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1 Introduction

For thousands of years, poultry has been considered to be one of the main sources of animal protein
providing high quality of protein for human consumption. The interest in poultry and poultry
products has grown tremendously in the last years and poultry production is considered the fastest
growing and most flexible compared to the other livestock sectors such as cattle, pig or sheep
production. The increasing demand for poultry products has transformed poultry production
activity into a fully-developed industry. To cover the global needs and keep poultry in high
numbers, all the factors which constrain and limit poultry productivity should be controlled —

including parasites.

Due to recent changes in consumer demands particularly in European Union (EU) states toward
less intensive animal production systems including egg production and a focus more on animal
welfare (Gauly et al., 2002, Blokhuis, 2004), the European directive 1999/74/EC for laying hens
has forbidden conventional cage breeding systems for laying hens in the EU since 2012.
Consequently, layer hens are kept using alternative production systems such as free-range outside
and floor indoor husbandry, which provide environmental conditions in which layers can display

all their natural behaviours.

This change in husbandry systems has resulted in an increase of the prevalence of gastrointestinal
helminth infections in Germany and in the other European countries (Kaufmann et al., 2011,
Sherwin et al., 2013, Wuthijaree et al., 2017). In chickens, these are mainly the two important
ascarid nematodes, Ascaridia galli and Heterakis gallinarum (Kaufmann et al., 2011, Wongrak et
al., 2014, Wongrak et al., 2015, Sherwin et al., 2013, Thapa et al., 2015, Wuthijaree et al., 2017).

Helminth infections have an impact on poultry health, welfare and productivity (Skallerup et al.,
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2005, Gauly et al., 2007). Basically, effective control of helminth infections in poultry farms relies
on the use of broad-spectrum anthelmintic therapy in combination with other preventive measures,
e.g. biosecurity and disinfection. Because of the wide-range action and good tolerability of
benzimidazoles (BZs), they, together with the macrocylic lactones, became the drugs of choice for

the treatment and control of many helminthoses in human and veterinary medicine (Horton, 2000).

Two BZs, flubendazole and fenbendazole, which have the same mode of action, have been
certified for treatment of chicken nematodes within the European Union (EMA/73085/2018,
2018). Tarbiat et al. (2016) showed that flubendazole is highly effective against all developmental
stages of 4. galli in laying hens. The primary mode of action of BZs is based on the inhibitory
effect on tubulin polymerization to form microtubules (Friedman, 1980). Microtubules play an
essential role in a number of important cell functions such as cell division, shape and motility or

intracellular transport.

In gastro-intestinal helminths of ruminants, resistance to BZs was observed within a short time
after commercialized drugs came on the market (Conway, 1964). Many factors may promote the
development of anthelmintic resistance (AR) such as treatment frequency, under-dosing or relying
on a single-drug only (Prichard, 1990, Wolstenholme et al., 2004). Benzimidazole resistance has
spread worldwide and creates an important problem for the livestock sector. It has been reported
in various nematodes of ruminants and horses in different parts of the world (Ishii et al., 2017,
Schwab et al., 2005, von Samson-Himmelstjerna, 2006, Kaplan et al., 2004, Ademola et al., 2015,
Demeler et al., 2013, Ramiinke et al., 2016). Recently, BZ resistance has also been suspected for

Ascaris lumbricoides in school children in Rwanda (Kriicken et al., 2017).

The mechanisms of BZ resistance have been comprehensively studied in the past decades

(Whittaker et al., 2017). Based on broad research activities in various nematode species, it was
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shown that BZ-resistance in strongyle nematodes is often correlated with single nucleotide
polymorphisms (SNPs) at codons F167Y (TTC to TAC), E198A (GAA to GCA) or E198L (GAA
to TTA) (Redman et al., 2015, Keegan et al., 2017, Avramenko et al., 2019) and F200Y (TTC to
TAC) of the 1sotype 1 B-tubulin gene (Kwa et al., 1994, Kwa et al., 1995, Prichard, 2001, Ghisi et
al., 2007, Von Samson-Himmelstjerna et al., 2007, Chaudhry et al., 2014, Chaudhry et al., 2015,
Demeler et al., 2013). Consequently, SNPs in the B-tubulin gene particularly at the three specific
codons have been used as markers for the molecular detection of BZ resistance in strongyle
nematodes of veterinary importance. Regular surveys of drug efficacies on livestock farms are
required to implement an effective anthelminthic management agenda (Kaplan and Vidyashankar,
2012, Sutherland and Leathwick, 2011). The established tests for detection of BZ resistance are
grouped mainly into two phenotypic tests and molecular approaches. Phenotypic tests include in
vivo methods, principally represented by the faecal egg count reduction test (FECRT) or the
controlled efficacy test (CET) and in vitro methods such as the egg hatch assay (EHA) and the
larval development assays (LDA) (Coles et al., 1992, Yazwinski et al., 2003, Coles et al., 2006).
The in vivo FECRT is currently the most practical and comprehensive method for field diagnosis
of AR. This approach is based on the quantitative assessment of nematode eggs per gram of faeces
of the infected host before and after treatment. However, this approach is relatively cost-intensive
due to repeated sampling and coproscopic analysis of at least 5-10 animals required to obtain a
meaningful result. The reduction in faecal egg counts (FECs) is calculated either between pre and
post treatment samples or between a treatment and a control group. A combination of advanced
statistical analysis methods (Torgerson et al., 2014, Wang et al., 2018, Wang et al., 2017a) together
with the use of sensitive coproscopical methods such as FLOTAC (Cringoli et al., 2010) and Mini-

FLOTAC (Barda et al., 2013b) improved the egg count analysis and strongly improved the
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calculation of 95% confidence intervals. Like the FECRT also the CET is suitable for all types of
anthelmintic drugs. As it directly measure the respective worm burden it is considered the best test
for evaluating their efficacy, particularly in birds (Yazwinski et al., 2003). This test is conducted
by counting the parasites recovered during necropsy comparing a post anthelmintic treatment
group with an untreated control group. However, the CET is only very rarely being performed due
to the necessity to necropsy the tested animals. In comparison, the EHT is an inexpensive and
relatively simple test. The EHT has been standardised for the detection of BZ-resistance
development (von Samson-Himmelstjerna et al., 2009a). The LDT, as compared to the EHT, is
very sensitive but more labour intensive and it also takes at least a week to obtain results.
Generally, various molecular tests have been developed and used for diagnosis of AR against BZs
including conventional PCR (Silvestre and Humbert, 2000, Njue and Prichard, 2003, Tydén et al.,
2013, Tarbiat et al., 2016), real-time PCR (Alvarez-Sanchez et al., 2005, Walsh et al., 2007),
droplet digital PCR (Baltrusis et al., 2018), deep-amplicon next-generation sequencing as well as
pyrosequencing (von Samson-Himmelstjerna et al., 2009b, Skuce et al., 2010, Demeler et al.,
2013, Morrison et al., 2014, Ramiinke et al., 2016). All these techniques are based on the
determination of polymorphisms in B-tubulin gene in the three above-mentioned codons. Droplet
digital PCR (ddPCR), deep amplicon sequencing and pyrosequencing are considered an excellent
molecular technique for BZ resistance detection even when the allele frequency is still quite low

(Baltrusis et al., 2018, Avramenko et al., 2019, von Samson-Himmelstjerna et al., 2009b).

Taking into account the importance of 4. galli and H. gallinarum for poultry health and production
and the impact of AR on poultry industry as well as the requirement to develop sensitive molecular
tests to detect the presence of resistant parasites in an early phase of resistance selection. the aim

of this study, therefore, was (i) to identify B-tubulin isotypes in A. galli and H. gallinarum, (i1) to
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develop pyrosequencing assays for quantitative analysis of BZ resistance associated SNPs in A.
galli and H. gallinarum, (iii) to determine the frequency of BZ resistance associated SNPs in
ascarids of naturally infected chickens. In the present study, pyrosequencing assays for quantitative
analysis of BZ resistance associated SNPs at the codons F167Y, E198A and F200Y in B-tubulin
of A. galli and H. gallinarum were developed. The assays were standardized and evaluated by

analysing defined mixtures containing susceptible and resistant alleles.
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2 Review of literature

2.1 Importance of poultry production

Poultry is an important source of high quality protein for human consumption (Farrell, 2005,
Kaufmann et al., 2011, Ogbaje et al., 2012). The protein deficiency, especially lack of protein from
animal sources, is one of the most important aspects of malnutrition and undernourishment
afflicting many millions of people in different parts of the world (Ogbaje et al., 2012, Scanes,
2007). Globally, production of the primary poultry products (meat and eggs) has increased rapidly.
This reflects increased consumption based, in turn, on consumer preference for these high-quality
products and the relatively low price because of the efficiency of poultry production (Scanes,
2007). Chicken meat and eggs provide not only high-quality protein but also supply high-
biological-value of important vitamins and minerals. Poultry plays a major role in developing
countries. Production is relatively inexpensive and widely available even on a subsistence
production level. The Food and Agriculture Organisation (FAO) of the United Nations stated that
7,144,416 ton s of eggs were produced in European Union countries in 2017 (FAO, 2017).

2.2 Constraints to poultry production

According to several studies, the major challenges affecting poultry production are shortage and/or
cost of nutrition and diseases (Mohamed et al., 2016, Hinrichsen et al., 2016, Thapa et al., 2015).
Based on the results of many researchers, a lot of losses in poultry have been linked to disease
causing agents such as viruses, bacteria and parasites (Sayyed et al., 2000, Murrell, 1991).
Although parasitic diseases are among the major causes that decrease productivity of chickens,
they are often ignored since they are rarely lethal (Shiferaw et al., 2016). However, infections such
as ascaridiosis are important since they can be associated with significant production losses (Reid

and Carmon, 1958, Toledo and Castell, 1981, Skallerup et al., 2005). Moreover, it has been
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suggested that helminth infections may compromise the immune response in the host leading to
increased susceptibility to other pathogens, which would indirectly further decrease productivity
(Degen et al., 2005, Schwarz et al., 2011, Pleidrup et al., 2014).

2.3 Important parasitic nematodes in domestic chickens

Parasitism is defined as ‘a relationship between species, where one organism, the parasite, lives
on or in another organism, the host, causing it some harm, and is adapted structurally to this way
of life’ (Poulin, 2011) . According to this definition, all parasites are important and interfere with
the performance of the host in many ways. Overall economic losses caused by individual parasite
species depend on the severity of the clinical disease depending on the species-specific
pathogenicity of the parasite and the prevalence of the parasite in poultry flocks, which again
depends on the production system. Therefore, knowledge regarding the prevalence of important
parasites in different production systems is a prerequisite to estimate their impact on productivity
(Kaufmann, 2011). Parasites are a problem wherever poultry is raised and can have adverse
economic effects on production parameters (Ruff, 1999). According to several studies, the most
prevalent chicken nematodes in European farms are the nematodes Ascaridia galli and Heterakis
gallinarum (Kaufmann et al., 2011, Permin and Hansen, 1998, Pleidrup et al., 2014, Permin et al.,

1999, Irungu et al., 2004, Sherwin et al., 2013, Tarbiat et al., 2015).

2.4  Ascaridia galli

2.4.1 Taxonomy
The name A. galli was given by (Schrank 1788). The systematic division according to the National

Center for Biotechnology Information (NCBI) is as follows (Taxonomy ID: 46685)

Cellular organisms

Eukaryota (Superkingdom)
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Opisthokonta
Metazoa (Kingdom)
Eumetazoa

Bilateria
Protostomia
Ecdysozoa
Nematoda (Phylum)
Chromadorea (Class)
Ascaridida (Order)
Heterakoidea (Superfamily)
Ascaridiidae (Family)

Ascaridia (Genus)

2.4.2 Morphology

Adult worms are yellowish white in colour, semi-transparent, tapering towards both ends, the
cuticle is distinctly striated, and cuticular alae are weakly developed, three prominent trilobed lips
surrounded the oral opening, two conspicuous papillae occur on the dorsal lip and one on each of
the subventral lips (Ramadan and Abouznada, 1992, Hassanen et al., 2009, Lalchhandama, 2010).
The adult males reach a length of 42-76 mm (mean 63 mm) while the females appear longer and
stouter than males and measure 72-108 mm (mean 85 mm) in length (Ramadan and Abouznada,
1992, Kates and Colglazier, 2011). The number of caudal papillae in males are ten pairs occurring
on the ventral surface of the caudal end and they are arranged in distinct groups, i.e precloacal
(three pairs), cloacal (one pair), postcloacal (three pairs) and subterminal (three pairs)(Ramadan
and Abouznada, 1992, Lalchhandama, 2010). The number of caudal papillae in females is often

difficult to determine and is probably not of much diagnostic value (Kates and Colglazier, 2011).
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The male has well developed spicules measuring 1.2 to 2.9 mm (mean 2.4 mm) in length, in
females vulva opens at a distance of 28.1 to 57.4 mm (mean 48.6 mm) from the anterior end
(Ramadan and Abouznada, 1992). Sexual dimorphism in ascarids is morphologically characterized
by a ventrally coiled tail with pre cloacal sucker in males, and a blunt and rounded posterior end
in females (Lalchhandama, 2010). The eggs are elliptical and 77-94 by 43-55 um in size. Like all
eggs of ascarid nematodes, they possess a thick shell known to be highly resistant to environmental
influences allowing the egg to withstand highly unfavourable conditions including the effects of
ethanol and aldehyde-based disinfectants (Wharton, 1983, Katakam et al., 2014).

2.4.3 Pathogenicity of Ascaridia galli

Heliminthoses are considered important health problems for backyard chickens incriminated as
major causes of illness and loss of productivity (Shiferaw et al., 2016). Ascaridia galli infects
chickens of all ages, but the highest degree of damage is often found in young birds. The parasite
can produce a devastating effect on growth and performance, egg production and over-all health
(Junaidu et al., 2014, Hoglund and Jansson, 2011, Permin et al., 2006) but even subclinical
infections can increase serum testosterone concentrations and have a multitude of effects on hen
behavior. Infested chickens showed a higher food intake and lower activity as well as changes in
ground pecking and nesting activity during both, prepatent and patent periods (Gauly et al., 2007).
Ascaridia galli may act as a predisposing factor for secondary bacterial infections (e.g.
salmonellosis and fowl cholera) (Eigaard et al., 2006, Dahl et al., 2002, Chadfield et al., 2001).
Ascarids may migrate up the oviduct (via the cloaca) to become enclosed within the laid egg (Hall,
1945). The presence of large numbers of adult parasites was associated with partial or total
obstruction of the duodenum or the jejunum evantually leading to death of the host (Ikeme, 2009).

In addition, A. galli infections, may have an immunosuppressive effect (Permin et al., 2006).
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Pleidrup et al. (2014) showed that A. galli infection interfered with efficient vaccination and
influenced both humoral and cell-mediated immune responses after vaccination against Newcastle
disease virus (NDV). Thus, significantly lower NDV serum titres were found in the A. galli-
infected group as compared to the non-parasitized group early after vaccination. Moreover, the A.
galli-infected chickens showed significantly lower frequencies of NDV-specific T cells in
peripheral blood three weeks after the first NDV vaccination as compared to non-parasitized
chickens. The few immunological studies on A. galli infection in chickens demonstrated the
systemic and local increase in interleukin (IL)-4 and IL-13 mRNA expression in splenic and ileal
tissues (Degen et al., 2005, Kaiser, 2007) and Marcos-Atxutegi et al. (2009) indicated circulating

IgG antibodies against the parasite starting 2 to 3 weeks post infection.

2.5 Heterakis gallinarum

2.5.1 Taxonomy

Cellular organisms
Eukaryota (Superkingdom)
Opisthokonta
Metazoa (Kingdom)
Eumetazoa

Bilateria
Protostomia
Ecdysozoa
Nematoda (Phylum)
Chromadorea (Class)
Ascaridida (Order)

Heterakoidea (Superfamily)
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Heterakidae (Family)

Heterakis (Genus)

2.5.2 Morphology

Heterakis gallinarum has a typical roundworm morphology. The worm is small and white in
colour, the mouth surrounded by three well-defined lips. The esophagus has a short narrow anterior
portion (pharynx) and a long posterior part ending in a well-developed bulb containing a valvular
apparatus. The cuticle usually has lateral flanges (Rahman and Manap, 2014, Echevarria et al.,
1993). Adult males measure 7 to 13 mm in length, the tail of male has large caudal alae extending
some distance down the sides of the posterior body, which bears a number of caudal papillae and
a prominent pre-cloacal sucker. The two spicules are well developed, have unequal lengths and
protrude out at anal opening. The female worms reach a length of 10 to 15 mm, the tail is also
elongated, narrow and pointed and the vulva situated at the middle of the body (Rahman and
Manap, 2014). The egg of H. gallinarum are approximately 55-77 by 35-48 um, ellipsoidal, thick
shelled, unsegmented when deposited and undistinguishable from those of 4. galli (Park and Shin,
2010). Like Eggs of ascarid and due to the thick shell, H. gallinarum eggs known to be highly
resistant to environmental influences (Barrett, 1976, Wharton, 1983).

2.5.3 Pathogenicity of H. gallinarum

Infection with H. gallinarum is generally subclinical and mildly pathogenic (Schwarz et al., 2011).
Its chief pathogenic importance is as a vector of the protozoan parasite Histomonas meleagridis,
the causal agent of blackhead disease (enterohepatitis) in turkeys. Histomonas meleagridis is
highly pathogenic to turkeys and responsible for severe liver and caecal lesions (Brener et al.,

2006, Lund and Chute, 1974, Lund and Chute, 1972, McDougald, 2005). Heavy infestation of H.
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gallinarum 1s characterized by congestion, thickening and petechial haemorrhages of the mucosa

as well as nodules in the caecal wall (Kaushik and Deorani, 1969, Riddell and Gajadhar, 1988).

In addition under microscopy, chronic diffuse typhlitis, haemosiderosis, granulomas with a
necrotic center in the submucosa and leiomyomas in the submucosa, muscular and serosa
associated with immature H. gallinarum worms were observed (Menezes et al., 2003).

2.6 Life cycle of ascarid poultry parasites

Ascaridia galli and H. gallinarum have a simple direct life cycle involving a single host (monoxen)
(Figure 2.1). No intermediate host is needed to complete their lifecycle (McDougald, 2005, Herd
and McNaught, 1975), which to a certain degree explains the high prevalence of these two
nematodes in poultry. The susceptible host becomes infected by ingesting or drinking food or water
contaminated with embryonated eggs containing infective third stage larvae (L3). The
development of ascarid eggs into infective eggs containing L3 depends on several factors such as
environmental temperature and relative humidity (Ackert, 1931). Tarbiat et al. (2015) observed
that 4. galli eggs developed rapidly within 7 days at 30 °C whereas the development time increased
as the temperature was lower such as 14 days at 25 °C, 21 days at 20 °C and 90 days at 15 °C. In
contrast, a temperature of 35 °C inhibited development of A. galli eggs (Reid, 1960, Tarbiat et al.,
2015). Larvae of A. galli hatch in either the proventriculus or the duodenum of the infected host
around 24 hours after ingestion. Larvae live in the lumen of the duodenum for several days and
then penetrate the mucosa starting a tissue (histotropic) phase. The exact duration of the histotropic
phase was defined by Herd and McNaught (1975) who found that is varies from 13 to 50 days
depending on the infection dose. This wide variation is related to arrested development of some
larvae in the tissue. Third-stage larvae return to the lumen where they moult to the fourth and later

the preadult stage by 28-30 days post infection. Then, worms mature and female worms start

12
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producing eggs (end of prepatent period) approximately 5 to 8 weeks post infection depending on
host’s immune status, age and length of the histotropic phase (Ramadan and Abouznada, 1992, Idi
et al., 2004, Ikeme, 2009, Martis et al., 2017).

In case of H. gallinarum, eggs incubated at 25°C reach the infective stage in approximately 2
weeks. When swallowed by a susceptible host, the larvae hatch in the upper intestine and reach
the ceca within 24 h (Kaufmann, 2011, Permin and Hansen, 1998). The extend to which the H.
gallinarum life cycle includes a tissue phase is not fully known. Some authors have described a
histotropic phase (Van Grembergen, 1954) whereas others have recorded that the larvae are closely
associated with the mucosa but a true tissue phase is uncommon, which may lead to
misinterpretation and confusion surrounding this phenomenon (Kaufmann, 2011). The prepatent

period of H. gallinarum varies between 21 and 34 days (Bauer, 2006, Fine, 1975).

%
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Figure 2.1 Life cycle of H. gallinarum. Mature female worms produce eggs that are excreted with
faeces (1) and contaminate the environment (2). Eggs embryonate in the soil or litter (3) and the
embryonated eggs, containing an infective L3, are ingested by hens, either directly (4) or indirectly
with the intake of an earthworm as paratenic host (5).
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Although not an obligate part of the life cycle, eggs of both ascarids may be ingested by paratenic
hosts, i.e. earthworms, where they hatch and L3 live for months (Papini and Cacciuttolo, 2008).
Earthworms may later be ingested by birds, resulting in infections with 4. galli and/or H.
gallinarum. Remarkably, infection of poultry with H. meleagridis after uptake of L3 with
earthworms is also possible (Permin and Hansen, 1998, Lund et al., 1966, McDougald, 1998).
2.7 Role of management systems on the epidemiology of helminths

Ascaridia galli and H. gallinarum are considered the most common parasitic nematodes in birds
worldwide. They infect a wide spectrum of hosts including chicken, goose, guinea fowl, turkey
and various wild birds (Ackert, 1931, Ramadan and Abouznada, 1992, Skallerup et al., 2005, Lund
and Chute, 1974, Das et al., 2014). However, the economically and epidemiologically most
important host is presumably the chicken (Das and Gauly, 2014, Kates and Colglazier, 2011).
Many factors contribute to the transmission and spread of these nematodes in poultry farms.
Among others, the flock management system has a powerful effect on the particular extend of the
problem that is seen (Ruff, 1999). Poultry eggs production systems, like the wide majority of other
modern animal husbandry systems, are highly industrialized to increase the quantity and capacity
of production. This infers restricted housing, power ventilation, mechanical feeding and automatic
egg collection aiming at the reduction of production costs to increase economic gain at the market
(Kaufmann, 2011). Therefore the majority of hens in important egg producing countries were kept
in laying cages which fitted the mentioned requirements best and were (and still are) the most
economical way to produce eggs (Van Horne and Achterbosch, 2008). Furthermore, these cage
systems had a positive effect in providing good conditions for infectious disease prevention mainly
parasitic infection (Hulzebosch, 2006). In the last two decades, animal welfare in a commercial
poultry production is an important topic in Europe and in other parts of the world, too. Koknaroglu

and Akunal (2013) defined animal welfare and stated that providing environmental conditions in
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which animals can display all their natural behaviours is important. Changed consumer attitude
demanded for changes towards less-intensive animal production systems with the intention that
egg productions system should focus more on animal welfare (Van Horne and Achterbosch, 2008,
Kaufmann et al., 2011). Thus, poultry welfare received more legislative attention in the EU than
in many other countries of the world (Van Horne and Achterbosch, 2008). The behaviour of laying
hens has been studied intensively and it has been shown that normal behavioural traits such as
perching, nesting and dust bathing cannot be performed in conventional cage systems
(Abrahamsson and Tauson, 1995). For that reasons, in 2012 the EU directive 1999/74/EC
(Anonymous, 1999) entered into force prohibiting conventional cage systems for laying hens EU-
wide. Consequently, the cage systems (excluding enriched cages) have been gradually replaced by
alternative egg production systems (Hinrichsen et al., 2016, Kaufmann et al., 2011). In an enriched
cage, each hen has at least 750 cm?, a perch, a nest box and litter (Van Horne and Achterbosch,
2008). Alternative production systems provide highest animal welfare standards (Tuyttens et al.,
2008). Germany is one country that has ‘gold plated’ the directive, banning conventional cages.
Thus, in Germany, the percentage of alternative production system farms increased from 15% in
2001 to 63% in 2009 (Marktinfo Eier und Gefliigel (MEG), 2010, Zentrale Mark und
Preisberichtstelle (ZMP) GmbH, 2008). Since January 2011, all laying hens are kept in alternative
husbandry systems as the German government and House of Representatives decided to overrule
the directive with a relevant national directive (TierSchNutzV, 2009). The freedom of movement
of poultry, as an important factor of alternative animal husbandry (Berg, 2002), increases the
chance and risk of infection with several parasites including nematodes, as hens are in contact with
faeces allowing helminths to complete their lifecycle, the chickens pick up the parasite eggs

directly by ingesting contaminated feed, water and litter. Several authors (Permin et al., 1999,
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Sherwin et al., 2013, Martin-Pacho et al., 2005, Kaufmann et al., 2011, Hinrichsen et al., 2016,
Jansson et al., 2010) emphasized high prevalences and worm counts in alternative production
systems and consequently biosecurity in these production systems seems to be fairly poor.
However, as such husbandry systems established, researchers and experts are requested to study
impacts, effects and constrains of such production systems, and provide the opportunity that these
alternative production systems are able to meet their high expectations.

2.8 Diagnosis

Traditionally, infections with acarids in chicken can easily be diagnosed, either by identifying the
eggs in the faeces using a simple flotation method, a modified McMaster method, FLOTAC or
mini-FLOTAC. Furthermore, diagnosis can be made post mortem by identifying the worms
directly in the intestine.

2.9 Prevention and control

Biosecurity, flock management systems and practices broadly determine the extent of helminthosis
in poultry flocks. Total enclosure, improvement of cleaning, disinfection procedures and
production according to the “all in - all out” principle have apparently decreased the significance
of helminth infections in the modern industrial poultry production. With the ban on battery cages,
new free-range systems have developed in which the prevention of helminth infections has proven
to be considerably more difficult (Permin et al., 1999, Sommer and Vasicek, 2000, Pennycott and
Steel, 2001, Shimmura et al., 2010, Kaufmann et al., 2011). The use of out-door areas, where
parasite eggs may persist in the environment for years has increased the risk of helminth infections.
Management practices including alternate use of the pen and strict disinfection of the house might
subsequently reduce problems with helminth infections. In addition to management practices,

prevention and control can also be obtained through a range of available drugs (Ruff, 1999).
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Strategic use of broad-spectrum anthelmintics to either prevent parasite infections or minimize
production losses is still the main cornerstone of parasite control on most poultry farms. It is
important to mention that no vaccine has yet been developed against 4. galli and H. gallinarum

(Andersen et al., 2013).

2.10 Anthelmintics

Anthelmintic treatment has proven to be applicable to many kinds of livestock and has served to
reduce parasitism in them to the point where it apparently does little or no harm. Practices to treat
helminth infections in poultry are extremely variable and depend on many factors such as
production type, species and type (e.g. broiler vs. layers) of bird, stage of production, producer and
costumers preferences as well as legal obligations (Yazwinski et al., 2013). Anthelmintics for
nematode infections are recommended only after diagnosis and when prevalence and intensity of
infections may likely have economic effects. Alternatively, treatments can be a part of an existing
program intended to prevent the emergence of significant helminthoses (Tucker et al., 2007).
Generally, a group of a few broad-spectrum anthelmintic drugs is used for treatment and control
of nematodes in poultry. Piperazine adipate, levamisole hydrochloride, and pyrantel compounds
have been widely used for the treatment of turkey and chicken ascaridiosis for several years
(Yazwinski et al., 2009, Cruthers, 1975, Verma et al., 1991). Domestic and game birds have also
been dewormed successfully with benzimidazoles (BZs). Because of their broad spectrum and
good tolerance, BZs, specially fenbendazole, became the drug class of choice for treatment of
nematodes in commercial poultry and game birds (Kirsch, 1984, Yazwinsri et al., 1993, Yazwinski

etal., 2002, Tucker et al., 2007). Currently, only BZ drugs, e.g., fenbendazole 200 mg/ml drinking
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water suspension for chicken have been approved for treatment of A. galli, H. gallinarum and

within the EU member states (EMA/73085/2018).

2.10.1 Benzimidazoles

Benzimidazoles is the general name for a class of drugs that have a similar chemical structure.
Thiabendazole, mebendazole, fenbendazole, albendazole, oxibendazole and oxfenbendazole
among others belong to the BZ group of drugs. These molecules all contain a heterocyclic aromatic

organic structure. This bi-cyclic compound consists of the fusion of benzene and imidazole rings

at the 4™ and 5" positions (Figure 2.2) (Barker et al., 1960).
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Figure 2.2 The structural formulas of BZs and some BZ group drugs
(https://en.wikipedia.org/wiki/Benzimidazole) the copyright is under the Creative Commons CC0 1.0
Universal Public Domain Dedication license
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Due to high potency and mild side effects of BZs, they have become the drugs of choice against
most human and veterinary helminths (Horton, 2000). The first veterinary benzimidazoles
introduced in the 1960's (e.g. thiabendazole, parbendazole, oxibendazole) were highly effective
against adults and larvae of most gastrointestinal nematodes of livestock. In the 1970's, another
group of BZs, sulphide and sulphoxide derivatives was introduced. These compounds such as
albendazole, fenbendazole, flubendazole, mebendazole and oxfendazole ( Figure 2.2) were not
only successful in the treatment of all developmental stages of gastrointestinal nematodes but were
also effective against non-gastrointestinal nematodes (e.g. in the lungs, kidneys, skin, etc.,

depending on compound and dose) as well as against tapeworms (Cestoda).

2.10.1.1 Spectrum of activity and mode of action of benzimidazoles

Benzimidazoles have a wide spectrum of activity against a considerable number of pathogenic
internal parasites, mainly but not exclusively parasitic nematodes including 4. galli and H.
gallinarum. The principal mode of action of these compounds is similar, but the differences in
their efficacy have been related to variability in their bioavailability (Gokbulut et al., 2007). The
mechanism of action of BZs is based on the inhibitory effect on tubulin polymerization that results
in the loss of cytoplasmic microtubules. Moreover, disturbance of helminth metabolic pathways
was accounted as a second mechanism of action, leading to inhibition of metabolic enzymes,
including malate dehydrogenase and fumarate reductase (Abongwa et al., 2017, McKellar and
Scott, 1990, Prichard, 2001). Microtubules are intracellular filaments made from dimeric proteins
known as a-tubulin and B-tubulin of approximately 50 kDa each. Microtubules serve a variety of
functions such as movement of chromosomes during cell division, providing the structural skeleton
to the cell, flagellar motility, intra-cellular transport of vesicles and organelles including axonal

transport in neurons, transportation of intracellular particles including energy metabolites and
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exocytosis. These microtubules are also used to develop thrusters that allow the movement of the
cell (Lopus et al., 2008). The formation of microtubules is a dynamic equilibrium process,
involving polymerization of tubulin dimers at one end (the positive pole) and depolymerization at
the other end (the negative pole) being controlled by a range of endogenous regulatory proteins
and co-factors (Lacey, 1990). Exogenous substances known as microtubuli inhibitors can disrupt
this equilibrium. Most of such inhibitors apply their action by binding to tubulin dimers to prevent
the self-association of dimers into growing microtubules. Thus, one of the mode of actions of the
BZ-drugs is the selective binding to parasite B-tubulin following an inhibition of microtubule
formation during mitosis causing a mitotic inhibition (Lacey, 1990, Martin, 1997, Lacey, 1988,
Von Samson-Himmelstjerna et al., 2007). Because of the restraint of microtubulin polymerization
while depolymerisation continues at the minus pole, BZs also disrupt the more stable cytoplasmic
microtubules. Missing of cytoplasmic microtubules causes disruption in the uptake of glucose by
the larval and adult stages of the susceptible parasites, followed by exhaustion of their glycogen
stores. Degenerative changes in the endoplasmic reticulum, mitochondria and the subsequent
release of lysosomes result in diminished generation of adenosine triphosphate (ATP), which is
the energy required for the survival of cells. Due to diminished energy production, the parasite is

immobilized and eventually dies (Lacey, 1988).

2.10.1.2 Efficacy

Because of the wide spectrum of activity of BZs for the treatment and control of helminth diseases,
they are broadly used in several regimes and with high efficacy against larval and adult worms of
livestock (Besier et al., 2016). The efficacy of BZs in poultry naturally infected with 4. ga/li and
H. gallinarum was determined in several studies. According to the World Association for the

Advancement of Veterinary Parasitology (WAAVP) standards, anthelmintic drugs must have a
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>90% efficacy to be considered “effective” (Yazwinski et al., 2003). In previous studies,
fenbendazole was demonstrated to be 97% to 99% effective against all stages of Asacriadia
dissimilis in turkey (Yazwinsri et al., 1993, Yazwinski et al., 2009). Tucker et al. (2007) gave
albendazole at dose rates of 5.0, 10.0, and 20.0 mg/kg body weight to naturally infected hens and
calculated anthelmintic efficacies based on geometric means of 87.7, 91.2, and 98.2% against A.
galli larvae; 100.0, 100.0, and 100.0% against A. galli adults; 96.9, 95.7, and 98.9% against H.
gallinarum larvae; and 92.7, 95.4, and 94.9% against H. gallinarum adults. Tarbiat et al. (2016)
found that flubendazole was effective against all internal developmental stages of A. galli in laying
hens in connection with routine deworming of two laying hen flocks on different commercial
farms. In contrast, Perkins et al. (2012) found considerably lower efficacies of 80.9% and 92.3%
against 4. dissimilis in turkey treated with albendazole and fenbendazole, respectively. Yazwinski
et al. (2013) demonstrated in naturally infected laying hens from an organic, free-range facility
treated with fenbendazole as an oral drench at a dose rate of 5.0 mg/kg body weight efficacies of
85.5 and 89.5% against 4. galli and H. gallinarum populations, respectively. Both previous studies
suspected that the less than 90% anthelmintic efficacies of fenbendazole and albendazole was
due to a rising resistance to benzimidazoles in A. galli and H. gallinarum and A. dissimilis
populations. However, to date no reports of confirmed BZ resistance in A. galli and H. gallinarum

have been published.

2.11 Anthelmintic resistance

2.11.1 Definition

The definition of resistance varies in different publications. The following definition is given in
the Guideline on anthelmintic combination products targeting nematode infections of ruminants

and horses published by the WAAVP (Geary et al., 2012) “the ability of parasites to survive doses
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of drugs that would normally kill parasites of the same species and stage”. Anthelmintic resistance
(AR) has been defined as a reduction in the efficacy of a drug against populations of parasites,
which are usually susceptible to this drug by a specific dose or concentration, or when a greater
concentration of drug is required to reach a certain level of effectiveness (Paraud and Chartier,
2017). Prichard et al. (1980) defined resistance as: “Resistance is present when there is a greater
frequency of individuals within a population able to tolerate doses of compound than in a normal
population and it is heritable”. The development of anthelmintic resistance in principle appears
unavoidable, unless treatment is not applied or if the treatment kills all the targeted parasites (i.e.
itis 100% efficient). Consequently, the high level of treatment of livestock with anthelmintic drugs
has inevitably led to the development of resistance (Kaplan, 2004). Individual parasites that
possess alleles that can disrupt the effects of the anthelmintic will have a higher chance of surviving
the treatment. The survivors will be able to mate and pass these resistance alleles to their progeny.
The high prevalence and severity (low efficacy) of AR is a threat to livestock production and the

income of farmers.

2.11.2 Development of anthelmintic resistance

The evolution of AR is a highly complex process influenced by the host, the parasite, the
environment, the treatment parameters and the anthelmintic product. At present, the resistance
mechanisms for any of the number of anthelmintic substances/classes are not yet fully understood.
However, the general consensus is that AR appears to be a pre-adaptive heritable phenomenon
with the gene or genes conferring resistance being present within the parasite population even prior
to the drug being used for the first time or readily occurring in a parasite population due to random
mutation events at any time (Gilleard and Redman, 2016, Wolstenholme et al., 2004). Resistance-

conferring alleles are then selected by anthelmintic pressure (Silvestre and Humbert, 2002). Under
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these circumstances, resistance arises as a result of exposure of the worm population to an
anthelmintic. After deworming, only worms that carry the resistance-conferring alleles should
survive. For a short period, and until re-infected with anthelmintic-susceptible worms occurs, the
resistant survivors are the only worms laying eggs and in this way the gene pool is enriched for

alleles causing resistance (Shalaby, 2013).

2.11.3 Promoters of anthelmintic resistance in poultry

2.11.3.1 Treatment frequency

The frequent usage of the same group of anthelmintic may result in the development of AR.
Resistance develops more rapidly in regions where animals are treated regularly (Leathwick and
Besier, 2014, Martin et al., 1982, Coles, 1986, Gaba et al., 2006) but can also be selected for at
low treatment frequencies when the same drug is used over many years (Shalaby, 2013). It has
been reported that development of anthelmintic resistance can occur even when only two or three

treatments were given annually (Coles et al., 1995).

2.11.3.2 Anthelmintics under-dosing

Under-dosing is the application of a lower dose (or dose rate) than that recommended by the
manufacturer. Sub-therapeutic doses of anthelmintics might allow the survival of heterozygous-
resistant worms, and accordingly, drug under-dosing is generally considered an important factor
in the development of AR (Silvestre et al., 2001). Several laboratory experiments have shown that
under-dosing contributes to the selection of resistant or tolerant strains (Woodgate et al., 2017,

Knapp-Lawitzke et al., 2015).

2.11.3.3 Single-drug regimens

Frequent and continuous use of a single drug leads to the development of resistance. For example,

a single drug, which is usually very effective in the first years and is continuously used will
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eventually no longer work (Pal and Qayyum, 1996). Basically, long-term exposure to anthelmintic
drugs will increase the frequency of resistance genes by selection of resistant mutants that will

become the dominant genotype.

2.11.3.4 New animals

The introduction of new birds coming from another poultry farm, without appropriate quarantine
before integration into the recipient flock, can contaminate the litter with any resistant parasites
that they might carry.

2.11.3.5 Other factors

Other parameters concern the parasite population and genetics such as the initial frequency of the
resistance allele within the population, the size of the population, the extent of genetic diversity,
the number of genes involved in the mechanism of resistance and their relative contribution to the
resistant phenotype.

2.12 Mechanism of benzimidazole resistance

Benzimidazoles as a class of broad-spectrum anthelmintics are widely used to treat parasitic
nematode infections of humans and animals but resistance is more prevalent in veterinary parasites
(von Samson-Himmelstjerna et al., 2009b, Kriicken et al., 2017). Understanding the mechanisms
and genetics of anthelmintic resistance is important to overcome resistance. Finally, understanding
the processes leading to selection of resistant parasites is important to delay the development of
resistance to new anthelmintic drugs, improve recommendations for use of new anthelmintics and
to use better strategies for parasite control (Prichard, 2008). Benzimidazoles act by binding to the
growth end of microtubules, preventing microtubules from adding new a-/B-tubulin dimers
(Sangster et al., 1985). The disruption of the tubulin polymerisation leads to the dysfunction of

almost all vital processes associated with the microtubules such as cytoskeleton formation,
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intracellular nutrient transport and energy consumption (Lubega and Prichard, 1991, Prichard,
1994). Nematodes have several different B-tubulin paralogs. In the model organism
Caenorhabditis elegans, six isotypes are annotated in the genome (Zheng et al., 2017) while the
ruminant parasite Haemonchus contortus encodes four paralogs (Saunders et al., 2013). In Ascaris
suum, up to nine isotypes might be present in the genome (Kotze et al., 2014). In trichostrongyloid
nematodes, the B-tubulin isotypes 1 and 2 have been implicated in BZ resistance (Kwa et al., 1993,
Kotze et al., 2012, Keegan et al., 2017).

Based on broad research in various strongyle nematode species, BZ-resistance is associated to
single nucleotide polymorphisms (SNPs) in the isotype 1 B-tubulin gene. BZ resistance is often
associated with the exchange in codon 200 (F200Y, TTC to TAC) of isotype-1 B -tubulin of H.
contortus, leading to the expression of tyrosine instead of phenylalanine (Kwa et al., 1994, Kwa
et al., 1995). The same polymorphism F200Y (TTC to TAC) has been recorded in the B -tubulin
of several cyathostomin species (Pape et al., 1999, von Samson-Himmelstjerna et al., 2002a).
Further work identified the presence of a SNP in codon F200Y (TTC to TAC) also in association
with BZ-resistance in some other trichostrongyloid species, including Teladorsagia circumcincta
and Trichostrongylus colubriformis (Grant and Mascord, 1996, Silvestre and Humbert, 2002,
Blackhall et al., 2011). Furthermore, (Prichard, 2001, Silvestre and Cabaret, 2002, Drogemuller et
al., 2004, Melville et al., 2006, Schwab et al., 2005, Hodgkinson et al., 2008) found a SNP in codon
167 (F167Y, TTC to TAC) to be associated with BZ resistance. In Trichuris trichiura, Diawara et
al. (2013) reported the presence of the SNP at codon 200 in worms that did not respond to
albendazole treatment. Finally, a polymorphism in codon 198 (E198A, GAA to GCA) or (E198L
GAA to TTA) was proposed to be involved in BZ-resistance (Ghisi et al., 2007, de Lourdes Mottier

and Prichard, 2008, Keegan et al., 2017).
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2.13 Detection of anthelmintic resistance

It is of high importance to diagnose AR as early as possible, whilst the frequency of resistance
alleles in the parasite population is still low. In this way, the onset of AR could be delayed and the
efficacy of the currently used anthelmintic drugs could be maintained for longer (Woodgate et al.,
2017). The WAAVP provided guidelines on the detection of AR (Coles et al., 1992, Coles et al.,
2006, Geary et al., 2012, Yazwinski et al., 2003). The established tests for detection of AR are

grouped mainly into two types; phenotypic tests and molecular approaches.

2.13.1 Phenotypic tests

2.13.1.1 Controlled efficacy test/or slaughter trial

The controlled efficacy test (CET) is an in vivo test that is suitable for all types of anthelmintic
drugs and considered the gold standard for evaluating their efficacy in poultry (Yazwinski et al.,
2003). Because of the highly variable (over dispersed) number of parasite that may be present in
individual hosts, it is recommended to have control and treatment groups containing at least 10
birds infected with each targeted parasite/stage at treatment time. Naturally or artificially infected
birds are randomly assign into treated and untreated (control) groups. After a 7 days
acclimatization period, the test anthelmintic is administered as recommended by the manufacturer.
After treatment and an appropriate period, depending on the pharmacokinetics of the test
compound, the birds are necropsied and the parasites recovered, identified and counted. The
effectiveness of the compound is then calculated by the following formula (Yazwinski et al.,

2003);
mean number of worms in controls — mean number of worms in treated animals

percentage effectiveness = x 100

mean number of worms in controls
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2.13.1.2 Faecal egg count reduction test (FECRT)

This in vivo test, the FECRT, is currently the most universally applicable and practical method for
field diagnosis of resistance against any anthelmintic drugs. This test is based on the microscopic
detection and quantification of nematode eggs in faecal samples of the infected host before and
after treatment, from which the reduction in faecal egg counts (FECs) is calculated. The WAAVP
has compiled guidelines that provide details for estimating the drug efficacy with some variations
between different host species. Within sheep a population of a worm species, which was fully
susceptible to the drug when it was launched, is declared to be resistant if the percentage reduction
15 <95% and the lower 95% confidence limit is <90%. If the FECR and its lower 95% CI are higher
than 95%, the population is considered to be susceptible. However, it needs to be mentioned that
these guidelines were established for ruminant, horse and pig GI nematodes and until to date
respective recommendations for poultry are not available. In general, detection of BZ resistance
using FECRTs usually has limitations due to the difficulties (or impossibility) to differentiate
parasite species in mixed infections, e.g. it is necessary to calculate one FECR over all
trichostrongyloid species (Roeber et al., 2013). This results in a lack of sensitivity since a low
intensity infection with a resistant worm population can be masked by co-infection with a highly

fertile susceptible species.

An important factor associated with limitations in the reliability and reproducibility of FECRT
data is the method used for egg count analysis. The modified McMaster technique, with a detection
limit of 50 eggs per gram (EPG), often fails to detect low numbers of eggs. Therefore, an early
diagnosis of resistance is impeded by low sensitivity (Levecke et al., 2009). To enhance the
sensitivity of egg counting, new techniques were introduced, such as FLOTAC (Cringoli et al.,

2010) and mini-FLOTAC (Barda et al., 2013a), which nowadays offer the possibility to determine
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egg counts with theoretical detection limits of 1 and 5 EPG, respectively.

2.13.1.3 Egg hatch test

The egg hatch test (EHT) is a relatively simple and inexpensive in vitro test. The essential principle
of the EHT is to incubate undeveloped helminth eggs in serial concentrations of the anthelmintic,
for example thiabendazole (TBZ), and to examine the inhibitory effect on the hatching of the larvae
from the eggs. The percentage of hatched larvae at each concentration is determined and a
concentration-response curve plotting percentage of hatched larvae (corrected for the natural
mortality of untreated eggs) is plotted against the log;o transformed drug concentrations (Coles et
al., 1992). The ECs (effective concentrations for 50% inhibition of egg hatching) can be calculated
using either logit or probit regression analysis. The EHT has been standardized for the detection
of BZ-resistance in H. contortus (von Samson-Himmelstjerna et al., 2009a). Regarding the

nematocidal drugs on the market, the EHT is only suitable for detection of BZ resistance.

2.13.1.4 Larval development test (LDT)

The larval development test (LDT) is a very sensitive in vitro test for the detection of AR but more
labour intensive than the EHT and it takes at least a week to obtain results. This test is based on
the examination of the inhibition of the embryonic and postembryonic development of parasite
eggs to third larval stage (L3) in the presence of increasing concentrations of an anthelmintic. Two
versions of LDT have been established; a liquid- based test (Hubert and Kerboeuf, 1992) and an
agar-based test (Gill et al., 1995, Coles et al., 2006). Statistical evaluation of data is performed as
described for the EHT. In comparison to the EHT, the LDT has the advantage that it is applicable

for all commercially available classes of nematocidal drugs.
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2.13.2 Molecular detection of AR

The molecular approaches are capable to detect resistance-associated alleles even when the
frequency of these alleles is still very low (Wolstenholme et al., 2004). However, a genetic test for
resistance requires the knowledge of the molecular basis of resistance and a limited number of
pathways leading to resistance. The identification of mutations in target genes or the detection of
alterations in the expression of non-target genes such as genes involved in metabolism of
xenobiotics could lead to the development of assays for resistance detection. Possible techniques
for such assays include pyrosequencing or real-time polymerase chain reactions (PCR). Currently,
molecular tests for detection of resistance are only available for BZ-resistance while the molecular
mechanisms for resistance against levamisole and ivermectin are insufficiently understood (Choi
et al., 2017). As the mechanism of BZ-resistance has been intensively studied in the past decades
(Whittaker et al., 2017), research has focused on detecting resistance with molecular tools. In
veterinary medicine, B-tubulin polymorphisms are widely used as molecular markers for detection
and/or quantification of BZ-resistance alleles in different trichostrongyloid nematodes.

Molecular methods such as conventional PCR (Silvestre and Humbert, 2000, Njue and Prichard,
2003, Winterrowd et al., 2003), real-time PCR (Alvarez-Sanchez et al., 2005, Walsh et al., 2007)
as well as pyrosequencing (von Samson-Himmelstjerna et al., 2009b, Demeler et al., 2013,
Ramiinke et al., 2016, Skuce et al., 2010, Morrison et al., 2014) are all based on the detection of
SNPs in one or more of the three above-mentioned codons in the B-tubulin isotype 1 gene. Intially,
conventional PCR such as allele-specific PCR-based tests were employed to determine the
genotype and the known SNPs related to BZ resistance in H. contortus (Kwa et al., 1994, Mohanraj
et al., 2017) and Telodorsagia circumcincta (Elard et al., 1999) through using a set of specific
primers that were designed to allow amplification DNA only if the primer sequence is perfectly

complementary with the respective sequence at the SNP site of the B-tubulin sequences in the
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susceptible or resistant genotypes. Restriction fragment length polymorphism-PCR (RFLP-PCR)
procedures combined with the allele-specific amplification of a B-tubulin were used for detecting
BZ resistance allele in H. contortus, Trichostrongylus colubriformis and Telodorsagia
circumcincta (Silvestre and Humbert, 2000) and several cyathostomin species (von Samson-
Himmelstjerna et al., 2002a).

Real-time PCRs have been described for frequency quantification of BZ resistance alleles in H.
contortus for SNP F200Y (Walsh et al., 2007) and SNP F167Y (Lambert et al., 2017) in small
ruminants (Rashwan et al., 2017). Recently, developed a rapid genotyping assays to determining
the BZ-resistance associated B-tubulin SNPs in 7. trichiura and Ascaris lumbricoides based on the
SmartAmp2 method. Digital droplet PCR (ddPCR) was used for the quantification of sequence
variations, including SNPs, due to its high accuracy and precision in comparison to techniques
such as quantitative PCR (qPCR) (Baltrusis et al., 2018). As it was initially described, ddPCR has
been shown to have many advantages regarding the ability to detect and accurately quantify
frequency of minor sequence variants in a predominating background of wild-type sequences
(Hayden et al., 2013). Recently, Baltrusis et al. (2018) developed a ddPCR protocol for
identification of BZ resistance in H. contortus detection and quantification of the polymorphism

occurring at the B —tubulin isotype-1codon 200 (F200Y, TTC to TAC).

2.13.2.1 Pyrosequencing

The principle of pyrosequencing was first described by Nyren et al. (1993) and then further
developed (Ronaghi et al., 1996, Ronaghi et al., 1998). Pyrosequencing is a sequencing technique
for short DNA fragments on the basis of the detection of pyrophosphate, a normal by-product of
DNA synthesis which is like Sanger sequencing based on the “sequencing-by-synthesis” principle.

It 1s based on a cascade of enzymatic reactions during DNA synthesis when the inorganic
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pyrophosphate (PPi) is released from a nucleotide incorporated by a DNA polymerase into the
DNA polymer. Sulfurylase catalyzes the reaction of PPi with adenosine 5' phosphosulfate yielding
adenosine triphosphate (ATP). The visible light is generated as the result of luciferin oxidation by
luciferase with the concomitant emission of light proportional to the amount of ATP. A charge-
coupled device (CCD) camera records the emitted light in the form of a peak in a pyrogram. The
intensity of light produced and subsequently the height of the peak is dependent on the number of
nucleotides added (Figure 2.2). After each peak, the reaction is stopped by apyrase leading to

degradation of PPi and all nucleotide triphosphates.

Template \
New Sequence N . ATP
» l » I I »
1. Polymerase 2. Sulfurylase 3. Luciferase / Light Peak
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Apyrase
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Figure 2.3 Inorganic pyrophosphate (PPi) in the presence of the substrate adenosine 5'
phosphosulfate and the enzyme sulfurylase leads to ATP production, visible light is generated in
proportion to the amount of ATP in the presence of luciferase and is detected as a peak on a
pyrogram. Apyrase, a nucleotide-degrading enzyme, continuously degrades unincorporated
nucleotides, ATP and PPi. https://en.wikipedia.org/wiki/Pyrosequencing. Image is released under
CC-BY-SA licence.

The molecular techniques based on the analysis of B-tubulin isotype 1 BZ-resistance-associated
SNPs through the use of PCR followed by pyrosequencing are highly sensitive for the detection

of BZ-resistance development (von Samson-Himmelstjerna et al., 2009a, Demeler et al., 2013,
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Ramiinke et al., 2016, Morrison et al., 2014). The pyrosequencing approach principally has the
capacity for quantitative analysis of SNP frequencies associated with resistance thus making it an

excellent and molecular technique for BZ-resistance detection.

The pyrosequencing technique offers several advantages. It is a rapid and accurate technique to
analyse allele frequencies in nematodes (Alderborn et al., 2000, Ronaghi et al., 1996), it can
determine more than one SNP in one target (Lotsch et al., 2003, Pourmand et al., 2002), which
makes it beneficial in the analysis of BZ resistance, as often more than one SNP is present in a
parasite population. Another advantage of this technology compared with other techniques such
as real-time PCR, matrix-assisted laser desorption/ionization (MALDI) followed by time of flight
(TOF) analysis, mass spectrometry and mini-sequencing is that pyrosequencing allows to estimate
the template quantity through the light signal intensity measurements (von Samson-
Himmelstjerna, 2006). Pyrosequencing assays were developed and conducted for determining and
monitor BZ-resistance in several nematodes of livestock. von Samson-Himmelstjerna et al.
(2009b) concluded that drug sensitivity of pooled L3s isolates with different levels of resistance
to BZ decreased with increasing F200Y (TAC) frequency. Demeler et al. (2013) established a
pyrosequencing assay to determine BZ-resistance associated SNPs in isotype 1 B-tubulin codons
167, 198 and 200 of Cooperia oncophora and Ostertagia ostertagi in cattle. Species-specific BZ-
resistance pyrosequencing assays have been established for a number of sheep nematodes species
(e.g. H. contortus, Teladorsagia circumcincta, Trichostrongylus spp., Nematodirus battus) (Von
Samson-Himmelstjerna et al., 2007, von Samson-Himmelstjerna et al., 2009b, Skuce et al., 2010,
Morrison et al., 2014, Ramiinke et al., 2016). However, to date no reports of developing a
pyrosequencing assay to detect BZ-resistance associated SNPs in B-tubulin isotypes in any ascarid

nematode infecting livestock including 4. galli and H. gallinarum has been described.
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3.1 Materials

3.1.1 Chemicals

Name

Manufacturer

Agar-Agar Kobe I powder

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Bacillol® AF disinfection

BODE Chemie GmbH, Hamburg, Germany

Bromophenol

Sigma-Aldrich Corporation, St. Louis, USA

EDTA Disodium salt dihydrate > 99 %

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Acetic Acid 100 %

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Ethanol absolute > 99,5 %

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Glycerin ROTIPURAN" > 99,5 %

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

LB-Medium

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

LE Agarose powder Biozym Scientific GmbH, Hess. Oldendorf, Germany
Methanol 100 % Sigma-Aldrich Corporation, St. Louis, USA
Sodium hydroxide Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Tris (hydroxymethyl) aminomethane
acetatePUFFERAN", > 99%

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Sulfuric acid

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

X-gal (5-Bromo-4-chloro-3-indolyl-B-D-
galactopyranoside)

Sigma-Aldrich, Taufkirchen, Germany

3.1.2 Consumables

Name

Manufacturer

Biosphere” pipette tips with filter 10 pl, 100
ul, 1000 pl

Sarstedt AG + Co., Niimbrecht, Germany

BZO Seal Film, Adhesive Optical Film

Biozym Scientific GmbH, Hess. Oldendorf, Germany

Falcons 50 ml

Sarstedt AG + Co., Niimbrecht, Germany

NitriCare” gloves nitrile size M

Showa Best Glove S.A.S., France

rotiprotect® gloves latex size M

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Slides Carl Roth GmbH + Co. KG, Karlsruhe, Germany
PARAFILM®” M Bemis Company, Inc., Neenah, USA

PCR SingleCap 8er-Softstrips 0,2 ml, farblos, | Biozym Scientific GmbH, Hess. Oldendorf, Germany
dorned cap

Petri dishes @ 9 cm

Sarstedt AG + Co., Niimbrecht, Germany

Pipette tips 5 ml, Typ Eppend.

Sarstedt AG + Co., Niimbrecht, Germany

Rotilabo” Sterile Indicator Tape for Steam
Sterilization

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Microcentrifugation tubes 0.5 pl, 1 pl, 1,5 pl
and 2pl

Sarstedt AG + Co., Niimbrecht, Germany

Pipette tips 0.5-10 pl, 10-100 pl, 100-1000 pl

Sarstedt AG + Co., Niimbrecht, Germany

Scalpel blades

Henry Schein Inc., Melville, USA

Disposal plastic bags

Sarstedt AG + Co., Niimbrecht, Germany

Ventilated cell culture flask

Sarstedt AG + Co., Niimbrecht, Germany
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Wooden sticks

Roth, Karlsruhe GbmH, Germany

Beads innuSPEED Lysis Tubes F

Jena Bioscience, Jena, Germany

Adhesive PCR plate foil

Bio-Rad Laboratories GmbH, Miinchen, Germany

3.1.3 Enzymes

Name

Manufacturer

AccuPrime'™ Taq polymerase

Invitrogen, by Thermo Fisher Scientific cat No. 1-
12339-016, Van AllenWay Carlsbad, USA

EcoRI 10 U/ul Restriktionsenzym

Thermo Fisher Scientific, Inc., Waltham, USA

Phusion Hot Start IT High-Fidelity DNA
Polymerase 2 U/ul

Thermo Fisher Scientific, Inc., Waltham, USA

Proteinase K

Macherey und Nagel, Diiren, Germany

Transcriptor Reverse Transcriptase

Roche Diagnostics GmbH, Mannheim,Germany

Terminal Transferase recombinant 80U/ul

Roche Diagnostics GmbH, Mannheim,Germany

Transcriptor Reverse Transcriptase

Roche Diagnostics GmbH, Mannheim,Germany

3.1.4 Devices and equipment

Name

Manufacturer

ALC-1100.2 balance

Acculab, Sartorius AG, Gottingen, Germany

Anxiostar plus light microscope

Carl Zeiss AG, Oberkochen, Germany

Centrifuge 54 30 R

EPPENDORF, Hamburg Germany

C1000™ Thermal Cycler

Bio-Rad Laboratories, Inc., Hercules, USA

Digital Graphic UP-D807 Printer

Sony Corporation, Tokio, Japan

Electrolux refrigerator

Elektrolux AB, Stockholm, Sweden

Epoch BioTek" Instrument

BioTek®, Bad Friedrichshall, Germany

ul, 100 - 1000 pl und 500 - 5000 pl

Eppendorf Research pipettes 0,5 - 10 pl, 10 - 100

Eppendorf AG, Hamburg, Germany

Forma 900 Series freezer

Thermo Fisher Scientific, Inc., Waltham, USA

G box

SynGene Europe, Cambridge, UK

HI208 Educational pH meter

Hanna® Instruments, Woonsocket, USA

IKA® COMBIMAG RCT Magnetic Stirrer

IKA® Works, Inc.,Wilmington, USA

IKA® Vortex Genius 3 Vortexer

IKA® Works, Inc.,Wilmington, USA

LABOKLAYV autoclave

SHP Steriltechnik AG, Detzel Schloss/Satuelle

LIEBHERR freezer

Liebherr-International AG, Bulle, Switzerland

Max Q 6000 incubator

Thermo Fisher Scientific, Inc., Waltham, USA

Maxwell® 16 Research Instrument

Promega Corporation, Madison, USA

Microwave

Sharp Electronics GmbH, Hamburg, Germany

Microscope

Carl Zeiss, Jena, west Germany

Mini FLOTAC counting chamber

University of Naples Federico, Naples, Italy

PCR Chamber laboratory workbench with UV light | PLAS Labs, Inc., Lansing, USA

Power-Pac™ Universal Power-Supply

Bio-Rad Laboratories, Inc., Hercules, USA

PyroMarkQ24 work station, cartridge,
instrument

QIAGEN, Hilden, Germany

ScanlLaf Mars Safety Class 2 sterile bench

LaboGene Aps, Lynge, Denmark
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Scotsman® AF 100 flake ice maker

Scotsman Ice Systems, Vernon Hills, USA

SpeedMill Plus Homogenizer

Analytik Jena AG, Jena, Germany

Stainless steel sieves 250pm, 160pum, 100pm, 25um | Retsch® Hann, Germany

Take 3 ™ Multi-Volume Plate

BioTek® Instruments, Inc., Winooski, USA

TMix shaking incubator

Analytik Jena AG, Jena, Germany

Wide Mini-Sub” Cell GT gel electrophoresis
chamber

Bio-Rad Laboratories, Inc., Hercules, USA

WNE 45 water bath

Memmert GmbH + Co. KG, Schwabach

3.1.5 Buffers and Solutions

Name

Manufacturer

Aqua bidest - double distilled H,O from the
TKA-Genpure ultrapure water system

Jens Lowe Water Treatment and Cleaning Systems,
Berlin

DEPC - treated water, bioscience grade,
nuclease free and autoclaved

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

dNTP Mix, 10 mM

Thermo Fisher Scientific, Inc., Waltham, USA

5 x Phusion HF Puffer

Thermo Fisher Scientific, Inc., Waltham, USA

50 x TAE Puffer

Own preparation

Roti” Nucleic Acid Free Spray

Carl Roth GmbH + Co. KG, Karlsruhe

6 x Loading Dye

Own preparation

10 x Puffer EcoRI

Thermo Fisher Scientific, Inc., Waltham, USA

5X Reaction Buffer

Thermo Fisher Scientific, Inc., Waltham, USA

RiboLock RNase Inhibitor (20 U/uL)

Thermo Fisher Scientific, Inc., Waltham, USA

RevertAid M-MuLV RT (200 U/uL)

Thermo Fisher Scientific, Inc., Waltham, USA

Oligo (dt);s primer

Thermo Fisher Scientific, Inc., Waltham, USA

cDNA Synthesis Buffer

Roche Diagnostics GmbH, Mannheim,Germany

Deoxynucleotide Mixture

Roche Diagnostics GmbH, Mannheim,Germany

10X Reaction Buffer

Roche Diagnostics GmbH, Mannheim,Germany

dATP 2mM

Roche Diagnostics GmbH, Mannheim,Germany

Oligo dT-Anchor Primer

Roche Diagnostics GmbH, Mannheim,Germany

PCR anchor Primer

Roche Diagnostics GmbH, Mannheim,Germany

PyroMark Binding Buffer, Wash Buffer,
Annealing Buffer

QIAGEN, Hilden, Germany

Sodium Hydroxide solution 0.2M

Carl Roth GmbH + Co. KG, Karlsruhe

3.1.6 DNA-Marker

Name

Manufacturer

GeneRuler™ 100 bp Marker

Thermo Scientific™ Karlsruhe GmbH, Germany

GeneRuler™ 1 kb Marker

Thermo Scientific™ Karlsruhe GmbH, Germany

A EcoRI/HindIII Marker

Thermo Fisher Scientific, Inc., Waltham, USA

GR Green Nucleic Acid Stain 10.000 x stock

LABGENE Scientific, Chatel-St-Denis,Switzerland
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3.1.7 Reaction Kits

Name

Manufacturer

AccuPrime'" Taqg DNA Polymerase System

Invitrogen, by Thermo Fisher Scientific cat No.
12339-016, Van AllenWay Carlsbad, USA

EasyPrep Pro Plasmid Miniprep Kit

Biozym Scientific GmbH, Hess. Oldendorf

Maxwell” 16 LEV simplyRNA Tissue Kit

Promega Corporation, Madison, USA

NucleoSpin” Tissue Kit

Macherey und Nagel, Diiren, Germany

NucleoSpin® Tissue XS Kit

Macherey und Nagel, Diiren, Germany

Phusion® Hot Start II

Fermentas/ Thermo Scientific, Waltham, USA

PyroMark Gold Q24 reagents

QIAGEN, Hilden, Germany

StrataClone Blunt PCR Cloning Kit

Agilent Technologies, Santa Clara, USA

StrataClone Solopack”™ competent cells

Agilent Technologies, Santa Clara, USA

Thermo Scientific RevertAid First strand cDNA
synthesis Kit

Thermo Fisher Scientific, Inc., Waltham, USA

ZymoPURE™ Plasmid Midiprep Kit

Zymo Reasearch, Irvine, USA

Zymoclean'" Gel DNA Recovery Kit

Zymo Reasearch, Irvine, USA

5'/3' RACE kit 2™ generation version 13

Roche Diagnostics GmbH, Mannheim,Germany

3.1.8 Software

Name

Manufacturer

BLAST Software

(Altschul et al., 1990)
National Center for Biotechnology Information,
Bethesda, USA

Clone Manager 9 Professional Edition

Scientific & Educational Software, USA

Endnote X8

Thomson Reuters, New York, USA

Gen5™ Datenanalyse

BioTek" Instruments, Inc.,Winooski, USA

GeneSnap Version 7.09.06

SynGene Europe, Cambridge, UK

GraphPad Prism5 Version 5.03

GraphPad Software, Inc. USA

MEGA7 Version 7.0.26

(Kumar et al., 2016)

Microsoft Excel 2010

Microsoft Corporation, Redmond, USA

Microsoft Word 2010

Microsoft Corporation, Redmond, USA

PyroMarkQ24 software

QIAGEN, Hilden, Germany

3.1.9 Preparation of solutions, buffers and reagents

If not explizitly stated different, all solutions were prepared using water from a TKA Genpure

water purification system and had an electrical conductivity below 0.055 uS/cm.

3.1.9.1 TAE Puffer (50%)

For this purpose, 242 g of Tris base were transferred via a funnel into a 1000 ml Erlenmeyer

flask. To prepare the 500 mM EDTA, 186.1 g of EDTA disodium dihydrate were stirred in 800
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ml of water in an Erlenmeyer flask and sodium hydroxide pellets were added until a pH of 8.0
was reached and the EDTA was dissolved. Subsequently, 100 ml of 500 mM EDTA were added
to the Erlenmeyer flask containing the Tris base. This was followed by addition of 57.1 ml of
acetic acid, and the mixture was made up to 1000 ml with water. Before use, the buffer was
diluted 1:50 with water.

3.1.9.2 100 bp, 1 kb und AEcoRI/HindIII Marker

Water (94 ul) was pipetted together with 20 ul Loading Dye (6x) and 6 pl of the respective
marker into a 1.5 ml eppendorf tube and mixed with a vortexer.

3.1.9.3 LB-Agar

Agar-agar powder (10 g) were mixed with 12.5 g of LB medium powder and 500 ml of water in
a laboratory glass bottle and then autoclaved.

3.1.9.4 Loading Dye (6x)

Glycerol (100%, 60 ml) were added to 1 ml of 3% bromophenol blue and 10 ml of TrisCl buffer
(pH 7.6) in an Erlenmeyer flask made up to 100 ml with water and mixed with the magnetic
stirrer until the mixture was homogeneous. Subsequently, the Loading Dye was aliquoted into
1.5 ml tubes.

3.1.9.5 Primers
Table 3.1 List of the primers

Primer name Oligonucleotide sequence (5'-3") Ta®°C
Degenerate | Primer Forward GARGARTAYCCICGIATHATG 57.1
primers Primer Reverse IGGRTCRCAIGCIGCCATCAT 57.1
Hetbtub5SRACEI CTGCTTCCTTGCGAATCACATC -
5' RACE Hetbtub5SRACE2 TCTAGCACGTTGTCGACAAGCTCTGCGCCTT 60.1
Hetbtub5SRACE nested | GCGCCTTCTGTGTAGTGACCTTTCGCCCAGTT 60.1
HetbtubSRACE nested2 | CGATGGGACAACTGAGAACGAGCT 60
Hetbtub3RACEI GTACCATTCCCACGTCTTCACTTCTTCAT 60
3'RACE Hetbtub3RACE nested| TTCTTCATGCCTGGCTTTGCACCA 60
Hetbtub3RACE nested2 | TTCTTCATGCCCGGCTTTGCTCCG 60
H.gallinarum | HetbtubFull F ATTACCCAAGTTTGAGAATCGCCTGGTTGGTT 65
full p-tubulin | HetbtubFull R GAAGGGAGCTGCAAGCGCAATGATGTGTGCAT

37



Materials and methods

HgbtDNAF1 GATTGTCTCCAGGGATTCCAACTGACCCATTC 65
HgbtDNARI CGGACATCGTTACAGACACAAGATGGTTAAGG
HgbtDNAF2 GGTACTGGATCTGGAATGGGTACGCTTTTGAT 65
H.gallinarum | HgbtDNAR2 GGGTTGGTAAGTTTCAACGTCCTGAAGCAGAT
and A. galli | AgbtDNAFI GTCACTATACAGAAGGCGCAGAGCTTGTTGAC 47.6
genomic DNA | AghtDNARI AAGATGATTAAGATCGCCATAGGTCGGGTTG
AgbtDNAF2 GCTGGTAACAACTGGGCGAAAGGTCACTATAC 47.6
AgbtDNAR2 GCCGGACATCGTCACAGATACAAGATGATTAAG
PCR primer sequences used for generation of the biotinylated target strand employed in the
pyrosequencing assay
Primer name codon Oligonucleotide sequence 5' — 3' Amplicon
length
H.gPYRI167for 167 TTGATATCTAAGATCCGCGAAGAG 122 bp 63.6
§ H.gPYR167rev+B 167 Biotin- ATCCAATAGCAAACCCGATAAC
§ H.gPYR198 200for 198/200 | TTTGCGCTCTCCATCCCA 214 bp 63.6
h; H.gPYR198 200rev+B | 198/200 | Biotin-TCGGGTTGGTAAGTTTCAACG
®0 | H.gPYR200for 200 TTTGCGCTCTCCATCCCA 214 bp 63.6
= H.gPYR200rev 200 Biotin-TCGGGTTGGTAAGTTTCAACG
A.gPYRI167for+B 167 Biotin-GCTTCCAATTGACGCACTCG 132 bp 63.9
A.gPYRI167rev 167 AAACCTTCGGCGATGGAACA
S | A.gPYR198 200for 198/200 | GGTATTCTGGCTCCTGTTAATCAA 159 bp 56
:; A.gPYR198 200rev+B | 198/200 | Biotin-GCGTCCTGAAGCAGATATCGTATA
A.gPYR200for 200 GGTATTCTGGCTCCTGTTAATCAA 159 bp 56
A.gPYR200rev+B 200 Biotin-GCGTCCTGAAGCAGATATCGTATA
List of the sequences of the sequencing primers applied in pyrosequencing assays
Primer name Oligonucleotide sequence 5> — 3’
£ HgPYRSeq167 AGATCGCATTATGAGCT
§ HgPYRSeq198 200 CGTGGAGAACACTGATG
Eo HgPYRSeq200 TGGAGAACACTGATGAGA
=
| AgPYRSeql67 GATGGAACAACCGAA
E, AgPYRSeq198 200 TCGTCGAGAACACTGAT
A AgPYRSeq200 CGAGAACACTGATGAGACAT

Species abbreviations: H.g. Heterakis gallinarum, A.g Ascaridia galli. Ta" annealing temperature, (+B)
primers carried a biotin tag.

Table 3.2 Analysed sequences and programmed dispersions of ANTPs

Analysed sequences and programmed dispensations of dNTPs applied in pyrosequencing assays

Assay codon Sequence to analyse Dispensation order

H.gPYR167 167 CGTWCTCGGTTGTCCCATCGCCGAAGGTT GCAGTACTC

H.gPYR198 200 198/200 | MGACTTWCTGCATCGACAATGAAGCTTTATAT | TACGAGCTACTG

H.gPYR200 200 CTTWCTGCAT CGACAATGAA GCTTTATAT GCTACTGC

A.gPYR167 167 WACGAGCTCA TGATGCGATC GGGATA GTACGAGC
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A.gPYR198_200 198/200 | GMGACATWCT GCATCGATAA TGAAGCT TGACGACGATACTG

A.gPYR200 200 WCTGCATCGA TAATGAAGCT TTATAC GATCTGCA

Species abbreviations: H.g. Heterakis gallinarum, A.g Ascaridia galli. SNPs analysed during genotyping
of B-tubulin alleles are shown in bold.

3.2 Methods
3.2.1 Samples

3.2.1.1 Collection of poultry faecal samples

In coordination with the Institute of Poultry Diseases (Freie Universitit Berlin), 50 samples of at
least 100 g faeces were collected from different 10 poultry farms around Berlin. Random selection
was not achievable because of lack of information on number of flocks on the farms so all the
faecal samples have been collected based on convenience. The farmers were asked to collect the
faecal samples from multiple sites of litter belts and several manure belts in the poultry house.
Each farmer was encouraged to collect five-pooled samples per flock, each consisting of at least
100 g faeces in sterile, properly labelled polythene bags. The samples were sent to the Institute of
Poultry Diseases. The positive samples were identified using the Mini- FLOTAC technique with
a sensitivity of 10 EPG (Rinaldi et al., 2014, Barda et al., 2013a) and as described in section 3.2.1.
It was not attempted to differentiate ova of Ascaridia spp. and Heterakis spp. Thus, in most
infected flocks it was not known whether A. galli and/or H. gallinarum were present, they were
only recorded as positive for ascarids.

3.2.1.2 Adult worms

For the present study, 30 adult worms (male and female) from both 4. galli and H. gallinarum
were obtained from the Department of Animal Sciences, University of Gottingen (Germany).
Worms were collected at necropsy from experimentally infected chicken. Collected worms were
washed immediately with tap water and finally washed thoroughly by deionized water, all isolated

worms were preserved separately in sterile cryotubes and stored at -80 °C. Samples were sent to
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the Institute for Parasitology and Tropical Veterinary Medicine on dry ice. From the field, 150
A.galli adult worms were collected at necropsy from naturally infected hens from three different
commercial laying hen farms in Sweden. Collected worms were washed immediately with tap
water and finally washed thoroughly with deionized water, all isolated worms were preserved
separately in sterile plastic containers with screw cap and stored at -20 °C. All samples were
maintained at the Department of Biomedical Sciences and Veterinary Public Health, Uppsala,

Sweden.

3.2.2 Parasitological techniques

3.2.2.1 Mini-FLOTAC technique
All faecal samples were analysed using the standard Mini-FLOTAC protocol. Each faecal sample

was mixed thoroughly before 10 g were weighted and homogenized in 40 ml saturated NaCl
solution (specific gravity 1.18 — 1.20 g per cm’) and filtered through a stainless steel sieve (mesh
size 250 pum). The counting chambers of the Mini-FLOTAC device were loaded with the
suspension using a Pasteur pipette and left for 10 min to allow floatation of the eggs. Then, the
upper part of the device was turned by 90° and samples were examined under 400x magnification
(Rinaldi et al., 2014). Analytic sensitivity calculation: 40 ml of suspension contained 10 g of
faeces, one filling chamber contained 1 ml of suspension, containing 0.25 g of faeces. Two filling
chambers contained 0.5 g of faeces together. Assuming all eggs in this 0,5 g of faeces floated to
the surface, than one egg found is equivalent to 5 eggs per gram of faeces. If no eggs were found,
the faeces contained less than 5 EPG. The EPGuini-rLotac= amount of eggs found were multiplied

by 10. The positive faecal samples were collected for embryonation and molecular studies.
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3.2.2.2 Isolation and embryonation of nematode eggs and larval culturing

For isolation of ascarid eggs, approximately ~98 g of positive faecal samples were homogenized
properly in 900 ml tap water and filtered through a 250 um stainless steel sieve. The flow through
was further washed by serially passing it through stainless steel sieves with mesh sizes of 160 um
and 100 um before eggs were collected on a 25 pum mesh size sieve. The retained material was
washed with tap water and transferred to a 50 ml screw-cap (Falcon) centrifuge tube, diluted with
tap water to 50 ml and centrifuged at 190 x g for 10 min (Centrifuge 54 30 R, EPPENDORF,
Hamburg Germany). The pellet was resuspended in 50 ml saturated NaCl flotation fluid (specific
gravity 1.81 -1.20 g/cm’), gently mixed and again centrifuged at 190 x g for 10 min. The
supernatant containing the eggs was washed twice with tap water and centrifugation at 190 x g for
10 min to obtain clean eggs. After washing, the material was retained on a 25 pm mesh size sieve,
thoroughly washed with deionised water and flushed in to a 15 ml falcon tube for centrifugation.
The supernatant was discard and the sediment was collected with 1 ml water in a 1.5 ml
microcentrifuge tube. For each sample, 0.5 ml aliquots were used for embryonation of the eggs by
dilution into 100 ml 0.05 M H,SO4 in a cell culture flask with filter cap. The eggs were incubated
for three weeks in the dark at room temperature and aerated once a week for 15 min. Then, the
embryonated eggs were collected on a 25 pm mesh size sieve washed properly with water, transferred
with 1 ml water to 1.5 ml microcentrifuge tubes, counted and stored at -80 °C for molecular studies.
For larval culturing, the rest (0.5 ml) of the retained material was suspended into a culture flask
with 100 ml tap water and incubated at 25 °C for 3 weeks in the dark. During this time, they were
checked periodically and aerated once a week for 15 min. Then, the larvae were retained on the 25
um mesh size sieve, washed thoroughly with water and counted before storage in 1.5
microcentrifuge tubes at -80 °C. The whole procedures are summarised in the process flow diagram

shown in Figure 3.1
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3.2.3 Molecular Methods

3.2.3.1 RNA extraction and cDNA synthesis
The Maxwell 16 LEV simplyRNA Tissue kit (Promega co. cat No. AS1280, Madison, USA) was

used for extraction of RNA from the embryonated eggs, larvae and adult worms following the
instructions of the manufacturer. Briefly, samples were incubated in 200 ul of chilled 1-
thioglycerol/homogenization solution and further homogenized mechanically. Adult worms were
homogenized using sterilized pestles in 1.5 ml Safe-Lock Eppendorf® tubes (Sigma-Aldrich
Chemie Gmbh, Munich, Germany) whereas the embryonated eggs and larvae were disrupted
mechanically by rapid shaking in the presence of beads. For the latter approach, samples were
placed in innuSPEED Lysis Tubes F (Jena Bioscience, Jena, Germany) and shaken five times for
I min with 1 min pausing between shaking intervals using a SpeedMill (Jena Bioscience, Jena,
Germany). Afterwards, 200 ul of lysis buffer were added to the homogenate, mixed vigorously,
followed by transfer of the total 400 pul into well 1 of the Maxwell 16 LEV cartridge. Genomic
DNA in the extracted matter was treated using 5 pl recombinant DNase solution as described in
the user bulletin. Nuclease-free water (50 pl) was added to elution tubes and the RNA extraction
program was started at the Maxwell 16 instrument. The concentration of total RNA was
determined photospectrometrically using a Take3® plate in a microplate reader (Epoch®, Bio Tek™)
and the quality of the total RNA was assessed based on the ratio of absorbance at 260/280 nm.
Approximately 100-800 ng RNA were used for cDNA synthesis using Thermo Scientific
RevertAid First strand cDNA synthesis Kit and the Oligo (dt);s primer according to the
manufacturer’s recommendation. For a 20 pl reaction mixture, 4 pl of 5% Reaction Buffer, 2 pul of
10 mM dNTP Mix, 1 ul of RiboLock RNase Inhibitor (20 U/uL), 1 ul of RevertAid M-MuLV RT
(200 U/puL), 1 pl of Oligo (dt);gprimer and 11 pl of RNA were combined. The entire reagents were

from Thermo Fisher Scientific, Inc. (Waltham, USA). cDNA was synthesised by incubating the

42



Materials and methods

mixture at 50 °C for 45 min, followed by 60 °C for 15 min and 85 °C for 5 min. All RNAs and

c¢DNAs were stored at -80 °C.

3.2.3.2 DNA extraction

Genomic DNA was isolated from nematode eggs, larvae and adult worms using NucleoSpin® XS
Tissue Kits. Homogenization of the samples was performed as described in the previous section.
DNA extraction was performed according to the manufacturer’s recommendations for the
purification of genomic DNA from small tissue samples. For the adult A. galli samples collected
in Sweden, from each farm, five chicken were selected. Handling of the birds and euthanasia were
approved by the Swedish Ethical Committee for Scientific Experi- ments (C24/10). DNA was
isolated separately from the anterior portion of 10 adult worm from each chicken using the
NucleoSpin® Tissue Kit following to the manufacturer’s protocol for the elution of high quality
and quantity of DNA. To improve DNA yield, samples were initially homogenised in 1.5 ml Safe-
Lock Eppendorf® tubes in the presence of T1 Lysis buffer (180 pl) plus Proteinase K (25 ul) using
a sterilised pestle. The tubes were then placed at 56 °C for overnight incubation in a TMix shaking
incubator. The quality and quantity of the extracted DNA samples were measured in terms of
260/280 ratio using an Epoch Microplate Spectrophotometer and then the DNA was stored at -20

°C until further use.

3.2.3.3 Isolation of B-tubulin ¢cDNAs

For the initial isolation of A. galli and H. gallinarum B-tubulin amplicons, cDNA fragments of
~444 bp were amplified after designing degenerated primers (Table 3.1) based on highly conserved
regions of B-tubulin proteins of clade III nematodes. These degenerated primers spanned the entire
region covering the codons 167, 198 and 200 SNPs. In the first PCR, the cDNA was amplified
with AccuPrime"™ Tagq polymerase enzyme (Invitrogen, Thermo Fisher Scientific). PCR reactions

were performed in a 25 pl volume with 2.5 pl of 10 X Accu Prime PCR buffer I, 5 ul of 100 pM
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of sense primer, 2.5 ul of 100 pM antisense primer, 0.2 ul of 5 U/ul AccuPrime™ Taq polymerase,
1 pul of template cDNA and 13.8 pl nuclease-free water.

The cycling parameters for the amplification consisted of an initial denaturation at 94 °C for 5 min,
followed by 40 cycles of 94 °C for 15 s, primer annealing at 57.1 °C for 30 s, and extension at 68
°C for 30 s, with a prolongation of the final extension of 5 min. All amplifications were carried
out in a C1000 Touch™ Thermal Cycler (Bio-Rad Laboratories GmbH, Miinchen, Germany). The
amplified PCR product was separated on 1.5% agarose electrophoresis gels stained with GRGreen
Nucleic Acid Stain (LABGENE Scientific, Chatel-St-Denis, Switzerland) and buffered with 1x
TAE buffer. A GeneRuler 100 bp DNA Ladder (Thermo Scientific™ Karlsruhe GmbH, Germany)
was used to estimate the size of the amplicons. Because of the high concentration of primers and
consequently accumulation of unspecific products such as primer dimers, the DNA fragments of
expected size were cut out of agarose gels under exposure to an excitation wavelength of 488 nm
(blue light converter) and then purified using the Zymoclean'™ Gel DNA Recovery Kit (Zymo
Research) according to the manufacturer’s recommendations. The quantity and quality of the
purified PCR products (~444 bp) were confirmed by loading onto 1.5% agarose gels with
GRGreen Nucleic Acid Stain and estimated in comparison with a 100 bp marker separated in
parallel. The purified DNA fragments were subjected to cloning followed by sequencing.

3.2.3.4 Gene cloning and sequencing

In the present study, all amplified DNA fragments whether derived from cDNA or genomic DNA
were confirmed by gene cloning and sequencing. Amplified DNA fragments were analysed by
electrophoresis on 1.5% agarose gels and bands of the expected size were excised and purified
using the Zymoclean™ Gel DNA Recovery Kit (Zymo Research). Purified PCR products were
cloned into the StrataClone blunt-end PCR cloning vector ‘pSC-B-amp/kan’ supplied in the

StrataClone Blunt PCR cloning kit (Agilent Technologies, CA, USA) and recombinant plasmid
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vectors were transformed into StrataClone Solopack® competent cells according to the
manufacturer's instructions. The cells were spread on LB agar plates mixed with chromogenic
substrate X-gal (5-Bromo-4-chloro-3-indolyl-f-D-galactopyranoside) and incubated overnight at
37 °C. White colonies were picked and cultured overnight in LB medium. Plasmid DNA was
isolated using the Plasmid Mini Prep or Medi Prep Kit EasyPrep® Pro. Then, an aliquot of the
plasmid DNA was digested using EcoRI restriction enzyme at 37 “C for 2 h and analysed by
electrophoresis in 1.5% agarose gels. Clones with inserts were sequenced by LGC Genomics
(Berlin, Germany). The resulting sequences were then identified by BLASTn and BLASTx
searches in the National Center for Biotechnology Information (NCBI) database GenBank ™

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

3.2.3.5 Development of RACE protocols for generating a full-length of H. gallinarum -

tubulin ¢cDNA sequence

k™ at the start of the

Since no H. gallinarum B-tubulin cDNA sequence was available in GenBan
project, the Rapid Amplification of cDNA Ends (RACE) protocol was applied for completion of
coding sequences of H. gallinarum B-tubulin gene staring from the partial fragment generated
using degenerated primers. This process was performed using the 5'/3' RACE kit 2™ generation
version 13 according to the manufacturer’s recommendations. cDNAs derived from the extracted
RNA from embryonated eggs, larvae and H. gallinarum adult worms were used as template. Based
on cloning and sequencing results mentioned above, gene specific primers were designed
individually for the 5' and 3' ends of the of B-tubulin gene of H. gallinarum (Table 3.1). For the
nested PCR and based on the sequence diversity of three isolated clones, two individual specific
primers designed in order to determine the possible presence of different B-tubulin isotypes.

AccuPrime polymerase (1 pl) was used for amplification of the 5' and 3' RACE fragments, the

other reagents were from 5'/3' RACE kit 2nd generation version 13 (Roche Diagnostics GmbH).
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PCR products of 3' and 5' RACE were verified by cloning and sequencing. Ten clones from 3'
RACE PCR products and ten clones from 5' RACE PCR products were sequenced. After RACE
PCR, partial sequences of the target cDNA were obtained that shared an overlapping region with
the initial product obtained with degenerated primers. The full-length cDNA was generated by
direct PCR using specific primers (Table 3.1) designed based on 5' and 3' RACE results. PCR
reactions were performed in a 20 pl volume with 4 pl of 5 % Phusion HF buffer, 0.4 pl of 10 mM
dNTPs, 1 pul of 10 pM of each forward and reverse primer, 0.2 ul of 2 U/ul Phusion Hot Start II
High-Fidelity DNA polymerase, 2 pul of cDNA template and 11.4 pl of deionized water. The entire
reagents used for PCR were obtained from Thermo Fisher Scientific. Cycling conditions were
initial denaturation at 98 °C for 1 min, followed by 39 cycles of 98 °C for 30 s, annealing
temperature 65°C for 30 s and elongation at 72 °C for 1 min followed by a final elongation at 72
°C for 5 min. The resulting PCR products were purified from agarose gels and then cloned using
StrataClone Blunt PCR cloning kit as described above. Plasmid DNA was isolated using the
Plasmid Mini Prep Kit EasyPrep® Pro, clones with inserts were sequenced by LGC Genomics
(Berlin, Germany).

3.2.3.6 Development of pyrosequencing assays for H. gallinarum and A. galli
Pyrosequencing assays targeting codons F167Y, E198A and F200Y of the isotype 1 B-tubulin
genes of H. gallinarum and A. galli were developed. To develop suitable pyrosequencing assays
for the analysis of H. gallinarum, four individual specific primers (Table 3.1) based on an
alignment of the previous cDNA and RACE results were designed to amplify H. gallinarum
genomic DNA spanning exons and intervening intron of the B-tubulin gene covering codons 167,
198 and 200. For 4. galli, also four separated specific primers were designed (Table 3.1) to amplify
A. galli B- tubulin genomic DNA based on an alignment of the sequences of isotype 1 from A.

galli (GenBank Accession number KC713796). PCR was performed in a total reaction volume of
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20 pl, which consisted of 4 pl of 5 x Phusion HF buffer, 0.4 pl of 10 mM dNTPs, 1 ul of 10 pM
of each primer, 0.2 pl of 2 U/ul Phusion Hot Start II High-Fidelity DNA polymerase, and 12.4 pl
of nuclease-free water and 1 pl of DNA template extracted from adult H. gallinarum and A4. galli
worms as previously described in section 3.3.2. The entire reagents used for these PCRs were from
Thermo Fisher Scientific, Inc., Waltham, USA. Cycling conditions were initial denaturation at 98
°C for 1 min, followed by 39 cycles of 98 °C for 20 s, a primer pair-specific annealing temperature
(Table 3.1) for 30 s and elongation at 72 °C for 1 min followed by a final elongation at 72 °C for
5 min. Amplification of template DNA was verified by gel electrophoresis by loading 5 ul PCR
product on a 1.5% agarose gel. The DNA fragments amplified with the primers HgbtDNAF1 and
HgbtDNARI1 for H. gallinarum and AgbtDNAF2 and AgbtDNARI1 for A. galli (Table 3.1) were
isolated from the gel, purified and cloned into StrataClone blunt-end PCR cloning vector (Agilent
Technologies, CA, USA). Sequences were determined by Sanger sequencing (LGC Genomics
Berlin). Based on the sequencing result, pyrosequencing assays were designed for each, H.
gallinarum and A. galli B-tubulin using the PyroMark Assay Design software 2.0 (Qiagen): one
assay for codon 167, a combined assay for codons 198 and 200 and one assay for codon 200 (Table
3.1). For each nematode separately, biotinylated PCR products were generated using a Biotin-
labelled primer (Table 3.1). PCRs were carried out in 50 pl containing 10 pl of 5 < Phusion HF
buffer, 1 pul of 10 mM dNTPs, 1.5 pl of 10 pM of each primer, 2 pl 2 U/ul Phusion Hot Start II
High-Fidelity DNA polymerase, 33.5 ul of nuclease-free water and 2 pl of plasmid DNA template
from the previous cloning reaction. Cycling conditions were initial denaturation at 98 °C for 2 min,
followed by 39 cycles of 98 °C for 10 s, a primer pair-specific annealing temperature (Table 3.1)
for 10 s and elongation at 72 °C for 15 s followed by a final elongation at 72 °C for 5 min.

Amplification of template DNA was verified by gel electrophoresis before proceeding with
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positive reactions to pyrosequencing. The pyrosequencing assays were conducted on the PyroMark
Q24 instrument using the PyroMark Gold Q24 reagents following the manufacturer’s protocols
with slight modifications. In brief, the PCR plates were prepared by mixing 3 pl Streptavidin-
coated Sepharose beads (Streptavidin Sepharose High Performance, GE Healthcare) with 40 pl
binding buffer and 45 pl of a biotinylated PCR product (approximately 50 - 250 ng) in a 24 well

polystyrene PCR plate.

The 24 well plate was sealed properly with adhesive PCR plate foil to ensure that no leakage is
possible between the wells followed by agitation for 5 min at room temperature to allow binding
of the biotin-labelled DNA to the beads. Using the PyroMark Q24 Vacuum Workstation, the beads
together with the DNA were aspirated to a 24-format filter tool. Attached to the filter by vacuum
suction, beads are washed and denaturated by successive transfer to plates containing ethanol
(70%), 0.2 M sodium hydroxide solution and finally 1x wash buffers to remove the non-
biotinylated DNA strand. Subsequently, the beads were released by switching off the vacuum and
shaking the tool gently in a 24-well sequencing plate containing 25 pul of 0.4 mM sequencing
primer (Table 3.1) in annealing buffer. The single-stranded DNA in the 24-well sequencing plate
was denatured at 80 °C for 2 min by placing the plate on the block of a thermocycler (C1000
Touch™ Thermal Cycler Bio-Rad Laboratories GmbH, Miinchen, Germany) using the PyroMark
plate holder adapter. Then samples were cooled to room temperature for at least 5 min to allow
annealing of the sequencing primer before the pyrosequencing run was initiated. The enzyme,
substrate and nucleotides were pipetted on a PyroMark Q24 cartridge according to the volume
information given in the pre run information report of PyroMark Q24 software version 2.0.8.
Following the completion of the pyrosequencing reaction, the software of the instrument produces

a ‘pyrogram’ and, based on the relative peak heights for the different alleles, a percent
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quantification for the frequency of each polymorphism can be established. To determine the
accuracy of the measurements and the technical background of the pyrosequencing assays, DNA
fragments with artificially inserted combinations of SNPs in the codons 167, 198 and 200 were
obtained by custom DNA synthesis (General Biosystems,Inc. Morrisville, USA), two fragments
of B-tubulin for each parasite were amplified containing either the susceptible or the resistance

associated allele at the respective codon.

Plasmid DNAs containing either the susceptibility or resistance associated allele in the target
codons were mixed in 11 different ratios (100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70,
20:80, 10:90, 0:100), PCRs and pyrosequencing assays were performed using the same protocol,
primers and enzymes used for generating biotinylated PCR products for pyrosequencing (see
above).

3.2.3.7 Pyrosequencing assays for A. galli isolated from Sweden farms

For detection of BZ resistance-associated alleles in the A. galli B-tubulin 1 from worms collected
from naturally infected chickens, adult worms were collected from three different commercial
poultry farms in Sweden and the A. galli pyrosequencing assays developed above were used. From
each farm, five birds were selected and from each bird DNA from 10 adult worms was isolated
separately. As initial step prior to pyrosequening PCRs specific for 4. galli isotype 1 B-tubulin
were performed on DNA samples pooled on the chicken level and run essentially as described
above. Pyrosequencing reactions for each SNP were run in three replicates and contained 40 pl
(approximately 50-200 ng DNA) of the initial PCR reaction.

3.2.4 Phylogenetic analysis

The cDNA sequences for B-tubulin genes from various nematodes belonging to clade I, Il and V

were obtained from GeneBank. The accession number of all cDNA sequences used are shown in

49



Materials and methods

Figure 4.2. Untranslated regions were removed from sequences, sequences were aligned in
MEGA7 (Kumar et al., 2016) using MUSCLE (Edgar, 2004) on the protein level but displayed
and exported to interleaved Phylip format as aligned codons. A maximum likelihood phylogenetic
tree was calculated using RAXML 8.2.6 (Stamatakis, 2014) on the CIPRES Science Gateway
server (Miller et al., 2010) fitting separate GTRGAMMA models for each partition. RAXML was
used in the rapid bootstrapping mode with 1,000 replicates. The resulting tree was used as
additional input to serve as a fixed tree topology for a second RAXML run to estimate node support
via the Shimodaira-Hasegawa (SH) approximate likelihood ratio test (aLRT). The resulting tree

with the highest likelihood was visualized and processed using MEGA7 (Kumar et al., 2016).

33 Statistical analysis

The prevalence of ascarid eggs in pooled faecal samples collected from poultry farms around
Berlin was calculated as the number of infected faecal pools divided by total number of faecal
pools (n = 50). The binomial confidence intervals for proportions were estimated with
,binom.wilson* function from epitools 0-5.10. package with R for Windows software 3.5.2. To
evaluate the performance of the newly developed pyrosequencing assays for the assessment of
putatively BZ-resistance associated B-tubulin SNPs of 4. galli and H. gallinarum, measured allele
frequencies were plotted against given frequencies of plasmid mixtures in GraphPad Prism5
Software version 5.03. Linear regressions with 95% confidence bands and Pearson correlation
coefficients were calculated. In addition, the mean frequencies (in %) + standard deviation of BZ-
resistance associated SNPs in isotype 1 B-tubulin genes of the A. galli collected from naturally

infected chicken from Swedish farms were analysed in GraphPad Prism5 Software version 5.03.
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Each faecal sample was thoroughly mixed, 10 g from each sample were
analyzed using the standard Mini-FLOTAC protocol.

U

Positive samples were washed by passing through 160 and 100 pm sieves and
eggs collected on a 25 um sieve.

@ N

0.5 ml suspended in 100 ml 0.5 ml suspended in 100 ml tap water in a
0.05 M H,SO41n a tissue culture flask, tissue culture flask, incubated for hatching
incubated at room temperature for 14 days at room temperature for 14 days.
Eggs were collected in 0.5 ml H,O, Larvae were collected in 0.5 ml H20,
transferred to 1.5 ml microcentrifuge tubes, transferred to 1.5 ml microcentrifuge tubes;
stored at -80 °C for molecular studies stored at -80 °C for molecular studies

Figure 3.1 Flow chart summarizing the protocols used for isolation and embryonation of nematode
egg and larval culturing.
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4 Results

4.1 Faecal examination result

Out of 50 faecal samples collected from domestic layer farms that were examined using the Mini-
FLOTAC method, 9 (18%) were found positive for ascarid eggs (18%, 95% CI 9.8-30.8%). The
EPG of the positive faecal samples was calculated based on the analytic sensitivity of the Mini-

FLOTAC method as mentioned previously in section 3.2.1 and according to the following formula:

EPGini-rLoTrac= amount of eggs found x 10.

The number of ascarid EPGs of faecal samples are summarizes in Table 4.1.

Table 4.1 Number of ascarid eggs (EPG) detected using the Mini-FLOTAC procedure.

Farm code EPG
1 200
2 400
3 250
4 150
5 350
6 250
7 250
8 650
9 400
Overall mean 322.22

4.2 Molecular study results

4.2.1 Characterization of p-tubulin cDNAs

For both nematode species, cDNAs representing a single pB-tubulin isotype were obtained using
degenerated primers designed based on highly conserved regions of B-tubulin of related

nematodes. Initially, RT-PCRs were performed using cDNA derived from RNA extracted from
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pooled eggs and in vitro hatched larvae using AccuPrime™ Taq polymerase and degenerated
primers covering SNPs 167, 198 and 200 as mentioned in section 3.3.3. PCR reactions resulted in
amplification of a partial cDNA fragment of ~444 bp which was analysed by gel electrophoresis
(Figure 4.1) and confirmed by gene cloning and sequencing. Pooled eggs and larvae sequences
were confirmed by comparing against the adult worm sequences and the A. galli B-tubulin
sequence submitted previously to GenBank. A BLAST search of nine clones of 4. galli B-tubulin
fragments showed 100% identity at the nucleotide level to a B-tubulin isotype 1 sequence from A.
galli (accession number KC713796). In contrast, at the beginning of this study, no H. gallinerum
B-tubulin sequence was available in GenBank. To determine the possible presence of different
1sotypes of B-tubulin in H. gallinarum, 40 clones derived from eight independent RT-PCRs were
sequenced. The obtained partial H. gallinarum sequences were 93-99% identical to each other and
shared ~88% identity to the B-tubulin isotype 1 cDNA of 4. galli (accession number KC713796),
~81% to the B-tubulin isotype 1 of Ascaris lumbricoides (accession number EU814697) and ~79%

to the Parascaris equorum B-tubulin isotype 1.

Figure 4.1 Agarose gel electrophoresis (2% agarose) of PCR amplified products using degenerated
primers. Lanes 1 and 2 DNA fragment of - tubulin using cDNA derived from Ascaris eggs and larvae
respectively. Lane 3 nuclease free water used as negative control. A 100 bp DNA ladder was used as
marker.
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4.2.2 RACE results for Heterakis gallinarum
The sequencing of 3'/5' RACE PCR-products resulted in the assembly of one full-length cDNA of

the B-tubulin gene of H. gallinarum. The complete coding sequence was 1497 bp in length.

A BLAST search using the H. gallinarum full-length B-tubulin open reading frame as query
revealed 87.9% (1187/1349 nt) identity to A. galli B-tubulin isotype 1 (accession number
KC713796), 83.3% (914/1137 nt) identity to A. lumbricoides B-tubulin isotype 1 (accession
number EU814697) and 79.0% (1070/1353 nt) identity to the P. equorum B-tubulin isotype 1
(accession number KC713797). Based on the protein level, the identity was 98.8% (445/450),
99.7% (366/367) and 99.3% (436/439) to the 4. galli B-tubulin isotype 1 (accession number
AGM37948), A. lumbricoides B-tubulin isotype 1 (accession number ACJ01792) and P. equorum
B-tubulin isotype 1 (accession number AGM37949), respectively. Although two different nested
primers were used in the second PCR for amplification of 3'/5' RACE products and ten clones were
selected from each 3'/5' RACE products aiming to amplify specifically minor sequence variants
present in some of the 40 partial cDNA clones no other variants were found. Nucleotide sequence
data is available in the GenBank™ database under the accession number MF578746.

4.2.3 Phylogenetic analysis

The full-length cDNA sequence (1353 bp) was compared to other nematode tubulins and a
phylogenetic tree was calculated using the maximum likelihood method. The resulting phylogram
(Figure 4.2) shows a classification of all B-tubulin isotypes. The maximum-likelihood phylogenetic
analysis of H. gallinarum data revealed that the newly identified sequence clustered together with
the previously described 4. galli B-tubulin isotype 1 (Accession Number KC713796) with high

statistical support values 100% (Figure 4.2).
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Overall, there is a clear separation between [-tubulins from clade V (strongylids and
Caenorhabditis) and clade III nematodes. The latter form a highly supported group (100% and
99% in the bootstrap analysis and the Shimodaira-Hasegawa likelihood test SH aLRT). This
together with the fact that in both clusters several B-tubulin paralogs are found per species prevents
to identify clear one-to-one orthologs between the ascarid B-tubulins and those of C. elegans.
Furthermore, such one-to-one orthologs cannot even be identified in comparison to A. suum since
the sister group in the phylogenetic tree to the A. galli and H. gallinarum group containing A. suum

tbb-1 and tbb-2 cDNAs.

The phylogenetic maximum-likelihood analysis moreover showed that B-tubulin isotype 1 and 2
of H. contortus, O. ostertagi, C. oncophora and C. catinatum clustered together with high
statistical support values of 97% by bootstrapping and 98% SH LRT tests. This branch is opposed
by a branch carrying the C. elegans ben-1, tbb-1 and tbb-2 cDNAs. Together, these branches form
the group of clade V specific paralogs. Resistance to BZs has been associated with polymorphism
in the tbb-1 paralog in strongyle nematodes such as H. contortus and with loss-of-function in ben-
1 in C. elegans (Kwa et al., 1994, Driscoll et al., 1989). In contrast, the only Trichuris trichiura
cDNA encoded in the genome of this clade I parasitic nematodes, which has been associated with
resistance in this parasite (Kotze et al., 2014), turned out to be closely related to a sister group
containing cDNA of 7. canis tbb-4, A. suum tbb4 and one A4. suum [ —tubulin. This cDNA sequence
is also closely related to a sister group containing cDNAs of Caenorhabditis spp. tbb-4 and mec-
7. This whole branch formed the mec7/tbb4-like group and did not include any of the rhabditid
tbb-1, tbb-2 or ben-1 cDNAs. Overall, the phylogram reveals a considerable diversity within the

nematode f—tubulin gene family.
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100/100y T. trichiura tbb AF118385
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Figure 4.2 Phylogram showing the relationship between nematode B-tubulin ¢cDNAs. Deduced
proteins were aligned and the corresponding alignment of cDNAs with aligned codons was analysed
by maximum likelihood analysis as described in material and methods. Statistical support according
to bootstrapping and Shimodaira-Hasegawa modification of the approximate likelihood test are
reported before and after the slash. The scale bar represents 0.1 substitutions per site. The cDNA
sequences of A. suum with abbreviations like 4. suum AgB01 g251 t03 were obtained from an A. suum
genome (Wang et al., 2017b) deposited in GenBank under BioProject number PRJNA63155 and
accession number AEUI100000000.
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4.2.4 Pyrosequencing assay evaluation

To determine potential BZ-resistance associated polymorphisms in the B-tubulin genes of H.
gallimarum and A. galli, pyrosequencing assays were developed for the quantitative analysis of

BZ-resistance associated SNPs in the codons F167Y, E198A and F200Y.

Initially, the sensitivity of pyrosequencing assays was assed using PCRs amplifying a 122 bp and
a 214 bp fragment encompassing H. gallinarum codons 167 and 198 & 200 respectively, and a
132 bp and a 159 bp fragment encompassing 4. galli codons 167 and 198 & 200, respectively.
Serial dilutions of 40000, 4000, 400, 40 and 4 copies of plasmid DNA containing the target
sequence as insert were used as template. The reactions were analysed by gel electrophoresis and
products were further used as templates for pyrosequencing. The pyrosequencing result showed
that at least 40 DNA copies of H. gallinarum and A. galli B-tubulin gene were required to obtain
sufficient PCR products to produce a clear, accurate pyrosequencing pattern clearly quantifiable

from background noise in all three BZ resistance associated SNPs (Figure 4.4).

Standardization and evaluation of the assays were performed using plasmid DNA as template.
These plasmids contained inserts with artificially synthesized genomic DNA fragments carrying
combinations of SNPs in the codons 167, 198 and 200. Defined mixtures of two -tubulin plasmids
for both H. gallinarum and A. galli were amplified containing either the susceptibility- or the

resistance-associated allele at the respective codon.
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PCRs products were analysed by gel electrophoresis (Figure 4.3) before pyrosequencing assays

were performed. Representative pyrograms are shown in Figure 4.6.

Figure 4.3 Gel electrophoresis of PCR amplified products using 2 ng of the artificially combined
resistant and the susceptible alleles with the following ratios: 10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8,
1:9 and 0:10. Nuclease free water was used as negative control (C-ve) and diluted plasmid DNA
(1:1000) was used as positive control (C+ve).

For analysis, measured frequencies were plotted against calculated input frequencies and linear
regression analyses were performed. Excellent correlations (R* > 0.98) of calculated and observed
frequencies for the SNP determination at codons 167, 198 and codon 200 in the B-tubulin 1 genes

were obtained for H. gallinarum (Figure 4.5A) and 4. galli (Figure 4.5B).
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Figure 4.4 Pyrograms representing SNP data obtained by pyrosequencing using serial dilution of
(40000, 4000, 400, 40 and 4) DNA copies of the plasmid DNA derived from H. gallinarum worm.
Dispensions are shown below the pyrograms and are abbreviated as follows: E, enzyme; S, substrate,
A, dATP, C, dCTP, G, dGTP, T, dTTP and N/A, Not analyzable.
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Figure 4.5 Representative pyrograms representing SNP data obtained by pyrosequencing using
synthetic fragments containing the relevant SNPs (P1: 167Y,198E and 200Y, P2: 167F,198A and
200F) in various mixtures. (A and C) H. gallinarum codon 167 using artificial mixture with ratio of
2:8 and 5:5 (P1:P2) respectively. (B and D) H. gallinarum codons 198-200 using ratio of 9:1 and 7:3
(P1:P2) respectivily. (E) A. galli codon 167 using artificial plasmid P1. (F) 4. galli codons 198-200
using artificial plasmid P2. (G and H) A. galli codon 167, 198 and 200 using artificial mixture with
ratio of 1:9 and 3:7 (P1:P2) respectively. Dispersions are shown below pyrograms and are

abbreviated as follows: E, enzyme; S, substrate, A, dATP, C, dCTP, G, dGTP, T, dTTP.
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Figure 4.6 Regression analysis for pyrosequencing assays targeting H. gallinarum (A) and A. galli (B)
P -tubulin assays for codons F167Y (TTC to TAC), E198A (GAG to GCA) and F200Y (TTC to TAC).
Mixtures of plasmids containing the target sequences as templates were prepared and analysed by
pyrosequencing. Observed frequencies (mean of 4 replicates £ SEM) were plotted against calculated
input frequencies. Regression plots with 95% confidence bands and Pearson correlation coefficients

are shown.
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4.2.5 Pyrosequencing results of A. galli from Swedish field population

Pyrosequencing results of A. galli from naturally infected chicken in Swedish farms showed no
evidence for increased frequencies in BZ resistance associated SNPs. Only very low allele
frequencies for BZ resistance associated SNPs between 1.2 and 6.4% were obtained (Table 4.1).
All these values are well within the technical background of the method. Moreover, sequencing
primer designed for detection of the allele frequency for both codons 198 and 200 showed lower

technical background for codon 200 compared to the sequencing primer designed for detection of

the allele frequency at the codon 200 separately.

Table 4.2 Mean frequencies (in %) + standard deviation of BZ resistance-associated SNPs in the A4.

galli B-tubulin 1 gene of the field samples collected from Sweden.

Poultry Farm Codon 167 Codon 198 Codon 200" Codon 200°
(TAC) (GCA) (TAC) (TAC)
Sérmland Agg 1.26 £ 0.30 2.73+£0.23 4.13+0.23 5.20+0.00
Linnebjorke 1.20 £ 0.35 2.67+0.42 5.27+0.90 5.80+0.72
Grasljunga 1.33+0.30 3.20+0.72 6.27+1.53 6.40 £ 0.87
Total 1.26 £ 0,32 2.87+0.38 5.22+0.87 5.80+0.53

Allele frequency detected using sequencing primer of codons 198 and 200.

PAllele frequency detected using sequencing primer of codons 200.

62




5 Discussion

5.1 Importance and implications of anthelmintic resistance for parasite control in poultry

Chicken egg production in litter-based and free-range housing systems profoundly differs from the
conventional battery cages in the environmental conditions provided to the poultry. Infection with
nematodes is one of the most important economic constraints on the poultry industry in Europe
and possibly worldwide (Thapa et al., 2015, Sherwin et al., 2013, Katoch et al., 2012). Changing
poultry breeding and egg production from conventional cage production systems to alternative
production systems, particularly organic farming, increased prevalence of A. galli and H.
gallinarum in commercial poultry farms in some European countries (Thapa et al., 2015,
Kaufmann et al., 2011). The freedom of movement as one main characteristic of free-range
housing systems increased re-emergence and risk of nematode infections in domestic chickens,
since the birds are in contact with faeces which increases the chance for the helminths to complete
their life cycle, which depend mainly on the faecal-oral transmission route (Kaufmann, 2011,
Sherwin et al., 2013, Hinrichsen et al., 2016). Incidence of infection and increases in worm counts
from cage over to free range systems cannot only be assigned to poor biosecurity in free-range
systems but must also be attributed to the characteristics of organic farming that seem to provide
favourable conditions for helminth infections. Improved hygienic measures and high level of
biosecurity may reduce the risk of pathogen infections in poultry industry including nematode
infections in non-cage housing systems for laying hens. However, implementing good biosecurity
measures in litter-based or free range systems to reduce environmental faecal contamination and
thereby minimize the exposure to infectious parasite eggs or larvae is difficult (Wongrak et al.,
2014). The two ascarid poultry nematode species, 4. galli and H. gallinarum, have a direct life

cycle, therefore, any factor which enhances the probability of a hen to ingest contaminated faeces
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increases the risk of infection. Concerning the reduction of environmental contamination with
faeces containing eggs and larvae of nematodes in ruminants, Thamsborg et al. (2010) concluded
that pasture rotation should be considered as an important non-chemical method which can be used
for nematode control and minimize the environmental contamination. Indeed, Maurer et al. (2013)
recorded that a rotationally used paddock with wood chips appeared to reduce the ascarid faecal
egg counts significantly compared with unmanaged paddocks. Nevertheless, it is a fact that the
control of endoparasites to reduce their negative effects on poultry production in various species
is heavily dependent on the use of anthelmintics. Currently, BZs, mainly flubendazole and
fenbendazole in drinking water, are being used for treatment of chicken nematodes within the EU
member states due to their high potency and mild side effects. Based on the provided residue
depletion studies, a withdrawal period of 6 days for slaughter and zero days for eggs is enforced
(EMA/73085/2018, 2018). A recent study concluded that flubendazole apparently still shows
excellent efficacy against different developmental stages of A. galli in poultry (Tarbiat et al., 2016).
Benzimidazole resistance now is a sincere problem in various livestock in the veterinary field
corresponding to the decades of use of this drug class for mass treatment against different
gastrointestinal parasites. There is a large number of reports on nematode resistance in different
livestock that have been published (Waghorn et al., 2006, Gasbarre et al., 2009, Rendell, 2010,
Anziani et al., 2001, Condi et al., 2009, Ramiinke et al., 2016, von Samson-Himmelstjerna et al.,
2009b). Based on broad research activities in various nematode species, it was shown that BZ-
resistance in strongyle nematodes is correlated with SNPs at codons F167Y (TTC to TAC), E198A
(GAA to GCA) or E198L (GAA to TTA) (Redman et al., 2015, Keegan et al., 2017, Avramenko
et al., 2019) and F200Y (TTC to TAC) of the isotype 1 B-tubulin gene (Kwa et al., 1994, Kwa et

al., 1995, Prichard, 2001, Ghisi et al., 2007, Von Samson-Himmelstjerna et al., 2007, Chaudhry et
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al., 2014, Chaudhry et al., 2015, Demeler et al., 2013). It is important to mention here that up to
date it is unclear what the relevance of B-tubulin SNPs in ascarids in BZ resistance mechanism is
and which isotypes are involved. In European and US cattle, many factors have been considered
as explanation for the so far limited prevalence of anthelmintic resistance as for example use of
different breeding systems and less intensive anthelmintic use (Coles, 2002, McArthur and
Reinemeyer, 2014). In South America the situation is clearly different and anthelmintic resistance
is widespread in cattle parasitic nematodes. The situation differs from Europe by inefficient
management systems and inadequate control of the use of anthelmintic drugs (Jaeger and

Carvalho-Costa, 2017).

Thes widespread occurrence of anthelmintic resistance in nematodes demonstrates the need to
develop sensitive and suitable methods for early detection of anthelmintic resistance in the
veterinary field which can be used to regularly monitor anthelmintic efficacy aiming at the
prevention or at least postponement of further resistance development (von Samson-
Himmelstjerna et al., 2009b). Accordingly, a cost efficient and reliable BZ-resistance test for
poultry nematodes would be of real advantage for the poultry industry in order to help
implementing effective nematode control programs to prevent development of clinically relevant
BZ resistance and spread of resistance.

5.2 Incidence of ascarid eggs in faecal samples collected from poultry farms using the

mini-FLOTAC technique

Several parasitological techniques are used for the qualitative and quantitative diagnosis of
helminth infections in veterinary practice. The mini-FLOTAC method is an innovative technique
based on floatation of helminth eggs and combines good sensitivity with quantitative performance

and low costs. The technique is a more sensitive method for quantification of FECs than the widely
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used McMaster method and has a detection limit of 5 or 10 EPG, depending on the number of
chambers counted per sample (Barda et al., 2013a). It is important to mention that the faecal
samples collected from the poultry flocks around Berlin for this study are not representative of the
poultry population due to lack of information, e.g. regarding the number of flocks, type of
husbandry system, anthelmintic therapy and other management and environmental factors.
Therefore, the FEC results of this study can only be compared with those of others to see if the
data are within the range of previous observations. Furthermore, risk factors associated with the
presence or absence of ascarid eggs were not included and analysed. The present study revealed
presence of ascarid eggs in 18% of the flocks sampled using the mini-FLOTAC technique. The
mean ascarid FEC of the present study was 322.2 EPG and the maximum was 650 (Table 4.1).
Pennycott and Steel (2001) reported Ascaridia and Heterakis FECs in England and Wales with an
overall mean of 179 EPG and a maximum of 1100 EPG. The prevalence of A. galli and H.
gallinarum was demonstrated in previous reports from Germany and other European countries.
For example, in Germany prevalences of A. galli and H. gallinarum were found in organic/free-
range flocks was 98% and 88%, respectively (Kaufmann et al., 2011), Moreover, 89% of the
studied free-range flocks were infected with H. gallinarum in England and Wales (Sherwin et al.,
2013). In Denmark, the prevalence on flock level was found to be 63.8% for A. galli and 72.5%
for H. gallinarum in free-range/organic flocks and 41.9% for A. galli and 19.4% for H. gallinarum
in deep-litter systems (Permin et al., 1999). Thapa et al. (2015) reported results of a study across
eight European countries in which 4. galli and H. gallinarum were highly prevalent with an overall
mean prevalence of 69.5% and 29%, respectively. This difference may reflect that the management
factors play a role in the spread of nematode infections within poultry flocks. Skallerup et al.

(2005) concluded that the environmental conditions must be considered to be among the most
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important determining factors for transmitting infective eggs in natural helminth infections.
Several studies demonstrated that the increasing prevalence of ascarids in poultry flocks can be
correlated with the use of alternative husbandry systems since the ban of conventional cages in
2011 (Hafiz et al., 2015, Wuthijaree et al., 2017, Sherwin et al., 2013). The freedom of movement
for the birds is an important constituent of alternative poultry husbandry systems but increases the
chance of infection with parasites, as hens are in direct contact with and exposed to faeces. Soil
contaminated with nematode eggs and/or intermediate host such as earthworms allows ascarids to
complete their life cycle (Kaufmann et al., 2011, Duffy et al., 2005, Hauck and Hafez, 2013, Thapa
etal., 2017).

5.3 Characterization of B-tubulin gene in 4. galli and H. gallinarum and generation the

full-length H. gallinarum f-tubulin cDNA sequence
The present study describes for the first time the sequence of a B-tubulin cDNA from H.

gallinarum. Partial cDNA fragments of closely related A. galli and H. gallinarum B-tubulins were
obtained using degenerate primers covering a region containing all three SNPs that have been
associated with BZ resistance in nematodes. Cloning and sequencing of nine clones of 4. galli B-
tubulin fragments showed 100% identity at both the nucleotide and protein level to a B-tubulin
isotype 1 sequence from A. galli deposited in GenBank. However, sequences of 40 clones
representing a H. gallinarum B-tubulin cDNA fragment derived from different PCRs were 93-99%
identical on the nucleotide level to each other and 88% identical to the 4. galli B-tubulin isotype 1
sequence of the previous study(Tydén et al., 2013).

In general, there is a considerable lack of knowledge and only ambiguous information about the
number and phylogenetic relationship of B-tubulin paralogs in nematodes, their expression pattern
and function in different cell types, tissues and life cycle stages in particular (Tyden et al., 2016).

In the present study, RNA was isolated from ascarid eggs, larvae and adults worms. Tyden et al.
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(2016) described that there is a differential expression of two B-tubulin gene isotypes in Parascaris
sp. after exposure to various concentrations of thiabendazole during worm development. They
showed that isotypel and isotype 2 were expressed at the same level during the early phase of
embryogenesis up to 24 h after egg shedding (morula stage). While isotype 1 continued to be
expressed at high levels during all life cycle stages, isotype 2 expression decreased between 40
and 120 h by 150 fold to very low levels during embryogenesis and low expression continued until
the adult worm stage. Fuchs et al. (2013) described that the B-tubulin repertoire in the common
liver fluke Fasciola hepatica consists of six isotypes, which are all expressed in the adult stage.
They showed that the isotype 1 is dominant in adults. In contrast, isotype 1 was not found to be
expressed in the immature stages, whereas isotypes 2, 3 and 4 was expressed in all life cycle stages.
In the present study, B-tubulin isotype 1 of H. gallinarum and A. galli were identified while no
other B-tubulin isotypes were detected although variation of the PCR protocol was performed and
RNA from different life cycle stages, i.e. eggs, larvae and adults, was used as template.
Full-length H. gallinarum B-tubulin cDNA was successfully generated using RACE-PCR. Only a
single full-length cDNA of the B-tubulin gene of H. gallinarum was generated even though ten
clones were selected from each 3'/5' RACE PCR-products and two different primer pairs were
designed for the nested RACE PCR based on the variation in the sequences of the clones derived
from amplification of the partial cDNA fragment using degenerated primers with the aim to obtain
also full-length variants. The complete coding sequence of the newly described H. gallinarum [-
tubulin cDNA is 1497 bp in length.

5.4 Phylogenetic analysis

The maximum likelihood phylogenetic analysis on cDNA level presented here showed that there
is a large diversity and complex phylogenetic relationship between the tubulin paralogs found in

different nematode species and within a single nematode species. A sufficient resolution of the
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phylogenetic relationship could be obtained by combination of alignment on protein level followed
by maximum likelihood analysis on the cDNA level as described for nematode tubulins previously
(Demeler et al., 2013). Interestingly, the H. gallinarum sequence clustered together with 4. galli
B-tubulin isotype 1 with high statistical support values. Consequently, we have inspected the
phylogenetic relationship of this branch with the other ascarid nematode B-tubulins such as A.
suum tbb-1, P. equorum tbb-1 and -2, A. lumbrioides tbb-1 and T. canis tbb-1. Together with the
tbb-1 of the two poultry parasites they form an clade III-specific group (also including a B. malayi
B-tubulin) which was a sister cluster to B-tubulins (tbb-1, tbb-2 and ben-1) of clade V nematodes.
Moreover, this clade V specific group contained the tbb-1 isotypes of important parasitic nematode
species infecting livestock, such as H. contortus, C. oncophora and O. ostertagi. Single nucleotide
polymorphisms in these isotypes are well known to confer BZ-resistance to the parasitic worms
(von Samson-Himmelstjerna et al., 2009b, Demeler et al., 2013). Indeed, the phylogenetic
diversity of B-tubulin genes among the nematode species could lead to differences in BZ-resistance
mechanisms or pathways concerning isotypes and/or SNPs location within genes.

5.5 Application of pyrosequencing assays for determination of BZ-resistance in Ascaridia

galli from field population in Sweden

This study investigated for the first time the susceptibility of 4. galli to BZs using highly sensitive
molecular pyrosequencing assays in flocks of commercial laying hens in the field. The field study
investigated the presence of putatively BZ-resistance associated B-tubulin alleles in A. galli in
chickens from naturally infested Swedish farms using pyrosequencing but found no evidence for
increased frequencies in such putatively BZ-resistance associated SNPs in the B-tubulin isotype
under investigastion. The respective allele frequencies observed in 4. galli (between 1.2 and 6.4%)
were within the range of the technical background observed during assay evaluation and there was

as well no history of reduced BZ-efficacy reported by these farmers and therefore these result were
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in line with the corresponding phenotypic observations. In the current study, only 4. galli isolates
from three different commercial poultry farms with unknown history of exposure to anthelmintics
were investigate. Recently, Tarbiat et al. (2017) investigated FECR and LDT data of 4. galli in a
commercial laying hen farm in Sweden treated with flubendazole and fenbendazole. They showed
that the the FECRs were above 95% and no significant difference was observed among obtained
ECso values in the LDT. This indicated that A. galli is still phenotypically susceptible to BZ
chemotherapy in Sweden. All Swedish chicken flocks from which samples were collected used an
all-in all-out management system. The all-in all-out replacement system (particularly in indoor
breeding systems) as one of the predominant biosequrity programms, provides a much higher
power than other flock management systems in the control and prevention of diseases.
Furthermore, it does not give a sufficient time and opportunity to nematodes to establish BZ-
resistance and transfer the resistant alleles among generations. Frequent changes of poultry litter
in combination with effective disinfection after each breeding helps to keep the infection pressure
by many pathogens including parasitic nematodes low. Here, its important to mention that all-in
all-out may not be as helful in free-range systems since the ascarid eggs have the ability to survive
long peroid in the soil and the eggs cannot easily removed or destroyed by disinfection. Recently,
Thapa et al. (2017) found that a small proportion of poultry ascarid eggs may survive and remain
infective for at least 2 years.

5.6 Potential BZ-resistance mechanisms not involving isotype 1 B-tubulin of A. galli and

H. gallinarum

There is a high possibility that other 4. galli and H. gallinarum B-tubulin isotypes are encoded in
the parasites’ genomes as known for other ascarids such as P. equorum and A. suum. Recently,
Martis et al. (2017) identified six novel 4. galli B-tubulin isotyps of which one candidate is most

similar in its sequence to the A. galli B-tubulin isotype 1 which was previously identified by Tydén
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et al. (2013). Currently, it is unclear if B-tubulin isotype 1 in 4. galli is involved in BZ-resistance
mechanism or not. In non-strongyle nematodes in general, there is insufficient knowledge about
B-tubulin isotypes and their participation in BZ-resistance mechanism. Tyden et al. (2016)
observed the differential B-tubulin gene expression of isotypes 1 and 2 in different life cycle stages
of Parascaris sp. and they concluded that exposure to thiabendazole only changed expression of
B-tubulin isotype 1. In adult female A. galli, Martis et al. (2017) showed no differences in the gene
expression levels of different B-tubulin isotyps before and after exposure to flubendazole. Recent
advances in the application of genomic tools provide additional insight and increased our
knowledge about the phylogenetic diversity of the B-tubulin gene family and their possible
association with drug resistance of parasitic nematodes of veterinary importance. Noteworthy,
other anthelmintic resistance mechanisms which play a role in decreasing the concentration of the
drug in the target tissue were established. These include drug efflux pumps (e.g. P-glycoproteins,
Pgsp) and detoxification enzymes (e.g. cytochrome P450 monooxygenases). Membrane P-
glycoproteins are able to transport a variety of substrates across cell membranes including many
different drugs (Lespine et al., 2012). P-glycoproteins have been found to bind the drug and/or are
stimulated to hydrolyse ATP in the presence of anthelmintics. This might reduce the drug
concentration at the target site leading to therapy failure (Lespine et al., 2012, Jones et al., 2015).
Detoxification of the substance by enzymes e.g. cytochrome P450 or glutathione S-transferases
(GSTs) is another pathway reducing the drug efficacy. (James et al., 2009). Cvilink et al. (2009)
have reported that anthelmintics are metabolized by cytochrome P450 monooxygenases and GSTs
enzymes. After initial oxidation of the anthelmintic by the an oxidase such as a cytochrome P450,
GST enzymes would be able to conjugate the activated drug to glutathione followed by

eliminatation of the metabolized anthelmintics from the cell by the efflux pumps. Recenlty, Martis
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etal. (2017) compared the transcriptome between flubendazole treated and untreated 4. galli. They
showed a significant down-regulation of transcripts annotated as mitochondrial glutamate
dehydrogenase and cytochrome P450 in treated adult worms. Mitochondrial glutamate
dehydrogenase has a role in nitrogen and glutamate (Glu) metabolism and energy homeostasis in
other nematodes such as 7. circumcincta (Muhamad et al., 2011). Hanser et al. (2002) concluded
that exposure of 7. canis and A. suum to flubendazole causes cellular destruction including
disruption of mitochondria in the hypodermis, muscle cells and intestine. However, Martis et al.
(2017) found significant up-regulation in transcripts homologous to catalase, phosphofructokinase,
heat shock proteins (HSPs), , and a multidrug resistance P-glycoprotein (PGP-1) in treated worms.
The heat shock proteins such as HSP70 are produced in most organisms in response to exposure
to a range of stressful conditions (Serensen et al., 2003).

The abcence of field poultry population which were characterized as phenotypically resistant to
BZ has to be considered as a major current constraint for the analysis of BZ-resistance machanisms
in poultry nematodes. Based on many studies in other nematodes e.g H. conturtus, cyathostomin
and trichostrongylus, the mechanism of BZ-resistance was mostly identified genotypically from
the samples which were eiher derived from the field or from experimentally selected populations
with BZ-resistance phenotype (Kwa et al., 1994, Kwa et al., 1995, Pape et al., 2002, Von Samson-
Himmelstjerna et al., 2007, Silvestre and Humbert, 2000, von Samson-Himmelstjerna et al.,
2002b). It 1s therefore one of the key outstanding research objectives in this context to improve
our understanding of the mechanisms of BZ-resistance in poultry nematodes.

All of the above mentioned mechanisms might somehow be involved in BZ-metabolism in ascarids

and thus in BZ-resistance mechanisms. Therefore, the recognition of the most relavant
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mechanisms and the development and evaluation of molecular markers that could indicate BZ-
resistance especially in ascarids may form the basis for development of sensitive diagnostic tests.
Since there is little information available about the PB-tubulin isotypes and BZ-resistance
machanisms in A. galli and H. gallinarum, future studies should focus to characterise the entire
family of B-tubulin isotypes in these two important parasitic nematodes in poultry and use this

information to elucidate the pathway leading to BZ-resistance.

5.7 Conclusions and recommendations

» Mini-FLOTAC is a good, sensitivity and low-cost alternative technique that can be used for
diagnosis and monitoring helminth infections in control programs in poultry. Using this
technique for the phenotypic analysis of BZ-susceptibility/resistance in a FECRT has the
limitation that in mixed infections with A. galli and H. gallinarum discrimination of both
parasites by egg morphology is not reliably possible in practice.

» For the first time, a H. gallinarum full-length B-tubulin cDNA was sequenced and deposited
in GenBank. The genomic sequence data presented here provide the basis for the determination
of possible SNPs within the B-tubulin gene.

» More investigations are needed for the identification of other possible present H. gallinarum
B-tubulin isotypes that could be involved in the BZ-resistance pathway.

» Phylogenetic maximum-likelihood analysis revealed that both A. galli and H. gallinarum [-
tubulin cDNAs cluster together with high statistical support values and share a phylogenetic
relationship with the other ascarid nematode B-tubulins. Moreover, it must be stated that the
clade III specific group does not belong to the same phylogenetic cluster as the clade V specific
group that includes nematode species in which presence of SNPs in this particular B-tubulin
1sotypes was shown to confer resistance to BZs. This diversity could reflect the differences in

BZ-resistance mechanisms or pathways concerning isotypes and/or SNP location.
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» Pyrosequencing assays for the quantitative analysis of potentially BZ resistance associated
SNPs in the B-tubulin isotype 1 genes of A. galli and H. gallinarum were successfully
developed. The developed assays offer the tools to screen for the presence and to quantify the
relative frequency of BZ-resistance associated SNPs in populations of important poultry
parasites. The assays will potentially allow detecting the development of resistance in an early
phase before it becomes clinically apparent. This offers the chance to implement measures to
counteract further selection before resistance becomes widespread.

» Pyrosequencing results of pools from A. galli collected from naturally infected chicken on
Swedish farms showed no evidence for increased frequencies of BZ resistance associated
SNPs. More investigations are needed from many other poultry flocks in different geographical
regions particularly in Europe to link the phenotypic data with the molecular examination using
highly sensitive techniques such as pyrosequencing to evaluate BZ-resistance in poultry field
samples.

» In poultry nematodes, a major constrain for the analysis of BZ-resistance mechanisims is that
there are thus far no populations with BZ-resistance phenotype available. In fact, the key to
understanding the mechanisms of BZ-resistance in poultry is the comparative analyzis of

nematodes derived from phenotypically susceptible and resistant populations.
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6 Summary

Poultry is considered to be one of the best sources of high quality protein for humans. Following
recent changes in husbandry systems for poultry in Europe from cage to other, alternative
husbandry systems such as free-range systems, increased prevalence of helminth infections,
predominantly Ascaridia galli and Heterakis gallinarum, was observed. The basic principles for
the effective control of helminth infections in poultry farms are a combination of preventive
measures such as biosecurity and disinfection with broad-spectrum anthelmintic therapy. The
benzimidazoles (BZs) flubendazole and fenbendazole have been certified for treatment of chicken
nematodes within the European Union and are widely used as save broad-spectrum anthelmintics
in poultry. Benzimidazole (BZ)-resistance is widespread and a significant problem in several
parasitic nematodes of ruminants and horses and was correlated with the presence of three single
nucleotide polymorphisms (SNPs) in the B-tubulin isotype 1 gene of strongyle nematodes.
However, BZ-resistance has so far not been reported in the chicken parasitic nematodes but the
risk for resistance development has to be considered as existant and will increase with parasite
infection intensity and treatment frequencies. Therefore, it is necessary to establish sensitive and
reliable diagnostic tests for detection of BZ-resistance at least for the most important nematodes
of chicken. Single nucleotide polymorphisms in the B-tubulin gene, particularly at the three
specific codons F200Y, E198A and F200Y, are used as markers for the molecular detection of BZ-
resistance in-several strongyle nematodes in veterinary medicine. Among the molecular tests,
pyrosequencing is considered an excellent technique for quantification of BZ-resistance associated
B-tubulin alleles even when the allele frequency is still quite low. Here, partial cDNAs representing
a single B-tubulin isotype were obtained using degenerated primers. The obtained nine 4. galli

sequences were 100% identical to a previously published sequence while the 40 new H. gallinarum
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sequences were 93-99% identical to each other and 88% identical to the A. galli sequence. The
1497 bp full-length B-tubulin isotype 1 cDNA sequence with an 1353 bp open reading frame of
poultry the nematode H. gallinarum was identified using 3'/5' RACE protocols. Phylogenetic
maximum-likelithood analysis revealed that both A. galli and H. gallinarum B-tubulin cDNAs
cluster together with high statistical support values and share a close phylogenetic relationship
with the other ascarid nematode B-tubulins. Overall, there is a clear separation between B-tubulins
from clade V and clade III nematodes. The latter form a highly supported group. This together
with the fact that in both clusters several B-tubulin paralogs are found per species prevents to
identify clear one-to-one orthologs between the ascarid B-tubulins and those of Caenorhabditis
elegans and strongyles. Even worse, such one-to-one orthologs cannot even be identified in
comparison to the pig roundworm A. suum since the sister group in the phylogenetic tree to the A.
galli and H. gallinarum group contains 4. suum tbb-1 and tbb-2 cDNAs. Pyrosequencing assays
for the quantitative analysis of potentially BZ-resistance associated SNPs in the B-tubulin isotype
1 genes of A. galli and H. gallinarum were successfully developed. Plasmids with artificially
synthesised inserts carrying combinations of SNPs were combined in defined ratios to evaluate
sensitivity and linearity of the assays. The correlation of calculated and observed frequencies for
the SNP determination at codons F167Y, E198A and F200Y was very high. Pyrosequencing assays
carried out for A. galli collected from naturally infected chicken on Swedish farms showed no
evidence for increased frequencies of potentially BZ-resistance associated SNPs. The developed
assays offer the tools to screen for the presence and to quantify the relative frequency of BZ-
resistance associated SNPs in populations of important poultry parasites. The assays have the

potential of detecting the development of resistance in an early phase before it becomes clinically
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apparent. This offers the chance to implement measures to counteract further selection before

resistance becomes widespread.
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7 Zusammenfassung

Identifizierung von B-Tubulin Isotypen und Entwicklung von Pyrosequenzierungs-Assays
fiir die Analyse von Benzimidazole-Resistenz bei Heterakis gallinarum und Ascaridia galli

Gefliigel wird als eine der besten tierischen Proteinquellen fiir Menschen angesehen. Nach
kiirzlichen Anderungen in den Haltungssystemen fiir Gefliigel in Europa von Kifig- zu
alternativen Haltungsformen wie Freilandhaltung, wurden erhdhte Priavalenzen von Infektionen
mit Helminthen, insbesondere Ascaridia galli und Heterakis gallinarum, beobachtet. Die
grundlegenden Prinzipien fiir eine effektive Kontrolle von Helmintheninfektionen beim Gefliigel
vereinen eine Kombination von praventiven Mallnahmen wie Biosicherheit und Desinfektion mit
der Anwendung von Breitspektrum-Anthelminthika. Die Benzimidazole Flubendazol und
Fenbendazol wurden fiir die Behandlung von Hithnernematoden in der Europdischen Union
zertifiziert und werden weithin als sichere Breitspektrum-Anthelminthika beim Gefliigel
eingesetzt. Benzimidazol(BZ)-Resistenz ist ein weit verbreitetes und bedeutendes Problem bei
zahlreichen parasitischen Nematoden von Wiederkduern und Pferden und wurde insbesondere mit
dem Vorhandensein von drei Einzelnukleotidpolymorphismen (engl. Single Nucleotide
Polymorphisms, SNPs) im B-Tubulin Isotyp 1 Gen von Strongyliden korreliert. Benzimidazol-
Resistenz wurde jedoch bisher nicht fiir parasitische Nematoden der Hiihner beschrieben.
Grundsitzlich ist allerdings das Risiko fiir die Entwicklung von BZ-Resistenz bei
Gefliigelnematoden als gegeben einzuschidtzen und wird mit erhdhter Infektionsintensitdt und
Behandlungsfrequenz steigen. Daher ist es notwendig, sensitive und zuverldssige diagnostische
Tests fiir die Detektion von BZ-Resistenz zumindest fiir die wichtigsten Nematoden der Hiithner
zu etablieren. Einzelnukleotidpolymorphismen im B-Tubulin Isotyp 1 Gen, insbesondere in den
drei spezifischen Codons F200Y, E198A und F200Y, werden in der Veterindrmedizin als Marker
zur Detektion von BZ-Resistenz in einigen Strongylidenspezies verwendet. Von den verfiigbaren
molekularen Verfahren wird Pyrosequenzierung als eine exzellente Technik fiir die
Quantifizierung von mit BZ-Resistenz assoziierten B-Tubulinallelen angesehen, selbst wenn die
Haufigkeit dieser Allele noch gering ist. Hier wurden partielle cDNAs eines bestimmten [-
Tubulinisotyps mit Hilfe degenerierter Primer erhalten. Die neun gewonnenen 4. galli cDNA-
Sequenzen waren 100 % identisch untereinander und zu einer zuvor publizierten Sequenz wéhrend

die 40 neuen H. gallinarum 93-99% identisch untereinander und 88% identisch zu der 4. galli
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Sequenz waren. Es wurde eine 1497 bp umfassende, vollstindige B-Tubulin Isotyp 1 cDNA-
Sequenz mit einem offenen Leseraster von 1353 bp des Gefliigel Nematoden H. gallinarum
identifiziert. Eine phylogenetische Maximum-Likelihood Analyse zeigte, dass die beiden 4. galli
und H. gallinarum B-Tubulin cDNAs zusammen eine Gruppe bildeten und die gleiche
phylogenetische Beziehung zu den anderen B-Tubulinen aus Ascariden aufweisen. Insgesamt
ergab sich eine klare Aufteilung zwischen B-Tubulinen von Klade V- und Klade I1I-Nematoden.
Die letzteren formten eine Gruppe mit hoher statistischer Unterstiitzung. Dies, zusammen mit der
Tatsache, dass in beiden Gruppen mehrere Paraloge je Spezies gefunden wurden, verhindert die
Identifizierung von eins-zu-eins Orthologen zwischen den B-Tubulinen von Ascariden und denen
von Caenorhabditis elegans sowie denen der weiteren Strongylidenspezies. Zudem konnen solche
eins-zu-eins Orthologe auch nicht im Vergleich zum Schweinespulwurm Ascaris suum
identifiziert werden, denn die Schwestergruppe im phylogenetischen Baum zu der Gruppe aus A.
galliund H. gallinarum enthélt die A. suum tbb-1 und tbb-2 cDNAs. Pyrosequenzierungsassays
fiir die quantitative Analyse der potentiell mit BZ-Resistenz assoziierten SNPs in den B-Tubulin
Isotyp 1-Genen von A. galli und H. gallinarum wurden erfolgreich entwickelt. Plasmide mit
artifiziell synthetisierten Insertionen wurden in definierten Verhdltnissen gemischt, um die
Sensitivitidt und Linearitdt der Assays zu evaluieren. Die Korrelation zwischen berechneter und
gemessener Frequenz fiir die Bestimmung der SNPs in den Codons F167Y, E198A und F200Y
war sehr hoch. Pyrosequenzierungsassays, die mit A. galli aus natiirlich infizierten Hithnern von
schwedischen Farmen durchgefiihrt wurden, ergaben keinen Nachweis fiir erhohte Hiufigkeiten
von mit BZ-Resistenz assozierten B-Tubulin SNPs. Die entwickelten Assays erlauben es, die
Entwicklung von Resistenz schon in einer frithen Phase nachzuweisen, bevor die Resistenz
klinisch sichtbar wird. Dies erdéffnet die Chance Mallnahmen zu implementieren, die einer

weiteren Resistenzentwicklung entgegenwirken.
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