrans. Patchouli (0.5 mg/cm?) was found to be the most effective. Compared to
the commonly used repellent N,N-diethyl-3-methylbenzamide (DEET), however, it was
observed to be less active. Very strong repellence was reported for the essential oils of clove
bud, lovage root and clove leaf, whereas only strong repellence was obtained from thyme
white. (Zhu et al., 2014); Zhu et al. (2011) found Nepeta cataria (catnip) oil (dosage 20 mg) to
show the highest toxicity against stable flies when using it as a fumigant. It had the quickest
knock-down time (7 min) and the shortest lethal time (19 minutes). When applying catnip oil
topically, its lowest lethal dose was 12.5 ug/fly, 50 pg/fly resulted in a 100 % mortality. It also
affected the stable flies’ blood feeding behaviour negatively. Zhu et al. (2014) also
demonstrated that catnip oil encapsulated in gelatine caused a 98 % inhibition rate in stable
fly larval growth and female oviposition when larval or oviposition media were treated with 0.5 g
of it. The site of action for essential oils in insects appears to be the octopaminergic nervous
system (Enan, 2005). Since mammalian animals lack octopamine receptors, essential oils

would cause no harm to them.
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Today, however, the employment of botanical pesticides is limited due to their lower activity
and long-term residue persistence compared to synthetic chemical insecticides. In view of the
almost unstoppable resistance development, the use of those natural insecticides should be
considered as a viable option in integrated pest management.

Education aiming at raising awareness for the development of insecticide resistance as well
as intensified governmental support of organic vegetable or livestock farms would support the

reduction of insecticides in use.
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3 Materials and Methods

3.1 Study design

A previous study on insecticide resistances performed on dairy farms in the Federal State of
Brandenburg in 2008 (Jandowsky, 2009; Jandowsky et al., 2010) indicated severe resistances
in house flies (Musca domestica) against some of the most frequently used active ingredients.
The objective of this study was to estimate the occurrence of stable flies (Stomoxys calcitrans)
on dairy farms in Brandenburg and the use of different insecticides. At the same time it aspired
to assess insecticide resistances in Stomoxys calcitrans. Moreover, it seeked to propose best-
bet strategies for on-farm pest control aiming to minimize the use of insecticides and thus,
resistance development.

The study was based on the distinctions made above between in-vivo methods performed in
the field or in the laboratory, between tests of imagoes and tests of larvae as well as between
“self-dosing” and “forced exposure” tests (2.4.5.1.). Following those distinctions, the study was
designed and carried out in four steps:

1) At first, a questionnaire analysis was conducted on 52 dairy farms in order to appraise
the stable fly abundance and the use of insecticides in Brandenburg.

2) 40 dairy farms were subsequently selected for an on-farm field study using the FlyBox®
method (as a “forced exposure” device) in order to evaluate the susceptibility of the
stable flies to a deltamethrin impregnated polyester fabric.

3) Inorder to contrast the results of the previous step in the laboratory with another forced
exposure test, Stomoxys populations from 10 farms were caught and colonies
established in the laboratory. The susceptibility of the emerging offspring was tested
against the most frequently used insecticides with current methods under controlled
conditions. In a first step, the LDgs of deltamethrin and azamethiphos were calculated
with sensitive laboratory strains of S. calcitrans. Then the toxicity was assessed by
topical application of the LDgs and multiples of it.

4) Finally, the larvicidal effects of two insect growth regulators, cyromazine and
pyriproxyfen, were evaluated in the laboratory at different concentrations based on the

manufacturers’ recommendation.

In order to keep the age of the tested stable flies constant for better comparability, deltamethrin
was tested on 5- to 10-days old flies of the F1-generation, azamethiphos on same-aged flies
of the Fo-generation and cyromazine and pyriproxyfen on eggs of the F, and Fs-generation,
respectively. All of the tested flies were blood-engorged in order to avoid variations in

susceptibility since blood-engorged and non-engorged flies are reported to have LDs that can
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vary by a factor up to 20 (Salem et al., 2012a). At the same time, this provided an impression
of the inheritability of resistance.

The different test methods and insecticides used are summarized in the following table.

Table 1 Active ingredients and test methods used during the project, May — December 2015

Trade name Active Ingredient Insecticide Class Test method
PermaNet®’ Deltamethrin synthetic pyrethroid  FlyBox®-Test
Deltamethrin PESTANAL®?  Deltamethrin synthetic pyrethroid  Topical
application
AzamethiphosPESTANAL®?  Azamethiphos organophosphate Topical
application
Neporex 2SG® Cyromazine triazine Larvicide test
Archer® Pyriproxyfen pyridine-based Larvicide test

'PermaNet® by Vestergaard-Frandsen, Lausanne, Switzerland, with a deltamethrin
concentration of 55 mg/m? (see 3.6.1.)

2Pure substances of Sigma Aldrich Laborchemikalien GmbH, Seelze (see 3.6.1.)
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3.2 Questionnaire analysis

During the months of June and July 2015 a questionnaire survey (see Annex) was performed
on 52 dairy farms in the Federal State of Brandenburg. Altogether, 78 dairy farms had been
selected. Local veterinarians had recommended 18 of them. The remaining 60 matched the
60 farms Jandowsky (Jandowsky, 2009; Jandowsky et al., 2010) had used in her study in 2008.
They had originated from a list of the 150 best dairy farms (according to milk yield and quality)
in Brandenburg registered by the Landeskontrollverband Berlin-Brandenburg eV in 2006.
When farmers accepted to collaborate, they were included into the study on the condition that
they had at least 50 dairy cows. However, five of those 60 dairy farms did not rear dairy cattle
anymore.

In order to generate an adequate response rate the questionnaire survey was carried out by
phone. Fifty-two farms agreed to participate resulting in a response rate of 71 %. The 52 dairy
farms were located in the Brandenburg counties of Barnim, Dahme-Spreewald, Havelland,
Markisch-Oderland, Ostprignitz-Ruppin, Oberhavel, Oder-Spree, Potsdam-Mittelmark, Teltow-

Flaming and Uckermark.

© Daviq Liuzzo

Figure 2 Left: The federal state of Brandenburg (dark) in Germany © David Liuzzo; right:
questionnaire analysis, spatial distribution of the 52 dairy farms interviewed, © Google Maps,
Brandenburg, June 2015

Data regarding the size of herd, the animal husbandry management system, the subjective
appraisal of fly abundance, the type of control measure, the effectiveness of those control
measures and the frequency of insecticide applications were documented. All information

was anonymized.
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3.3 Field study

3.3.1 Selection of test farms

Based on the mainly telephone-based questionnaire analysis, 40 farms out of the 52 farms
interviewed were selected for an on-farm cross-sectional survey using the FlyBox® method in
order to evaluate the susceptibility of stable flies to a deltamethrin (55 mg/m?) impregnated
polyester fabric. The 40 farms selected for the study were those that claimed to have a
moderate or high fly abundance. They were located in the counties of Barnim, Dahme-
Spreewald, Havelland, Markisch-Oderland, Ostprignitz-Ruppin, Oberhavel, Oder-Spree,
Potsdam-Mittelmark, Teltow-Flaming. The four farms interviewed in the counties of Uckermark
were not included into the Flybox® test study due to the large distance. Dairy farms in Elbe-
Elster, Oder-Spreewald-Lausitz, Prignitz and Spree-Neif3e were not included into the study at
all due to lack of contact information. In order to enable anonymization, each farm was labelled

with the abbreviation of the county and a number for identification.

Figure 3 Spatial distribution of the 40 dairy farms selected for an on-farm cross-sectional
survey, blue = conventional farms, green = organic farms, orange = Demeter farms,
Brandenburg, © Google Maps, June — August 2015
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3.3.2 Reference strains

The Stomoxys calcitrans strain of the Federal Environment Agency in Berlin (UBA) served as
a reference for the Flybox®test of deltamethrin. It had originated from the stable fly strain which
had been isolated by Novartis Animal Health Inc. CRA St. Aubin at the Centre de recherche
animale, St. Aubin, Switzerland, in the 20" century, where it had been reared and used as a

sensitive strain for testing (Table 2). In 2015, it was transferred to the UBA.

In 1999, Moyses and Gfeller had tested fifteen standard chemicals including deltamethrin and
azamethiphos by topical application on the same strain at Novartis Animal Health Inc. in order
to determine discriminating doses. The LDgs of deltamethrin found by Moyses and Gfeller
(1999) was 2.34 ng/fly. Since this value was close to the LDgs (2.5 ng/fly) of the pyrethroid A-
cyhalothrin of the sensitive Musca domestica strain WHO (Jandowsky, 2009), the UBA strain

was considered to be sensitive to deltamethrin as well.

In the laboratory tests, the Stomoxys calcitrans strain of MSD Animal Health Innovation GmbH
Schwabenheim (MSD) was considered as reference strain. It had been isolated in the 20™
century by Hoechst AG in Frankfurt, Germany, and then transferred to MSD Animal Health in
the 1990s where it was continued to be reared. Since then, it had served as a model organism
for testing new substances like deltamethrin and diazinon on fly activity (personal
communication with Dr H. Williams, MSD). It had shown a paralysis rate of 96.6 to 100 % in
contact with deltamethrin on paper in concentrations of 78.8 mg/m?, 39.3 mg/m?, and
19.6 mg/m? after an exposure time of 6 hours. At 9.8 mg/m? the mortality rate was calculated
to be 89.7 % (personal communication H. Williams, MSD). The active ingredient was diluted

in a non-acetone containing solvent.

In 2012, Salem et al. (2012a) had performed 1-hour contact tests with deltamethrin diluted in
acetone on filter paper. He determined the LDy, for an insecticide exposed field strain to be of
264.3 mg/m? and for a sensitive strain isolated from an organic farm in 2010 to be of 28.1
mg/m?2. Although there is a difference in use of solvent and in time of exposure in both studies
biasing the comparability, concentrations for accomplishing mortality rates above 90 % are of
the same magnitude. Additionally, due to the non-acetone containing solvent the time to reach
full susceptibility with the MSD strain is expected to be longer than tests based on acetone
(personal communication with Dr H. Williams, MSD). Furthermore, the MSD strain which was
exposed for 6 hours still showed full susceptibility when the concentration was 8.4 mg lower

(19.6 mg/m?) than in Salem’s tests (28.1 mg/m?) and a susceptibility of 89.7 % when the
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concentration was 18.3 mg lower (9.8 mg/m?). Thus, comparing both values, Salem’s and the
ones obtained by MSD, the MSD strain can be regarded as sensitive against the pyrethroid

deltamethrin, too.

Table 2 Stomoxys calcitrans reference strains used in field and laboratory tests, Berlin, June
2015 — January 2016

Name Origin Sensitive to Reference
Stomoxys calcitrans  Isolated in the 20" Deltamethrin Moyses and Gfeller
strain UBA century by Novartis ~ Azamethiphos (1999)
Animal Health Inc.,
Switzerland.
Stomoxys calcitrans  Isolated in the 1990s Deltamethrin Personal
strain MSD by Hoechst AG in Diazinon communication H.
Frankfurt, Germany. Williams, MSD

At this point, there were no other laboratory stable fly strains available.

3.3.3 Capture of test flies

The stable flies were caught with a special scoop net that at the end had an evagination sewed
on which facilitated the transfer of the flies into a test tube. With the assistance of the test tube,

flies could be released into the FlyBox® or into a cage.

3.3.4 Flybox® Test

The Flybox® test method was developed by Dr Burkhard Bauer (Jandowsky, 2009; Jandowsky
et al.,, 2010). It was performed according to indications of Jandowsky and Hildebrand
(Hildebrand, 2017; Jandowsky, 2009; Jandowsky et al., 2010). The FlyBox® consists of a
folded cardboard box of 5 cm x 18 cm x 8 cm (Co. FAPACK, Berlin). A small flap at one end
of the box allows transferring insects with the aid of a test tube inside the box. When opening
the other end of the box, insects can be released. The FlyBox® was coated with a deltamethrin
impregnated polyester PermaNet® bed net of the company Vestergaard-Frandsen
(Lausanne/Switzerland) with a concentration of 55 mg/m?2. Indications concerning the
concentrations of deltamethrin used as a contact insecticide against stable flies vary.
Jandowsky (2009) used a net impregnated with 100 mg deltamethrin/m? and Hildebrand one
with 280 mg deltamethrin/m? against Musca domestica. Following the literature (Cruz-Vazquez
et al., 2005; Robert and Carnevale, 1991; Salem et al., 2012a), however, it was decided to

choose a lower concentration when working with Stomoxys calcitrans. The concentration of
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55 mg/m? was chosen because of its commercial availability. Due to the sensitivity of
deltamethrin to UV radiation, the bed net contained an UV protection factor, which had already
been added during the production process. The mesh size was 25 per cm?.

The impregnated polyester fabric was cut down to the size of the FlyBox® and attached to the
box with staples.

Since the stable fly abundance was not equally high on each farm, a minimum number of 10
stable flies per test was determined. In most cases (42.5 %) 40 to 90 flies were used per test,
on 35 % of the farms 10 to 15 flies were used and on 22.5 % 15 to 40. The stable flies were
transferred to the FlyBox®in a test tube. In the complete darkness of the closed FlyBox®, the
flies sat down upon the impregnated bed net and thus were exposed to the contact insecticide
deltamethrin. After an exposure time of 10 or 30 seconds the flies were released into an
observation cage that was equipped with a water-soaked cotton pad for hydration. The
paralysis rate of the caged stable flies was determined after 1, 5, 10, 15, 60 minutes as well
as after 6 and 24 hours. The S. calcitrans strain UBA of the Federal Environment Agency (table
2) was used as a deltamethrin sensitive reference strain. The effectiveness of the net was

verified before and after the field tests with it.

© FU Berlin

Figure 4 Folded box for FlyBox® test performance according to Jandowsky et al. (2010). A)
without deltamethrin impregnated bed net, B) coated with deltamethrin impregnated bed net
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Figure 5 Folded FlyBox®

The observation cages were constructed by the Firm ATH Service GmbH, Dormagen, and
were composed of stainless steel. They were made up of a bottom panel (14 cm x 30 cm) and
two wire bows (& = 28 cm). In order to prevent the flies from escaping and in order to allow

observation at the same time, the cages were coated with transparent gauze.

3.4 Laboratory study

3.4.1 Selection of test farms

For further tests, stable flies were caught and colonies established in the laboratory. On that
account, in September 2015 Stomoxys populations from 10 farms were selected based on the
results of the questionnaire analysis and the FlyBox® tests. Seven of the selected dairy farms
had claimed to have many flies and to apply insecticides regularly. Furthermore, their stable
fly populations had shown resistances to deltamethrin in the FlyBox® test. One farm belonged
to the Demeter Wirtschaftverbund that does not allow the application of insecticides, and two
of the selected farms had not made use of insecticides in the past three years. However, those
populations that had not employed insecticides in the past years displayed resistances to
deltamethrin in the Flybox® test that were as high as those of the populations where

insecticides had frequently been used.
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Figure 6 Spatial distribution of the ten farms from which ten stable fly field strains were
isolated, © Google Maps, September 2015

3.4.2 Rearing of stable fly populations

From September 2015 to January 2016, the Stomoxys calcitrans populations were reared in
the laboratories of the Freie Universitat Berlin, Institute for Parasitology and Tropical Veterinary
Medicine, Germany. With the same dip net that had been used in the field tests, 500 to 1000

stable flies per farm were caught.

3.4.2.1 Laboratory conditions and adult stable fly feeding

The colonies were maintained at 22 to 25 °C, around 50 % relative humidity under a 12-hour
light cycle. Adult stable flies were kept in the same cages that previously had served as
observation cages during the field tests.

They were fed daily with citrated bovine blood collected from a slaughterhouse in the vicinity
of Berlin. It was gathered weekly in 1 | autoclaved glass bottles containing 102.4 ml sodium
citrate (3.13 %) preventing coagulation. Blood was stored for up to a week at 4 °C.

Before feeding, the blood was heated in a water bath (40 °C). It was then poured onto fresh
cotton pads which were placed on the mull surrounding the cages. Stable flies fed by piercing
the blood-soaked cotton pads through the mull. The volume of blood administered was 60 ml
per 1000 stable flies daily, as recommended by MSD Animal Health Innovation GmbH

Schwabenheim (Gros, 2015, personal communication).
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Moreover, the stable flies also had ad libitum access to a 10 % sugar water solution, which

was provided to them in plastic bottles in a horizontal position sealed with soaked cotton pads.

Figure 7 Adult stable fly cage surrounded with mull, provided with water and a 500-ml plastic
cup for oviposition, rearing of stable fly populations, September 2015 — January 2016

3.4.2.2 Rearing medium

The rearing medium which was used for breeding the larvae as well as for the larvicide tests
was prepared according to the medium used by MSD Animal Health Innovation GmbH
Schwabenheim and Farm Hygiene Products Laboratory Novartis Animal Health Incorporated
(Gfeller, 2014). It consisted of 1.5 kg of lucerne meal, 1.5 kg of shredded wheat bran, 84 g of
dry yeast, and 208 g of sugar. To this mixture 7 | of tap water were added. It was stirred daily
and fermented for three days. As a protection against invading flies and in order to prevent

undesired oviposition the medium was covered with gauze and towels.

3.4.2.3 Larval rearing

A plastic cup of 500 ml half filled with medium was prepared and placed into the adult fly cage
for three days in order to induce oviposition. Eggs could also be collected from the blood
soaked cotton pads on which the stable flies fed. Both, larvae and eggs, were transferred into
a 2-L plastic container half filled with medium which was stirred daily. Fresh medium was added
every second day according to the amount of larvae and the level of decay. Ten to 20 days
later the first pupae appeared. Then the whole container was placed in a conically shaped
cage which had been constructed based on the hatching cages of MSD Animal Health
Innovation GmbH Schwabenheim (Williams, 2015, personal communication). The lower part
of the cage was obscured stimulating the recently hatched stable flies to proceed to the
luminous upper part of the cage, a demountable Roubaud cage. The upper part was then
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removed and the imagoes were transferred into the adult observation cage described in
3.4.2.1. by a test tube. There they were kept until further use. Each cage was marked with the

abbreviation of the rural district and the number assigned to the farm the stable fly population

came from.
Roubaud Outer netting
cage —_—
-\_\‘\_\-‘
\ Inner cage
Plastic box with , with netting
rearing medium \ A

Figure 8 Hatching cage constructed based on the MSD Animal Health hatching cages

3.4.3 Topical Application

The effects of the adulticides deltamethrin and azamethiphos were determined by topical
application. Hence a technique which was established by Moyses and Gfeller (2001) and
modified by Jandowsky (Jandowsky, 2009; Jandowsky et al., 2010) at the Institute for

Parasitology and Tropical Veterinary Medicine was used.

3.4.3.1 Experimental setup

Employing the electronic dispensing system EDOS 5222 (Eppendorf company Germany
GmbH, Wesseling — Berzdorf) stable flies were topically treated by applying 1 pl of insecticide
diluted in acetone on the dorsal surface of the thorax. Flies treated with solvent only served as
control. In comparison to the FlyBox® test the exact, forced contact with the insecticide ensured
a sufficient absorption of active ingredient. To enable working with both hands, the doser of

the system was attached to a tripod and controlled by a foot pedal.

3.4.3.2 Test execution

When sclerotized, five- to ten-day-old stable flies were removed from the breeding cages by

test tubes and immobilized for 5 minutes by being placed on ice. Each experimental and control
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group comprised 10, of which five were female and five male. Accordingly, flies were counted
and separated by sex on petri dishes which were also cooled down on ice. After that, stable
flies were treated topically with 1 ul of insecticide-acetone-solution and were then transferred
into a 250-ml-plastic-cup for observation. It contained a 10-%-water-sugar-solution, which the
flies could suck out of small test tubes sealed with dental swabs. There the paralysis rates of

the flies were determined after 24 and 48 hours.

Figure 9 A: electronic dispensing system EDOS 5222 (Eppendorf company Germany GmbH,
Wesseling — Berzdorf), B: Topical application on stable fly (Stomoxys calcitrans) with
electronic dispensing system EDOS 5222), October - November 2015

3.4.3.3 Test of acetone and DMSO as carrier solutions

To prove the harmlessness of acetone as a solvent and control, its effects were compared to
those of dimethyl sulfoxide (DMSO), a frequently used carrier solution in entomology.
Accordingly, 36 field stable flies from one dairy farm were topically treated with 1 pl acetone
and 51 stable flies of the same farm were topically treated with 1 pl 0.05 % DMSO acetone
solution. They were then kept in groups of no more than ten flies in a 500-ml-plastic cup
provided with water which they could pick up from a water filled test tube tapped with a soaked

dental plug.

3.4.3.4 Determination of the LDgs of azamethiphos and deltamethrin

In order to detect resistance the paralysis rates of the field strains were compared to the LDgs

of the sensitive laboratory stable fly strain MSD.
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The LDgs was newly defined through a dose-range-finding test against both drugs with the
established laboratory strain of MSD Animal Health Innovation GmbH Schwabenheim, which
had been used as a sensitive strain at the company. The LDgs values of the technical report of
Moyses and Gfeller (1999) were used as a reference. Around those values a serial dilution
was prepared in which the concentrations differed by a factor of ten. In order to ascertain the
LDgs as precisely as possible serial dilutions around the potential LDgs concentrations were set
up.

Since 4.1 ng/ul of azamethiphos was the LDgs determined in the technical report by Moyses
and Gfeller (1999), the serial dilution for the evaluation of the LDgs of azamethiphos ranged
from 0.0041 ng/ul to 41 ng/ul. After finding out that the paralysis rates varied between 0.041
and 41 ng/ul, finer serial dilutions between those values were prepared.

Due to the calculated LDgs value of 2.34 ng/ul of deltamethrin in the technical report (Moyses,
Gfeller 1999), the serial dilution for the determination of the LDgs of deltamethrin was prepared
from 0.00234 ng/ul to 234 ng/ul. The paralysis rates scattered and differed heavily between
0.0234 and 2.34 ng/ul. Therefore, between those two concentrations more serial dilutions were
made.

The generated data were then evaluated with the statistics software GraphPad Prism® Graph
Pad Software Incorporated California. First the data were logarithmically transformed. Then
they were analysed by a dose/effect logarithmic regression model. The coefficient of
determination R? was used for indicating the proportion of the variance in the dependent
variable that is predictable from the independent variable. It provided a measure of how well
observed outcomes, such as the paralysis rates, are replicated by the logarithmic regression
model based on the proportion of total variation of outcomes explained by the model. The
coefficient of determination ranges from 0 to 1 in which 1 represents a perfect correlation where
the dependent variable, the paralysis rates, can be fully explained by the regression model.
Once the LDgs of both, deltamethrin and azamethiphos, were determined, all ten stable fly field
strains were topically treated with the LDgs, 2,34 ng/pl and 4,92 ng/ul respectively, a four-fold
of the LDgs, 9,36 ng/ul and 19,7 ng/ul respectively, and 16-times the LDgs, 37,5 ng/ul and 78,6

ng/ul respectively. Each concentration was tested three times with ten stable flies at a time.

3.4.4 Larvicide tests

The sensitivity of the stable fly test populations to the insect growth regulators, the triazine
derivative cyromazine and the pyridine-based pyriproxyfen, was tested by larvicide tests. The
serial dilution of the test concentrations was based on the dose recommended by the

manufacturer. For cyromazine the recommended dose was 5 pg/g rearing medium and for
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pyriproxyfen 0.027 ug/g rearing medium. Serial dilutions were prepared according to similar
studies on Musca domestica and Stomoxys calcitrans (Jandowsky, 2009; Jandowsky et al.,
2010; Leon;, 2012). Four cyromazine concentrations which differed by a factor of four (1.25
Ma/g, 5 pa/g, 20 ug/g, 80 pg/g) and five pyriproxyfen concentrations which differed by factors
of two, five and ten (0.005 ug/g, 0.01 pg/g, 0.05 pg/g, 0.1 pg/g, 1 ug/g) were prepared.

To verify the effectiveness of both larvicides, Stomoxys calcitrans eggs were transferred to a
plastic cup filled with 75 g rearing medium spiked with insect growth regulator. On that account
each evening or morning plastic cups filled with medium were transferred to the adult flies for
three to twelve hours in order to induce oviposition. In addition, eggs were also collected from
the blood soaked cotton pads on which the stable flies fed. With forceps the freshly laid eggs
were then carefully transferred to a black filter paper in a petri dish where they were counted
with the aid of a binocular loupe. For each concentration 30 to 50 Stomoxys eggs were put
onto a 1.5 x 1.5 cm cut filter paper and subsequently placed into one of the plastic cups
containing the treated larval medium. The larval medium which was used in the tests was
prepared according to the same protocol which had been used for the rearing medium
(3.4.2.2.). It was also stirred daily and fermented for three days. Following that, it was treated
with the respective larvicide solution at a ratio of 1:10. Each concentration was tested three
times. The eggs of the control group were transferred onto an untreated larval medium that
was only mixed with water. The hatching rates of the field strains were then compared to the
MSD strain.

Before and alongside own larvicide tests of the field strains the effectivity of the larvicides had
been tested for the sensitive lab strain of MSD Animal Health Innovation GmbH
Schwabenheim. Two days later the hatching rate of the stable flies was determined under the
binocular loupe. Then the larval medium was covered with sawdust to keep it from drying out.
As an indicator of resistance after three to five weeks the number of developed imagoes was

counted and the efficacy of the larvicides was evaluated.
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Figure 10 Possible results of larvicide tests, A: 100 % larval development inhibition rate (no
flies developed), B: high larval development inhibition rate (only few flies developed), C: low
larval development inhibition rate (a high number of developed flies occurs)

3.4.4.1 Cyromazine

The preparation of the serial dilution of cyromazine used in the larvicidal test was as follows:

- The commercial product Neporex 2SG® of the company Novartis Animal Health Inc.
was taken.

- The aim was to obtain a serial dilution of 1.25, 5, 20 and 80 ug of cyromazine per g of
larval medium around the dosage of 5 ug/g recommended by the manufacturer.

- In order to achieve such a serial dilution in the larval medium and since the
Neporex 2SG® product had to be dissolved in water, first a serial dilution of 12.5 ug, 50
Mg, 200 ug and 800 ug per ml of water was prepared.

- The values for the serial dilution in water were ten times higher than the ones needed
in the larval medium.

- 1g Neporex 2 SG® contains 20 mg Cyromazine.

- In order to produce the serial dilution in water, first a concentration of 800 pg of
cyromazine per ml of water was produced.

- 800 pg of Cyromazine correspond to 0.8 mg of Cyromazine.

- Since 20 mg Cyromazine are in 1 g of Neporex 2SG®, in order to obtain 0.8 mg
Cyromazine per ml of water, 0.04 g of Neporex 2SG® had to be dissolved in 1 ml water.

- In order to measure a larger amount for more accuracy, 8 g of Neporex 2SG® were
dissolved in 200 ml of water.

- Tosumitup, 8 g of Neporex 2SG® per ml of water correspond to 0.04 g Neporex 2SG®
per ml of water corresponding to 0.8 mg Cyromazine or 800 ug Cyromazine per ml of
water.

- The stock solution of 800 ug Cyromazine per ml of water was then diluted with water

at a ratio of 1:4 respectively according to the concentration steps.
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- Thus, the needed serial dilution of 12.5 ug/ml, 50 pg/ml, 200 ug/ml and 800 ug/ml was
prepared.

- To obtain the final concentrations of 1.25, 5, 20 and 80 pg/g, at a ratio of 1:10 30 ml of
each concentration step was mixed with 270 g of larval medium.

- For each concentration, three 500-ml-plastic cups were stocked with 75 g of larval
medium.

- Each concentration was tested three times.

3.4.4.2 Pyriproxyfen

The preparation of the serial dilution used in the larvicidal test of pyriproxyfen was as follows:

- The sensitivity of pyriproxyfen was tested with the commercial product Archer® (1.3 %
pyriproxyfen) of the company Syngenta Crop Protection AG.

- According to the manufacturer 1 fluid ounce Archer® /gallons of water or 1 fluid ounce
Archer®/1500 square feet should be employed, to sufficiently inhibit the development
of the stable flies.

- One fluid ounce /gallon equals 28 ml Archer® / 3.8 L of water.

- Due to the fact that Archer® contains 1.3 % of pyriproxyfen (1.3 g pyriproxyfen/ 100 mi
water) 28 ml of Archer® contain 0.364 g of pyriproxyfen.

- When those 28 ml of Archer® are mixed with 3.8 L of water, the solution consists of
0.01 % pyriproxyfen.

- When applying Archer® directly to the manure 1 fluid ounce /1500 square feet should
be applied according to the manufacturer.

- For the larvicidal tests this recommendation was followed.

- One fluid ounce / 1500 square feet correspond to 28 ml of Archer®per 135 m? or 0.207
ml of Archer® per mZ.

- As Archer® contains 1.3 % of pyriproxyfen (1.3 g pyriproxyfen/ 100 ml of water) 0.207
ml Archer® contain 2.69 mg pyriproxyfen/ m2.

- The manufacturer thus recommends the use of 2.69 mg of pyriproxyfen per m2.

- Since the product was going to be added to the larval medium, this value had to be
converted into volume values.

- Considering that the amount of larval medium employed in the tests was not higher
than 10 cm, the active ingredient did not have to penetrate the larval medium for more
than that.
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Thus, for converting the values calculated above into volume amounts, a cylinder with
the surface area of 78.85 cm?, a height of 10 cm and, therefore, a capacity of 788.5
cm?(788.5 ml) was calculated.

The amount corresponded to the cylinder that was formed by the larval medium in the
plastic cups used in the tests.

Subsequently the measurement of 2.69 mg pyriproxyfen/m? calculated above could be
converted into mg/ml.

Thus, 0.021 mg of pyriproxyfen should to be applied to a hypothetical cylinder with a
surface area of 78.85 cm? and a capacity of 788.5 ml of water, corresponding to 0.027
Mg pyriproxyfen per 1 ml rearing medium.

The calculation is almost in line with the 0.028 ug/ml used in a technical report by
Novartis Animal Health Inc. (Gfeller and Breuer, 2012) which was based on the label
concentration of Pyri-Shield®.

The serial dilution of 0.005 pg/ml, 0.01 pug/ml, 0.05 pg/ml, 0.1 pg/ml and 1 pg/ml around
the manufacturer’s recommended dosage of 0.027 ug/g which had to be prepared, was
based on several previous studies (Liu et al., 2012).

Then, 999.23 ml of water were mixed with 770 pl of Archer® corresponding to 0.77 ml
Archer® 1000 ml solution. One ml stock solution contained 10 ug pyriproxyfen.

The stock solution was then diluted accordingly to get the serial dilution of 10 pg/ml,
1 pug/ml, 0.5 pg/ml, 0.1 pg/ml, and 0.05 pg/ml.

Finally, the aspired concentrations of 1 ug/ml, 0.1 ug/ml, 0.05 pg/ml, 0.01 pg/ml and
0.005 pg/ml were obtained by mixing 30 ml of each concentration with 270 g of larval
medium at a ratio of 1:10.

Each concentration was tested three times.

3.5 Data analysis

3.5.1 Evaluation of resistance

In addition to the control groups of each stable fly field strain, each test was performed with a

sensitive laboratory strain. The FlyBox® test was performed with the strain of the Federal

Environmental Agency (UBA), the topical application of deltamethrin and azamethiphos as well

as the larvicide tests of cyromazine and pyriproxyfen were performed with both laboratory

strains, the one of MSD Animal (MSD) and the one of the Federal Environment Agency Berlin

(UBA). Thus, the mortality rates of the field strains could be statistically compared to the ones

of the sensitive strains.
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The paralysis rates of the field strains were corrected by Abbott’s formula (Abbott, 1925)

considering the natural mortality rates of the control groups, respectively:

(Mortality (%) of test group—Mortality (%) of control group) x100
100—Mortality (%)of control group

Mortality =

The results were evaluated and categorized according to the definition of resistance
established for vectors of Malaria by the WHO (2016).

Table 3 Resistance definition according to (WHO, 2016) at the LDgs on Malaria vectors
transferred to stable flies

Mortality of the tested flies after 24 hours Degree of susceptibility

98 — 100 % Susceptible
90-97 % probably resistant, further testing required
<90 % Resistant

3.5.2 Statistical evaluation

The data was statistically analysed with the software SPSS version 22, IBM. Results with a p-
value below 0.05 were classified as statistically significant.

In order to verify if two categories are stochastically independent, the chi-squared test was
used. It is a statistical hypothesis test wherein a statistically significant result means that the
variables are not combined randomly but there is a dependency between them. In that case,

the null hypothesis, which states that there are no dependencies, has to be rejected.

In order to evaluate the categorical results of the questionnaire analysis, the chi-squared test
was applied first. When more than 25 % of the cells had expected counts less than five,
Fisher's Exact Test was employed. In case of a statistically significant result, with a p-value
below 0.05, further testing was performed. As such, it was calculated if it is more probable to
expect a fly problem when performing a certain dung management or a certain control

measurement.

When testing the independence of two categories such as resistance development and the
employment or non-employment of insecticides the chi-squared or Fisher's Exact test was
used as well. In this manner the connection between resistance development and the use of
pyrethroids, the frequency of application or rotation of insecticides could be examined.

Since normal distributions could not be assumed, when comparing the paralysis rates of the

field strains to that of a sensitive laboratory strain, the Mann-Whitney-U-test was employed. It
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is a non-parametric test, in which two independent samples are compared. When calculating
if there were significant differences between the tested active ingredients deltamethrin and
azamethiphos or between the topical application and the FlyBox® test, the Mann-Whitney-U-

test was also used.

In order to evaluate the possibility of agreement of two tests or observations, for example the
FlyBox® test and the topical application, Cohen’s kappa was employed. Cohen'’s kappa is used
as a coefficient to measure an inter-rater agreement for categorical items. Cohen’s kappa can
be interpreted as follows: values < 0 as indicating no agreement and 0.01-0.20 as none to
slight, 0.21-0.40 as fair, 0.41— 0.60 as moderate, 0.61-0.80 as substantial, and 0.81-1.00 as

almost perfect agreement.

For the larvicide testing a statistical evaluation was not possible since cyromazine as well as

pyriproxyfen caused an inhibition rate of 100 % in all tested field strains.
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3.6 Materials used

The following materials were used:

3.6.1 Insecticides

Pure substances:

Deltamethrin PESTANAL®
batch no.:

product no.: 45423,

SZBF090XV

Azamethiphos PESTANAL®
batch no.:

product no.: 45331,

SZBD338XV

Commercial products:
PermaNet® bed fabrics with
deltamethrin concentration of

55 mg/m?

Neporex® 2SG Cyromazine

batch no.: 52918-63-5

product no.: 603296,

Sigma Aldrich Laborchemikalien
GmbH, Seelze

Sigma Aldrich Laborchemikalien
GmbH, Seelze

Vestergaard-Frandsen,
Lausanne Switzerland

Sigma Aldrich

20 mg/g batch no.: 178948 Laborchemikalien, Seelze
Archer® Pyriproxifen product no.: 1008269, Syngenta® Crop Protection
batch no.: AG, Basel
MGK13G05001

3.6.2 Disposable items

FlyBox® Faltschachtel, FlyBox® foldable box

Rotilabo®-Reagenzréhrchen, test tubes

@ 16x160 mm

LABOCAP-Kappen ohne Griff silber, test
tub caps without handle silver
Rotilabo®-Reagenzglaser, test tubes,
@11x70mm

Rotilabo®-Fertigstopfen aus Zellwatte,
cellucotton plugs,12/8mm

Rotilabo® Einmal-Wageschalen Blau,
weighing dish blue, 20ml
Verpackungsbecher rund, plastic cups
round, 500ml|

PP-Deckel natur, pp-plastic cup lids nature,
@ 101,0mm
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FAPACK, Berlin

Carl Roth GmbH & Co. KG, Karlsruhe
Carl Roth GmbH & Co. KG, Karlsruhe
Carl Roth GmbH & Co. KG, Karlsruhe
Carl Roth GmbH & Co. KG, Karlsruhe
Carl Roth GmbH & Co. KG, Karlsruhe
Plastikbecher.de GmbH, Giengen

Plastikbecher.de GmbH, Giengen
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20ml-Einmalspritzen, disposable syringes
20 ml

Hypodermic Needles

tg® Schlauchverband Gr. 5, tube bandage
size 5

Cotton wool

Celluron Zahnwatterollen, Absorbent tooth
cotton

Gloves

Combitips advanced 0.1ml

Eppendorf tubes

Petri dishes, @ 90mm

Zucker, Sugar

Weizenkleie, wheat bran

Hefe Pulver, yeast powder

Lucerne pellets, Luzerne-Pellets 10 kg
Filter Papier rund, filter paper round
Sagespane, saw dust, Goldspan

3.6.3 Reusable items

V2A-Kéfige, V2A cages, 10x5x15cm

Edelstahlkafige, stainless steel cages
Pinzetten, forceps

Kunststoffeimer rund mit Deckel, plastic
buckets round with cover, 200 x 310 mm
Vol.15 |

Kunststoffeimer rund mit Deckel, plastic
buckets round with cover, 200 x 139 mm
Vol. 31

Wasserzerstauber, spray bottle

Insektenfangnetz, insect net
Zentrifugenréhrchen 45ml, centrifuge tubes
45 ml

Edding 3000

Combitips plus Standard 0,1 mi

3.6.4 Laboratory equipment

EDOS 5222 elektr. Dosiersystem, electronic

dosage system
Laborwaage, laboratory scale, Sartorius
portable PT120

Henry Schein Inc., Melville, USA

Henry Schein Inc., Melville, USA
Lohmann&Rauscher International GmbH &
Co. KG, Neuwied

Handelsmarken GmbH, Offenburg

Paul Hartmann AG, Heidenheim

Rotiprotect®- Latex

Eppendorf AG, Hamburg

Eppendorf AG, Hamburg

Carl Roth GmbH & Co. KG, Karlsruhe
EDEKA Zentrale GmbH & Co. KG

J. Ruckdeschel & Séhne, Berlin

EDEKA Zentrale GmbH & Co. KG
AniForte Equi Flora

Macherey-Nagel GmbH & Co. KG, Berlin
J. Ruckdeschel & Séhne, Berlin

Metallbau Thorsten Eigner, Emmelsbull-
Horsbull
ATH GmbH Service, Dormagen

Fiebig Lehrmittel, Berlin

Auer GmbH, Amerang

Auer GmbH, Amerang

Toom Baumarkt, Berlin
Fiebig Lehrmittel, Berlin
VWR International GmbH, Darmstadt

Edding Vertrieb GmbH, Wunstorf

Eppendorf Vertrieb Deutschland GmbH,
Wesseling Berzdorf

Eppendorf Vertrieb Deutschland GmbH,
Wesseling-Berzdorf
Sartorius AG, Goéttingen
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Halbmikroanalysenwaage ,Discovery*

DV215CDM, Kapazitat 81 g/210 g,
Ablesbarkeit 0,01 mg/0,1 mg
Stereo-Mikroskop STEMI DV4

3.6.5 Computer programs

Microsoft Office Word 2015
Microsoft Excel 2015
SPSS Statistics 24

Endnote X8
LaTeX 2.
batchgeo
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4 Results

4.1 Questionnaire analysis

Out of the 78 dairy farms contacted, 52 agreed to partake in the questionnaire.

4.1.1 Stable fly occurrence

Sixty per cent of the dairy farms had classified their fly occurrence in general as moderate and
13 % as high. Twenty-seven per cent had claimed their fly occurrence as low. However, 37 out
of 52 farmers (71.2 %) could not distinguish between house (Musca domestica) and stable fly
(Stomoxys calcitrans). Of the 15 (28.8 %) farm owners who claimed to be able to tell the
difference between the two fly species, only 3 (5.8 %) considered their stable fly occurrence
as moderate and 3 (5.8 %) as high. This could be confirmed for all six of them by own
assessment when the farms were visited. The remaining nine dairy farmers (17 %) claimed to
have a low stable fly occurrence.

When visiting those farms in order to perform the FlyBox® test this appraisal resulted to be
wrong since most of the flies seen were stable flies.

Furthermore, stable flies could be found on all 40 farms included in the on-farm Flybox® test.
Before starting with the Flybox® test stable flies were collected for 60 or 90 minutes with a
scoop net and transferred into a Roubaud cage. For each test an equal number of stable flies
was then used. At least ten Stomoxys had to be included into each test. If there were only ten
to 15 flies available for each of the tests, the stable fly occurrence on those dairy farms was
classified as low. The indicator for a moderate stable fly occurrence was the use of only 15 to
40 stable flies in all three tests. More than 40 stable flies in each test meant a high stable fly
abundance. Thus, from the 40 dairy farms visited 14 dairy farms (35 %) could be classified as
farms with a low, 16 (40 %) as farms with a moderate and 10 (25 %) as farms with a high stable
fly affluence. This classification did not correspond with the appraisal of the farmers, which
generally estimated their fly abundance to be lower. Twelve farms were not visited and could,

therefore, not be assessed (3.3.1.).

4.1.2 Insecticides in use

Most dairy farmers interviewed employed different control measures at the same time. Out of

all the 52 dairy farms included in the questionnaire analysis, 78.9 % used insecticides against

65



Results

flies, 34.6 % applied physical control methods such as adhesive tapes or calcium hydroxide.
Since ventilators helped to cool down the temperature in all farms visited, they were not
counted as a type of physical control measure although the wind produced by them also helped
to keep the flies away. However, 11.5 % of the farmers claimed to have not used any sort of
control measure in the past 10 years. None of the interviewees made use of one of the classic
biological control measures such as the black dump fly (Hydrotaea aenescens) or parasitic
wasps (Spalangia spp. or Muscidifurax raptorellus). Swallows (Hirundinidae) were accidentally
present on all dairy farms and thus, in a certain way served as biological control measures.

Nevertheless, they were not counted as such in the questionnaire analysis.

The collection of data turned out to be quite problematic since most of the employees did not
have an overview over the applied insecticides, nor did they know the exact time-span of use.
Only 30 out of 52 (57.7 %) dairy farmers interviewed were able to name the insecticides that
had been used three years ago, 29 out of 52 (55.8 %) were able to name the products currently

in use.

Table 4 Active ingredients currently in use on 29 of the 52 dairy farms interviewed, some
farms employed more than one insecticide at the same time, Brandenburg, 2015

Insecticide class Active ingredient N/29 %
Pyrethroids Deltamethrin 13 44.8
Permethrin 6 20.7
Cypermethrin 7 24.1
Cyfluthrin 6 20.7
Triazines Cyromazine 1 3.4
Neonicotinoids Imidacloprid 1 3.4
Organophosphates Azamethiphos 3 10.3
Spinosynes Spinosad 1 3.4

The predominant insecticides in use were pyrethroids. Twenty-five of the 29 dairy farms (86
%) that actually knew what kind of products they had employed, claimed to have applied an
active ingredient out of this insecticide class (Graphic 1). According to the questionnaire
analysis the application of the larvicide cyromazine was limited to one out of 29 farms (3 %).
Organophosphates were used by three of the 29 farms (10 %). Spinosynes and neonicotinoids,

both feed-through insecticides, were utilized by one (3 %) and two (7 %) of the farms,
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respectively, although feed-through insecticides are not effective against Stomoxys calcitrans

since both male and female feed blood.
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Graphic 1 : Classes of insecticides in use (in %) on the 29 out of the 52 dairy farms
interviewed that could name their insecticides, some of them applied more than one
insecticide at the same time, Brandenburg, June — August 2015; *feed-through insecticides =
not effective against Stomoxys calcitrans

Thirty-one per cent of the 29 farmers claimed to have used two or more chemical products
against flies at the same time. Thirty-eight per cent had switched the product in the past 3
years. In 30 % of those cases, they had switched the product within the same class of
insecticides.

Since many farmers applied more than one active ingredient at the same time, comparing the
insecticide classes in use with the total number of insecticides applied by the farmers and not

with the total number of farmers, revealed slightly different percentages (Graphic 2).
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Graphic 2 Classes of insecticides in use (in %) on 29 out of the 52 dairy farms interviewed
that could name their insecticides compared to the total number of insecticides applied by the
farmers, Brandenburg, June — August 2015

Within the insecticide class of the pyrethroids, deltamethrin was the most frequently used

pyrethroid at a percentage of 41 %.

41% = Deltamethrin
m Cypermethrin
Permethrin
u Cyfluthrin

19%

22%

Graphic 3 Pyrethroids in use (in %) on 29 out of the 52 dairy farms interviewed that could
name their insecticides, compared to the total number of pyrethroids applied by the farmers,
Brandenburg, June — August 2015

Only three out of the 52 farms interviewed (5.8 %) had employed a combination of an adulticide
and a larvicide. The usage of insecticides is limited to the months of June to October. Forty-
two per cent of the farmers estimated the greatest fly abundance to be during July, whereas
48 % claimed to observe the largest fly occurrence during August. Ten % stated that
September is the month with the worst nuisance caused by flies.

Thirty-one per cent of the dairy farmers claimed to make use of insecticides three to five times
a summer, 34 % applied insecticides whenever needed and 6 % of the farmers used
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insecticides daily (Graphic 4). However, 14 % stated to never employ insecticides and 15 %

only applied them once a summer.
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Frequency of application of insecticides

Graphic 4 Frequency of application of insecticides on 52 dairy farms interviewed,
Brandenburg, June — August 2015

Eleven farmers (21 %) were unsatisfied with their type of control measure, 10 of them had
already noticed a loss of efficacy of their chemical control measure. Twenty-five (48 %) of the
farmers were rather satisfied and 16 (31 %) were very satisfied with their current type of control

measure.

4.1.3 Size of herds

At the time of the survey the 52 dairy farms included in the questionnaire analysis housed
between 50 and 1700 dairy cattle cows and had an average size of herd of 425 milking cows
(SD: +/- 358,18). Three of the dairy farms (6 %) included in the questionnaire analysis
consisted of 50 dairy cows, 11 (21 %) had between 50 and 200 dairy cows, 24 (46 %) kept
between 200 to 500 dairy cows, 12 (23 %) owned 500 to 1000 and two farms held over a 1000

dairy cows.

4.1.4 Methods of rearing

Forty-nine of the 52 dairy farms interviewed were conventional farms, the remaining three
were organic farms. Two of the three organic farms were part of the Demeter® organisation

and had never applied any insecticides.
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Seventy-nine per cent of the milk cows on the dairy farms were kept in free stall housing
systems with open cubicles. Nineteen per cent in deep litter stables and one of the 52 dairy

farms still practised the tethered housing system.

4.2 Field study

4.2.1 FlyBox® test

4.2.1.1. Results of Stomoxys calcitrans reference strain

Before testing the 40 field strains, first the laboratory strain UBA of the Federal Environmental
Agency in Berlin was tested with the FlyBox® test. For each of the two times of exposure, ten
and 30 seconds, four tests were performed. In order to verify the effectiveness of the
impregnated bed net, which was attached to the FlyBox®, the test was repeated after 2 months.
No loss of activity could be detected. The stable flies showed first signs of paralysis already
after a few minutes of observation.

Following a time of exposure of ten seconds and five minutes of observation the medium
paralysis rate of the UBA strain was 66 + 40.8 % and after 10 minutes it was 96 £ 3.6 %
(Graphic 5). A paralysis rate of 100 £ 0 % was reached after 15 minutes. Due to the reversibility
of the knock-down effect of deltamethrin in which sodium channels of the nervous system get
blocked, as time passed some stable flies were not paralysed anymore. After six hours the
medium paralysis rate was 99 * 1.5 % and after 24 hours it had decreased to 95 + 5.7 %. Very
similar results were observed when exposing stable flies to the FlyBox® for 30 seconds
(Graphic 6). After a time of observation of 5 minutes 88 + 10.1 % of the stable flies were
paralysed. After 10 minutes 99 £ 1.6 % and, again, after 15 minutes 100 £ 0 % were paralysed.
After 24 hours still 98 + 2.9 % of the flies had not recovered.

According to WHO (2013), flies are considered dead when they are paralysed after six hours
of observation. Thus, the impregnated deltamethrin net and the time of exposure of 10 and 30

seconds could be judged as sufficient.
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Graphic 5 Results of 4 FlyBox® tests with a deltamethrin (55 mg/m2) bed net after 10
seconds of exposure according to Abbott (1925), grey (“Trial”’) = paralysis rates of the UBA
strains, blue (“Med”) = mean paralysis rates of the Stomoxys calcitrans susceptible
reference strain UBA
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Graphic 6 Results of 4 FlyBox® tests with a deltamethrin (55 mg/m2) bed net after 30
seconds of exposure according to Abbott (1925), grey (“Trial”) = paralysis rates of the UBA
strains, blue (“Med”) = mean paralysis rates of the Stomoxys calcitrans deltamethrin
susceptible reference strain UBA

4.2.1.2. Results of field strains

The results differ strikingly from those for the sensitive Federal Environmental Agency strain
(UBA). After ten seconds of exposure and 15 minutes of observation, the field stable fly strains
displayed a paralysis rate of 32.8 + 21.1 % on average. Moreover, after one hour the paralysis
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rate was at 39.4 + 24 %. After six hours, it was at 37.2 £ 23 % and after 24 hours, it was at
36.7 £ 23.7 %. None of the tested field strains was susceptible to the deltamethrin impregnated
bed net (Graphic 7).

Thus, according to WHO (2016), after six hours of observation 100 % of the strains could be
classified as resistant at a paralysis rate below 90 %. Forty-nine per cent even showed a

mortality rate below 40 %.
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Graphic 7 Results of the FlyBox® tests with a deltamethrin (55 mg/m?) bed net after 10
seconds of exposure according to Abbott (1925), grey = paralysis rates of the field strains,
blue (“Med”) = mean paralysis rates of the 40 field strains, red (“UBA”) = mean paralysis
rates of the sensitive UBA strain

Very similar results could be observed after a time of exposure of 30 seconds (Graphic 8).
After an observation time of 15 minutes, a mean paralysis rate of 34.4 + 20.8 % was calculated.
After one hour, it was at 39.6 + 22.4 %, after six hours at 37.6 + 24.5 % and after 24 hours at
36.7 £ 24.6 %. After 6 hours, none of the tested field strains was highly susceptible to the
deltamethrin impregnated bed net. According to (WHO, 2016), only 2.5 % (one out of 40) were
rated as probably resistant at a paralysis rate between 90 and 98 % and 97.5 % were classified
as resistant since their paralysis rate was below 90 %. Fifty-five percent even showed a

mortality below 40 %.
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Remarkably, on the seven visited farms that had claimed to have used no insecticides in the

past ten years, the stable fly strains were found to be ‘resistant’ according to both of the Flybox®
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Graphic 8 Results of the FlyBox® test with a deltamethrin (55 mg/m2) bed net after 30
seconds of exposure according to Abbott (1925), grey = paralysis rates of the 40 field strains,
blue (“MED”) = mean paralysis rates of the field strains, red (‘UBA”) = mean paralysis rates
of the sensitive UBA strain

4.3 Laboratory study

For confirmatory evaluation and further testing, ten stable fly field strains were caught and

colonies established in the laboratory (see 3.4.1. selection of test farms).

4.3.1 Topical Application

4.3.1.1 Test of acetone and DMSO as carrier solutions

Thirty-six field stable flies were topically treated with 1 ul acetone and 51 stable flies of the
same dairy farm were topically treated with 1 pl 0.05 % DMSO acetone solution in order to
evaluate which were more suited as a carrier as well as a control solution.

There were no significant differences in the paralysis rates observed (Mann-Whitney-U-Test,
p = 0.571). Since the time of reaction of stable flies treated with DMSO 0.05 % was longer
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when moving the observation cup, they seemed to be less vital. Thus and considering that
acetone is used as a standard solvent in the topical application test method, the use of DMSO

was rejected in this study.

4.3.1.2 Determination of the LDgs of azamethiphos

The dose-effect logarithmic regression model revealed that the lethal dose at which 95 % of
the sensitive stable flies (MSD strain) die after an observation time of 24 hours was 4.92 ng/ul
and after 48 hours 4.86 ng/ul (Graphic 9). The paralysis rates did not differ much and the
recovery rate of the flies was negligible. Hence, R?for the times of observation after 24 and 48
hours was at 0.97 and 0.95, respectively. The closer the R? value is to 1, the better the
calculated graph can be explained by the increasing concentrations of the active ingredient.
The R? values can, therefore, be rated as good. Thus, the doses for the topical application of
azamethiphos were based on 4.92 ng/ul. This value is close to the LDgs value of 4.1 ng/ul
determined by Moyses and Gfeller (1999).
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Graphic 9 Determination of the LDgs after topical application of azamethiphos with the
azamethiphos sensitive reference stable fly strain MSD at 24 hours with an R2 value of 0.95
to 0.97

4.3.1.3 Determination of the LDos of deltamethrin

When determining the LDgs of deltamethrin with the deltamethrin sensitive MSD strain, the
paralysis rates differed widely between 0.234 and 2.34 ng/ul. Furthermore, after 48 hours of

observation 5 % of the sensitive stable flies recovered from the knockdown effect of the
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pyrethroid deltamethrin, which prevents the sodium channels from closing. Both led to the fact
that the coefficient of determination values R? for an observation time of 24 and 48 hours were
0.61 and 0.69, respectively. The determined R? values can, therefore, be classified as
moderately good. After correcting the paralysis rates according to Abbott (Abbott, 1925), the
LDgs was at 1.00 ng/ul for an observation time of 24 hours and at 1.45 ng/ul for an observation
time of 48 hours (Graphic 10).
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Graphic 10 Determination of the LDgs after topical application of deltamethrin with the
sensitive reference strain MSD at 24 hours with an R2 value of 0.61 to 0.69

Since the paralysis rates fluctuated very strongly, significantly delaying the final determination
of the LDgs value, for time reasons the LDgs value of 2.34 ng/ul determined by Moyses and
Gfeller (1999) was used in the laboratory tests with the field strains. However, the LDgs value
of 1 ng/ul, which was determined with the MSD strain, can be considered to be approximately
of the same magnitude. When the determination of the LDgs of deltamethrin was repeated later
with another sensitive stable fly laboratory strain of the Federal Environment Agency (UBA),
the paralysis rates varied as strongly as those established by the MSD strain. However, the
LDgs value was 2.36 ng/ul for an observation time of 24 hours and at 6.65 ng/ul for an
observation time of 48 hours. On one side, this underlines the strong paralysis fluctuations that
are caused by this type of active ingredient (synthetic pyrethroids), on the other side, it

illustrates the natural variability among fly populations reared in laboratories.
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4.3.1.4 Results of the topical application of azamethiphos

The topical application of 4.92 ng of the pure substance azamethiphos dissolved in 1 pl of
acetone on the ten stable fly field populations resulted in a mean paralysis rate of 16.37 + 15.9
% after 24 hours and 19.26 + 21.4 % after 48 hours. This can be classified as highly resistant
according to the WHO (2016). A four-fold increase in the initial azamethiphos concentration to
19.66 ng/ul, resulted in a mean paralysis rate of 81.13 £ 15.0 % after 24 hours and 86.49 +
10.0 % after 48 hours confirming the classification as highly resistant. In the highest
concentration tested (a 16-fold of the LDgs), a mean paralysis rate of 95.8 + 5.2 % was
observed after 24 and 48 hours. Since the value is below 98 %, a high resistance is confirmed
according to the WHO (2016).
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Graphic 11 Laboratory results: results of the topical application of azamethiphos after 24
hours corrected according to Abbott (1925), comparison of the results of the sensitive stable
fly MSD strain (red) with those of the 10 field populations (grey), October — November 2015
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Graphic 12 Laboratory results: results of the topical application of azamethiphos after 48
hours corrected according to Abbott (1925), comparison of the results of the sensitive stable
fly MSD strain (red) with those of the 10 field populations (grey), October — November 2015

Looking at each one of the ten populations it is evident that 24 as well as 48 hours after the
topical application of the LDgs of 4.92 ng/ul the paralysis rates were in the WHO range of
resistance. In all of the 10 field strains paralysis rates below 90 % were observed 24 and 48
hours following topical application of azamethiphos at the LDgs of 4.92 ng/fly. Accordingly
(WHO, 2016), it could be concluded that these populations were resistant to the tested
insecticide at the LDgs. Nine out of the 10 populations (90 %) even showed a paralysis rate
below 40 % at the LDgs after both times of observation. After 24 hours of observation, the four-
fold increase to 19.66 ng/pl resulted in 70 % of the populations having to be classified as
resistant. Twenty per cent were rated as probably resistant. One of the ten populations (10 %)
showed a paralysis rate of 100 %. After 48 hours at 19.66 ng/ul, 20 % of the populations
turned out to be resistant. Ten per cent were probably resistant and 70 % sensitive to this
concentration. At a 16-fold increase of the LDgs at both observation times, 40 % of the
populations displayed a paralysis rate of 100 % and 60 % showed mortality rates below 98 %

indicating a high resistance of the populations (WHO, 2016).

4.3.1.5 Results of the topical application of deltamethrin

The topical application of 2.34 ng of pure deltamethrin dissolved in 1 ul of acetone (LDgs) led
to a mean paralysis rate of 22.7 £ 12.7 % after 24 hours of observation and 21.3 £ 13.4 % after
48 hours. A four-fold increase of the LDgs to 9.36 ng/ul resulted in a mean paralysis rate of
55.3 + 14.5 % after 24 hours of observation and 53.2 £ 15.3 % after 48 hours of observation.
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The topical application with a 16-fold augmentation of the LDgs to 37.49 ng/ul increased the
mean paralysis rates to 87.9 + 11.6 % ng/ul after 24 hours and 86.6 % + 12.8 after 48 hours.
According to WHO (2016), this indicates a high resistance in all populations.
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Graphic 13 Laboratory results: results of the topical application of deltamethrin after 24
hours corrected according to Abbott (1925), comparison of the results of the sensitive stable
fly MSD strain (red) with those of the 10 field populations (grey), October 2015
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Graphic 14 Laboratory results: results of the topical application of deltamethrin after 48
hours corrected according to Abbott (1925), comparison of the results of the sensitive stable
fly MSD strain (red) with those of the 10 field populations (grey), October 2015

Due to the paralysis rates of all ten tested field populations being below 90 % at both times of
observation resistance against deltamethrin at the LDgs was obvious (WHO, 2016). A paralysis
rate below 40 % was calculated in 90 % of the field populations even after both times of
observation. Furthermore, the tested field strains turned out to be resistant at the four-fold
increase of the initial concentration after 24 and 48 hours of observation. At the 16-fold
increase of the LDgs a paralysis rate of 98 to 100 % was observed in 30 % of the field
populations at 24 hours but 70 % showed high resistance with paralysis rates below 98 %.
After 48 hours of observation 90 % could be classified as resistant, 10 % showed paralysis
rates of 100 % (WHO, 2016). These findings support the previous results of resistance against

deltamethrin in the FlyBox® test.

4.3.2 Larvicide tests

4.3.2.1 Cyromazine

When treating the rearing medium with cyromazine, none of the four tested concentrations
resulted in hatching of stable fly imagoes. The inhibition rate of cyromazine was 100 + 0.7 %

at, below and above the dosage recommended by the manufacturer of 5 pg/g.
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Graphic 15 Laboratory results: results of the larvicide testing of cyromazine corrected
according to Abbott (1925), comparison of the results of the sensitive stable fly MSD strain
(red) with those of the 10 field populations (grey), November 2015

4.3.2.2 Pyriproxyfen

The inhibition rate of two of the ten tested field populations (20 %) was calculated to be 93.3
and 96.7 %, respectively, at a concentration of 0.005 mg/g pyriproxyfen. The inhibition rate of
the remaining test populations was 100 £ 0 %. At a dosage of 0.01 pg/g the inhibition rate of
one population was 96.7 %. Concentrations above the recommended dosage of 0.027 pg/g
caused very high inhibition rates. It was 99 % for one and 100 £ 0 % for the remaining field

populations at a concentration of 0.1 pg pyriproxyfen/g rearing medium.
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Graphic 16 Laboratory results: results of the topical application of pyriproxyfen corrected
according to Abbott (1925), comparison of the results of the sensitive stable fly MSD strain
(red) with those of the 10 field populations (grey), December 2015

4.3.3 Statistical evaluation

The questionnaire analysis yielded exploitable results.

At first it had seemed that the dairy farmers were less sensitive towards the fly occurrence on
their farms. However, the chi-squared test revealed that the farmers’ observations concerning
the fly abundance on their farms did not differ significantly from own observations (X2, p =
0.099). Nevertheless, the p-value was not much higher than the 0.05-threshold. When
comparing dairy cattle housing systems, the chi-squared test could not detect any statistically
significant difference between the fly occurrence in the open cubicle-type stables with slatted
floor and the deep litter stables (X2, p = 0.152). Even, when contrasting the fly abundance in
stables based on the predominant flooring conditions, the chi-squared test revealed no
significant difference between stables where there was litter in some areas and stables where
there was litter only in the calving and in the calf rearing areas (X2, p = 0.294). Accordingly,
neither did the dung storage arrangement appear to be significantly related to the degree of
stable fly occurrence (X2, p = 0.473). Thus, whether the dung was stored outside or inside the
stables did not have an impact on the number of flies in and around livestock.

Only three of the visited farms were organic farms, so it is not possible to make sound statistical
statements. Nevertheless, there did not seem to exist any difference between the resistance

development on organic or conventional farms (Fisher’s exact test, p > 0.999).
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Furthermore, the resistance development assessed with the FlyBox® test was neither
statistically related to the type of dairy cattle housing system (Fisher’s exact test, p > 0.999),
nor to the predominant flooring conditions (Fisher's exact test, p > 0.999), nor to the dung
storage arrangement (FET, p > 0.999). Additionally, the type of dairy cattle housing system
(Fisher’s exact test, p = 0.120), nor the flooring conditions (Fisher's exact test, p > 0.999), nor
the dung storage arrangement (Fisher’s exact test, p = 0.476) did have any impact on the use
of pyrethroids.

Since all of the 40 dairy farm stable fly populations tested in the field by the FlyBox® test were
resistant, it is hardly surprising that the loss of effectivity noted by the farmers was not
significantly related to the actual measured loss (Fisher’'s exact test, p = 0.200).

Only eight of the 40 (20 %) field tested dairy farms had noticed a decrease in efficacy.
Additionally, the farm where the Flybox® test had resulted in a probable resistance had claimed
to have noticed a drop of efficacy. There was no significant connection between the frequency
of insecticide usage and the loss of efficacy noted by the farmers (FET, p = 0.578) or the actual
measured efficacy (FET, p > 0.999). Furthermore, the change of insecticides in the last three
years did neither have an impact on the loss of efficacy noticed by the famers (X2, p = 0.448),
nor did it have one on the actual resistance development (FET, p = 0.325). When comparing
the resistance development to the use of pyrethroids, the probability to have a Flybox® test
resistant stable fly population was not related to the use of pyrethroids according to the farmers
(FET, p > 0.999).

In addition, the size of herd was neither significantly related to the resistance development
(FET, p = 0.475), nor to the use of chemical control measures (FET, p > 0.999), nor to the
frequency of insecticide application (FET, p = 0.533), nor to the type of physical control
measurement (X?, p = 0.345).

In all tests of the study, the difference between the paralysis rates of the sensitive laboratory
strain and the field strains was statistically significant. At all exposition times as well as
observation times, the sensitive laboratory strains were significantly more susceptible to the
tested insecticides than the field strains (Mann-Whitney-U test, p < 0.001).

In the FlyBox® test the paralysis rates after 10 or 30 seconds exposition time did not differ
significantly from each other (Mann-Whitney-U test, p = 0.617). Neither did the paralysis rates
of the FlyBox® test in comparison to the topical application of deltamethrin (Mann-Whitney-U
test, p = 0.529). When treating the ten stable fly populations that were involved in the FlyBox®
test as well as in the topical application as dependent samples, no significant difference could
be observed either (Wilcoxon Sign test, p = 0.333). In addition to that, Cohen’s kappa
coefficient showed that both tests revealed a substantial agreement (k = 0.615, p = 0.035),

suggesting that both tests often measure the same results.

82



Results

In conclusion, both tests, the Flybox® test and the topical application, revealed mortality rates
that could be rated as resistant.

Furthermore, comparing the paralysis rates of the topical application of deltamethrin after 24
and 48 hours observation time, no significant differences were noted (Mann-Whitney-U test,
p = 0.853). The same was observed for azamethiphos at both time points post application
(Mann-Whitney-U test, p = 0.631). The efficacy of deltamethrin and azamethiphos did also not
differ significantly from each other after an observation period of 24 hours (Mann-Whitney-U
test, p = 0.165) nor after an observation period of 48 hours (Mann-Whitney-U test, p = 0.436).
For the larvicide tests, a statistical analysis was not possible since both active substances,
cyromazine and pyriproxyfen, resulted in inhibition rates of 100 % in all stable fly populations

tested. Results were unambiguous.
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5 Discussion

The aim of this thesis was to evaluate current practices of insecticide use in a questionnaire
survey considering the federal state of Brandenburg as a showcase in Germany. Furthermore,
it intended to assess the occurrence and distribution of insecticide resistance in stable flies on
dairy farms allowing to suggest integrated pest management strategies for on-farm pest control

aiming to minimize both the use of insecticides and the risk of resistance development.

5.1 Questionnaire analysis

The study design followed the hypothesis that, according to earlier surveys (Hildebrand, 2017;
Jandowsky, 2009; Jandowsky et al., 2010), a frequent and non-strategic use of chemical
control measures may lead to the development of insecticide resistance.

For the questionnaire analysis, 18 farms were recommended by local veterinarians and 60
farms originated from a list of the best dairy farms in Brandenburg according to milk yield and
quality. Out of the 78 dairy farms contacted, 52 agreed to participate, resulting in a response
rate of 71 %. This rate can be regarded as good, especially in the light of the currently strained
political situation of the dairy industry.

Nevertheless, similar to Jandowsky (Jandowsky, 2009; Jandowsky et al., 2010), the collection
of data with the aid of a questionnaire analysis turned out to be quite difficult since only 55.8 %
of the farmers or their employees had an exact idea of which biocides or insecticides had been
used and during which kind of period. Since it is vital for an active ingredient to be applied at
the lethal dosage in order to prevent the development of resistances, it would have been of
interest which products and which dosages had been used. Thirty-one per cent of the 29
farmers that actually knew which products they employed indicated to have used two or more
chemical products against flies at the same time. Thirty-eight per cent had changed the product
in the past 3 years. Thirty per cent of them had replaced the product within the same class of
insecticides. The preferred insecticides in use were synthetic pyrethroids. Twenty-five of the
29 dairy farms (86 %) were currently employing one. According to the questionnaire analysis,
in 2015 only one out of 29 farms (3 %) applied cyromazine in combination with a feed-through
neonicotinoid, which is ineffective against blood feeding stable flies. Three of the 29 farms (10
%) of the farms used organophosphates. The combined use of larvicide (the insect growth
regulator cyromazine) and adulticide (deltamethrin) against stable flies was only performed
once three years ago.

Furthermore, 71.2 % of the farmers were not able to differentiate between house and stable

flies. This, however, could be remedied when visiting 40 (76.9 %) of the 52 dairy farms
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interviewed. Probably due to habituation, the farmers had estimated their (stable) fly
abundance generally to be lower. This corresponds to the fact that despite all tested stable fly
populations being resistant, the loss of efficacy noted by the farmers was not significantly
related to the actually measured loss (4.3.3.). Additionally, the farms where the Flybox® test
had indicated a probable resistance claimed to have noticed a drop of efficacy. There was not
even a significant connection between the frequency of insecticide usage and the loss of
efficacy observed by the farmers or the actually measured efficacy (4.3.3.). Furthermore, there
was no significant correlation between the change of insecticides in the last three years and
the loss of efficacy as noticed by the famers, nor was there one to the actual resistance
development (4.3.3.).

When comparing the stable fly abundance in different conditions of dairy cattle housing,
flooring systems or dung storage arrangements, no significant differences were observed. This
may indicate that, regardless of the housing conditions, flooring systems or dung storage
arrangement, any management system can promote the reproduction of Stomoxys calcitrans.
On the other hand, all systems visited were relatively similar: they were never completely
litterless and the slurry was never shut away entirely. In every cow housing system in Germany,
calves and parturient cows are always kept on litter or straw, which after use is never
completely stored away from the flies. Thus, in each cattle housing system the propagation of
them is always possible.

Out of the 52 dairy farms interviewed, 78.9 % applied insecticides against flies. Thirty-three
per cent of them claimed to use more than one control measure at a time. This is often a
combination of mechanical cleaning and a physical control measure like sticky or UV traps.
Mechanical cleaning, however, is normally not sufficient for eliminating every fly egg in every
corner (Kaufman et al., 2005). Weidhaas and Haile (1978) stated that in order to reduce flies
with traps permanently it is necessary to achieve daily reductions of the populations by 24 to
58 % in order to reach a 50 to 90 % decrease in a closed population. Since, however, cow
housing systems are not fully closed, it is almost impossible to achieve such a reduction by
traps only.

The herd size was neither significantly related to the resistance development nor to the use of
chemical control measures nor to the frequency of insecticide application, nor to the type of
physical control measurement. In conclusion, size is not a factor that could skew the results
when dairy farms with herd sizes above 50 dairy cows are compared.

When contrasting the resistance development to the employment of pyrethroids, the probability
to have a Flybox® test resistant stable fly population was not related to the use of pyrethroids
as indicated by the farmers. Only three of the visited farms were organic farms, so it is not
possible to make final statistical statements concerning them. Nevertheless, there did not

seem to exist a difference between the resistance degrees when comparing organic with
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conventional farms. This statement, however, requires more investigation since the data base
concerning organic farms was too small to be meaningful.

Nonetheless, resistance in house or stable flies apparently does not entail disadvantages such
as shorter life span or a decreased fertility. Thus, once resistance has been established in a
population, it will persist for a long time. Additionally, contamination of the farm premises by
resistant strains through dung, wind drift or even active movements cannot be ruled out.

The results of the questionnaire analysis imply that resistance development is possible in every
kind of dairy farming and in consonance with every fly controlling behaviour.

As the questionnaire analysis revealed, most farmers and their employees did not know what
kind of insecticides they used and how often they applied them. Thirty-one per cent of the
farmers estimated to have employed insecticides three to five times a summer, 34 % applied
insecticides whenever needed and 6 % of them used them daily. This, however, is not in
accordance with the information leaflets of the veterinary medicinal products they had indicated
to have used. Normally, pyrethroid-containing pour-on products should only be applied once a
summer. If needed, they can be applied every six to ten weeks. Wall sprays often state in their
user instructions that their usage should be repeated only once after two to three days. When
visiting the 40 dairy farms for the Flybox® test, however, two farmers claimed to use those
fumigants every day. In addition, when applying wall sprays, they never wore skin or mouth
protection during the application which indicates that they were not aware of the instructions
on the safety data sheets of the insecticide.

In conclusion, farmers as well as veterinarians need to be more sensitised to the correct use
of insecticides and to the concept of integrated pest management (IPM). IPM is defined as a
“system that, in the context of the associated environment and the population dynamics of the
pest species, utilizes all suitable techniques and methods in as compatible a manner as
possible and maintains the pest populations at levels below those causing economic injury”
(FAO, 1967).

Lowering the selection pressure by combining chemical measurements with non-chemical
ones, the use of attractants or synergists in order to increase the contact time with insecticides
even in resistant individuals and the employment of multi-directional insecticide attacks
through rotation and mixture is expected to delay resistance development (Georghiou, 1994).
Crespo et al. (1998) found that in large house fly populations a combination of cultural and
chemical control followed by biological control measures is most effective for a successful fly
reduction and for maintaining them at low levels over time. This could be used as an indicator
for how to manage stable flies as well. Furthermore, the release of sterile male stable flies

(Patterson et al., 1981) or susceptible flies (Imai, 1987) are expected to reduce fly populations.
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For these reasons, chemical insect control should never be the only control measurement used
against flies. It should always be used only as a last resort when every other method has been

already exploited and only in adequate proportions.

5.2 Field study

Following the studies by Jandowsky (2009) and Jandowsky et al. (2010) and Hildebrand
(2017) on house flies, field tests using the FlyBox® test were performed in order to get a first
estimation concerning the susceptibility of the stable fly farm populations to deltamethrin. The
practicability of this test was extensively proven by Hildebrand (2017) and Jandowsky (2009).
However, caution must be paid when transferring the flies into and out of the box in order not
to harm them and, thus, bias the results. In addition to that, monitoring the conditions with a
control group has shown to be essential to the FlyBox® test evaluation. After that, Abbott’s
formula (Abbott, 1925) is applied in order to distinguish the effects of insecticide treatment from
those caused by natural factors (Fleming and Retnakaran, 1985). The inner FlyBox® was
coated with a commercial bed net fabric impregnated with 55 mg deltamethrin/m?. Information
regarding the discriminating dose of stable flies to deltamethrin as a contact insecticide vary in
the literature. Cruz-Vazquez et al. (2005) successfully used permethrin in a concentration of
0.026 mg/m? (LDg) on a glass vial for a two-hour-contact against stable flies. Salem et al.
(2012a) calculated a LDgo of 264.3 mg/m? for a resistant field population and 28.1 mg/m? for a
sensitive stable fly population after contact with deltamethrin treated filter papers for 1 hour.
Jandowsky (2009) used a net saturated with 100 mg deltamethrin/m? and Hildebrand one with
280 mg deltamethrin/m? against Musca domestica. Robert and Carnevale (1991) found a
deltamethrin bed net concentration of 25 mg/m?to be effective against Anopheles mosquitoes.
Thus, the choice of a lower bed net concentration appeared to be indicated (Salem et al.,
2012a). When testing a 55 mg/m? bed net against the laboratory stable (UBA) and house fly
(WHO) strains the concentration was proven to be effective against both species.
Nevertheless, for future testing the net concentration of deltamethrin should be standardized
in order to obtain comparable results. Furthermore, compared to the WHO Musca domestica
strain there is no universal stable fly reference strain available as a gold standard. As the UBA
strain was tested to be fully susceptible in laboratory tests, it could serve as a reference strain
in the future.

The bed net in the FlyBox® was not changed during the three months of testing. However, it
was not exposed to light and was tested on a sensitive laboratory stable fly strain right before
and right after testing in the field as well as six months and one and a half year later. Schreck

et al. (1978) found that Aedes aegypti and Aedes americanum were still susceptible to a
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permethrin treated cloth after 33 to 50 rinses of water, two soapy washes or one month
exposure to outdoor climate. Arends (2016), Holzgrefe (2013) and Rohrmann (2010) observed
deltamethrin nets used in the field around livestock to be robust and suitable for at least five to
six months. Thus, it can be assumed that pyrethroid impregnated bed nets are usable in the
FlyBox®field assay for a long period of time.

All of the 40 tested populations (100 %) were classified to be resistant in the Flybox® test. After
ten seconds of exposure and 15 minutes of observation, the stable fly strains trapped in the
field showed a mean paralysis rate of only 32.8 %. After six and 24 hours, it was slightly
increased to 37.2 % and 36.7%, respectively. It can be concluded that none of the tested field
strains were fully susceptible to the deltamethrin impregnated bed net. According to WHO
(2013), after six hours of observation 100 % of the strains were proven to be resistant at a
paralysis rate below 90 %. Forty-nine per cent even showed a mortality rate below 40 %. Those
values can be regarded as a rather high degree of resistance. While our stable fly populations
reach a paralysis rate of 36.7 % on average at 24 hours, Jandowsky (2009) had observed a
mean paralysis rate of more than 50 % and Hildebrand (2017) described a mean paralysis rate
of 53 % in house fly field populations in Germany. Even after increasing the time of exposure
to 30 seconds, the paralysis rate was still 36.7 % on average after 24 hours of observation,
confirming that the resistant status of the fly population was not challenged by increasing the
contact times.

Similar to Musca domestica (Kristensen et al., 2001; Pap and Farkas, 1994; Pinto and Prado,
2001) resistances in Stomoxys calcitrans against synthetic pyrethroids are found throughout
the whole world. Cilek and Greene (1994) observed stable flies to be resistant against the
pyrethroid permethrin in Kansas, USA. In Florida, Pitzer et al. (2010) found stable flies from
geographically separated horse farms to be resistant against the LDgo, a three-fold and a
tenfold of the LDgg of permethrin. Notably, even strains that had not been in contact with
insecticides showed a 20 % survival rate when exposed to the three-fold of the LDgo. In France,
Salem et al. (2012a) were the first research team that evaluated insecticide resistance against
stable flies in Europe. They tested one field strain from an organic farm and one from a
conventional farm against the synthetic pyrethroids cypermethrin, deltamethrin, fenvalerate, A-
cyhalothrin and the organophosphate phoxim after one hour of exposure to an impregnated
filter paper. With the exception of phoxim, the LDgg values obtained for the organic farm stable
flies were 1 to 4 times lower than the recommended doses for the pyrethroids tested.
Particularly for the flies originating from the conventional farm, the LDg values were between
7.1 and 22.6 times above the recommended doses for the pyrethroids applied suggesting once
more a correlation between the use of insecticides and the development of resistance.

As the questionnaire analysis revealed, 86 % of the farmers had employed an insecticide of

the chemical class of pyrethroids with deltamethrin being the most frequently used active
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ingredient within this group (41 %). Hence, it is not surprising that 100 % of the 40 tested farms
resulted to be resistant in the Flybox® test. As other studies demonstrated, side resistance
within the synthetic pyrethroids exists (DeVries and Georghiou, 1980; Jandowsky, 2009;
Jandowsky et al., 2010). They are all of the same insecticide class and have the same mode
of action. Therefore, it can certainly be assumed that other pyrethroids are also not effective
anymore.

Ten farms had stated that they had not used insecticides in the past ten years. Nevertheless,
the stable fly strains from seven farms were still classified as ‘resistant’ according to the
Flybox® test. This indicates that resistance development is not a localised problem, rather it
can be spread from the adjoining agricultural crop land and conventional animal husbandry to
organic farms. Resistant flies from neighbouring livestock can also be transferred from one

farm to another by flight and wind drift.

5.3 Laboratory study

In the laboratory, ten field strains were reared in order to verify both the results of the Flybox®
test by topical application and to test active substances from other classes of insecticides.
Investigations were conducted with the F1, F2 and F3 generation of the reared population in
order to get flies of comparable age and to check whether resistance can be passed genetically

to the subsequent generation.

5.3.1 Determination of the LDgs

Since there was no current reliable data available concerning the LDgs of stable flies to the
insecticides tested by topical application, the lethal dose was determined by a dose-range-
finding procedure on susceptible laboratory reference strains with serial dilutions. In 1999,
Moyses and Gfeller had determined the LDgs of deltamethrin and azamethiphos for the UBA
strain with only 20 flies (Gfeller, 1999). Due to this small amount of data, however, the LDgs of
deltamethrin was never established in laboratories. Therefore, tests to determine the LDgs of
deltamethrin were conducted with a sensitive stable fly laboratory strain from the German
federal environment agency (UBA) and a sensitive laboratory strain kindly provided by the
company Merck Sharp & Dohme (MSD).

When performing own tests on the MSD strain for azamethiphos, the LDgs value was
unambiguously 4.92 ng/ul, which was very close to the value determined by Moyses and
Gfeller (1999) of 4.1 ng/ul. The identification of the LDg¢s of deltamethrin with the MSD strain,

however, turned out to be rather difficult. The paralysis rates varied by a power of ten between
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0.234 ng/ul and 2.34 ng/ul. In addition, 5 % of the sensitive laboratory flies recovered from the
knockdown effect after 48 hours of observation. Unlike azamethiphos, which inhibits the
cholinesterase activity in the synapses of the neurons, deltamethrin hinders the sodium
channels of the neurons from closing. This initially leads to agitation followed by paralysis. The
latter is, however, known to be potentially reversible (Sfara et al., 2006). Therefore, this might
be a reason for the difficulties to determine an accurate LDgs for deltamethrin.

Derived from the first data set, the LDgs was 1.00 ng/ul at 24 hours and 1.45 ng/ul at 48 hours
for the MSD strain. However, this determination was considerably delayed due to the strong
variation of the paralysis rates. Therefore, the LDgs value of 2.34 ng/ul determined by Moyses
and Gfeller (1999) was used in the laboratory tests. Since both LDgs values (1.00 vs. 2.34
ng/ul) do not differ substantially, the use of the LDgs value of 2.34 ng/ul calculated by Moyses
and Gfeller (1999) is not expected to have had a negative influence on the study results.

The determination of the LDgs of deltamethrin was later repeated with the laboratory reference
strain from the UBA. Again, the paralysis rates varied as already observed with the MSD
reference strain. For the UBA reference strain a LDgs value of 2.36 ng/ul at 24 hours and a
LDgs of 6.65 ng/ul at 48 hours was calculated. The somewhat differing susceptibility against
insecticides within two laboratory reference strains can, however, be attributed to the
occurrence of natural variations (Kristensen et al., 2001; Schaub et al., 2002; Scott et al., 2000)
and appears to be common within stable fly populations independently from previous selection
pressure through insecticides (Marcon et al., 1997).

In the literature, there are data concerning other active substances or other test methods. For
permethrin, Pitzer et al. (2010) had calculated a LDy of 60.3 ng per gram per stable fly for the
topical application. Lotmar (1949) reported that the mean weight of non-engorged flies is
0.008 g whereas that of blood-engorged stable flies is 0.0216 g. This could largely be
confirmed when weighing engorged females showing a weight of 0.0235 £ 0.0049 g. Males, in
contrast, weighed 0.0115 + 0.0018 g after feeding only. Thus, as we used males as well as
females, a mean weight of 0.0175 g was drawn for calculation. Therefore, following Pitzer et
al. (2010), when 60.3 ng permethrin per gram of stable fly weight is required, 1.05 ng/fly can
be calculated as LDg. Since deltamethrin is four times more effective than permethrin
according to Salem et al. (2012a), a LDy of 0.26 ng/fly can be roughly estimated. Nonetheless,
as aforementioned this concentration was observed to be too low when testing it on the
sensitive laboratory strain of the UBA. This, confirms again the importance of establishing a
LDgs based on a defined reference strain.

In contrast to a sensitive Musca domestica strain called WHO there is, at present, no worldwide
reference strain available for stable flies. When performing own tests for the evaluation of the
LDgs on both the UBA and MSD strain, the LDgs of deltamethrin and azamethiphos were nearly

in the same range as those determined by Moyses and Gfeller (1999). Since in this study, LDgs
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values have been evaluated for both the UBA and MSD stable fly strains, both could serve as
susceptible reference strains for insecticide testing in the future.

In future studies it would be more compelling to calculate resistance factors for each field
population tested. This would make the data even more comparable throughout the world. The
resistance factor (RF or resistance ratio: RR) is defined as the ratio of either the LDsg of a
population relative to the calculated LDso of a known reference, usually susceptible population
(Heath and Levot, 2015). In addition to the LDsp other LD values are also used in the scientific
literature (FAO, 2004). Thus, a resistance factor distinctly exceeding the RR = 1 would suggest
a low efficacy of the insecticide in the field. It should be noted in this context, however, that the
determination of a resistance factor is not always practicable in extensive field surveys. It
requires enormous commitment of time, housing, equipment and mobilization as well as
human efforts in order to rear the adequate number of flies needed for the subsequent

evaluation of the LDgs for each field population of interest.

5.3.2 Topical application

In the laboratory, in contrast to the Flybox® test, the contact with the insecticide was more
exact and, therefore, is judged to be more comparable. When comparing three exposure
techniques for the analysis of stable fly susceptibility, Marcon et al. (1997) found topical
application to be most sensitive for this species in comparison with treated filter papers and
residues on petri glass dishes.

For the topical application test, insecticides were dissolved in acetone in order to achieve the
correct serial dilution. Due to its good tolerance in insects and its high evaporation time,
acetone is presently considered the state of the art dissolvent (Gfeller, 1999; Jandowsky,
2009). Nevertheless, we tried to replace it by DMSO, which often serves as dissolvent in
parasitology studies. However, since there was no significant difference in survival noted and
stable flies treated with DMSO seemed to act a little bit less vivid, acetone appeared to be the
better choice for this study.

Three concentrations were tested topically on stable flies: the LDgs, the four-fold and the 16-
fold of the LDgs. The choice of those concentration steps was based on earlier studies in our
institute (Hildebrand, 2017; Jandowsky, 2009) and is largely in agreement with the
concentration steps suggested by the WHO, which recommends five- and tenfold
concentration steps of the LDgg for testing resistance in mosquitoes. By this method, one is
able to deduce the LDgy of the field strains since “although these higher concentrations for
each insecticide will not correspond to their recommended field application rates, they will yield

relevant information about the intensity of resistance, or the ’strength’ of expression of the

91



Discussion

resistance phenotype(s) in question” (WHO, 2016). At the LDgs of both insecticides tested,
deltamethrin and azamethiphos, each of the tested field population was highly resistant with
efficacy rates below 90 %. Since, however, only 30 flies of each strain were tested at this
concentration, further testing was deemed necessary. When tested, therefore, with the four-
or sixteen-fold of the LDgs of both adulticides the mean percentage efficacy of the stable fly
field strains were again below 90 % and thus, could be finally classified as resistant. At a four-
fold of the LDgs of azamethiphos still 70 % of the ten tested populations were classified as
resistant at 24 hours post application. At a 16-fold of the LDgs 60 % of the populations showed
paralysis rates below 90 % indicating high resistance levels of those populations. This must
be considered as remarkable since only 10 % of the 52 farmers interviewed claimed to have
used organophosphates such as azamethiphos. Of the ten farms from which stable fly strains
were established in the laboratory, none had remembered the use of organophosphates. This
on the one hand, can be attributed to the lack of knowledge of the farmers interviewed, but it
might also be attributed to mechanisms of cross-resistance to other more frequently used
insecticides on the other hand (Bisset et al., 1997; Devonshire and Moores, 1982; Liu and Yue,
2000). Thus, further testing is advisable in future studies.

When testing deltamethrin by topical application, all of the ten populations tested at four-fold
the LDgs resulted in paralysis rates below 90 % and were, therefore, classified as resistant. At
a 16-fold of the LDgs still 70 % of the strains showed paralysis rates below 90 %, thus confirming
the results of the Flybox® test. The results were largely in accordance with the extensive use
of synthetic pyrethroids on the ten farms selected. Six of them (60 %) had responded to have
used synthetic pyrethroids, one of them (10 %) even deltamethrin. Two of them, however, had
never used chemical control measures (20 %) and another two did not know what kind of
insecticides they had applied. However, it can be assumed that more dairy farms than recorded
had made use of pyrethroids. Furthermore, side resistances among pyrethroids have been
observed before (Chandre et al., 1999; DeVries and Georghiou, 1980). That is why all of the
ten stable fly strains were resistant to deltamethrin although probably not all of them have had
contact with it. The fact that resistance was also found in the two stable fly populations of the
dairy farms which had emphasized to never have used insecticides is remarkable and can be
explained by the entry of resistant flies from other neighbouring farms or agricultural crop land
where pesticides had been used, by wind drift, dung or active movement. This again shows
that farmers need to be more sensitised and that the use of insecticides that consistently have
been proven not to be effective anymore should be more regulated across the European Union
(Agency, 2017).
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5.3.3 Larvicide tests

The results of the larvicide tests were very different from those of the adulticides. When treating
the rearing medium with the insect growth regulator (IGR) cyromazine, the development of
stable fly imagoes was completely inhibited at the four concentrations tested. In conclusion,
the inhibition rate of cyromazine was 100 % at, below and above the dosage of 5 ug/g
recommended by the manufacturer. This was in accordance with the assumed correlation
between resistance and the use of insecticides. According to the questionnaire analysis, only
one of the ten tested dairy farms had used cyromazine. Jandowsky (2009) who had tested the
efficacy of cyromazine in dairy farms in Brandenburg six years earlier and Hildebrand (2017)
who had tested it on pig farms in the federal state Schleswig-Holstein, Germany, reported quite
similar results. However, several other authors found house flies to be resistant against
cyromazine. Nevertheless, these resistances occurred primarily in countries where cyromazine
is used as an animal feed supplement on chicken farms (Acevedo et al., 2009; Bell et al., 2010;
Pinto and Prado, 2001). The constant exposure of the flies to such IGR may promote the
selection of resistant populations and is likely to be responsible for the decreasing efficacy of
cyromazine in those countries.

The dosage of pyriproxyfen recommended by the manufacturer was 0.027 ug/g. At a
concentration of already 0.005 mg/g, the inhibition rate of two of the ten tested field populations
(20 %) was 93.3 and 96.7 %, respectively, whereas the inhibition rate of the remaining test
populations was 100 %. A dosage of 0.01 pg/g caused a growth inhibition of 96.7 % in only
one population. Concentrations above the recommended dosage of 0.027 ug/g caused very
high inhibition rates. For one population inhibition of 99 % was demonstrated at a concentration
of 0.1 yg/g whereas the remaining field strains showed 100 % inhibition of hatching. Since
pyriproxyfen is presently not available as an insecticide for livestock in Germany, results
confirmed the expected good efficacy of the IGR. Other authors (Pospischil et al., 1996b; Shah
et al., 2015a), however, did observe resistances in house flies against pyriproxyfen. Among
them Pospischil et al. (1996b) described a resistance factor of 53 in a Musca domestica strain
in Germany that neither had had contact to IGRs.

Nevertheless, resistances against IGRs can also be generated by selection as demonstrated
by Keiding (1999) and Shah et al. (2015b) in laboratory tests. Therefore, IGRs as well as
adulticides should be employed only after evaluating resistance status and only according to

a well-designed rotation plan.
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5.4 Conclusions

The results of the study showed a high prevalence of resistance in Stomoxys calcitrans to
deltamethrin and azamethiphos on dairy farms in the Federal State of Brandenburg in
Germany when compared with the LDgs of sensitive reference strains (UBA, MSD).
Surprisingly, no strong differences in the resistance pattern could be observed among the
populations investigated. Stable fly populations from farms on which insecticides had
presumably never or at least not for the last three years been used showed resistances that
were as high as those of strains from farms that regularly resorted to chemical fly control. On
the one hand, this suggests that resistance is transmitted from one generation to the next, i.e.
that resistance is genetically fixed and that it has been in existence for a longer time. On the
other hand, it can be assumed that crop production farms on which insecticides are frequently
applied and which often are close to dairy farms might have a relevant influence on the
selection of resistance in stable fly populations.

Insect growth regulators like cyromazine and pyriproxyfen, however, appeared to be still highly
effective in Stomoxys calcitrans in Brandenburg. Yet, any incorrect use of ectoparasiticides or
pesticides can lead to a strong selection pressure and, thus, considering the high reproduction
rate of insects, to the development of resistance within a few generations.

The study showed that there is an urgent need to conduct field surveys nationwide and in
different livestock production systems in order to draw general conclusions concerning the
respective resistance status in Germany. Based on such surveys, it would become possible to
individually adapt control measures for each dairy farm. This as well as resistance tests in
other livestock production systems would sensitise farmers and veterinarians on resistance
selection and the impact of it on the environment. In any case, both farmers and veterinarians
need to be both sensitised and trained about the correct use of insecticides, and the knowledge
about the consequences of a non-strategic use of insecticides ought to be enhanced.
Furthermore, considering the paucity of effective insecticides, advice should be offered with
regard to alternatives. Accordingly, all dairy farmers who have participated in this survey have
been informed about outcomes and conclusions through an information brochure. On this
basis, instructions for a better integrated pest management could be elaborated in order to
ensure the employment of insecticides as a last resort only within a given cascade of possible
control measures. Best-bet strategies and continuous pharmacovigilance could prove
essential in an improved management of the risk of insecticide resistance development. Thus,
insecticides should only be applied after evaluating the resistance status of an insecticide used
as either veterinary medicinal product or biocide and only if they were judged effective. In case

they are applied, veterinarians as well as farmers need to be sensitised in order not to exceed
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or undercut the adequate dosages of an insecticide and in order to plan regular rotations.
Furthermore, the combined use of larvicides and adulticides is expected to produce better
results since they attack the targeted pest at different developmental stages. However,
primarily, one should resort to physical and biological control measures. An improved dung
management as well as better hygiene should always be a first step in order to reduce the
currently demand-based use of adulticides. Furthermore, the advancement of genetic markers
for the detection of insecticide resistance should be encouraged in order to facilitate further
testing particularly under field conditions.

In conclusion, the use of insecticides and, therefore, their resistance development should
never be encouraged where the application of chemical control measures is not necessary or
not effective anymore. Neither the environment nor the consumer should be exposed to
insecticides that are applied without justification or without being effective. It is necessary for
the EU to encourage the examination of the efficacy of insecticides. Based on that, the legal
regulation of some of those purposeless insecticides should be reconsidered on a regular basis
in order to protect human health and prevent negative impacts on honey bees, hymenoptera
as well as other non-target insects. The study showed that the use of insecticides is not
sustainable and can in the long term not be the foundation of future integrated pest

managements.
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6 Summary

Stable flies (Stomoxys calcitrans) are a common problem in animal husbandry worldwide.
Nuisance, especially by biting flies, can have a considerable negative impact on animal well-
being, health and productivity. Furthermore, stable flies are known vectors of a range of
pathogens. Insecticides constitute the mainstay for their control. However, if insecticides are
applied in a non-strategic manner, there are risks of developing insecticide resistance within a
few generations due to the high reproductive rate of stable flies. The objective of this study
was to assess the occurrence of insecticide resistance in Stomoxys calcitrans on dairy farms
in Brandenburg, Germany. Moreover, it aspired to propose best-bet strategies for on-farm pest
control aiming to minimize the use of insecticides.

Based on a telephone questionnaire survey performed in June 2015 with 52 dairy farms in
Brandenburg, 40 farms were selected for an on-farm cross-sectional survey. In this survey the
FlyBox®-method was used in order to evaluate the susceptibility of stable flies to a deltamethrin
impregnated polyester fabric. For confirmatory evaluation, Stomoxys populations from 10
farms were caught and colonies established in the laboratory. The susceptibility of the
emerging F1 to F3 generations was tested with current methods under controlled conditions.
In a first step, the LDgs of deltamethrin and azamethiphos were defined with established
sensitive laboratory strains of S. calcitrans. Then the toxicity of both was assessed by topical
application of the LDgs and multiples of it. The larvicidal effects of two insect growth regulators,
cyromazine and pyriproxyfen, were evaluated at different concentrations based on the
manufacturers’ recommendations.

The questionnaire survey revealed that pyrethroids are the most frequently used insecticides
(78.9 %) with deltamethrin being the dominant active ingredient (41 %). Furthermore, the on-
farm survey using the FlyBox®-method indicated deltamethrin resistance in all of the 40 tested
strains (100 %). In the laboratory tests, 24 hours following topical application of deltamethrin
and azamethiphos to all of the 10 strains using the LDgs of 2.3 and 4.9 ng/fly, respectively,
mortalities below 90 % were encountered. This led to the conclusion that these populations
were resistant to the tested insecticides. Nine out of the 10 populations (90 %) even showed
a mortality below 40 % at the LDgs of both deltamethrin and azamethiphos. Forty to 80 % of
the mortality rates of multiples of the LDg¢s of azamethiphos and deltamethrin, respectively,
were below 90 %. The insect growth regulators cyromazine and pyriproxyfen tested at the
recommended concentrations resulted in an inhibition rate of 100 % of all 10 populations.
The study revealed that there is an urgent need to conduct further field surveys in different
livestock production systems in order to draw general conclusions concerning the resistance
status in Germany and the EU. Those studies would facilitate the elaboration of better

integrated pest management strategies in order to warrant the use of insecticides as a last
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Summary

resort only within a given cascade of possible control measures. This would sensitise farmers
as well as veterinarians on resistance development and its impact on the environment. The
design of genetic markers for the detection of insecticide resistance should be promoted in
order to simplify further testing. In conclusion, the legal regulation of some insecticides should
be evaluated regularly protecting human health and preventing negative impacts on honey

bees, hymenoptera and other non-target insects.
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7 Zusammenfassung

Vorkommen und Verbreitung von Insektizidresistenzen bei Wadenstechern (Stomoxys
calcitrans) in Milchviehbetrieben im Bundesland Brandenburg, Deutschland

Wadenstecher (Stomoxys calcitrans) stellen weltweit ein haufiges Problem in der
Nutzviehhaltung dar. Die Belastigung, die diese Fliegen vor allem durch ihre schmerzhaften
Stiche bewirken, kénnen erhebliche negative Auswirkungen auf das Wohlergehen, die
Gesundheit und die Produktivitat der Nutztiere haben. Daruber hinaus sind Wadenstecher
bekannte Vektoren von einer Reihe von Pathogenen. Insektizide bilden die
Hauptbekampfungsmalnahme fiir ihre Kontrolle. Wenn diese allerdings nicht strategisch
angewendet werden, besteht das Risiko, dass sich aufgrund der hohen Reproduktionsrate der
Wadenstecher innerhalb weniger Generationen Insektizidresistenzen entwickeln.

Ziel dieser Studie war es, das Vorkommen von Insektizidresistenzen bei Stomoxys calcitrans
auf Milchviehbetrieben in Brandenburg zu beurteilen. Darlber wurde angestrebt, Strategien
fur die landwirtschaftliche Schadlingsbekdmpfung zu entwickeln, um den Einsatz von
Insektiziden in Zukunft zu minimieren.

Auf Grundlage einer telefonischen Fragebogenumfrage, die im Juni 2015 mit 52
Milchviehbetrieben in Brandenburg durchgefihrt wurde, wurden 40 Betriebe fir eine
Feldstudie ausgewahlt. In diesem Teil der Studie wurde die FlyBox®-Methode verwendet, um
die Empfindlichkeit von Wadenstechern gegen ein mit Deltamethrin impragniertes
Polyestergewebe zu bewerten. Fiir die Uberpriifung der Ergebnisse dieses Studienteils
wurden Stomoxys-Populationen auf 10 Betrieben gefangen, um diese im Labor als
Populationen zu etablieren. Die Empfindlichkeit der gezichteten F1- bis F3-Generationen
wurde mit aktuellen Methoden unter kontrollierten Bedingungen getestet. In einem ersten
Schritt wurde dafiir die LDgs von Deltamethrin und Azamethiphos mit etablierten sensitiven
S.calcitrans-Laborstdmmen bestimmt. Im Anschluss daran wurde die Toxizitat beider mittels
der topikalen Applikation der LDgs und Vielfacher davon beurteilt. Die larvizide Wirkung von
zwei Insektenwachstumsregulatoren, Cyromazin und Pyriproxyfen, wurde in verschiedenen
Konzentrationen um die Herstellerempfehlung herum bewertet.

Die Fragebogenumfrage ergab, dass Pyrethroide die am haufigsten verwendeten Insektizide
(78,9 %) sind, wobei Deltamethrin der dominierende Wirkstoff (41 %) ist. Darliber hinaus zeigte
die Felduntersuchung mit der FlyBox®-Methode, dass alle 40 getesteten Stammen (100 %)
resistent gegentber Deltamethrin sind. In den Labortests wurden 24 Stunden nach der
topikalen Applikation der LDgs von 2,3 bzw. 4,9 ng/Fliege von Deltamethrin und Azamethiphos
bei allen 10 Stammen Paralyseraten erreicht, die unter 90% lagen. Dies flihrte zu der

Schlussfolgerung, dass diese Populationen gegen die getesteten Insektizide resistent sind.
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Neun dieser 10 Populationen (90%) zeigten sogar eine Mortalitat unter 40% bei der LDgs von
Deltamethrin und Azamethiphos. Vierzig bis 80% der Paralyseraten von Vielfachen der LDgs
von Azamethiphos bzw. Deltamethrin lagen unter 90%. Die empfohlene Herstellerdosis der
getesteten Insektenwachstumsregulatoren Cyromazin und Pyriproxyfen fuhrte bei allen 10
Populationen zu Inhibitionsraten von 100%.

Die Studie hat gezeigt, dass eine dringende Notwendigkeit besteht, weitere Untersuchungen
in anderen Nutztierhaltungssystemen durchzufiihren, um allgemeine Schlussfolgerungen tber
den Resistenzstatus in Deutschland und der EU ziehen zu kdnnen. Diese Studien wirden die
Ausarbeitung eines verbesserten integrierten Schadlingsmanagements unterstitzen, um so
den Einsatz von Insektiziden als letztes Mittel der Wahl in einer Kaskade mdoglicher
Bekampfungsmethoden zu gewahrleisten. Dies wiirde sowohl Landwirte als auch Tierarzte fir
die Resistenzentwicklung und ihre Bedeutung fir die Umwelt sensibilisieren. Die Entwicklung
von genetischen Markern sollte gefordert werden, um zukiinftige Untersuchungen zu
vereinfachen. Zudem sollte die gesetzliche Regulierung mancher Insektizide regelmaRig
evaluiert werden, um die menschliche Gesundheit zu schitzen und negativen Auswirkungen

auf Honigbienen, Hymenopteren und andere Nicht-Ziel-Insekten vorzubeugen.
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8 Glossary

WHO (2016):

Ace-1

Cross resistance

Discriminating dose

F1 progeny

Kdr (knockdown mutation)

Larvicide

LDes

Multi resistance

pen

A target-site resistance gene for carbamate
and organophosphate insecticides
conferring insensitive acetylcholinesterase.
The resistance is caused by a single
mutation, G119S, of the Ace-7 gene.

Resistance towards substances of different
chemical groups, even where the insect
population or strain has not been selected
by exposure to the latter.

A fixed dose of an insecticide ingredient
dissolved in a solvent that is topically
applied on the insect body; used to
discriminate the proportions of susceptible
and resistant phenotypes in a sample of a
population.

Generally means “first generation offspring”,
but in this context refers to the use of adults
raised from the eggs of wild-caught female
flies to obtain an age-standardized sample
of the wild population for use in bioassay
tests for resistance.

Knockdown resistance is caused by a
series of genes involving a mutation in the
sodium ion channel, the target site of
pyrethroids and organochlorine compounds
and conferring resistance to these
insecticides.

A chemical substance applied to larval
habitats to Kill larvae.

Lethal dosis at which 95 % of a sensitive
stable fly population die.

Resistance to more than one class of
insecticide.

Mutation of the pen resistance factor gene,
which is localised on chromosome Il is
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Resistance

Side resistance

Susceptible population

Synergist

characterized by reducing the penetration
rate of insecticide through the cuticle.

Ability of an insect strain to tolerate doses of
toxic substances that would cause the

death of the majority of sensitive individuals
of the same species.

Resistance to the same chemical class with
the same mode of action.

A population that has not been subjected to
insecticidal pressure and in which resistant
individuals are either absent or rare.

A substance that does not itself have
insecticidal properties, but which, when
mixed and applied with insecticides of a
particular class, considerably enhances
their potency by inhibiting an enzyme that
normally acts to detoxify the insecticide in
the insect system.
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9 Annex

Questionnaire analysis - Stomoxys calcitrans

Enterprise

Address

Telefone number

NO

Dairy farm?

Yes
No

Organic or conventional
husbandry?

Organic
Conventional

Size of herd?

O O O|0 0|0 O

O

<50

50 — 200

> 200

How many:

Husbandry system

O
O

Flooring conditions o

O

o

Dung removal technique

O O O O

O

Dung management

Tethered housing:

Yes
No

Freestall type:

Deep litter stable
Open cubicle stable

With litter
Without litter

Concrete floor
Rubber mat
Slatted floor
Partly slatted floor

With litter — solid manure:
Continuous dung removal:

manual
o Complete litter exchanging procedure
o Several layer system

Partly automated/ mobile

automated
o with slider/ chain conveyer/ push rod on a
concrete floor
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Discontinous dung removal:

O

Without litter - slurry:

o with slider/ chain conveyer/ push rod on a
perforated/ slatted floor

Deep litter procedure

o Continuous passage through perforated floors
to slurry pit
o Discontinuous procedure: opening of gate
valves at intervals
o Slurry removal through pipes
o Manual cleaning with water hose
e Storage in stable:
o Solid manure in deep litter
o Slurry in deep slurry pits
e Storage outside of the stable:
o Solid manure on concrete slab
o Slurry in containers
o aboveground
o underground
o Further processing in attached biogas plant
With run? o Yes
o No
Possibility to graze?
o Yes
o No
Problems with flies? o Yes
o No
Quantitative appraisal of fly
abundance?
o low
o medium
o high
During which season is the fly
abundance the highest?
Problems with blood-sucking o Yes
flies?
Defensive movement in the
milking parlor?
Differentiation to stable fly o No
possible?
Quantitative appraisal of o |don’t know
haematophagous fly abundance? o low
o medium
o high
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During which season is the
haematophagous fly abundance
the highest?

What kind of control measures do
you apply against flies?

None
Chemical control measures (insecticides)

Biological control measures (for example
pteromalid wasps)

Physical control measures (sticky traps, uv-
light-traps)

Other:

Have you changed the product in
use within the last 3 years?

o

Yes

No

Insecticides in use in the past
Mode of application

O O O O O O O

Pour on

Wall spray

Net

Ear tags

Fumigant

As a liquid pour-on for slurry or manure
Other:

Brand

O O OO OO OO0 O0O OO0

Bayofly
Latroxin Delta
Butox
Neporex
Baycidal
Agita
Quickbayt
SPY

LarvEx

Other:

Current insecticides in use
Mode of application

O 0O O O O O

Pour on

Wall spray

Net

Ear tags

Fumigant

As a liquid pour-on for slurry or manure
Other:

Brand

O O O O O

Bayofly
Latroxin Delta
Butox
Neporex
Baycidal
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o Agita
o Quickbayt
o SPY
o LarvEx
o Other:
Period of application
Frequency of application
How satisfied are you with your
kind of control measurement? o Not satisfied
o Fairly satisfied
o Very satisfied
Abnormalities? Comparison
before and now?
Have you noticed a loss in o Yes
effectivity? o No
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