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ABSTRACT

The poultry red mite (PRM), Dermanyssus gallinae (De Geer 1778) is the most important
haematophagous ectoparasite affecting the global poultry industry. Despite this, relatively
little is known about the interactions between PRM and its primary host of economic
concern, the domesticated chicken Gallus gallus domesticus. Chemosensation is the most
widespread sensory modality in arthropods and elucidating the molecular and chemical
basis of PRM chemosensation would contribute significantly to understanding PRM
biology and control. This thesis investigates aspects of PRM chemosensing, from
fundamental studies into the genes and proteins involved, to field trials testing novel
formulations of kairomone blends. It is hypothesised that PRM possess a chemosensory
repertoire containing members of Acarine specific gene families and that these genes and
proteins will be differentially expressed in blood feeding life stages and in PRM exposed
to hosts. RNAi-mediated knockdown of a putative chemosensory gene is expected to
impair chemosensory function and novel kairomone baited traps are anticipated to

outperform non-baited traps.

In this thesis, the most comprehensive chemosensory gene repertoire of PRM is
presented, revealing insights into the evolution of chemosensory gene families across
arthropods. The transcriptome of PRM exposed to chicken hosts is analysed for the first
time, unravelling the complex interactions between ectoparasite and host. A functional
knockdown study is performed on a putative PRM chemosensory gene and novel
kairomone blends are tested for attractiveness under controlled conditions and during
field trials. Results support the hypothesis that PRM chemosensation is dependent on
Acarine specific gene families and that some of these genes and proteins are enriched in
blood feeding life stages and PRM exposed to hosts. Whilst RNAi-mediated knockdown
of a putative chemosensory gene was inconclusive, a dose dependent attractive response
was observed to uropygial extracts. Finally, while a novel formulation of a kairomone
blend was attractive to PRM in laboratory bioassays, addition of kairomone dispensers
did not increase the number of PRM caught in traps during field trials. Future work is
needed to translate the results of these fundamental studies into tools and strategies for
PRM control.
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INTRODUCTION

The poultry red mite (PRM), Dermanyssus gallinae poses a significant challenge to the
global poultry industry. PRM infestations are increasing in frequency and severity and
cause substantial economic losses. Current PRM research focuses on novel control
methodologies but little notice is given to the fundamental interactions between PRM and
its primary host of economic concern, the domesticated chicken Gallus gallus domesticus.
This thesis aims to better understand the ectoparasitic interactions between PRM and the
domesticated chicken through investigations into the molecular and chemical basis of PRM

chemosensation.

Firstly, the molecular basis of chemosensation in PRM is elucidated through multi-omics
and functional genomics approaches. These fundamental discoveries are then used to
assist in the development of a novel, semiochemical-based control and monitoring

system for PRM.

In Chapter 3, BLAST searches, protein domain filtering and molecular phylogenetics are
used to determine the chemosensory gene repertoire of PRM. This research draws from
previous sequencing of the D. gallinae genome and serves as a foundational chapter that
informs the more targeted approaches described in Chapter 4 and Chapter 5. Chapter 4
focuses on gene expression patterns associated with host exposure in PRM using RNA
sequencing. This work is intended to decipher the molecular mechanisms underpinning
interactions between PRM and their primary avian hosts and reveal functionally
important genes for additional exploration in Chapter 5. RNAi-mediated knockdown of
a putative chemosensory gene identified through the processes explained in Chapter 3
and Chapter 4 are attempted in Chapter 5. The final experimental chapter, Chapter 6,
outlines the development of a novel semiochemical based monitoring tool for use against
PRM.

The first hypothesis tested in Chapter 3 is that the chemosensory gene repertoire of PRM
contains members of the IR, OBP-like, GR, NCP2 and SNMP gene families but does not
contain ORs or classical OBPs. This is because OR and classical OBP lineages are
predicted to be insect specific. Experiments in Chapter 3 also test whether chemosensory
gene enrichment is observed in the latter stages of the PRM life cycle, which orientate

towards hosts and blood feed. Work in Chapter 4 tests whether exposure of PRM to avian
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hosts significantly alters gene expression profiles. Genes involved in host location, host
identification and blood meal preparation are expected to be differentially expressed in
PRM exposed to hosts. This work is extended in Chapter 5, which tests whether RNAI-
mediated gene silencing of a putative chemosensory gene impairs normal chemosensory
function in PRM due to disruption of olfactory pathways. Through a combination of
laboratory and field trials, work in Chapter 6 tests whether a long-lasting, kairomone lure

can improve catches of PRM in simple monitoring traps.
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There should be no obstacles to accessing knowledge.

Alexandra Elbakyan
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Chapter 1: Literature review
1.1 Life cycle and ecology

The poultry red mite (PRM), Dermanyssus gallinae (De Geer, 1778), is the most
important haematophagous ectoparasite affecting the global poultry industry (Decru et
al., 2020). Individual mites are less than 1.5mm in length and transition in colour from
transparent to reddish-brown when engorged. Although an obligate blood feeder, PRM is
cosmopolitan in its choice of host, infesting commercial poultry, wild birds, domesticated
pets, and humans (Cafiero et al., 2019). PRM is a nidicolous species and spends most of
its life cycle off hosts, seeking refuge in nests and cracks and crevices throughout barns
in groups of mixed developmental stages (Entrekin and Oliver, 1982). Female PRM are
usually observed feeding on hosts in greater numbers than males, though males also blood
feed intermittently (Pritchard et al., 2015). The developmental cycle of PRM can be
completed within one to two weeks, depending on environmental conditions (Maurer and
Baumgartner, 1992), and blood feeding occurs from the protonymph stages onwards
(Figure 1.1) (Nunn et al., 2019). It is reported that PRM feed every two to four days, five
to eleven hours after the onset of dark periods during a 12/12h light/dark cycle (Mul et al.,
2009). After mating, adult females typically lay clutches of four to eight eggs per day
over a period of three days requiring a blood meal between each batch. Oviposition time
varies with temperature but it is suggested to be on average one to three days after the
blood meal is taken (Maurer and Baumgartner, 1992; Nordenfors and Hoglund, 2000).
Embryogenesis is reliant on several compounds including proteins, sugars and lipids
which are secreted from both ovarian and extra-ovarian tissues (Pritchard et al., 2015).
Vitellogenin, a precursor for the yolk protein vitellin, is an essential nutrient during early
embryo development (Seixas et al., 2012) and is highly expressed in gravid adult female
PRM (Bartley, Chen, Lloyd Mills et al., 2021). Mating occurs on or off hosts and
individual males have been observed to mate with several females in succession
(Hutcheson and Oliver, 1988). Eggs hatch into six-legged larvae within three days of
laying and moult into octopod protonymphs, the first blood feeding stage, in one to two
days. Protonymphs, deutonymphs and adult life stages require a blood meal for complete

metamorphosis.
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The optimum temperature for PRM egg development is 25-30°C, which coincides with
recommended temperatures for layer hen housing facilities (Sparagano et al., 2014).
Juvenile PRM development is rapid and survival rates are highest at a relative humidity
of 70-90% (Nordenfors et al., 1999) and between 25°C and 37°C. Temperatures below -
20°C and above 45°C are considered lethal (Maurer and Baumgaértner, 1992). Although
sub-optimal conditions restrict population growth and juvenile development, PRM are
considered a generalist species that can survive and reproduce under a range of
environmental conditions (George et al., 2015). A rise in host somatic stress indicators
and psychogenic behaviours such as restlessness, irritation, self-pecking and cannibalism
are all indicative of PRM infestation in hens (Kilpinen et al., 2005; Kowalski and Sokot,
2009). In addition, PRM can resist desiccation and survive without a bloodmeal for up to

nine months (Nordenfors et al., 1999).
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2-3 days

Larvae
) 1-2 days
2-3 days
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Deutonymph Protonymph

Figure 1.1 The lifecycle of D. gallinae.

Life stages at one week starvation are presented. The red arrows (to and from the host
hen) indicate the parasitic stages that are obligate blood-feeders. Images captured on a
GXM ultrazOOM-2 Stereo Microscope series 8X-50X Trinocular fitted with a GXCAM-
U3 C mount digital camera (GT Vision Ltd, Newmarket, UK) and processed in
GXCapture-Tv8.5.
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1.2 Phylogeny and evolution

Dermanyssus gallinae is classified under Animalia (kingdom), Arthropoda (phylum),
Arachnida (class), Mesostigmata (order), Dermanyssidae (family) and Dermanyssus
(genus). The order Mesostigmata is an extremely diverse group that comprises over
11,000 mite species subdivided into 109 families (W.-N. Li et al., 2019). Mesostigmata
contains parasitic as well as free-living and predatory mites. Estimates inferred from
mitochondrial phylogeny indicate that the orders and classes of spiders, scorpions, mites
and ticks diversified in the late Paleozoic (250 — 350 million years ago) during the
invasion of land by arthropods (Jeyaprakash and Hoy, 2009). The family Dermanyssidae
likely diverged from Varroidae during the Triassic period (Techer et al., 2019).

1.3 PRM morphology

In general appearance, PRM presents a single dorsal shield that tapers posteriorly and has
a truncate posterior margin (Figure 1.2). Chelicerae are long and styliform throughout
and the sternal shield has two pairs of setae with a third pair located more posteriorly and
distinctly separated from the others. The genitoventral shield is posteriorly rounded and
bears one pair of setae (Di Palma et al., 2012). Ventrally, females present two separate
shields: a genitoventral shield spanning posteriorly from leg pairing 1l and a smaller, more
rounded anal shield. Males, however, possess a single, smaller ventral shield comprised
of a seemingly fused joining of the genitoventral and anal shields. The exoskeleton of
PRM is made of chitin, a resilient and tough aminopolysaccharide that appears as
translucent and comparatively flexible when in its unmodified state in larvae (Pritchard
etal., 2015). The polymerisation of chitin triggered by hormones creates a stiff sclerotised
layer which defines PRM body shape, allows for the attachment of muscles and limits
water loss in protonymph, deutonymph and adult life stages (Hackman, 1982). The rigid
sclerotised cuticle is replaced during each moulting stage. The outermost part of the PRM
exoskeleton, known as the epicuticle, consists of a layer of protective wax that further

increases PRM resistance to desiccation (Muthukrishnan et al., 2020).
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Figure 1.2 Scanning electron micrograph of D. gallinae.

(A) Scanning electron micrograph (SEM) of dorsal view of adult female D. gallinae with
morphological characters identified. (B) SEM of ventral side of adult female D. gallinae
with morphological characters identified. Images courtesy of Wan Chen, Kevin
MacKenzie and Lucy Wright at The Microscopy and Histology Core Facility at
University of Aberdeen.
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1.4 Prevalence

Once established on a farm, PRM are almost impossible to eradicate. Recent
epidemiological reports suggest that around 83% of European poultry farms are infested
with PRM (Table 1.1) (Fiddes et al., 2005; Sparagano et al., 2014). PRM infestation is
common in all forms of production, including cage, barn, free range and organic (Table
1.1). In addition, EU legislation banning established caged production systems in favour
of enriched environments, (Council Directive 1999/74/EC, 1999), whilst beneficial for
some aspects of hen welfare, appears to favour the proliferation and maintenance of PRM
populations. As typical poultry house conditions of 10-35°C and >70% humidity facilitate
mite development and population growth (Nordenfors et al., 1999), weekly doubling of
populations can occur (Dupray et al., 2022). Infestation levels per bird can range from
50,000 - 500,000 in the most severe cases (Kilpinen et al., 2005). Furthermore, recent
outbreaks of highly pathogenic avian influenza (HPAI) A(H5N1) leading to UK-wide
poultry housing orders may increase PRM populations within poultry facilities due to
higher hen densities (Arthur and Axtell, 1983; Hall et al., 1978; Mullens et al., 2000).
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Table 1.1 Prevalence of PRM infestations in Europe by farming method

Territory Total hens Enriched Barn  Free range Organic Prevalence
Europe 397 million  53% 27% 15% 5% 91.8%*
Germany 52 million  6.9% 63% 18.5% 11.6%  94% (2013)

Spain 47 million  87.8% 6% 5.4% 0.7%  90% (2013)
Poland 46 million  86.8% 9.6% 3.2% 0.3%  100% (2003)
UK 44 million  37.2% 4.7% 55.6% 2.6% 87.5% (2004)
Italy 35 million  61.8% 31.1% 2.71% 4.4%  83% (2008)
Netherlands 34 million  18.2% 60% 16% 58%  94% (2011)
Belgium  9million  86.8% 9.6% 3.2% 0.3%  94% (2011)

Prevalence of D. gallinae among layer hens in the seven biggest egg producers in Europe.

The percentage by farming method for enriched cages, barn-reared, free range and organic

according to notifications under Commission Implementing Regulation (EU) are shown

for each country, as are the reported prevalence rates of the most recent study

encompassing all production forms. Percentages are rounded to the nearest tenth.

*Calculated average from the top seven egg producers in Europe. Data obtained from the

European Commission

for

Agriculture

and Rural

Development.

https://agriculture.ec.europa.eu/farming/animal-products/eggs_en.
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1.5 Economic impact

Economic impacts attributed to PRM stem from the direct effects of blood feeding on layer
hens and successive impacts on poultry products. PRM infestations result in eggs of
reduced quality, egg blood spotting and decreased production overall (Sigognault
Flochlay et al., 2017). It is estimated that productivity losses can range from £0.57 to
£2.50 per hen per annum dependant on infestation level. In Europe, the total economic
impact of PRM is estimated to be well in excess of £150 million per annum, with some
estimates as high as £300 million per annum (Sigognault Flochlay et al., 2017; Sparagano
et al., 2020). Due to the remarkably high prevalence of PRM across all forms of
production, 350 million hens are predicted to be infested in Europe alone (Table 1.1). In
addition, reports of infestations in north Africa (Gharbi et al., 2013), China (Ma et al.,
2022), Japan (Chu et al., 2015), Australia (Roy and Buronfosse, 2011), Brazil (Thomas
etal., 2018) and the USA (Roy et al., 2010) indicate that PRM is already of global concern
(Figure.1.3).
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Figure 1.3 Geographical distribution of D. gallinae.

Distribution data collated from peer reviewed scientific reports pertaining to novel
identification of D. gallinae in each region. Countries are marked in blue if they have a
documented presence of D. gallinae. Figure generated in Datawrapper v1.8 (Lorenz,

Aisch and Kokkelink, 2012).
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1.6 Medical and veterinary significance

Symptoms indicative of PRM infestations of humans are not commonly recognised by
medical practitioners as cases are often misdiagnosed as scabies or other more common
dermatological disorders (George et al., 2015). Dermanyssosis, otherwise known as,
gamasoidosis, acariasis, avian-mite dermatitis or bird-mite dermatitis, can be linked to
PRM, and itching, dermatitis and scarring are all symptomatic of an infestation. Poultry
farm workers are most susceptible, and it is argued that dermanyssosis should be
considered an occupational hazard (Cafiero et al., 2011). PRM has been implicated in the
transmission of several zoonotic diseases including eastern equine encephalitis (Durden
et al., 1993), avian influenza (Sommer et al., 2016) and fowlpox (Shirinov et al., 1972).
Furthermore, use of personal protective equipment (PPE) is not standard industrial
practice in the poultry industry, leaving workers with an increased risk of PRM contact.
Medical cases are, however, not wholly confined to poultry farms as urban outbreaks are
increasing in frequency. Coxiella burnetii and Borrelia burgdorferi, the etiologic agents
of Q fever and Lyme disease respectively, have been isolated from mites collected from
Italian urban communities (Raele et al., 2018). The vector capacity of D. gallinae is yet
to be fully elucidated, but pathogen transmission between mites and avian hosts has been
demonstrated (Table 1.2), which might suggest that relevant diseases could be transmitted
into secondary hosts such as humans. As a cosmopolitan opportunist, PRM has also been
reported to infest a range of companion animals. The domesticated canary, Serinus
canaria, budgerigars, Melopsittacus undulates, and hobby pigeons, Columba livia, are all
susceptible to PRM infestation (Circella et al., 2011; George et al., 2015) as are cats, dogs
and gerbils (Di Palma et al., 2018; Lucky et al., 2001).
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Table 1.2 Bacterial and viral pathogens associated with PRM

Pathogen

Association

Reference

Bacterium

Coxiella burnetii
Salmonella enteritidis
Pasteurella multocida
Erysipelothrix rhusiopathiae
Listeria monocytogenes
Nocardia brasiliensis
Mycoplasma synoviae
Salmonella gallinarum
Virus

Eastern equine encephalitis
Western equine encephalitis
Avian influenza

Fowlpox virus

Newcastle disease

St. Louis encephalitis

Tick-borne encephalitis

Transmission demonstrated

Transmission demonstrated

Transmission demonstrated

Mite isolate

Mite isolate

Mite isolate

Mite isolate

Mite isolate

Transmission demonstrated

Transmission demonstrated

Transmission demonstrated

Transmission demonstrated

Mite isolate

Mite isolate

Mite isolate

(Zemskaya and Pchelkina, 1967)

(\aliente Moro et al., 2007)
(Petrov, 1975)

(Chirico et al., 2003))
(George et al., 2015)
(\aliente Moro et al., 2009)
(Chu et al., 2015)

(Zeman et al., 1982)

(Durden et al., 1993)

(Chamberlain and Sikes, 1955)

(Sommer et al., 2016)
(Shirinov et al., 1972)
(Arzey, 1990)
(Chamberlain et al., 1957)

(Wegner, 1976)

Bacterial and viral pathogens associated with D. gallinae. Mite isolates refer to the
isolation of a particular pathogen from D. gallinae organic material. A demonstration of

transmission requires pathogens to pass through D. gallinae before infecting a new host.

29



1.7 Current methods of control

Maintaining a basic level of cleanliness within poultry facilities has been shown to reduce
mite populations, as washing thoroughly with water and cleaning agents can remove
mites and eggs (Nordenfors and Hoglund, 2000). The most widespread conventional
method of control is barn spraying with acaricides (Sigognault Flochlay et al., 2017).
However, legal regulations, residue risks, non-target effects and acquired resistance in
PRM limit the effectiveness of acaricidal spraying (Abbas et al., 2014). Of the relatively
few approved acaricides, organophosphates, carbamate, amidine and pyrethroid-based
pesticides are the most widely used. None of these are specifically formulated for use
against PRM and incorrect usage often accelerates acaricidal resistance (Kog et al., 2022).
PRM resistance to organophosphates, dichlorodiphenyltrichloroethane (DDT) or
pyrethroids has been suspected in France (Beugnet et al., 1997), Italy (Marangi et al.,
2009) and Greece (Katsavou et al., 2020). Resistance is most likely due to long term and
repeated use of the same acaricides leading to acquired heritable resistance in mites
(Abbas et al., 2014). PRM resistance to acaricides may also be attributed to cross
resistance, the sharing of resistance genes from different acaricides which have a similar
mode of action. This has been demonstrated in Rhipicephalus microplus (Li et al., 2003)
and Tetranychus urticae (Nicastro et al., 2010). PRM has also been shown to be resistant
to multiple acaricides with different modes of action at once, known as multiple resistance
(Marangi et al., 2009). It is therefore argued that standalone acaricide treatment does not
provide an effective method for the control of PRM (Decru et al., 2020). Strategies such
as chemical rotation reduce the selection pressure for resistance, however, field reports
(Mul et al., 2009) suggest that rotation alone cannot afford complete control of PRM.
Alternatives to chemical acaricides for control of PRM include the use of silica-based
products. The acaricidal effect of silica-based acaricides is attributed to their sorptive
properties, which result in mite death through desiccation (Schulz et al., 2014). As is the
case in many instances of pest control, a combination of approaches used as part of an
integrated pest management (IPM) strategy may represent the most sustainable solution
(Decru et al., 2020; Delaplane et al., 2005; Nicetic et al., 2001).

In 2017, traces of fipronil, a broad spectrum phenylpyrazole, was discovered in the
European agri-food chain. The scandal made international news and initiated the

withdrawal and destruction of egg related products costing the poultry industry millions
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of pounds (Stafford et al., 2018). Estimations of total losses for affected farms facing the
fipronil crises for five months amounted to €369,000 for an average sized, 50,000 bird
farm in the Netherlands (Sok et al., 2020). Fipronil is illegal for use in poultry facilities
once hens are introduced and it is likely that its application here was related to epidemic
infestation of PRM in the Netherlands. Following detection of fipronil, an ad hoc
monitoring programme was set up in the EU. Of all sampled unprocessed chicken eggs,
30.8% contained residues at or above the limit of quantification, of which 25.9%
exceeded the legal maximum residue limit (MRL) (Reich and Triacchini, 2018). In
addition, acaricide residues from other sources are routinely found in poultry produce.
For example, an average of 82.2% of hens surveyed from multiple farms in the EU were
found to contain carbaryl, and one farm had complete (100%) acaricidal contamination.
Traces of carbaryl were found in skin, fat, liver, muscle, heart and kidney samples of the
hens tested (Marangi et al., 2012).

1.8 Alternative methods of control

The manipulation of abiotic conditions beyond that of the optimum range for PRM has
been explored as a control practice. It has been demonstrated that maintenance of
relatively low humidity and high temperatures can effectively reduce PRM populations
in poultry facilities (Mul et al., 2009; Tucci et al., 2008). However, it is likely that these
environmental extremes have a detrimental effect on egg production (Ajakaiye et al.,
2011). It is common in Norway and the Netherlands to superheat hen houses between
production cycles, though mites have been shown to repopulate within 6 months (Mul et
al., 2009). Extreme light cycles that exploit PRM feeding behaviour have also been
implemented but such regimes are incompatible with the statutory UK requirement of
providing chickens with eight hours of uninterrupted darkness per day (Stafford et al.,
2006).

Androlaelaps casalis and Stratiolaelaps scimitus are predatory mite candidates that prey
on PRM. It has been reported that A. casalis and S. scimitus reduce PRM populations by a
factor of three and eighteen respectively at 26°C. However, neither species was successful
in completely eradicating poultry mite populations in a closed caged experimental system
containing 300 poultry red mites and 1000 predatory mites (Lesna et al., 2012). It is

important to note that the efficacy of using predatory mites is restricted by the lack of
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compatibility with other methods of control including environmental manipulation and

the use of acaricides (Hardman et al., 2007).

The emergence of transcriptomic data has accelerated the identification of PRM vaccine
candidates (Bartley, Chen, Lloyd Mills et al., 2021). Previously, native PRM extracts
have been used as vaccines to moderate success. Wright et al., 2009 demonstrated higher
mortality rates in mites feeding on vaccinated chickens vs sham vaccinated controls (34.8
- 27.4%). More antigens have since been identified utilising a combined immunological,
proteomic and genomic approach. These were characterised as D. gallinae Vitellogenin-
1 (Deg-VIT-1), Serpin-1 (Deg-SRP-1) and a Protein of Unknown Function-1 (Deg-PUF-
1) (Bartley et al., 2017). Subsequent field trials of soluble mite extracts resulted in mite
population reductions of up to 78%, although current vaccines are only effective if the
point of vaccination is during very low, early stage, PRM infestations. For vaccination to
be an effective method of control, a recombinant antigen-based vaccine capable of
producing a response of sufficient magnitude and longevity will need to be developed
(Bartley et al., 2017).

1.9 Mite chemical ecology

PRM host location behaviour is partly mediated by chemosensation (Adouzi et al., 2020;
Gay et al., 2020; Koenraadt and Dicke, 2010; Masier et al., 2022). The foretarsal sensory
organ (FSO) is located on the foretarsi of the first set of legs and is responsible for the
detection of food, aggregatory pheromones, kairomones and plant/fungal allomones in
acarine species (Leonovich and Stanyukovich, 2011). Although the organ shares little in
terms of anatomical and phylogenetic similarity with insect antennae, it is thought to be
homologous to the Haller’s organ found in ticks and may provide PRM with the same
functionality (Carr et al., 2017). Scanning electron microscope (SEM) studies revealed
that the FSO of both adult and early instar stages of PRM (protonymph and deutonymph)
bear a dorsal sensorial cluster of ten blunt peg-type sensilla termed the sensorial field
(Soler Cruz et al., 2005). The ten setae of the sensorial cluster are variable in size and
shape and five have pores which may contain neurones and associated receptors with a
chemosensory function. The size, shape and number of setae change throughout PRM
development (Soler Cruz et al., 2005), perhaps altering sensory capability between life

stages. It is also important to note that the sensory field probably contains either setae
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with dual sensory function and/or specialised mechanosensory and thermosensory
functions. Similar sensory structures have been observed in other mesostigmatid mites
including Macrocheles muscaedomesticae (Coons and Axtell, 1973) and Dermanyssus
prognephilus (Davis and Camin, 1976). The surface of the palps located on the tip of the
foreleg tarsus are covered with two distinct types of sensilla; wall pored and tip pored
(Bhowmick et al., 2020). Olfactory sensilla detect volatised chemicals whilst gustatory
sensilla detect chemicals through direct physical contact. The molecular mechanisms

regulating these processes are, however, likely to be similar (Carr and Roe, 2016).
1.10 Semiochemicals as a method of control

Semiochemicals are behaviour-modifying chemicals that can form a key component of
integrated pest management (IPM) systems. They represent an effective, non-toxic,
reliable and permanent method of control for several economically and ecologically
important pests (Cook et al., 2007; El-Sayed et al., 2009). Examples of semiochemicals
include host volatiles, sex and aggregation pheromones and gustatory and oviposition
stimulants (Blum, 1996). Semiochemical-based pest management strategies have been
developed to protect crops from agricultural pests including the cotton bollworm,
Helicoverpa armigera, and the pea-leaf weevil, Sitona lineatus (Cook et al., 2007), but
have yet to be developed for PRM. Once identified, semiochemicals can be applied in
different ways including through mating disruption, mass trapping, lure and kill and in a

push-pull configuration (Hassanali et al., 2008).

Lure and kill strategies couple attractive semiochemicals with a killing agent. Variations
include lure and trap, useful for population monitoring, and, to a lesser extent, lure and
sterilise and lure and infect (Chouinard et al., 2016). The efficacy of lure and kill in pest
management is largely dependent on adequate physical contact between the pest and
pesticide and the design of traps (El-Sayed et al., 2009). Successful lure and Kkill
programmes significantly reduce breeding populations to levels well below economic
thresholds (Petacchi et al., 2003; Yasin et al., 2014). Pheromone and kairomone
attractants for lure and kill applications are often identified through screening bioassays
such as Y-tube or 4-way olfactometers (Carr and Roe, 2016). For a lure and kill strategy
to be effective in the field, several criteria must be met. The attractant odour plumes must

be perceived by nearly all the target species, be more attractive than natural odour sources
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and entice individuals to make direct contact with the killing agent. Semiochemical lure
and kill management strategies are therefore only effective if optimised for the target species
(El-Sayed et al., 2009).

Lure and kill has been shown to be a viable standalone method for several invasive or
pest species. Successful programmes for lepidopterans including the potato tuber moth,
Phthorimaea operculella (Kroschel and Zegarra, 2010) and the codling moth, Cydia
pomonella (Mansour, 2010) have been developed, as have similar strategies for the brown
marmorated stink bug Halyomorpha halys (Morrison et al., 2019) and wireworms,
Agriotes obscurus (Vernon et al., 2016). No report currently exists detailing the
application of lure and kill for the control of mesostigmatid mites. The efficacy of lure
and kill strategies can be variable in the field (Table 1.3). Optimisation of pheromone and
kairomone release rates in the laboratory is an important step in formulating an effective
pest management solution (Kroschel and Zegarra, 2010). Some authors have compared
the efficacy of lure and kill to other conventional methods of pest management.
Charmillot, Hofer and Pasquier, 2000 compared lure and kill favourably to mass trapping
in codling moths, a view shared in treatments of the light brown apple moth, Epiphyas
postvittana (Suckling and Brockerhoff, 2010) and the cotton bollworm, Helicoverpa
armigera (Hofer and Angst, 1995). Despite a wealth of research, most semiochemicals
are marketed to monitor pests and few semiochemical-based products are commercially
available for control purposes (Weatherston and Minks, 1995). This is in part due to costs
associated with registering semichemical control strategies as pesticides and requiring
authorisation from the Chemical Regulation Division (CRD) before use under The
Control of Pesticides Regulations (COPR) 1986 (SI 1986/1510). Many semiochemical-
based systems are intended for control but are shown to not effectively reduce pest
populations below economic thresholds and are as such marketed for monitoring purposes
(Blassioli-Moraes et al., 2019).

To date, sex pheromones, especially female sex attractants have been the most widely used
for semiochemical pest control (Witzgall et al., 2010). However, many of these
pheromones are selective and have the disadvantage of only attracting males. The use of
sex attractants relies on removing such a large proportion of males from the population
that females are unable to find mates, reducing the number of offspring in the next

generation. In many species, males are capable of multiple mating, so any attract and kill
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strategy must be extremely effective in order to elicit population reductions (Gregg et al.,
2018). Nevertheless, successful control through mating disruption has been demonstrated
in the gypsy moth, Lymantria dispar, the pink bollworm Pectinophora gossypiella and
the striped stem borer, Chilo suppressalis (Witzgall et al., 2010). Host derived volatile
semiochemicals (kairomones) have also been shown to be effective at trapping
populations in the field, most notably the west African tsetse fly (Diptera: Glossinidae)
(Torr et al., 1995).
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Table 1.3 Summary of field trials of semiochemical-based control strategies in agriculture

Target Species Chemical lure Lure density Lure/pesticide Trial period Conclusions Reference
dosage (Years)
Cydia pomonella Sirene® CM 1040-4140 x 50 or 0.08-0.43 g/ha and 3-16.2 3 Good control at low (Charmillot et al., 2000)
. permethrin/ha densities, poor at
100 pl dispensers per high
ha
Ecodian® CP 1400-2000 dispensers ~ 10mg codlemone per trap 2 4/6 trial fields below  (Angeli et al., 2007)
per ha economic threshold
Leiodes cinnamomeus 600 ml polypropylene 40 traps per ha or 10 ml of >99% dimethyl 2 Effective damage  (Navarro-Llopis et al.,
. . . reduction at 80 per 2021)
pots filled with 80 traps per ha sulfide (DMS) per trap ha but not 40 per ha
dimethyl sulfide
(DMS)
Lygus rugulipennis  hexyl butyrate (HB) ~ Traps were spaced at HB - 1 ml (860 mg) per trap 1 Reduction in the (Fountain et al., 2021)
(push) combined with  8m intervals in 24 x number of strawberry
female sex pheromone 24m area Female sex pheromone - 10 fruit damaged
+ phenylacetaldehyde mg HB + 0.3 mg (E)-2-HB +
(pull) 2 mg (E)-4-oxo-2-hexenal + 1
mg Waxoline Black (ICl) in
100ul sunflower oil per trap
3 Did not increase trap (Sukovata et al., 2004)

Rhyacionia buoliana Rhvkil (ricinoleic acid 1000-2000 drops per ha  Each droplet is 0.05g per
droplet (25% sex pheromone catch but decreased
crop damage

+ petroleum oil) and 2% permethrin)

Summary of field trials utilising semiochemical based control strategies. The type of chemical lure, lure density, lure dosage and the total

trial period outlined in the study are given. Conclusions were drawn from results and authors comments.
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1.11 Semiochemicals of the Acari

Acarine pheromones, whilst not as conclusively understood as insect pheromones, have
been intensively investigated over the past thirty years. The earliest discoveries included
mite alarm pheromones such as neral ((Z2)-3,7-dimethylocta-2,6-dienal) and geranial (3,7-
dimethyl-(E)-2,6-octadienal), followed by sex and aggregatory pheromones including
farnesol (3,7,11-trimethyldodeca-2,6,10-trien-1-ol) ~ and  lardolure  (1,3,5,7-
tetramethyldecyl formate).

Acarine species are attracted to volatile chemicals ranging from simple molecules, such
as CO: (Kilpinen, 2005), to complex organic structures with long carbon chains and
functional groups. In contrast to the exceptional array of semiochemical-driven
behaviours demonstrated in insects, chemical communication in the Acari is currently
limited to a few known roles (Carr and Roe, 2016; Sonenshine, 1985). These include
aggregation, dispersal and host and mate finding. The economically important
ectoparasite of honey bees, Varroa destructor, responds to a number of host kairomones
including methyl linoleate (Le Conte et al., 1989) methyl palmitate (Calderone and Lin,
2001) and various unidentified volatiles present in the profile of newly emerged worker
bees (Pernal et al., 2005). A noteworthy aspect of Acari chemical ecology is the use of
the same or similar molecules by multiple species as is the case for lardolure which acts
as a mite aggregation pheromone in Caloglyphus polyphyllae and Lepidoglyphus konoi
(Kuwabhara et al., 1994). The sex pheromones 2-hydroxy-6-methylbenzaldehyde (Mori et
al., 2001) and rosefuran (3-methyl-2-prenylfuran) (Mori et al., 1998) also attract multiple

species.

There have been very few chemical attractants identified for PRM. Entrekin and Oliver,
1982 observed that PRM consistently aggregate to form clusters of mixed developmental
stages. As is the case with other species of Acari, thigmokinesis and pheromones are
believed to mediate PRM clustering behaviour. However, several synthetic compounds
that demonstrated attractive properties to other nidicolous species of Acari have not yet
elicited a response in PRM, contrary to the shared semiochemical sensitivity of other
acarine species (Carr and Roe, 2016). The cosmopolitan nature of PRM is indicative of
its ability to detect and respond to different odour cues from its various hosts. For

example, kairomones derived from its primary host of economic concern, the
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domesticated chicken, have been shown to be attractive (Koenraadt and Dicke, 2010;
Zeman, 1988). Several plant extracts and essential oils have been reported to have a toxic
or repellent effect on PRM (Camarda et al., 2018; Gay et al., 2020; Nechita et al., 2015).
However, many studies do not differentiate between true repellents (expellants), that
induce a shift in orientation away from odour sources without physical contact or odour
masking (attraction inhibitor) repellents that interfere with host detection/location
(Deletre et al., 2016). As such, further studies are needed to optimise potential PRM

attractants and repellents.
1.12 Development of a semiochemical-based monitoring scheme for PRM

The most basic of PRM monitoring methods include feather examination (Pavlicevic et
al., 2007) and bird faecal counts (Bon and Nemoz, 2009). Tube traps (Lammers et al.,
2017) and simple cardboard traps (Nordenfors and Chirico, 2001) have also been
employed but these lack an attractive component capable of drawing PRM towards traps
and rely on passive movement (Table 1.4). The development of a viable semiochemical-
based strategy for the enhanced monitoring and control of PRM is reliant on multiple
factors, including optimisation of the chemical lure component and trap design and
placement. In order to achieve favourable results, extensive knowledge of the target
species life cycle and chemical ecology is required. Successful chemical lures must also
have a degree of persistence as the cost of reapplication may reduce interest from
economically conscious farmers (Bento et al., 2016). It is also evident that the
effectiveness of a chemical lure can change drastically in the transition from laboratory
assays to field trials (Curkovic et al., 2009; Hibbard et al., 1991). As such, robust field
trials are a prerequisite for the successful commercialisation of any semiochemical-based

pest management scheme.

Traps are useful for the monitoring and disposal of free-living ectoparasitic mites
including Acarus siro, Lepidoglyphus destructor, Tyrophagus longior and D. gallinae
(Barimani et al., 2016; Wakefield and Dunn, 2005). Trap designs range from simple
corrugated cardboard (Chirico and Tauson, 2002) to more complex traps with entry points
and lures. The efficacy of traps used against arthropods is dependent on many variables
including size, shape, positioning, colour, texture and the materials and lure design used

(Branco et al., 2004; Broughton and Harrison, 2012). The sensory system and chemical
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ecology of PRM is unlikely to be as complex as that of insects (Kaupp, 2010), however,
maximising the efficacy of traps will involve careful consideration of these variables.
Traps can be used to monitor multiple mite species (Thind, 2005) or lures can be designed

specifically for a single pest.

Chicken host kairomones have been shown to mediate host seeking behaviour in PRM
(Koenraadt and Dicke, 2010). This knowledge has the potential to be exploited as part of
a monitoring programme. Conventional control methods continue to fail as mites build
up acaricidal resistance (Abbas et al., 2014; Katsavou et al., 2020; Kog et al., 2022;
Marangi et al., 2009) and persist in concealed crevices. Alternative methods including
environmental manipulation, predation and vaccination are either too costly, ineffective
or are still in development (Bartley et al., 2017; Lesna et al., 2012; Mul et al., 2009). The
development of a sensitive and selective monitoring system that can reliably indicate the
presence or facilitates the eradication of PRM in poultry facilities is therefore essential to

increase the efficacy of future IPM strategies.
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Table 1.4 Strengths and limitations of existing D. gallinae monitoring methods

Monitoring method

Strengths

Limitations

AVIVET Trap (Lammers et al.,
2017). The AVIVET trap consists
of a black tylene hollow tube with
six blue stripes measuring 50mm in
length with an internal and external
diameter of 12mm and 16mm
respectively. The inner surface is

coated with corrugated cardboard

ADAS mite monitor (Mul et al.,
2015). The ADAS mite monitor is
an automated device that counts
mites entering the device through

optical sensors

Examining dried droppings for
presence of mites (Bon and Nemoz,
2009). This method involves visual
inspection of dried droppings for

detection of mites

Feather examination (Pavlicevic et
al., 2007). This method involves
examining bird feathers for traces

of mites

Cardboard trap (Nordenfors and
Chirico, 2001)

- Cheap

- Able to detect D. gallinae at very
low populations in an enclosed
environment

- Quantitative

- Quick and automated

- Gives early impressions of mite
infestations

- Able to track PRM populations in

controlled laboratory environments

- Cheap

- Semi-quantitative

- Cheap
- Semi-quantitative

- Cheapest monitoring option

- Relies on chance encounters with
trap as no attractants are present
-Requires pre-existing knowledge
of population dynamics within

poultry facilities

- Relatively complicated with
multiple failure points

- Not all stages of D. gallinae are
detected

-No discrimination of different mite
species

- Significant upkeep of permanent

devices

-Ineffective at differentiating
between D. gallinae population
levels

- Labour intensive

- Hard to differentiate between mite
species and to detect smaller D.
gallinae life stages

- Not sensitive for low numbers

- Labour intensive
- Hard to differentiate between mite
species and to detect smaller D.
gallinae life stages

- Not sensitive for low numbers

- Sensitive to environmental factors

- Labour intensive

Descriptions of current D.

weaknesses.

gallinae monitoring methods and their strengths and
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1.13 The molecular basis of chemosensation in arthropods

As the early diversification of arthropods predated the colonisation of land by animals
(Jeyaprakash and Hoy, 2009; Rota-Stabelli et al., 2013), it is widely accepted that
chemical communication strategies associated with terrestrialisation evolved
independently across the major arthropod lineages (Cao Thi Ngoc et al., 2016; Vizueta et
al., 2018). Gene families of arthropods with chemosensory function include gustatory
receptors (GRs), ionotropic receptors (IRs), ionotropic glutamate receptors (iIGIURS)
chemosensory proteins (CSPs), odourant binding proteins (OBP/OBP-like), Niemann
Pick disease protein 2 (NCP2s) and sensory neuron membrane proteins (SNMPs) (Table
1.5). In general, insect chemosensory systems can be described as more complex than
those of mesostigmatid mites, as they rely on a larger suite of receptors and respond to a
wider array of chemical compounds (Eyun et al., 2017; Pelosi et al., 2014; Vizueta et al.,
2018).

Table 1.5 Occurrence of chemosensory gene families in arthropod genomes

Sub phylum GR IR iGIuUR CSP OBP OBP(L) NCP2 SNMP
Hexapoda v v v v v v v
Chelicerata 4 v v v v v
Myriapoda v v v v v v v v
Crustacea 4 4 v 4 v v

Occurrence of chemosensory related transcripts across Hexapoda, Chelicerata,
Myriapoda and Crustacea. Data gathered from Drosophila melanogaster (Adams et al.,
2000), Daphnia pulex (Colbourne et al., 2011), Strigamia maritima (Chipman et al.,
2014), T. urticae (Grbi¢ et al., 2011), I. scapularis (Gulia-Nuss et al., 2016) and V.
destructor (Eliash et al., 2017).
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Current genomic data (Bhowmick et al., 2022, 2020; Eliash et al., 2017; Josek et al.,
2018; Lei et al., 2019) suggest that the mechanism of Acari chemosensation is primarily
dependent on members of the IGR gene superfamily. IGRs are a highly conserved family
of ligand gated ion channels present in animals, plants and bacteria (Figure 1.4) (Benton
et al., 2009; Croset et al., 2010; Price et al., 2012). The IGR gene superfamily contains
two subfamilies — ionotropic glutamate receptors (iGIuRs) and ionotropic receptors (IRS).
These families are conserved and expressed across all arthropod species. In contrast,
odourant receptors (ORs), classical odourant binding proteins (OBPs), and chemosensory
proteins (CSPs) have only been identified in hexapod, myriapod and crustacean genomes
to date (Cao Thi Ngoc et al., 2016; Eyun et al., 2017; Vizueta et al., 2017). Genes
encoding proteins within the IGR superfamily have been found in the genomes of non-
arthropod Nematoda (Caenorhabditis elegans), Mollusca (Aplysia californica) (Croset et
al., 2010; Robertson, 2015) and Crustacea (D. pulex) (Pefialva-Arana et al., 2009; Vieira
and Rozas, 2011) as well as Chelicerata (I. scapularis) (Gulia-Nuss et al., 2016) and

Myriapoda (S. maritima) (Chipman et al., 2014).

42



Extracellular environment

Amino-terminal domain (ATD) N

Ligand-binding domain

lon channel Membrane
HOOHHHHH NI I N N I NN N
HOOHH I NI NN n L DA M TN L NN
’ Intracellular environment

Figure 1.4 The structure of ionotropic glutamate receptors.

IGRs typically comprise an amino acid domain, the two halves of the ligand binding
domain (S1 and S2) and the transmembrane domain ion channel. In odour specific IRs,

the amino-terminal domain (ATD) is often absent (Twomey and Sobolevsky, 2018).
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Odourant binding proteins are a small (10 — 30 kDa) family of proteins involved in
chemosensation (Figure 1.5). OBPs can bind, solubilise and transport hydrophobic
stimuli to chemoreceptors across the aqueous sensilla lymph (Figure 1.6) (Leal, 2013;
Rihani et al., 2021). Whilst initially only found expressed in olfactory appendages (\VVogt
and Riddiford, 1981), OBPs have been identified in non-olfactory related appendages of
social hymenopterans (Calvello et al., 2005) and some species of fruit fly (Zheng et al.,
2013). In addition, OBPs have been discovered in the seminal fluid of Aedes aegypti, Apis
milfera and Tribolium castaneum (Baer et al., 2012; Xu et al., 2013; Zheng et al., 2013),
the terminal abdomen of the hessian fly Mayetiola destructor (Andersson et al., 2014)
and the wingtips of Drosophila melanogaster (Pikielny et al., 1994; Shanbhag et al.,
2001), suggesting that OBPs are a family of proteins with highly diverse functions (Pelosi
et al., 2018). The structure of insect OBPs is relatively well known, consisting of six a
helical domains arranged in a compact structure enclosing a hydrophobic cavity (Sandler
et al., 2000) which is further stabilised by three interlocked disulphide bridges (Leal et
al., 1999; Scaloni et al., 1999). Despite large variability in amino acid sequences (Sun,
Xiao and Carlson, 2018), the structure of insect OBPs is remarkably well conserved
(Pelosi et al., 2014; Tegoni et al., 2004). In contrast, the structure and function of
chelicerate OBPs have been largely overlooked. Parallel biochemical studies
characterising the OBPs of the spider mite, T. urticae (Zhu et al., 2021) and the honeybee
mite, V. destructor (Amigues et al., 2021) have revealed non-classical folding and
cysteine pairing (C1-C6, C2—C3, C4-C5) differing from that of insect counterparts (C1—
C3, C2-C5, C4-C6), suggesting a chelicerate specific lineage of OBPs possibly

originating from an ancient common ancestor.
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Figure 1.5 Schematic view of odourant perception in arthropods

OBPs bind and solubilise odourants and transport them through the sensillum lymph
where they activate membrane bound receptors. Signal transduction evokes a behavioural

response and stray odourants are degraded (Brito et al., 2016).
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Figure 1.6 The putative chemoreceptor signal transduction pathway in Dermanyssus

gallinae

Overview of the putative D. gallinae chemosensory signal transduction pathway
informed from chemoreceptor studies in the American dog tick, Dermacentor variabilis
(Carr et al., 2017), the blacklegged tick, I. scapularis (Josek et al., 2018) and the
honeybee mite V. destructor (Lei et al., 2019).
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1.14 Aims

The aim of this research is to elucidate the molecular basis of chemically mediated
interactions between PRM and the domesticated chicken, Gallus gallus domesticus. A
greater understanding of fundamental PRM host-parasite interactions may facilitate the
development of novel control methodologies and reduce the negative impacts of PRM on

the global poultry industry.

Each experimental chapter focuses on a different aspect of PRM chemosensing. Analysis
of the PRM genome and life stage transcriptomes in Chapter 3 aims to characterise the
chemosensory repertoire of PRM and study shifts in chemosensory gene expression
across mite development. In Chapter 4, exposure of live adult female PRM to chickens
aims to identify genes associated with PRM responses to host cues, possibly revealing
novel targets for enhanced PRM control. Functional chemosensory gene knockdowns
have not been attempted in PRM. As such, RNAi-mediated gene silencing of a putative
chemosensory gene in Chapter 5 aims to disrupt PRM chemosensing and host location.
Research in Chapter 6 aims to develop a controlled release rate semiochemical dispenser

and tube trap for use in commercial poultry facilities.
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Chapter 2: General methodology

This general methodology section is used as an explanatory chapter that outlines key
concepts behind the experimental techniques used and explains why they were chosen to
help answer hypotheses outlined in each experimental chapter.

2.1 PRM collection, storage and handling

Mixed stage and sex PRM were collected in the detritus from commercial free range
laying farms in the Scottish Borders and Kent in the United Kingdom. PRM used in this
project were, wherever possible, sourced towards the end of lay cycles to maximise the
length of time since pesticide treatment. Mixed developmental stages of PRM were stored
for a maximum of one month at 4°C in CytoOne® T75 flasks with vented filter caps
(Starlab, Milton Keynes, UK). Mites remained unfed during storage periods. Mites were
handled using a fine brush (size 20/0) and sexed based on morphological characteristics
(DiPalmaet al., 2012).

2.2 The draft genome assembly

The D. gallinae draft genome assembly (Burgess et al., 2018), hosted on the ORCAE
database (web: bioinformatics.psb.ugent.be/orcae/overview/Degal), was used in this
project to mine for transcripts with putative chemosensory function in Chapter 3. The
PRM genome was sequenced using PacBio SMRT sequencing (Pacific Biosciences,
Menlo Park, CA, USA) with Canu v1.6 (Koren et al., 2017) assembly. The resultant
assembly contained 7,171 contigs with an N50 value of 278,639 bp and an L50 value of
800 contigs with an overall genome GC content of 44.6%. The 63.5 Gb sequencing data
provided ~66x coverage of the ~960 Mb genome (accession number QVRMO00000000 in
DDBJ/ENA/GenBank). The core eukaryotic protein-coding gene presence was assessed
with BUSCO (10) v2.0 (Arthropoda set) with 93% of the single-copy orthologs present
(73% single copies, 13% duplicates, 7% fragments). For developmental stage
transcriptomic data, TruSeq RNA-seq libraries (lllumina, San Diego, CA, USA) were
prepared from egg, larvae, protonymph, deutonymph, adult male and adult female RNA
samples. RNA was enriched for polyA RNA using TruSeq oligo-dt beads prior to cDNA
synthesis using random hexamer priming accordioning to manufacturer’s instructions.

Sequencing was performed on the Illumina HiSeq 4000 platform (lllumina, San Diego,
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CA, USA) by the Centre for Genomic Research (CGR) at the University of Liverpool,
UK with 2 x 150 bp paired-end, strand specific sequencing (Bartley, Wan, Lloyd Mills et
al., 2021).

2.3 ORCAE

ORCAE was used in this project as a database to store and update annotations based on
the draft genome assembly (Burgess et al., 2018). ORCAE is an online genome resource
that hosts community annotation projects of multiple species including the two-spotted
spider mite, T. urticae, the sheep scab mite, Psoroptes ovis and the ongoing D. gallinae
genome project. Each genome and the representative scaffolds are presented and every
gene has a gene-specific page describing the most up to date annotation available.
Information displayed on each gene page relates to gene function, Gene Ontology (GO)
terms, Pfam and Interpro protein domains, protein homologues, top BLAST hits and
sequence data (Figure 2.1). Each gene is assigned a unique loci identifier with the
following format: DEGALXXXXgYYYYY, where XXXX defines the scaffold ID and
YYYYY denotes the specific location within the scaffold (Burgess et al., 2019).
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Figure 2.1 Example of an ORCAE gene page

The web-based D. gallinae genome annotation project is hosted on ORCAE. The gene-
specific page for the D. gallinae ionotropic receptor IR93a (DEGAL3221g00030) is

shown. Website: bioinformatics.psb.ugent.be/orcae/overview/Degal
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2.4 DNA sequencing

DNA sequencing was used in this project to facilitate a greater understanding of the PRM
genome, an essential tool for elucidating the molecular basis of chemosensation and was
used in Chapter 3 to characterise the chemosensory repertoire of PRM. Genome
annotation aims to primarily identify the functional elements within a genomic sequence
including protein coding genes, structural RNAs, tRNAs, small RNAs, pseudogenes,
control regions, direct and inverted repeats, insertion sequences, transposons and other
mobile elements. The first whole genome sequencing projects such as the bacterium
Haemophilus influenzae (Fleischmann et al., 1995) and the Human Genome Project
(Lander et al., 2001) employed laborious Sanger shotgun sequencing (Sanger et al.,
1977). The huge uplift in sequencing volume brought about by high-throughput Next and
Third Generation Sequencing (NGS) technologies including Illumina (Illumina, San
Diego, CA, USA) Pacific Biosciences (PacBio) (Pacific Biosciences, Menlo Park, CA,
USA) and Oxford Nanopore Technologies (Oxford Nanopore Technologies, Oxford, UK)
have revolutionised the way researchers sequence genomes. Paradoxically, the incredibly
rapid improvements in genome sequencing technology have made genome annotation
less, not more, accurate due to the increased use of automated annotation of fragmented
‘draft” genomes (Poptsova et al., 2014). Errors in draft assemblies and annotations tend
to propagate across species, leading to inaccurate gene predictions (Salzberg, 2019).
Thus, experimental validation of predicted gene function is highly encouraged and was
explored through functional genomic techniques in Chapter 5.

2.5 RNA sequencing

RNA sequencing was used in this project in Chapter 3 and Chapter 4. RNA sequencing
(RNA-seq) is a technique that can reveal the complete set of transcripts in a cell or tissue
sample for a specific developmental stage or physiological condition (Wang et al., 2009).
Understanding the transcriptome is key for connecting genomic information to functional
protein expression. Complications with these methods arise during computational
reconstruction of transcript structures as transcript start sites (TSS), transcript termination
sites (TTS), exon chaining and transcriptional noise can distort gene models. For
example, if multiple TSS or TTS exist for a transcribed locus, then interior TSS or TTS

can go undetected due to combinations of inconsistent read coverage, overlapping exons,
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and overlapping splice junctions (Kuo et al., 2017). It is therefore impossible to determine
the presence of alternate TSS and TTS regions with short read technologies. Exon
chaining algorithms used to reconstruct full length transcripts can also be problematic and
inaccurate as a single short read doesn’t often span all splice junctions within a given
transcript (Kuosmanen et al., 2017). RNA-sequencing was used in this project in
conjunction with DNA sequencing to capture the full repertoire of chemosensory genes
in Chapter 3 and to analyse the shifts in gene expression upon host exposure in Chapter
4,

2.6 Dermanyssus gallinae optimised RNA extractions

RNA extractions were performed to purify RNA from mites for use in downstream
applications such as RNA-seq. A modified RNA extraction protocol was developed to
ensure maximum RNA yield for D. gallinae. All RNA extractions were performed using
the Zymo Quick-RNA Microprep Kit (Zymo Research, Irvine, CA, USA - Catalogue No.
R2030). A DNase | treatment was added to the protocol which included adding 5 pl of
DNase | and 35 pl of DNA digestion buffer directly to the column matrix after the first
RNA wash. An additional RNA wash was also performed to maximise yield before
elution into nuclease free water. All RNA products were either stored at -70°C or used

immediately in downstream applications.
2.7 Inferring function through sequence homology

Sequence homology searches were used in this thesis to infer relationships between genes
and proteins. Many sequencing projects rely on the fundamental principle of annotation
by sequence-based homology inference. The Basic Local Alignment Search Tool
(BLAST) is the most widely used and most reliable strategy for characterising newly
determined sequences (Altschul et al., 1997, 1990). BLAST finds regions of local
similarity between protein or nucleotide sequences and compares input sequences to
sequences stored in a database, calculating the statistical significance of the matches.
Comprehensive genome annotation tools such as Blast2Go (Conesa et al., 2005) operate
using the BLAST algorithm and generate gene ontology (GO) terms that describe

molecular function, cellular component and biological process.
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2.8 Molecular phylogenetics

Phylogenetics were used to infer relationships between genes and to reveal insights into
the evolutionary history of D. gallinae and arthropod chemosensory gene families in
Chapter 3. Phylogenetics is the study of the evolutionary history and relationships among
individuals, groups of organisms (e.g., populations, species, or higher taxa), or other
biological entities with evolutionary histories (e.g., genes, biochemicals, or
developmental mechanisms). Phylogenetics can be used to address important biological
questions such as relationships amongst species or genes and the origin and spread of
viral infections (Yang and Rannala, 2012). Software such as MEGA X (Kumar et al.,
2018) include programmes for assembling sequence alignments, inferring evolutionary

trees, estimating genetic distances and inferring ancestral sequences (Kumar et al., 2016).
2.9 Network analysis

Network analysis was employed to visualise gene expression patterns through mite
development in Chapter 3. Network analysis can be used to infer relationships between
individual genes or clusters of genes. Tools such as Graphia (Freeman et al., 2022) allow
for graph based visualisation and analysis of high dimensional data by generating

correlation networks.
2.10 RNA interference (RNAI)

RNAI (Figure 2.2) was used as an experimental tool to knockdown the expression of
genes with putative chemosensory function. RNAi knockdowns were paired with
behavioural assays to test for potential phenotypic effects of gene knockdowns in Chapter
5. RNAI is a highly conserved form of post-transcriptional gene silencing (PGTS) that
uses double stranded RNA (dsRNA) to trigger homology-dependent repression of gene
activity (Almeida and Allshire, 2005). In nature, RNAI is thought to exist as a defence
mechanism that helps moderate interactions between exogenous mobile genetic elements,
including viruses and transposons, and the host genome (Buchon and Vaury, 2006;
Obbard et al., 2009). RNAI is commonly utilised as an experimental tool in functional
genomics. Since the discovery of RNAi-mediated gene silencing in the free living
nematode Caenorhabditis elegans (Fire et al., 1998), three core RNAI pathways have

been described. Based on their origin, biogenesis, structure and role in distinct biological
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processes, small RNAs are classified into three main cell autonomous pathways:
microRNA (miRNA), small interfering RNA (SiRNA) and PIWI-interacting RNA
(piIRNA) (Dowling et al., 2016; Vogel et al., 2019). Micro-RNA (miRNAS) are a class of
non-coding RNAs around 22 nucleotides in length that predominately interact with the 3’
UTR of target mMRNA to supress expression (Ha and Kim, 2014). The Small interfering
RNA (siRNA) pathway is activated when gene specific double stranded RNA (dsRNA)
are recognised in the cytoplasm and processed into sSiRNA by the RNA type Il enzyme
Dicer-2 (Figure 2.3) (Siomi and Siomi, 2009). P element induced wimpy testis (PIWI)-
interacting RNA (piRNA) are an animal specific class of small silencing RNA, distinct
from miRNA and siRNA as they are derived from long single stranded precursor
transcripts and function through PIWI-clade Argonauts. Irrespective of the organism or
mode of silencing, the formation of an RNA-Induced Silencing Complex (RISC) is

essential for transcriptional gene silencing.
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Figure 2.2 The RNAI gene silencing pathway

Exogenous dsRNA

1 - Exogenous dsRNA fragment enters the cytoplasm of target cell. 2 - Guide strand and
passenger strand are separated. 3 - Guide strand is incorporated into RNA induced
silencing complex (RISC). 4 — RISC and guide strand complex locates corresponding
target MRNA and binds. 5 — Target mMRNA is cleaved and degraded resulting in gene

silencing.
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Figure 2.3 RNAI pathways in D. gallinae

Core RNAI pathway enzymes present in the D. gallinae genome are highlighted in red
and those that are absent in grey (Chen et al., 2021). siRNA: dsRNA is initially cleaved
by Dicer-2 (DcR2) into siRNA duplexes that are subsequently bound by RISC. Argonaute
(Ago) cleaves the passenger strand of siRNA, retains the guide strand and guides the
SiRISC complex to target MRNA. miRNA pathway: The microRNA gene (miRNA) is
transcribed in the nucleus to generate pri-miRNA which is subsequently cleaved by the
enzymes Drosha and Pasha to form pre-miRNA. Pre-miRNA is transported into the
cytoplasm by Expotrin-5 (XPO5) and is processed by a Dicer 1(Dcrl)/Loquacious (logs)
complex to yield miRNA. The newly formed miRNA binds the RISC complex and Agol

cleaves the passenger strand and retains the guides the activated miRISC complex to

target miRNA triggering repression of target gene activity.
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2.11 Y-tube olfactometers

Y-tube olfactometers were used to test locomotory responses of PRM to novel
formulations of chicken derived chemicals in Chapter 6. In general, ectoparasites utilise
a variety of cues such as body heat, CO2 and host specific kairomones to locate their hosts
(Skelton et al., 2007). Olfactometers are a means of measuring locomotory responses of
organisms to volatile olfactory cues (Carr and Roe, 2016). The Y-tube is a commonly
used olfactometer that bifurcates into two distinct arms. It is capable of exposing test
subjects to two chemical stimuli, usually a test and control. Glass jars are affixed onto the
end of each arm which provide a location for the placement of a test chemical on one arm,
and a control on the other. An air pump pushes the volatile compounds through the
adjoining arms and into the stem where air streams become mixed. A vacuum pump
attached to the stem of the apparatus ensures unidirectional flow. Y-tube studies have
been performed on a range of mites including the American house dust mite,
Dermatophagoides farinae (Skelton et al.,, 2010), the mold mite, Tyrophagus
putrescentiae (Skelton et al., 2007), the honeybee mite, V. destructor (Pernal et al., 2005),
the wet grain mite, Sancassania polyphyllae (Cakmak et al., 2013), the predatory mites,
Typhlodromus pyri (Gadino et al., 2012) and Galendromus occidentalis (Gardiner et al.,
2005) and the two-spotted spider mite, T. urticae (Patifio-Ruiz and Schausberger, 2014).
Y-tube systems have also previously been used to evaluate choices of PRM in response
to cues related to conspecific mites as well as their primary chicken host (Koenraadt and
Dicke, 2010).

2.12 Petri dish assays

Petri dish assays were used in Chapter 5 to screen for behavioural effects of putative
chemosensory gene knockdowns. The Petri dish assay uses treated filter paper disks to
expose PRM to test and appropriate control chemicals in an enclosed Petri dish (Arlian
and Vyszenski-Moher, 1995). Semiochemical properties of test compounds are measured
in Petri dish assays by recording interactions with test and control filter paper disks. Petri
dish assays require minimal consumables and space for execution and offer a quick and

reliable way to measure the attractiveness of semiochemical compounds in still air.
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Chapter 3: Characterisation of the D. gallinae chemosensory repertoire
3.1 Introduction

The molecular mechanisms through which PRM detect semiochemicals remain largely
unknown. Elucidating these mechanisms, which mediate interactions including
reproduction, aggregation and host location (Koenraadt and Dicke, 2010), could
contribute to developing molecular and semiochemical based control strategies for
enhanced management and control of PRM.

To date, the genomes of five mesostigmatid mite species have been sequenced: the spider
mite, T. urticae (Grbic et al., 2011), the honeybee mites V. destructor (Cornman et al.,
2010), Varroa jacobsoni and Tropilaelaps mercedesae (Dong et al., 2017), the western
predatory mite G. occidentalis (Hoy et al., 2016) and more recently the poultry red mite
(PRM) D. gallinae (Burgess et al., 2018). Investigations into the genomes of these mites
indicate that the mechanism of acarine chemosensation is primarily dependent on proteins
encoded by members of the ionotropic glutamate receptor (iGIuR) gene superfamily, as
IGIuRs are differentially expressed in chemosensory appendages (Eliash et al., 2017,
Renthal et al., 2017). IGIuRs are a highly conserved family of ligand gated ion channels
present in animals, plants and bacteria (Benton et al., 2009; Price et al., 2012; Vizueta et
al., 2020). The iGIuR gene superfamily comprises two subfamilies — ionotropic glutamate
receptors (iGIuRs) and ionotropic receptors (IRs). These families are conserved and
expressed across all arthropod species (Robertson, 2015). In contrast, odourant receptors
(ORs), classical odourant binding proteins (OBPs), and chemosensory proteins (CSPs)
have only been identified in insect genomes (Cao Thi Ngoc et al., 2016; Eyun et al., 2017;

Vizueta et al., 2017) and appear to be absent in acarine lineages.

The recent sequencing of the PRM genome (Burgess et al., 2018) presents the opportunity
for novel research into the genes and proteins responsible for mite chemosensation and
has the potential to massively expand the known chemosensory IR repertoire of non-
insect arthropods. The work in this chapter aims to characterise the chemosensory IR
repertoire of PRM through genomic and transcriptomic analysis by employing structural
and functional annotations, protein domain filtering and molecular phylogenetics. This
chapter also explores variation in gene expression through mite development to validate

the roles of putative chemosensory genes in the host seeking life stages of PRM.
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BLAST searches were initially used to identify genes with putative chemosensory
function within the D. gallinae genome. Identified genes of interest were further validated
through protein domain filtering and evolutionary history was inferred through molecular
phylogenetics. Finally, the expression of identified and validated chemosensory genes

was analysed through PRM development using stage specific transcriptomes.

The chemosensory repertoire of PRM is hypothesised to only contain members of Acarine
specific chemosensory gene families, mirroring previous studies in V. destructor (Eliash
et al., 2017), 1. scapularis (Josek et al., 2018) and T. urticae (Zhu et al., 2021). It is also
hypothesised that, due to variable stage-specific life history strategies, PRM gene
expression will change throughout development. Chemosensory gene enrichment is
predicted to occur in the latter life stages including protonymphs, deutonymphs and adults
as these are the life stages that have been observed to locate and feed on hosts (Masier et
al., 2022; Nunn et al., 2020b).

3.2 Methods

3.2.1 D. gallinae genomic and transcriptomic data

The genomic and transcriptomic data provided for this work were generated by the
Moredun Research Institute (MRI), Pentlands Science Park, Edinburgh, EH26 OPZ
(General methods 2.2).

3.2.2 BLAST homology searches

In order to identify chemosensory receptor transcripts within the genome of D. gallinae,
BLASTNn and BLASTp (general methods 2.8) (Altschul et al., 1997, 1990) sequence
alignments were performed against the D. gallinae genome using nucleotide and amino
acid sequences from closely related species tagged with gene ontology (GO) terms
synonymous with chemosensory function (Benton et al., 2009; Croset et al., 2010).
Search terms used were: ‘ionotropic receptor’, IR’ ‘ionotropic glutamate receptor’,
‘iGIluR’, ‘chemosensory proteins’, ‘CSP’, ‘odourant binding protein’, ‘OBP’, ‘olfactory
receptor’, ‘odourant receptor’, ‘OR’, ‘Niemann-Pick disease type C2 protein’, ‘NCP2’,
‘sensory neuron membrane protein’ and ‘SNMP’. Annotated sequences for iGIuR and IR
identification in PRM were acquired from the following mite genomes: T. urticae, V.

destructor, V. jacobsoni, I. scapularis, Dermatophagoides farinae, T. mercedesae and G.
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occidentalis. CSPs and ORs were identified through annotated sequences from the high-
quality reference genomes of D. melanogaster (dos Santos et al., 2015), Aedes aegypti
(Matthews et al., 2018), Bombyx mori (Kawamoto et al., 2019) and Acyrthosiphon pisum
(The International Aphid Genomics Consortium (IAGC), 2010). The V. destructor
transcriptome, which contained NCP2 and SNMP homologues, provided the sequences
for NCP2 and SNMP analysis (Eliash et al., 2017). All nucleotide and amino acid

sequences used in this analysis are publicly available from the NCBI database.

3.2.3 Protein domain filtering

As secondary and tertiary protein structures are more highly conserved than basic
nucleotide sequences (lllergard et al., 2009), specific searches for conserved protein
domains indicative of chemosensory function were performed by importing amino acid
sequences into InterProScan (Quevillon et al., 2005) and analysing predicted protein
domain outputs. Searches for characteristic IGR protein domains IPR001828, IPR019594
and IPR001320 were carried out and gene products were manually curated to categorise
outputs into respective gene families. Transcripts that contained all three domains were
predicted to belong to the iGIuR family, whereas those with redundant or absent ATD
domains were deemed members of the IR gene family (Rytz et al., 2013).

3.2.4 Transcriptomic analysis

The identification of the full repertoire of transcribed elements for a given species can
only be achieved through transcriptomic annotation. As such, Illumina RNA-seq data
from six D. gallinae life stages; egg, larva, protonymph, deutonymph, adult males and
adult females (Bartley, Chen, Lloyd Mills et al., 2021), were annotated to determine how
chemosensory related genes vary in expression with PRM development. Annotation of
these datasets employed the Blast2GO (Conesa and Gotz, 2008) gene ontology mapping
and annotation pipelines, complete with InterProScan (Quevillon et al., 2005). A search
for putative IRs and iGIluRs were performed on the outputs using GO terms ‘lonotropic

receptor’, ‘lonotropic glutamate receptor’, ‘IR’ and ‘iGIuR’.

3.2.5 Molecular phylogenetic analysis

The origins of the chemosensory repertoire of D. gallinae were explored using a

phylogenetic tree consisting of 129 homologous IGR transcripts contained within the
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genomes of D. melanogaster (Benton et al., 2009; Croset et al., 2010), V. destructor
(Eliash et al., 2017), 1. scapularis (Josek et al., 2018) and D. gallinae (Burgess et al.,
2018). The 129 sequences were aligned using MUSCLE (Edgar, 2004) and a maximum
likelihood based on the Jones-Taylor-Thornton (JTT) matrix model (Jones et al., 1992)
was used to construct the phylogenetic tree in MEGA X v10.2.6 (Kumar et al., 2018). A
second neighbour joining tree with 1000 bootstrap cycles was used to assess the accuracy

of the constructed phylogeny (Efron et al., 1996).

3.2.6 Network analysis of gene expression

To validate the expression of chemosensory IR transcripts in host-seeking life stages of
PRM, a network cluster analysis of stage specific gene expression of IR genes was
performed using Graphia v3.1 (Freeman et al., 2022), a visualisation and analysis tool
developed for large data sets (Bush et al., 2018; Clark et al., 2017). The developmental
stage gene expression dataset generated through Illumina RNA-seq described above was
used to generate an expression matrix containing around 14000 genes. The expression of
target IR genes was then compared between egg, larvae, protonymph, deutonymph and
adult male and female life stages. A Pearson correlation threshold of r = 0.97 was applied
prior to the formation of the network graph to remove weak correlations resulting in a
gene network with 14008 genes. This threshold was determined empirically such that the
resultant graph included the highest number of nodes, connected by the minimum number
of edges. In order to group genes into clusters with similar expression profiles, a Markov
Clustering Algorithm (MCL) was applied to the network graphs (Enright et al., 2002).
Two resolutions of analysis were performed to allow for global and chemosensory
specific analysis of gene expression with MCL cut of values of 1.1 for superclustering
and 2 for microclustering. Clusters with component size < 10 were removed from both

networks.
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3.3 Results

3.3.1 Identification of chemosensory gene families in the D. gallinae genome

Functional and structural annotation of the ~960 Mb D. gallinae genome produced 14,608
protein coding genes, of which 47 related to putative IGR’s (IPR001828, IPR019594 and
IPR0013200), 11 GR’s (IPR013604 and IPR009318), 14 NPC2s (IPR003172) and 25 to
SNMPs (IPR002159). No transcripts that contained the protein domains characteristic of
CSPs (IPR005055), classical OBPs (IPR006170) or ORs (IPR004117) were identified
(Table 3.1).
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Table 3.1 Summary of chemosensory gene families identified within the D. gallinae

genome
Group Domain description Interpro Pfam ID Number of
(InterPro) Domain ID transcripts
IGR Amino terminal domain IPR001828 PF01094 47
(ATD)
L-glutamate and glycine- IPR019594 PF10613 28
binding domain (LBD)
lon channel domain (ICD) IPR001320 PF00060 26
GR 7TM chemoreceptor IPRO13604 PF08395 6
Gustatory receptor IPRO09318 PF06151 5
OBP Pheromone/general IPR006170 PF01395 0
odourant binding protein
CSP Insect odourant-binding
protein A10/Ejaculatory IPRO05055 PF03392 0
bulb-specific protein 3
OR Olfactory receptor, insect IPRO04117 PF02949 0
NPC2 MD-2-related lipid- IPR003172 PF02221 14
recognition domain
SNMP CD36 family IPR002159 PF01130 25

Invertebrate chemosensory gene families, their characteristic domains, their InterPro and

Pfam signatures and the number of predicted sequences within the D. gallinae genome.
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3.3.2 Protein domain filtering

Ten genes contained both protein domains characteristic of IRs (IPR001320 and
IPR019594) (Table 3.2). A homologue of IR25a, an ancient IR co-receptor first
characterised in D. melanogaster (Rimal and Lee, 2018) was identified within the
D. gallinae genome (DEGAL3221g00050) as were homologues of IR93a
(DEGAL3221g00020 and DEGAL3221g00030), henceforth referred to as
DegallR25a, DegallR93al and DegallR93a2.

Table 3.2 Transcriptomic analysis of putative IR genes within the D. gallinae

genome
Locus/genelD GO sequence description Top Blast match
DEGAL3037g00010 receptor ionotropic, kainate XP_022651879.1 (V.
5 destructor)
DegallR93al olfactory ionotropic receptor XP_002402308.1 (I.
IR93a scapularis)
DegallR93a2 ionotropic receptor IR93a XP_022689306.1 (V.
jacobsoni)
DegallR25a ionotropic receptor 25a XP_012141724.1 (M.
rotundata)
DEGAL39569g00040. glutamate receptor XP_022248258.1 (L.
ionotropic Polyphemus)
DEGAL5417g00060 ionotropic glutamate XP_022656442.1 (V.
receptor 6 destructor)
DEGAL57159g00040 receptor Ul-like XP_002413464.1 (1.
scapularis)
DEGALG6559g00040 glutamate receptor 1 isoform OQR68984.1 (T. mercedesae)
X2
DEGAL1213g00010  NMDA receptor subunit1 ~ XP_020280170.1 (P. gracilis)
DEGAL1859900030 glutamate receptor OQR79690.1 (T. mercedesae)
ionotropic

Locus/gene ID’s for IR transcripts identified within the D. gallinae genome, their GO
functional description and top BLASTp matches.

3.3.3 Multiple and pairwise sequence alignments of IR25a and IR93a D. gallinae amino
acid and nucleotide sequences

The amino acid sequences of IR25a and IR93a homologues from multiple species
presented significant sequence similarity to DegallR25a, DegallR93al and DegallIR93a2
(Figures 3.1 and 3.2), further supporting the annotations based on BLASTn and BLASTp
alignments. Pairwise alignment (EMBOSS Needle, EMBL-EBI, Cambridge, UK) of
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DegallR25a, DegallR93al and DegallR93a2 genes and DmellR25a and DmellR93a
generated identity values of 40.9% and 43.9% respectively at the amino acid level
(Pearson, 2013).

A multiple sequence alignment of IR25a amino acid sequences was generated from D.
melanogaster and four parasitiforme mites and ticks; D. gallinae, T. mercedesae, G.
occidentalis and 1. scapularis (Figure 3.1). The alignment shows significant sequence
similarity between the five species at multiple sites across the IR25a sequence. Sequences
in black correspond to alignment portions with strong support in the primary library. The
reliability of the alignment was evaluated through a Transitive Consistency Score (TCS)
(Chang et al., 2014) alignment and scored 94/100, indicating high confidence in the

multiple sequence alignments.
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Figure 3.1 Multiple sequence alignment of IR25a

Multiple sequence alignment (MSA) of IR25a amino acid sequences of D. gallinae
(DegallR25a - DEGAL3221g00050), D. melanogaster (DmellR25a - Dmel_CG15627),
T. mercedesae (TmerclR25a - OQR69585.1), G. occidentalis (GocclR25a -
XP_003743738.1) and I. scapularis (IscaplR25a - XP_029841704.1). The alignment was
performed in T-coffee (Version_11.00.d625267) (Notredame et al., 2000) and shaded
according to similarity in BOXSHADE v3.21.

A multiple sequence alignment of DegallR93al and DegallR93a2 was performed with
amino acid sequences from D. gallinae, D. melanogaster, Ae. aegypti and T. mercedesae
(Figure 3.2). Homologues of the D. melanogaster IR93a have only been found in the
genome of one parasitiforme mite to date, T. mercedesae (Dong et al., 2017) and as such
the alignment was performed against two dipteran species, D. melanogaster and Ae.
aegypti. Due to the divergence between Diptera and Acari around 600 million years ago
(Misof et al., 2014), a greater number of substitutions per site were observed. Evaluation
of the local alignment reliability by TCS scored 90/100.
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Figure 3.2 Multiple sequence alignment of IR93a

Multiple sequence alignment (MSA) of IR93a amino acid sequences of D. gallinae
(DegallR93al - DEGAL3221g00020 and DegallR93a2 - DEGAL3221g00030), D.
melanogaster (DmellR93a - Dmel_CG42315), Ae. aegypti (AeglR93a -
NP_001345183.1) and T. mercedesae (TmerclR93a - BBH62854.1). The alignment was
performed in T-coffee (Version _11.00.d625267) (Notredame et al., 2000) and shaded
according to similarity in BOXSHADE v3.21.
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3.3.4 Molecular Phylogenetic analysis of the D. gallinae IGR repertoire

One hundred and twenty nine IGR transcripts from the genomes of D. melanogaster
(Dmel, N = 71), 1. scapularis (Isc, N = 17), V. destructor (Vd, N = 17) and D. gallinae
(DEGAL, N =10) were used to construct a phylogenetic tree in MEGA X v10.2.6 (Kumar
et al., 2018). The tree contained members of the iGIuR, NMDA, divergent IR and
antennal IR gene families, all variant subfamilies of IGR (Croset et al., 2010). Of the ten
D. gallinae IGR genes included in the analysis, five were grouped as putative iGIuRs,
three as homologues of D. melanogaster antennal IRs, one as an unclassified antennal IR
and one as part of the NMDA gene family (Figure 3.3). D. gallinae homologues of IR93a
(DegallR93al and DegallR93a2) and IR25a (DegallR25a) also clustered with respective
IRs (Figure 3.4 and Figure 3.5).
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Figure 3.3 Molecular phylogenetic tree characterising IGR repertoires of arthropods

A molecular phylogenetic tree characterising the IGR repertoires of D. melanogaster, 1.
scapularis, V. destructor, T. urticae and D. gallinae. The tree was constructed using
maximum likelihood (1000 bootstrap cycles) based on the JTT matrix model in MEGA
X v10.2.4 (Kumar et al., 2018). D. gallinae transcripts are shown in bold and annotated

with a black dot.
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D. melanogaster

Figure 3.4 IR25a maximum likelihood tree

A maximum likelihood tree constructed from IR25a nucleotide sequences using the
Tamura-Nei substitution model (Tamura and Nei, 1993). Sequences from D.
gallinae, T. mercedesae, G. occidentalis, I. scapularis and D. melanogaster are
shown and the tree is drawn to scale, with branch lengths measured in substitutions
per site. The percentage of trees in which the associated taxa clustered together is
shown next to the branches. Evolutionary analysis were conducted in MEGAX

v10.2.6 (Kumar et al., 2018). The tree is rooted on D. melanogaster.
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Figure 3.5 IR93a maximum likelihood tree

A maximum likelihood tree constructed from IR93a nucleotide sequences using the
Tamura-Nei substitution model (Tamura and Nei, 1993). Sequences from D. gallinae (1
and 2), T. mercedesae, D. melanogaster and Ae. aegypti were used, and the tree is drawn
to scale, with branch lengths measured in substitutions per site. The percentage of trees
in which the associated taxa clustered together is shown next to the branches.

Evolutionary analyses were conducted in MEGAX v10.2.6 (Kumar et al., 2018).

3.3.5 Network analysis of gene expression

Superclustering analysis resulted in ten superclusters with clearly defined gene expression
patterns (Figure 3.6). The six largest superclusters showed stage-specific enrichment in
adult females, larvae, eggs, deutonymphs, adult males and protonymphs (Figure 3.8).
Superclusters seven to ten contained genes enriched in multiple life stages. The seventh
largest supercluster, Supercluster 7, contained genes highly expressed in all mobile life
stages. Supercluster 8 grouped genes with high expression in adult females, deutonymphs,
protonymphs, larvae and eggs. Superclusters 9 and 10 contained genes enriched in adult
females, deutonymphs, protonymphs and larvae and deutonymphs, protonymphs, larvae

and eggs respectively (Table 3.3).

Microclustering analysis resulted in 567 clusters with an adult female specific cluster
numbering 1471 being the largest individual cluster (Figure 3.7). The second largest
microcluster, Microcluster 2 contained 1235 genes co-expressed in adult females and
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eggs. Microcluster 3 contained 873 genes with larvae enrichment and Microclusters 8
(egg) and 9 (adult male) also showed stage specific enrichment. Deutonymph and
protonymph microclusters were the only stage specific clusters not within the largest ten
clusters. Microcluster 126 contained genes enriched in adult females, adult males,
deutonymphs, protonymphs and larvae and contained DegallR25a and DegallR93a2,

suggesting that chemosensory genes are active in all mobile life stages.

Adult female . | Egg

Larvae

Adult male

Protonymph
Deutonymph

Figure 3.6 Superclustering of developmental gene expression

Network visualisation and superclustering of temporal global gene expression. Each node
represents an individual gene and edges are defined based on the correlation between
individual gene expression profiles. Genes are connected within a cluster if the Pearson
correlation between expression profiles was > 97. Each node is coloured according to the
cluster it maps to. Overall, ten superclusters were identified representing 14,008 nodes
and 1.9 million edges at an MCL cut off of 2.0.
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Figure 3.7 Microclustering of developmental gene expression

Network visualisation and microclustering of temporal gene expression. Each node
represents an individual gene and edges are defined based on the correlation between
individual gene expression profiles. Genes are connected within a cluster if the Pearson
correlation between expression profiles was > 97. Each node is coloured according to the
cluster it maps to. Overall, 567 microclusters were identified representing 13,985 nodes
and 1.89 million edges at a MCL cut off of 1.1.
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Table 3.3 Summary of superclustering and microclustering

Supercluster ID Predominant expression Number of genes
pattern
1 Adult female (AFS) 5539
2 Larva (LS) 3360
3 Egg (ES) 2097
4 Deutonymph (DS) 1795
5 Adult male (AMS) 590
6 Protonymph (PS) 196
7 AF/AM/DI/PIL (S) 141
8 AF/D/P/L/IE 131
9 AF/D/P/L 63
10 D/P/L/E 19
Microcluster ID Predominant expression Number of genes
pattern

1 Adult female (AFM) 1471
2 Adult female/Egg 1235
3 Larvae (LM) 873
4 Larvae/Protonymph 735
6 Deutonymph/Adult male 497
7 Adult female/Egg 446
8 Egg (EM) 303
9 Adult male (AMM) 242
10 Adult Female/Deutonymph 218

126 AF/AM/D/P/L (M) 16

Description of D. gallinae stage specific gene expression superclusters and microclusters.
AF = Adult female, AM = Adult male, D = Deutonymph, P = Protonymph, L = Larvae

and E = Eggs. S denotes supercluster and M denotes microcluster.
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Figure 3.8 D. gallinae stage specific expression profiles

Line plot showing D.gallinae stage-specific expression profiles. Each line represents the average expression of the six largest superclusters
across triplicate samples. Supercluster 1 contains 5593 genes highly expressed in adult females, Supercluster 2 contains 3360 genes highly
expressed in larvae, Supercluster 3 contains 2097 genes highly expressed in Eggs, Supercluster 4 contains 1795 genes highly expressed in
Deutonymphs, Supercluster 5 contains 590 genes highly expressed in adult males and Supercluster 6 contains 196 genes highly expressed in

Protonymphs. Y-axis shows read count values expressed as transcripts per million (TPM) as derived from Kallisto v0.44.0 (Bray et al., 2016).
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3.3.6 Analysis of chemosensory genes

Microclustering revealed that DegallR25a and DegallR93a2 grouped within the same
cluster, Microcluster 126 (Figure 3.9, Figure 3.10 and Figure 3.11). Microcluster 126 also
contained two copies of acyl-CoA synthetase, important intermediates in lipid
metabolism (Alves-Bezerra et al., 2016), adenosine receptor Al, an alpha-1a adrenergic
receptor, a melatonin receptor type 1A and a small G protein signalling modulator. This
receptor rich cluster contained around 50% G-protein coupled receptors. DegallR93al

exhibited adult female enrichment in Microcluster 1 (Figure 3.12).
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Figure 3.9 Stage specific expression profile of cluster 126

Mean expression from the sixteen transcripts within Microcluster 126. Y axis shows read
count values expressed as transcripts per million as derived from Kallisto v0.44.0 (Bray
etal., 2016).
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Figure 3.10 Stage specific expression profile of DegallR25a

Stage specific expression profile of DegallR25a in Microcluster 126. Y-axis shows read
count values expressed as transcripts per million (TPM) as derived from Kallisto v0.44.0
(Bray et al., 2016).
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Figure 3.11 Stage specific expression profile of DegallR93a2

Stage specific expression profile of DegallR93a2 in Microcluster 126. Y-axis shows read
count values expressed as transcripts per million (TPM) as derived from Kallisto v0.44.0
(Bray et al., 2016).
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Figure 3.12 Stage specific expression profile of DegallR93al

Stage specific expression profile of DegallR93al in Microcluster 1. Y-axis shows read
count values expressed as transcripts per million (TPM) as derived from Kallisto v0.44.0
(Bray et al., 2016).

80



DegallR25a and DegallR93a2 showed similar expression profiles with relatively high
expression during mobile haematophagous stages (Protonymph, deutonymph, adult male
and adult female) (Fig 3.9). DegallR93al in the adult female enriched Microcluster 1 was
up-regulated in all host-seeking life stages, particularly during the adult feeding stage
(log2fold change = 7.89 when compared to eggs) (Figure 3.11). Differential expression
of DegallR93al between adult males and adult females was also observed (log2fold
change = 4.43). DegallR93al was highly expressed during feeding stages, though
expression of DegallR93al in larval stages was also high when compared to eggs
(log2fold change = 4.96) (Figure 3.11).

3.4 Discussion

This is the first study to examine temporal gene expression of chemosensory transcripts
in PRM. The results indicate that homologues of D. melanogaster IR25a and 1R93a,
DegallR25a and DegallR93a, are present in the D. gallinae genome and potentially have
a role in mediating chemoreception, and therefore host location, in PRM. In addition, the
discovery of putative chemosensory genes of the IGR superfamily and the apparent
absence of ORs, insect OBPs and CSPs in the transcriptome of D. gallinae is consistent
with other non-insect arthropods (Croset et al., 2010; Eliash et al., 2019; Eyun et al., 2017,
Pelosi et al., 2018, 2014, 2005; Vieira and Rozas, 2011; Vizueta et al., 2018, 2017). This
study reaffirms that ORs, classical OBPs and CSPs are likely to be insect specific
chemosensory gene families. Comparison of the chemosensory IGR repertoire of D.
gallinae revealed that it is similar to that of V. destructor, which comprises forty-six IGR
transcripts (Eliash et al., 2017), and 1. scapularis, which comprises twenty-nine (Gulia-
Nuss et al., 2016). However, no previously characterised ‘OBP-like’ (IPR002448)
transcripts were identified in D. gallinae, in contrast to the lone star tick, Amblyomma
americanum (Renthal et al., 2017), V. destructor (Eliash et al., 2017) and other recent

studies of the D. gallinae transcriptome (Bhowmick et al., 2020).

Through Blast2GO analysis, protein domain filtering, molecular phylogenetics and
multiple and pairwise alignments, putative homologues of DmellR25a and DmellR93a
were identified within the D. gallinae genome termed DegallR25a and DegallR93a in
accordance with IR nomenclature (Croset et al., 2010). IR25a is distinguished from other

IRs due to high sequence similarity to iGIuRs and the existence of many homologous
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genes across Arthropoda (Benton et al., 2009; Croset et al., 2010), suggesting a conserved
ancestral role in IR function (Abuin et al., 2011). IR25a functions as a coreceptor subunit
integral in chemosensation and has been demonstrated to provide the neural basis for the
response to changes in temperature (Ni et al., 2016) and humidity (Enjin et al., 2016) in
D. melanogaster. 1R93a, like IR25a, is an ‘antennal’ IR, so called due to their initial
discovery and localisation in insect antenna, that has been implicated as a component of
molecular responses to external stimuli. The identification of an IR93a homologue in the
D. gallinae genome represents the second instance in mesostigmatid mites after V.
destructor (Lei et al., 2019). Due to the projected ubiquity of IR genes across arthropods
(Robertson, 2019) it is likely that IR93a homologues exist in other mesostigmatid mites.
In addition to chemosensory function, IR93a has been demonstrated to mediate

hygrosensation and thermosensation in D. melanogaster (Knecht et al., 2016).

The annotations of DegallR25a, DegallR93al and DegallR93a2 are supported by the
presence of protein domains IPR001320 and IPR019594 and high identity scores in
EMBOSS Needle pairwise alignments to DmellR25a and DmellR93a. Due to
experimental evidence of chemosensory, thermosensory and hygrosensory function at the
protein level for both DmellR25a (Abuin et al., 2011; Chen et al., 2015; Ni et al., 2016)
and DmellR93a (Enjin et al., 2016; Knecht et al., 2016) it is likely that DegallR25a and
DegalR93a share a similar function in D. gallinae. In addition, experimental gene
silencing via RNA interference (RNAI) of the IR25a homologue in the salmon louse,
Lepeophtheirus salmonis, resulted in decreased chemosensory activity (Nufiez-Acufia et
al., 2019).

The D. gallinae IGR transcripts included in this analysis were classified as either antennal
IRs (three), NMDAs (one) or iGIuRs (eight). No D. gallinae, V. destructor or I. scapularis
transcripts were annotated as divergent IRs, indicating that this subgroup likely evolved
independently in insects, after their divergence from Acari around 600 million years ago
(Rota-Stabelli et al., 2013). A single D. gallinae transcript, DEGAL5715g00040, formed
a cluster with three 1. scapularis sequences (1SC022877, 1SC000549 and 1SC015703)
perhaps representing a new subgroup of Acarine specific antennal IRs as no D.
melanogaster representatives were present in this branch. The IR25a and IR93a branches
both contained at least one transcript from each constituent species genome, D.
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melanogaster, 1. scapularis, T. urticae and D. gallinae, suggesting that IR25a and IR93a

encode essential proteins across arthropod lineages.

The temporal network analysis and clustering revealed insights into development,
feeding, reproduction, survival strategies and host location in PRM (Bartley, Chen, Lloyd
Mills et al., 2021). The largest supercluster related to transcripts demonstrating adult
female enrichment (AFS). As the predominant blood feeding stage (Nunn et al., 2020b),
adult females likely rely on a suite of genes to locate applicable hosts, feed on hosts and
ultimately digest blood meals, a process reflected in temporal expression patterns.
DegallR93a2 was highly expressed in adult females, suggesting a potential role in the
host seeking process. DegallR93a2 and DegallR25a were also highly expressed in mobile
life stages (protonymphs and deutonymphs). The increased variety and number of
receptors exhibited in superclusters relating to the latter life stages (Cluster 126 and
Clusterl) may be indicative of the increased ability of mites to locate hosts, aggregate in
mixed developmental stages, identify predatory threats and mate, all processes

underpinned by fundamental chemosensory mechanisms (Hoffmann et al., 2006).

The network microclustering analysis grouped genes with similar expression patterns into
567 clusters numbered in descending order of size. The majority of IGR gene superfamily
members were grouped together in Cluster 126, though some were placed in Clusters 4
(larval enrichment), 85 (protonymph and deutonymph enrichment) and 160 (mobile life
stage enrichment). As co-expression across multiple life stages or samples is indicative
of shared functional biological activity i.e. guilt-by-association/guilt-by-profiling (Klomp
and Furge, 2012) other members within these clusters may play a role in PRM

chemosensation, thermosensation or hygrosensation.

Proteolytic enzymes involved in blood meal digestion also feature heavily amongst the
transcripts represented in nymphs and adults. Cathepsin D, legumain, cathepsin L and
other digestive cysteine proteinases are all prominent in haematophagous arthropods
(Ullmann et al., 2005) and have been shown to be integral to the degradation of
haemoglobin in Ixodid ticks (Horn et al., 2009). Cathepsin D and cathepsin L in particular
are thought to initiate the autophagic-lysosomal pathway (Nisbet and Billingsley, 2000)

in PRM and have been identified, and demonstrated, as potential vaccine targets (Bartley
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et al., 2012; Price et al., 2019). A novel hypothesis is that these proteolytic enzymes are
expressed at a basal level but are upregulated upon detection of a host.

This study presents the first identification of IR25a and IR93a homologues in a terrestrial
haematophagous ectoparasite, suggesting that chemosensory IRs are ubiquitous amongst
many diverse species. IR25a has been identified in the aquatic ectoparasite L. salmonis
(Komisarczuk et al., 2017) the body fat tissue feeding V. destructor (Ramsey et al., 2019),
the free-living D. melanogaster (Benton et al., 2009; Croset et al., 2010) and Ae. aygypti
(Raji et al., 2019). Whereas chemosensory IRs work in synergy with ORs, OBPs, CSPs
and CPs in insect chemosensation, it is likely that PRM rely more heavily on IRs to sense
their immediate environment due to a lack of evidence for OR, classical OBP and CSP
transcripts within the D. gallinae genome. It is also evident that chemosensing in PRM is
limited to a smaller subset of the complete insect IR repertoire as only one IR co-receptor,

DegallR25a, and one antennal IR, DegallR93a, were identified within the PRM genome.

The results presented in this chapter support the hypotheses that OR and OBP gene
families are insect specific and that chemosensory gene enrichment is localised in the
latter blood-feeding life stages. This study has inferred homology through sequence
similarity using statistical tools. However, inference of functional similarity from
homology is complex as identical protein structures can have different functions
(Vallender, 2009). Ideally, function of a particular protein is predicted using data that has
been determined experimentally. Chapter 5 aims to address these issues and assign
function to putative chemosensory genes through a combination of RNAi-mediated gene
silencing and behavioural assays. In the next chapter, Chapter 4, PRM are exposed to

hosts using a novel exposure device to gain greater insights into PRM-host dynamics.
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Chapter 4: Analysis of shifts in PRM chemoreceptor gene expression associated
with host exposure

4.1 Introduction

Studies analysing shifts in gene expression associated with host exposure in ectoparasites
are extremely rare in the literature. The majority of molecular studies seeking to elucidate
the function of Acarine chemosensory genes compare the transcriptomes of
chemosensory appendages to non-chemosensory appendages (Bhowmick et al., 2020;
Eliash et al., 2017; Josek et al., 2018; Lei et al., 2019). These comparisons can contribute
to identifying the chemosensory gene repertoires of candidate species but offer little
insight into the chemical and biological interactions between host and parasite. This study
has been designed to tease out genes with important biological function through exposing

PRM to their primary avian host, the domesticated chicken Gallus gallus domesticus.

Groups of adult female PRM were exposed to hens for three hours using a novel exposure
device which placed PRM directly onto hens but prevented blood feeding. RNA
extractions were performed immediately after exposure and transcriptomes were
generated through RNA sequencing. The annotated transcriptomes of exposed mites were
compared to the annotated transcriptomes of mites that had not undergone exposure
treatment. Differential expression analysis was then performed to search for differences
in gene expression patterns between exposed and control groups. Finally, the enriched
transcripts identified in PRM exposed to hosts were compared to a reanalysis of the

foreleg transcriptome of PRM (Bhowmick et al., 2020).

This study builds on previous analysis of the PRM draft genome assembly (Burgess et
al., 2018), transcriptomic analysis of the poultry red mite, D. gallinae, across all stages
of the lifecycle (Bartley, Chen, Lloyd Mills et al., 2021), comparative morphological and
transcriptomic analysis of chemosensory genes in PRM (Bhowmick et al., 2020) and
work in Chapter 3. These studies have revealed the presence of candidate IR, NCP2, GR
and ‘OBP-like’ proteins. However, the biological functions of these genes in PRM remain
unknown as current annotations rely on inferring homology from sequence similarity
(Pearson, 2013).
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The aim of the work presented in this chapter is to characterise shifts in gene expression
associated with host exposure and to identify the presence and impact of potential
chemosensory genes and proteins in PRM. It is hypothesised that exposure of PRM to the
domesticated chicken, Gallus gallus domesticus will result in a substantial change in
chemosensory gene expression due to PRM physiological and molecular responses to
host associated cues.

4.2 Methods

4.2.1 D. gallinae collections

Mixed life stages of PRM including eggs, larvae, protonymph, deutonymph, adult male
and adult female were collected directly from the walkways and perches of a commercial
free-range egg producing farm (ADAS Bristol Yard 66, Portview Road, Bristol, BS11
9JE). Collections were performed at the end of the hen laying cycle to ensure that no
chemical acaricide treatment had been applied within the last six weeks (General methods
2.1). PRM were conditioned at room temperature (25°C) in poultry house detritus for 1
week in Corning T75 cell culture flasks (Corning Incorporated, Corning, NY, USA) and
stored at 4°C for a further two weeks to allow digestion of previous blood meals. Adult
female mites were separated from males and juvenile stages based on morphological

characteristics (Di Palma et al., 2012).

4.2.2 Exposure of adult female D. gallinae to chickens

Induction of host associated gene expression was achieved through exposure of PRM to
live hens for three hours using an exposure device, a modification of the on hen feeding
device (Nunn et al., 2019). The exposure devices were constructed by making a 3cm tube
from 105 pum aperture width and 63um depth polyester mesh (Plastok Ltd, Birkenhead,
UK) sealed together on the inner surface with Leukoplast® tape (BSN Medical,
Hamburg, Germany). A strip of AeraSeal (Sigma-Aldrich, St Louis Missouri, USA) was
used to cover any exposed parts of the adhesive surface of the Leukoplast® tape. One end
of the tube was sealed with Leukoplast® tape to form a pouch. A plastic brace, formed
from a 2.5 cm cut section of a disposable plastic QuadLoop (Sterilin, Thermo-Fisher
Scientific, UK) gently heated and bent into a ‘U’ shape were placed inside pouches to

keep the mesh sides apart and to provide PRM with refuge. PRM were then loaded into
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the pouch and the open end was sealed with Leukoplast® tape (Nunn et al., 2020Db).
Finally, a 1 mm thick air permeable nylon phytoplankton mesh (Sigma-Aldrich, St Louis,
Missouri, USA) that prevented PRM gnathosoma from piercing chicken skin was
attached to the side of the exposure devise that would be placed onto chickens (Figure
4.1). The exposure group consisted of three eighteen-week-old hens, each fitted with an
exposure device housing approximately 100 adult female PRM. Exposure devices were
bandaged (Central Medical Supplies Ltd., Pontefract, UK) directly onto the outer plucked
thighs of eighteen-week-old hens. Exposure devices were removed from hens by
unravelling the bandages and RNA extractions were performed on PRM immediately to
accurately reflect the expression of genes during host exposure. A control group
consisting of three replicates of around 100 adult female mites housed in identical
exposure devices were left at room temperature (25°C) away from chickens for 3h.
Exposure of mites to live chickens was performed under Home Office Project Licence
P46F495BD. The experiment number identifier was E12/20 at Moredun AWERB.
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Dermanyssus
gallinae

Plastic brace

Tmm thick polyester mesh

Figure 4.1 Schematic top-down view of exposure device

Leukoplast® tape sealed mites within the exposure device and a plastic brace ensured
that there was enough room for PRM to move freely. A thick 1mm polyester mesh acted
as a physical barrier, obstructing PRM gnathosoma and preventing blood feeding.
Exposure devices were placed on the plucked outer thighs of hens for three hours in the
treatment group. The Leukoplast® tape overhangs allowed for secure application of the

exposure device to outer thighs before bandaging.

4.2.3 Mite collection

Adult female PRM were harvested from exposure devices by carefully opening one end
of the device, removing the plastic brace and placing the semi-dismantled exposure device
onto a Petri dish on ice. Mites generally crawled out of the opened exposure device after
10 minutes but those that remained in the pouch were recovered by dissecting the pouch

with a scalpel and forceps.

4.2.4 RNA extractions

RNA extractions were performed using the Zymo Research Quick-RNA™ Tissue RNA
Microprep Kit (Zymo Research, Irvine, CA, USA - Catalogue No. R2030) following a
modified protocol optimised for D. gallinae tissue samples (General methodology 2.6).
To ensure a high RNA yield, all mites recovered from each independent exposure device
were pooled . The PRM were loaded into a ZR BashingBead™ Lysis Tube with 800 pl

RNA Lysis Buffer and homogenised in a Precellys 24 Tissue Homogeniser (Bertin
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Instruments, Montigny-le-Bretonneux, France) for 3 x 23s cycles at 6000 rpm and lysate
was cleared by centrifugation at 12,879 *g for 1 min at 4°C. Following this, 800 pul of the
resultant supernatant was transferred to a Zymo-Spin™ I1ICG Column and centrifuged
for a further 30s at 12,879 *g. The flow-through was collected and molecular grade 100%
ethanol was added to the solution in a 1:1 ratio. The mixture was then transferred to a
Zymo-SpinTM IC Column. After RNA binding, 40 pl of DNase | Reaction Mix was
pipetted directly onto the column matrix and left to incubate for 15 min at room
temperature (25°C). RNA purification was performed by the stepwise addition of 400 pl
of RNA Prep Buffer, 700 pl of RNA Wash Buffer and an additional 400 pl of RNA Wash
Buffer. Flow-through after centrifugation (30s 12,879 *g) was discarded between each
step. Finally, 15 pl of DNase/RNase-free water was added directly to the column matrix
and centrifuged for 30s at 12,879 *g. Eluted RNA was stored at -70°C.

4.2.5 Analysis of RNA quality and yield

The quality and quantity of the RNA product was analysed using a Thermo Scientific™
NanoDrop One (Thermo-Fisher Scientific, Waltham, MA, USA), a Qubit RNA Broad
Range Assay Kit and a Qubit 4 fluorometer (Thermo-Fisher Scientific, Waltham, MA,
USA).

4.2.6 RNA sequencing and bioinformatics

RNA sequencing was used to generate transcriptomes to allow for comparisons of gene
expression between samples. RNA sequencing was performed by BGI Genomics using
their proprietary 150bp paired-end DNBSEQ™ technology (BGI Genomics, Shenzhen,
China). Post sequencing quality control (QC) on FASTQ raw reads was manually
validated through FASTQC (v.0.11.9). The transcript quantification tool Kallisto (Bray
et al., 2016) was used to pseudo-align the transcript data to the PRM transcriptome
derived from the D. gallinae draft genome (DBJ/ENA/GenBank accession number
QVRMO00000000) (Burgess et al., 2018) and to generate read count data in the form of
transcripts per million (TPM). Kallisto abundance data were imported using the tximport
package v3.16 (Soneson et al., 2016). Differential gene expression (DEG) analysis
employed the edgeR v3.16 analysis pipeline (Robinson et al., 2010) with a false discovery
rate (FDR) a priori cut-off of p < 0.05 and a fold change (FC) cut off > 1.5. Functional
annotation was performed in OmicsBox v.1.3.11 (BioBam, Valencia, Spain) using the
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‘BLAST’, ‘InterProScan’ and ‘Blast2Go’ programmes. These analyses were performed
in September 2020 using the latest annotations available. Plots and visualisations were
produced through the DEseq2 (Love et al., 2014) pipeline with a more stringent FC cut
off > 2.

4.2.7 Principal component analysis, volcano plots and heatmaps

Principal component analysis was used to analyse the structure of the highly dimensional
gene expression data set generated. Heatmaps showed similarities and differences
between experimental groups and volcano plots were generated to visualise differentially
expressed genes. Principal component analysis plots were generated using the packages
factoextra (Kassambara A and Mundt F 2020) and FactoMineR (Sebastien Le, Julie Josse
and Francois Husson 2008). Volcano plots were produced using the ggplot2 package
(Wickham, 2016). Cut-offs for log2 fold change and adjusted (padj) p-values were set at
>1 and < 0.05 respectively. A sample-to-sample distance heatmap was built using the
pheatmap (v.1.0.12) package (Kolde, 2019) on normalised gene read counts. All plots
were made in R Studio v2022.07.2+576 running R v4.2.1.

4.2.8 Comparison between exposed and foreleg transcriptomes

In order to present a more complete overview of the D. gallinae chemosensory gene
repertoire, a comparison collating all available transcriptomic data was performed. The
results from a previously published study comparing the transcriptomes of locomotory
hindlegs and chemosensing forelegs of PRM (Bhowmick et al., 2020) were reanalysed
and compared to the host exposure transcriptome presented in this chapter. The foreleg
data were processed using the same methods previously described in section 4.2.6. using
the most up to date annotations available
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4.3 Results
4.3.1 RNA sequencing and analysis of RNA quality and yield

RNA sequencing resulted in an average of 6.5 - 7.5 million clean base reads across all
samples after removing adaptor sequences, contamination, and low-quality reads.
Nanodrop results for the three control groups were 750 ng/ul, 1563.7 ng/ul and 1244.6
ng/ul total RNA respectively and the three test samples yielded 1123.5 ng/ul, 1633.4
ng/ul and 534 ng/ul of total RNA. The quantity of RNA in the samples was further
validated through a Qubit 4 Fluorometer with concentrations ranging from 334 ng/ul to

996 ng/ul to ensure samples had met minimum quality standards for sequencing.

4.3.2 RNA-seq data analysis and visualisation

Principal component analysis of differentially expressed genes clustered samples into two
distinct groups with significant separation between control and exposed samples. PCA
analysis also confirmed that gene expression profiles were consistent within the treatment
and control groups. Principle component (PC1) accounted for 74.39% variance and PC2
for 12.76% (Figure 4.2). A volcano plot generated through the Deseq?2 pipeline (Love et
al., 2014) showed that 323 genes were differentially expressed in PRM exposed to
chicken hosts at cut offs of padj < 0.05 and log2 fold change >1 (Figure 4.3). Sample-to-
sample Euclidian distances are shown in the form of a heatmap in Figure 4.2 panel B.

4.3.3 Assessment of highly expressed genes in PRM exposed to chickens.

edgeR (Robinson et al., 2010) analysis identified 1,183 significantly differentially
expressed genes, of which 923 were upregulated in PRM exposed to chicken hosts and
260 were enriched in the control groups. Gene families putatively involved in blood meal
preparation, blood meal digestion (cathepsin L and other cysteine proteases) and host
identification were prevalent (iGLuURs and G protein-coupled receptors (GPCRs)) as were
group 11 mite allergens.

Of the top 100 most abundantly expressed transcripts (T100) in the exposed samples, four
were annotated as cathepsin L, a functional proteolytic enzyme putatively involved in
blood digestion in PRM, including DEGAL4253g00020, DEGAL42539g00010
DEGAL54279g00060 and DEGAL5427g00050 (Bartley et al., 2012; Nisbet and

Billingsley, 2000). In addition, a transcript representing a putative PRM lysosomal
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aspartic protease, DEGAL611g00110, which is also thought to mediate blood digestion
in haematophagic arthropods was identified (Mahmood et al., 2013). The most abundant
transcript in T100 encoded vitellogenin, DEGAL5400g00090 which is usually produced
as a response to blood meals in arthropods, not as a precursor (Leyria et al., 2020; Valle
et al., 1992; Valzania et al., 2019). Putative mite allergens were also represented,
including venom carboxylesterase 6 (DEGAL3824g00190) and a serine protease
(DEGAL4040g00020) (Reithofer and Jahn-Schmid, 2017). Multiple heat shock proteins
(Hsp70 - DEGAL771g00020 and Hsp90 - DEGALA4198g00040) were also highly
expressed in mites exposed to hosts and may be involved in stress/protective responses
or the ecdysone pathway (Gu et al., 2023). The top 25 most abundantly expressed
transcripts (T25) are shown in Table 4.1.
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Figure 4.2 Principal component analysis and sample-to-sample heatmap

(A) Principal component analysis (PCA) of genes expressed in treatment and control
groups. Control group 1, 2 and 3 represent experimental groups of PRM that were not
exposed to hosts. Exposed group 1, 2 and 3 consisted of PRM that were exposed to
chicken hosts. (B) Expression heatmap of sample-to-sample distances showing
similarities in gene expression profiles between exposed and control samples.

Dendrograms indicate similarity in gene expression profiles between samples.
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Figure 4.3 Volcano plot

Volcano plot showing differentially expressed genes identified between the host exposed
groups and control groups. The blue dots denote genes that were differentially expressed
between treatments, either up or downregulated. The dashed lines represent the > 1 log2

fold change and < 0.5 padj p-value cut offs.
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Figure 4.4 Heatmap of top 50 most variant genes

Heatmap showing expression level of the top 50 most variant genes from the exposure
trial. Red indicates high relative expression, blue represents low. The dendrograms show
similarity between experimental samples and gene expression profiles. Relative

abundances have been scaled from -1.5to 1.5.
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Table 4.1 Top 25 (T25) most abundantly expressed transcripts

Rank Sequence description Locus/genelD TPM
1 vitellogenin 1 DEGAL5400g00090 202139
2 odourant binding protein DEGAL4094g00030 17826
3 nuclear transcription factor Y DEGAL530g00090 16106

subunit alpha-like
4 U24-ctenitoxin-Pnla DEGAL3240g00060 13318
uncharacterized protein
5 heat shock 70 kDa protein DEGAL58869g00010 13004
6 acyl-CoA desaturase 1 DEGALB806g00020 12398
7 cathepsin L-like DEGAL4253g00020 12133
8 calreticulin isoform X1 DEGAL3574g00210 12065
9 Thioesterase domain DEGAL3850g00010 11602
10 uncharacterized protein DEGAL5055g00010 11037
LOC111245329
11 transmembrane protease serine 9- DEGAL4040g00020 10754
like
12 cathepsin L-like DEGAL4253g00010 8984
13 inositol-3-phosphate synthase 1 DEGAL4545g00020 7340
isoform X1
14 multiple inositol polyphosphate DEGAL325g00010 7340
phosphatase 1
14 heat shock protein 90-like DEGAL7092g00020 7327
16 myosin heavy chain DEGAL896g00010 7074
17 dnaJ-like protein subfamily A DEGAL7094g00200 6934
member 1
18 hypothetical protein BIW11_09956 DEGAL4007g00340 6885
19 transketolase isoform X2 DEGAL2963g00050 6507
20 uncharacterized protein DEGAL1764g00010 6461
LOC111633481
21 heat shock protein beta-1-like DEGAL7112g00110 6345
22 uncharacterized protein DEGAL3429g00080 6202
LOC111259942
23 cathepsin D-like DEGAL611g00110 5795
24 heat shock 70 kDa protein 4L DEGAL1610g00050 5781
25 cathepsin L1 isoform X2 DEGAL5427g00060 5598

The top 25 most abundantly expressed transcripts enriched in PRM exposed to chicken
hosts. Transcripts with poor annotations and/or of ribosomal origin were manually filtered
out prior to analysis. Sequence descriptions were derived from Blast2GO annotations
performed in Omicsbox v1.3.11 (BioBam, Valencia, Spain) against the non-redundant
database GenBank (National Centre for Biotechnology Information, Bethesda, USA)
release 242. TPM = transcripts per million reads as derived from Kallisto v0.44.0 (Bray
et al., 2016).
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4.3.3 Differential expression of chemosensory genes in response to chicken hosts

Gene ontology analysis revealed a total of four putative ionotropic receptors exhibiting
differential expression including copies of DegallR25a and DegalIR93a and members of
the wider iGIuR superfamily, DEGAL35629g00020 and DEGAL3037g00010. A
transcript relating to a possible novel set of 7-transmembrane (7TM) gustatory receptors
was also detected (DEGAL5202g00060) as was a putative odourant binding protein,
DEGAL4094g00030 (Table 4.2). The ionotropic receptors DegallR93a and DegallR25a
were downregulated in PRM exposed to chicken hosts, as was DEGAL5202g00060, a
putative 7TM GR. Two iGluRs, DEGAL3562g00020 and DEGAL3037g00010, were
upregulated in PRM exposed to hosts. The odourant binding protein DEGAL4094900030
was also upregulated in PRM exposed to hosts. In this instance differential gene
expression, whether enriched in exposed or control groups, is indicative of biological
importance in PRM - host interactions.
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Table 4.2 Differential expression of chemosensory genes

Locus/genelD

Sequence description

Top BLASTDp hit

Fold change

DEGAL3221g00020
(DegallR93a1)

DEGAL3221900050

(DegallR25a)

DEGAL3562900020

DEGAL3037g00010

DEGAL5202900060

DEGAL4094900030
(DegalOBP6)

ionotropic receptor
93a

ionotropic receptor
25a

glutamate receptor
ionotropic, kainate 2-
like isoform X1
glutamate receptor
ionotropic, kainate 2-
like isoform X1

Gustatory receptor

Odourant binding
protein

XP_023215761.1
(Centruroides
sculpturatus)

XP_012141724.1

(Megachile
rotundata)

XP_018497438.1
(Galendromus
occidentalis)

XP_022651879.1

(Varroa
destructor)

XP_028968564.1
(Galendromus

occidentalis)

7NYJ_A (Varroa

destructor)

1-1.83

1-1.76

12.32

11.85

1-233

11.70

Differentially expressed chemosensory genes. Green arrows indicate upregulation of

transcripts in mites exposed to chicken hosts. Red arrows indicate upregulation in the

control group. All transcripts met the pre-defined fold change and p value cut off > 1.5

and 0.05 respectively. GenelD, Blast2Go annotations and top BLASTp hits are shown.
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4.3.4 Differential expression of genes involved in blood meal digestion and detoxification
in response to chicken hosts

Several blood meal digestion and metabolism related transcripts were enriched in mites
exposed to chicken hosts including cathepsin L and legumain (Table 4.3). Transcripts
encoding haem handling proteins, which putatively assist in the detoxification of haem
post feeding (Whiten et al., 2018) were also upregulated in mites exposed to chicken

hosts.

Table 4.3 Enrichment of putative proteolytic enzymes in host-exposed D. gallinae

Locus/genelD Sequence description Top BLASTDp hit
DEGAL4253g00010 Cathepsin L XP_018497307.1

(Galendromus

occidentalis)
DEGAL4253900020 Cathepsin L tetur239g01290

(Tetranychus urticae)

DEGAL5427g00050 Cathepsin L
DEGAL54279g00060 Cathepsin L1-like XP_022652943.1 (Varroa
destructor)
DEGAL5427g00070 Cathepsin L1-like DEFAR44g00180
(Dermatophagoides
farinae)
DEGAL4719g00020 Legumain XP_003746513.1

(Galendromus

occidentalis)

Blood meal digestion related transcripts upregulated in mites exposed to chicken hosts.
All transcripts met the pre-defined fold change and p value cut off > 1.5 and 0.05
respectively. GenelD, Blast2Go annotations and top BLASTp hits are shown.
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4.3.5 Comparison of chemosensory related genes in D. gallinae

In order to give the most comprehensive overview of chemosensory genes in PRM, the
results of this study were compared to a reanalysis of a recent study focusing on PRM
chemosensation (Bhowmick et al., 2020). The sixty-three shared transcripts across both
studies enriched in host exposed and PRM forelegs were manually filtered leaving
twenty-three shared transcripts with high quality annotations. The shared DEGs included
three variants of cytochrome p450, a superfamily of haem containing enzymes that
catalyse the monooxygenation of xenobiotics and endogenous compounds (Katsavou et
al., 2020). A member of the iGIuR superfamily, DEGAL3037g00010 is represented as is
a Group 11 allergen (DEGAL6532g00250) (Banerjee et al., 2015). The glutamate
ionotropic receptor, DEGAL3526¢g00020, is enriched in the forelegs of PRM, upon
exposure to chicken hosts, and in larvae (Bartley, Chen, Lloyd Mills et al., 2021).
DEGAL3526900020 contains the characteristic iGIuR protein domains IPR001320,
IPR0019594, and IPR001828. Single copies of heat shock protein beta-1,
DEGAL6365900020, kinesin, DEGAL21292g000490, 11-cis retinol dehydrogenase,
DEGAL3485900040, beta-hexosaminidase subunit o, DEGAL375g00060, fibulin-1,
DEGAL3824900130, cinnamoyl-CoA reductase, DEGAL4599g00040 and a glutamine
synthase, DEGAL5850g00010 were also identified (Table 4.4).
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Table 4.4 Transcripts upregulated in forelegs and host-exposed D. gallinae

Sequence description

Locus/genelD

kinesin-like protein KIF3A isoform X3 DEGAL2192900490
CRE-BPL-1 protein biotin DEGAL2269900020

ES1 protein homolog DEGAL2896g00010
kelch-like protein 12 DEGAL2914900040
glutamate receptor ionotropic DEGAL3037g00010
protein kinase 2 probable serine DEGAL3038g00080
11-cis retinol dehydrogenase-like DEGAL3495g00040
glutamate receptor ionotropic DEGAL3562900020
beta-hexosaminidase subunit alpha DEGAL376g00060
fibulin-1 isoform X3 DEGAL3824900130
cinnamoyl-CoA reductase 1-like isoform DEGAL459g00040
nitrate reductase Cytochrome b5 DEGAL4832900010
putative intraflagellar transport protein DEGAL4910g00040
cytochrome P450 3A8-like DEGAL4935900040
DNA polymerase epsilon subunit 3 DEGAL5224900120
cytochrome P450 DEGAL5247g00010
ryanodine receptor isoform X4 DEGAL5247g00060
cytochrome P450 3A43-like DEGAL5676900020
glutamine synthetase isoform X2 DEGAL5850g00010
Heat shock protein beta-1 DEGAL6365900020
Group 11 mite allergen-like DEGALG65329g00250
putative defense protein 3 DEGAL7006900100
lachesin-like isoform X3 DEGAL892g00060

Summary of shared differentially expressed transcripts in host exposed PRM and PRM
forelegs (Bhowmick et al., 2020). All transcripts met the pre-defined fold change and p

value cut off > 1.5 and 0.05 respectively. Annotations derived from Blast2Go.
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4.3.6 Unique differentially expressed chemosensory genes

The ionotropic receptors DegallR25a and DegallR93a were differentially expressed in
adult female PRM exposed to chicken hosts. However, ionotropic receptors were not
differentially expressed in the foreleg of PRM. Bhowmick et al., 2020 described an
absence of gustatory receptors (GRs), olfactory receptors (ORs) and chemosensory
proteins (CSPs) but identified five candidate odourant binding proteins (OBPs) referred
to as DegalOBP1 — DegalOBP5. One additional OBP transcript was identified in PRM
exposed to chicken hosts, DEGAL4094900030, henceforth named DegalOBP6. Two
OBP unigenes, DegalOBP1 and DegalOBP2 displayed higher levels of expression in
forelegs compared to hindlegs and DegalOBP6 exhibited higher levels of expression in

PRM exposed to chicken hosts.
4.4 Discussion

This study is the first to characterise the gene expression profiles of PRM exposed to
chickens but denied the ability to feed. Of the 1,183 total differentially expressed genes
(DEGs), 923 were upregulated in the treatment group, suggesting the induction of a
cascade of complex molecular pathways upon exposure. Analysis of highly represented
gene families revealed that many of these molecular pathways relate to host identification,
blood meal preparation, detoxification and stress responses. Previous PRM
transcriptomic studies have focused on life stages (Bartley, Chen, Lloyd Mills et al.,
2021), fed and starved mites (Bartley et al., 2012; Huang et al., 2020) and comparisons
between genes expressed in the forelegs, the site of PRM olfaction, and hindlegs
(Bhowmick et al., 2020).

The IR gene family is putatively involved in PRM chemosensation (Eliash et al., 2019;
Bhowmick et al., 2020, Chapter 3). To date, a total of ten chemosensory IRs have been
identified and annotated in the PRM ORCAE database (Sterck et al., 2012). However, it
has also been reported that IRs have a range of functions beyond chemosensation in D.
melanogaster including regulating circadian rhythms (Chen et al., 2015) and temperature
sensing (Ni et al., 2016). Four IGRs demonstrated differential expression in this study
including DegallR93al, DegallR25a, DEGAL3562g00020 (iGluR, kainate 2) and
DEGAL3037g00010 (iGluR, kainate 5). Interestingly, DegallR93al and DegallR25a

were more highly expressed in the control group of mites not exposed to chicken hosts.
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Downregulation of chemosensory receptors in the exposure group may have been induced
by the three-hour host exposure allowing enough time for PRM to recognise hosts and
reduce expression of host location related pathways accordingly. Similar time dependent
modulation of chemosensory genes in response to prolonged odour exposure has recently
been observed in D. melanogaster (Guo and Smith, 2022; Jafari and Alenius, 2021). A
putative odourant binding protein DegalOBP6 was, however, upregulated in the group of
mites exposed to chicken odours. This odourant binding protein shares significant
sequence homology with a chain-A OBP (7NYJ_A) (Amigues et al., 2021) present in the
V. destructor genome.

Efficient thermosensing is essential for small arthropods such as PRM, whose body
temperatures can vary greatly with environmental influences (Rulison et al., 2014). The
ionotropic receptors, IR25a and IR93a have been shown to function as phasic
thermosensors in D. melanogaster (Budelli et al., 2019), activating when flies are exposed
to cold temperatures and deactivating under warm conditions. It is therefore a possibility
that body heat generated by chicken hosts (Richards, 1971) in this experiment induced
the reduced expression of DegallR25a and DegallR93a in accordance with the warming-
inhibited phase of cyclic thermosensing observed in D. melanogaster. The upregulation
of Hsp70 (DEGAL771g00020) and Hsp90 (DEGAL771900020) in exposed mites also
indicate thermal stress, further supporting this hypothesis. Whilst more research is
needed, this finding provides novel evidence for a previously unidentified PRM

thermosensory system.

Proteolytic enzymes involved in blood digestion feature prominently among the
differentially expressed genes in the treatment group (n=15 upregulated). Cathepsin D,
legumain, zingipain and cathepsin L are common across obligate haematophagous
arthropods (Sojka et al., 2011) and have been identified in all blood feeding life stages of
PRM (Bartley, Chen, Lloyd Mills et al., 2021). Proteolytic enzymes are usually employed
after the acquisition of a blood meal and assist in the digestion of blood (Nisbet and
Billingsley, 2000). Furthermore, ‘haem handling’ transcripts including cytochrome P450
were highly expressed in PRM exposed to chicken hosts, providing initial evidence for
PRM blood meal preparation when in close proximity to host species. This proactive
approach to blood meal digestion may allow for a more efficient feeding process in PRM.

This mirrors the biphasic expression of early and late trypsins in the yellow fever
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mosquito Ae. aegypti post blood feeding (Barillas-Mury et al., 1995) though expression
of early and late stage trypsins are not necessarily dependant on one another (Lu et al.,
2006).

The majority of transcriptomic studies focus on shifts in gene expression after blood
meals (Hill et al., 2019; Marinotti et al., 2005; Nag et al., 2021; Sanders et al., 2003), but
results from this study suggest that further investigation into the host location and
identification phase of haematophagous arthropods may reveal additional insights into
the molecular drivers of blood feeding and reveal novel targets for feeding suppression.
The increased expression of molecular chaperones including Hsp70 and Hsp90 likely
underpin the key biological changes experienced by PRM upon exposure to hosts. These
proteins are essential to cell function as they regulate newly synthesised proteins (Hartl
et al., 2011) and are expressed across all arthropods (Baringou et al., 2016). Due to this
ubiquity, they are considered key biomarkers of environmental adaptation. Hsp70 and
Hsp90 have been documented to upregulate during environmental stress in a wide range
of arthropods including during thermal stress in the onion maggot, Delia antiqua (Chen
et al., 2005) and in the ticks Dermacentor silvarum (Agwunobi et al., 2021) and
Rhipicephalus sanguineus (Trinidad Encinas-Garcia et al., 2021). Thermal stress
tolerance in PRM is reported to be relatively broad as survival of all life stages is high
between 10°C and 37°C and low temperature storage of PRM at 5°C is possible for two
to three months (Wang et al., 2020). However, no research has yet been conducted into
the molecular mechanisms regulating thermal tolerance in PRM. Hsp70 may also be
involved in mitigating oxidative stress due to its role in arthropod innate defence
mechanisms (Bartley, Chen, Lloyd Mills et al., 2021).

A three phase blood feeding process for PRM has previously been postulated (George et
al., 2015). These phases include the dormant phase, where PRM typically cluster in
groups of mixed developmental stages, the host selection phase and host acceptance
phase. This exposure study is the first to characterise shifts in gene expression associated
with the host selection phase and highlights two distinct processes involved — host
identification and blood meal preparation. Host selection in PRM is relatively generalist
as mites feed on various avian species in addition to cats, dogs, gerbils and humans (Di
Palma et al., 2018; Cafiero et al., 2019). This is likely due to the role of CO2, temperature
and vibration cues (Kilpinen, 2005, 2001; Koenraadt and Dicke, 2010) assisting PRM
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during the host location process and drawing mites towards an array of warm and
respiring animals. Furthermore, the relatively little crossover between previous
chemosensory PRM studies (Bhowmick et al., 2020) and the one presented in this Chapter
suggest that whilst candidate IRs play a role in host location and identification, many

other molecular pathways are also induced upon exposure to host organisms.

The expression profiles of PRM exposed to chickens indicate a widespread cascade of
interconnected molecular pathways that work in synergy to ensure PRM effectively locate
and feed on their hosts. It is therefore a possibility that interfering with any one of these
systems could disrupt the normal biological function of PRM due to inherent functional
associations between proteins. Disruption of the host seeking process through targeting
chemosensory genes including the putative OBP, DegalOBP1, may result in fewer mites
infesting chicken hosts. Alternatively, targeting gene families putatively involved in PRM
thermosensing including Hsps and IRs could reduce PRM survival.

The results presented in this section support the hypothesis that shifts in chemosensory
gene expression are induced by host exposure. In addition, this work reveals insights into
unexplored novel mechanisms including thermal stress tolerance and blood meal
preparation in PRM. This study is the first to demonstrate that complex molecular
pathways are initiated upon host exposure in PRM. Some of the differentially expressed
putative chemosensory genes identified in this chapter are likely to play a role in host
location, as such, Chapter 5 investigates the potential impacts of chemosensory gene

knockdowns in an attempt to alter PRM host location phenotypes.
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Chapter 5: RNAi-mediated gene silencing of putative chemosensory genes
5.1 Introduction

RNAIi is a highly conserved form of post-transcriptional gene silencing (PGTS) that relies
on double-stranded RNA (dsRNA) to trigger homology-dependent repression of gene
activity (Almeida and Allshire, 2005). In nature, RNAI is thought to exist as a defence
mechanism that helps moderate interactions between exogenous mobile genetic elements,
including viruses and transposons, and the host genome (Buchon and Vaury, 2006;
Obbard et al., 2009). RNAI is commonly utilised as an experimental tool in functional
genomics due to its ability to knockdown or ‘silence’ genes. Acarine specific RNAI-
mediated gene silencing was first demonstrated in the lone star tick, Amblyomma
americanum (Aljamali et al., 2003) and RNAI pathways have been identified in a range
of representative parasitiform and acariform mites and ticks (Nganso et al., 2020).
Recently, core components of sSiRNA and miRNA pathways have been identified in PRM
(Chen et al., 2021).

The delivery of exogenous dsRNA into organisms is fundamental to the function of the
RNAI pathway. Initially, microinjections were used to introduce dsRNA into the
haemocoel of target arthropods (Aljamali et al., 2003; Beye et al., 2002; Campbell et al.,
2010; Dzitoyeva et al., 2001; Fire et al., 1998). Other modes of dsSRNA delivery have
since been developed including soaking (Kamau et al., 2013; Nufiez-Acufia et al., 2019;
Tabara et al., 1998) and delivery via ingestion (Chen et al., 2021; Timmons and Fire,
1998; Zhu et al., 2011). Though RNAI studies in chelicerates are relatively limited
compared to insects, studies have demonstrated that soaking and direct ingestion of
dsRNA offer the most efficient RNAi-mediated gene silencing (Suzuki et al., 2017).
However, differences in dsRNA degradation, cellular uptake and RISC formation
combine to influence RNAI efficiency (Joga et al., 2016). This study aims to exploit the
recent discovery of the siRNA pathway in D. gallinae and the development of a reliable
dsRNA delivery mechanism (Chen et al., 2021) to discover the functional role of putative

chemosensory genes at the behavioural level.

Exogenous dsRNA at a concentration of 100ng/ul in 250ul heparinised goose blood
specific to DegalOBP1 and Degal TRPA were delivered orally to adult female PRM using
in vitro feeding devices (Chen et al., 2021). Fully engorged PRM were collected from in

106



vitro feeding devices and stored under dark conditions at 25°C and 85% humidity for
three days. Once blood meals had been allowed sufficient time to digest, PRM responses
to uropygial gland extracts (Zeman, 1988) were tested in an enclosed Petri dish arena to

screen for phenotypic effects of putative chemosensory gene knockdowns.

RNAI has the potential to be a useful tool in functional genomics but the link between
transcriptional gene silencing and behavioural phenotypic outcomes are complex and
comparatively understudied, particularly when focusing on chemosensation. Effective
disruption of chemosensory pathways leading to altered behavioural outcomes has
previously been demonstrated in the salmon louse Lepeophtheirus salmonis (NUfez-
Acuiia et al., 2019). However, studies examining the behavioural effects of RNAI-
mediated knockdowns in PRM have not been explored. Previous evidence indicates that
uropygial extracts can modulate feeding behaviour in PRM (Zeman, 1988). Due to the
putative role of Acarine OBPs, IRs, GRs and TRPAs in chemosensation (Bhowmick et
al., 2020; Eliash et al., 2019; Josek et al., 2018; Renthal et al., 2017), it is hypothesised
that RNAi-mediated knockdown of chemosensory genes will disrupt the ability of PRM

to detect uropygial gland extracts in an enclosed Petri dish arena.
5.2 Methods

5.2.1 Target selection and primer design

Candidate genes representing the four major chelicerate chemosensory gene families
(OBP, TRPA, GR and IR) in D. gallinae were selected for RNAi-mediated gene
knockdown. For each gene, two independent regions were chosen (R1 and R2). Gene
models were validated through a BLASTx search against the National Center for
Biotechnology Information (NCBI, Bethesda, Maryland, USA) non-redundant protein
database, and sequences with high similarities were retrieved from V. destructor, V.
jacobsoni, T. mercedesae, |. scapularis and G. occidentalis. Sequences were aligned in
MEGA X v10.2.4 (Kumar et al., 2018) using Multiple Sequence Comparison by Log-
Expectation (MUSCLE) alignments (Edgar, 2004) and primers were designed based on

conserved regions using Primer3Plus (Untergasser et al., 2007).
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5.2.2 RNA extractions, cDNA synthesis and PCR

RNA extractions were performed on 100 adult female mites using the Zymo Quick-RNA
Microprep Kit (Zymo Research, Irvine, California, USA) following a modified protocol
optimised for D. gallinae (General methodology 2.6). Complementary cDNA was
synthesised from isolated RNA using Invitrogen Superscript™ 111 Reverse Transcriptase
and Oligo(dt)12-1s Primers (Thermo Fisher Scientific, Waltham, MA, USA). dsRNA target
regions were amplified from cDNA using Phusion™ High-Fidelity DNA Polymerase
with GC buffer (Thermo Fisher Scientific, MA, USA).

5.2.3 pJET cloning

Target regions corresponding to TRPA, OBP, IR25a and GR were cloned into pJET 1.2
using the cloneJET PCR Blunt End Cloning Kit (Thermo Fisher Scientific, Waltham,
MA, USA). T4 DNA ligase (Promega, Maddison, WI, USA) was used to ligate PCR
products into pJET 1.2/blunt cloning vector and plasmids were used to transform
chemically competent JM109 Escherichia coli cells (Promega, Maddison, WI, USA).
Transformed E. coli cells were incubated overnight at 37°C on 0.1% ampicillin agar and

independent colonies were selected for screening.

5.2.4 pL4440 sub cloning

pL4440 was selected as the RNAI cloning vector due to the presence of T7 promoters
flanking the multiple cloning site (MCS). The T7 promoter is a sequence 18bp in length
that is recognised by T7 polymerase (Rong et al., 1998). Forward and reverse primers
were designed containing Nhel and Ncol restriction enzyme sites to allow for directional
cloning into pL4440. pJET transformants verified through Sanger sequencing (Eurofins
Genomics, Ebersberg, Germany) were digested first with Ncol and then with Nhel (New
England Biolabs, Ipswich, MA, USA) in a serial digestion with optimal buffers (D and
B, Promega, Maddison, WI, USA ) at 37°C for a minimum of 3h. Isolated inserts were
subsequently ligated into PL4440 using T4 ligase (New England Biolabs, Ipswich, MA,
USA).
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5.2.5 Miniprep of plasmids and insert screening

Plasmids were isolated from E. coli transformants using the Wizard® Plus SV Minipreps
DNA Purification System (Promega, Maddison, WI, USA). Glycerol stocks were made
for all transformant E. coli cultures prior to screening through single colony GoTaq PCR
(Promega, Maddison, WI, USA) or Bglll restriction enzyme digestion. Gel
electrophoresis was used to confirm the presence of inserts at around 300 - 500bp
corresponding to the expected dsRNA region amplicons (Appendix B). Colonies showing
strong bands at expected lengths were sequenced through Eurofins Genomics Sanger
TubeSeq Service (Eurofins Genomics, Ebersberg, Germany) using pJET 1.2 forward and
reverse primers. CLC Genomics Workbench 22 (QIAGEN N.V, Hilden, Germany) was
used to align sequencing results with ORCAE (Sterck et al., 2012) gene predictions.

5.2.6 dsRNA synthesis

dsRNA was synthesised using the T7 Ribomax Express RNAi System (Catalogue No.
P1700, Promega, Wisconsin, Maddison, USA) according to manufacturer’s instructions.
Verified DegalOBP1 pL4440 plasmids were linearised to form single stranded RNA with
either Ncol or Nhel for sense and antisense transcription respectively. Bglll was used to
linearise the control lacZ pL4440 plasmid. dsRNA was synthesised by mixing equimolar
amounts of complementary strands of single stranded RNA, incubating at 70°C and
allowing to cool overnight for optimal dsRNA production. Annealed dsRNA was purified
through sodium acetate treatment and ethanol precipitation, resuspended in nuclease free
water and quantified on a NanoDrop™ One spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). dsRNA products were analysed on agarose/TAE (Tris-acetate-

ethylenediaminetetraacetic acid [EDTA]) to confirm quality and predicted size.

5.2.7 Oral delivery of dSRNA

Mixed stage wildtype D. gallinae were collected from a commercial egg laying facility
in the Scottish Borders and stored in vented T75 cell culture flasks (Corning Inc, Corning,
NY, USA). PRM were stored at 4°C and conditioned for seven days at 25°C prior to
feeding trials to optimise feeding rates. For oral delivery of dSRNA, seventy-five mites
were housed in the lower chamber of an in vitro feeding device (Figure 5.1) (Nunn, et al.,
2020). dsRNA spiked goose blood (Moredun Bioservices, Edinburgh, UK) was
formulated by adding gene specific dsSRNA to 250 pl of freshly heparinised goose blood
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at a final concentration of 100 ng/ul. Experimental feeding devices were set up in
quintuplet consisting of five identical groups of seventy-five adult mites per treatment.
Feeding devices were placed in a MLR-351H relative humidity incubator (Sanyo, Osaka,
Japan) for three hours at 39°C and 85% humidity to initiate mite feeding followed by
twenty-four hours at 25°C and 85% humidity for mite recovery. After twenty-four hours
fed mites, as indicated by visible blood meals, were transferred into 10 ml tubes sealed
with double sided AeraSeal Film (Sigma-Aldrich Burlington, MA, US) and stored under
dark conditions at 25°C and 85% humidity for three days.
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Pipette bulb

250ul heparinised goose blood
Baudruche membrane (goldbeater’s skin)

/ Castration ring

Filter paper

Cryotube

Figure 5.1 Diagram of In vitro feeding device
In vitro feeding devices were used to deliver dSRNA to PRM. The device was constructed
by cutting off the closed end of a 5 ml cryotube and inserting a piece of filter paper to
enable PRM to climb to the blood reservoir. Baudruche membrane was placed over the
cut end of the cryotube and secured by parafilm stretched around the outside of
the cryotube. A cut down Pastette bulb was then placed over the membrane and
a watertight seal was obtained through the use of a Nettex (Nettex, Rumenco Ltd,
Burton-on-Trent, UK) castration ring. Before feeding trials, 250 pul of heparinised

goose blood spiked with 100ng/ul dsRNA was pipetted into the upper blood

reservoir (Bartley et al., 2015; McDevitt et al., 2006; Nunn et al., 2020a).
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5.2.8 Preparation of test compounds

Uropygial extracts were collected by massaging the preen gland of three adult layer hens
on site (Wanstall J & Sons, Bank Farm, Ashford TN25 7DF) under the supervision of a
trained veterinary surgeon. Uropygial samples were mixed together and dissolved in
hexane (Fisher Scientific, Waltham, MA, USA) to make dilutions of 0.1 mg/ml, 1 mg/ml
and 10 mg/ml.

5.2.9 Two-choice Petri dish bioassay

The test arena consisted of an autoclaved 5cm glass Petri dish treated with Fluon® PTFE
on rims to prevent mite escape (Figure 5.2). Two treatment areas were marked on the
underside of the Petri dish arena and a single piece of Whatman® Grade 1 filter paper
(2cm diameter, Sigma-Aldrich, St Louis, Missouri, USA) was placed in the centre of each
treatment half. Before each trial, one filter paper disk was saturated with 50ul of uropygial
extract and the other with 50ul of hexane control. The Petri dish arena base was then
heated to 38°C using a water bath to simulate the skin surface temperature of chickens
and solvents were left to evaporate for 15 mins before the start of each trial. A trial was
initiated by introducing five adult female PRM into the Petri dish arena and interactions
(visits and arrestants) with test and control filter paper disks were recorded in real time
for five minutes using tally counters. Three dilutions of uropygial extract were used, 0.1
mg/ml, 1 mg/ml and 10 mg/ml to test for a dose dependant response. All experiments
were performed under a red light and at 25°C ambient temperature as mites are more
active at room temperature and predominately feed under dark conditions (Koenraadt and
Dicke, 2010).
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Petri dish

Filter paper

Figure 5.2 Top-down view of Petri dish arena

The Petri dish arena consisted of an enclosed autoclaved 5cm glass Petri dish and filter
paper discs. Treatment and control filter paper disc locations were alternated before each
trial. Whatman® Grade 1 filter paper discs 2cm in diameter were fully saturated with

either uropygial extracts or hexane. The X indicates the location of mite release.
5.2.10 gPCR validation of RNAIi knockdowns

Real-time quantitative PCR (qPCR) was used to quantify DegalOBP1 gene expression in
adult female mites after blood-feeding on dsRNA spiked heparinised goose blood. Mites
were homogenised through bead beating using ZR BashingBead Lysis Tubes (Zymo
Research, Irvine, CA, USA) and a Precellys 24 Tissue Homogeniser (Bertin
Technologies, Montigny-le-Bretonneux, France) for 3 x 23s cycles. RNA extractions
were performed using a Zymo Quick-RNA Microprep Kit (Zymo Research, Irvine, CA,
USA) following a modified protocol optimised for D. gallinae whole mite samples
(General methodology 2.6). qPCR primers were designed for the target gene DegalOBP1

and the housekeeping reference gene glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH - DEGALA41469g00090) using Primer3Plus (Untergasser et al., 2007) in
Geneious Prime (https://www.geneious.com) v2022.0. For construction of standard
curves, gPCR primers were used to amplify DegalOBP1 and GAPDH from adult female
D. gallinae cDNA. Amplification products were cloned into E. coli vector pJET 1.2
(Thermo Fisher Scientific, MA, USA) and verified through Sanger sequencing (Eurofins
Genomics, Ebersberg, Germany). Transformed plasmids were used to generate standard
curves from 10 - 107 copies for each gene. Reactions were carried out in a total volume
of 10 pl comprising 5 pl of 1x PowerUp SYBT Green Master Mix (Thermo Fisher
Scientific, MA, USA), 500nl| of forward and reverse primers and 4 pl of cDNA derived
from 1 ng total RNA from each sample. PCR reactions were performed on an Applied
Biosciences 7500 Real-Time PCR System (Applied Biosystems, Waltham, MA, USA)
and a BioRad CFX96 Touch Real-Time PCR System (BioRad, Hercules, CA USA).
Thermal cycling conditions were 50°C, 2 min; then 95°C/2 min; followed by 95°C/15s,
58°C/15s, 72°C/1 min for 40 cycles for GAPDH and 50°C, 2 min; then 95°C/2 min;
followed 95°C/15s, 56°C/15s, 72°C/1 min for by 40 cycles for DegalOBP1. DegalOBP1
gene expression was normalised to housekeeping gene GAPDH, and expression levels
were reported relative to lacZ dsRNA control fed mites. qPCR experiments were
performed in triplicate with a no template control in each run.

5.2.11 Statistical analysis

All statistical analysis were performed in R Studio v2022.07.2+576 running R v4.2.1.
The proportion of interactions with test compounds, termed the activity index, in Petri
Dish assays was calculated as interactions with test/(interactions with test + interactions
with control). A linear model was used to test for an overall difference between
treatments. Estimated marginal means were obtained using the package emmeans (Lenth,
2022, v 1.8.3) and plotted using ggplot2 (Wickham, 2016 v 3.4.0).
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5.3 Results

5.3.1 dsRNA synthesis

All eight targets were successfully cloned into the first cloning vector, pJET 1.2/blunt. Of
the original eight targets (two non-overlapping regions for each gene), DegalOBP1
(Figure 5.3) and DegalTRPA were successfully sub-cloned into pL4440 and verified
through Sanger sequencing (Eurofins Genomics, Ebersberg, Germany). Single colony
PCR analysis of DegalGR PL4400 plasmids by gel electrophoresis revealed multiple
banding suggesting non-specific primer annealing. Sanger sequencing of DegallR25a
pL4440 plasmids (Eurofins Genomics, Luxembourg City, Luxembourg) showed
incorrect inserts after sequence analysis in CLC Genomics Workbench 20 v20.0
(QIAGEN N.V., Hilden, Germany). dsRNA was synthesised using the T7 Ribomax
Express RNAIi System (Promega, Maddison, WI, USA) following the manufacturer’s
instructions and yielded a final dsRNA concentration of 1.475 ng/ul for DegalOBP1 and
3.210 ng/ul for Degal TRPA.

115



500bp

- W W e W W w

250bp
OBP1-1 OBP1-2 OBP1-3 OBP1-4 OBP1-5 OBP1-6 OBP1-7 OBP1-8

Figure 5.3 Agarose gel electrophoresis of DegalOBP1

Agarose gel electrophoresis of DegalOBP1 pL4440 plasmids. Gels were run on 1%
Agarose in 99% TAE and run at 105v for 30 minutes. A 1kb ladder (Promega, Madison,
WI, USA) is shown flanking the OBP samples. Individual colonies OBP-1 to OBP-8 are

shown in lane 1-8.

116



5.3.2 Wildtype Petri dish dilution assays

PRM showed no significant attractive response to uropygial gland extracts at 0.1 mg/ml
and 1 mg/ml. However, 10 mg/ml of uropygial extracts elicited a significant attractive
response in PRM suggesting a potential dose-dependent response or demonstrating that

PRM are unable to detect uropygial extracts below a certain threshold.
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Figure 5.4 Response of unfed adult female D. gallinae to 0.1 mg/ml, 1 mg/ml and 10

mg/ml of uropygial extracts

The activity index represents the proportion of mites interacting with the test discs. An
asterisk denotes a significant difference between test and control interactions (P<0.001).

Error bars show 95% confidence limits.
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5.3.3 Feeding rates

Mean feeding rates for PRM fed 250 pl of freshly heparinised goose blood in vitro with
a final concentration of 100 ng/ul lacZ, DegalOBP1 and Degal TRPA dsRNA were 40.5%,
37.3% and 27.7% respectively (Table 5.1). Due to low feeding rates in the Degal TRPA
groups, adequate numbers of fed mites were only available to test the phenotypic effects
of DegalOBP1 gene knockdowns in Petri dish assays.

Table 5.1 Feeding rates of lacZ, DegalOBP1 and Degal TRPA

lacZ fed mites DegalOBP1 fed mites Degal TRPA fed mites
35 (46.7%) 40 (54.6%) 25 (33.3%)
25 (33,3%) 26 (34.7%) 21 (28%)
31 (41.3%) 27 (36%) 25 (33.3%)
38 (50.7%) 28 (37.3%) 18 (24%)
23 (30.7%) 16 (21.3%) 15(20%)
mean (40.5%) mean (37.3%) mean (27.7%)

Summary of feeding rates for the three dsRNA treatment groups, lacZ, DegalOBP1 and
Degal TRPA. Five replicates of lacZ, DegalOBP1 and Degal TRPA feeding devices were
constructed with seventy-five unfed adult females in each replicate. Fed mites were
identified as those with visible blood meals.

5.3.4 Petri dish behavioural assay with DegalOBP1 dsRNA fed mites

Interactions of mites with test and control filter paper discs were observed for five minutes
under a red light. The proportional responses of mites towards test filter paper
(interactions with test/(Interactions with test + interactions with control) demonstrated a
significant difference between DegalOBPL1 treated mites and lacZ control and wildtype
mites. This suggests that the DegalOBP1 gene may have a functional role in detecting the

semiochemical compounds present in chicken uropygial gland extracts.
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Figure 5.5 Response of adult female DegalOBP1, lacZ and wildtype D. gallinae to

uropygial gland extracts at 10 mg/ml

The activity index represents the proportion of mites interacting with the test disks. An
asterisk denotes a significant difference between test and control interactions (P<0.001).

Error bars show 95% confidence limits.
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5.3.5 gPCR validation of DegalOBP1 knockdown

gPCR was used to quantify DegalOBP1 knockdowns and to validate the observations in
Petri dish assays. gPCR was performed on mites immediately after behavioural trials to
accurately reflect the expression of DegalOBP1 in mites during Petri dish assays. This
limited the amount of mite material available for gPCR validation. As such, feeding a
441bp region of DegalOBP1 to adult female D. gallinae mites did not result in a reduction
of DegalOBP1 expression when compared to lacZ expression in mites at three days post
blood feeding . gPCR validation of DegalOBP1 knockdown was inconclusive due to poor
amplification of the reference gene GAPDH in the majority of samples. This may have
been due to technical issues during RNA extractions, cDNA synthesis or the amount of
mite material available. The work in this chapter was funded by an external grant from
the British Egg Marketing Board (BEMB) “Elucidating the molecular basis of poultry red
mite chemosensation and host location behaviour’ (Richard Lloyd Mills, Natural
Resources Institute and Dr Stewart Burgess, Moredun Research Institute) and was
performed at the Moredun Research Institute, Edinburgh, Scotland. Due to time
constraints associated with the COVID-19 pandemic limiting travel between the two

institutes, gPCR validation could not be repeated.
5.4 Discussion

This study reports the first attempt to knockdown a putative chemosensory gene in an
ectoparasitic haematophagous chelicerate. Whilst gPCR analysis of DegalOBP1
knockdowns were inconclusive, behavioural assays suggested that DegalOBP1 may have

a role in the PRM host location process.

Stand-alone RNAi-mediated gene silencing does not in itself elucidate the physiological
functions of target genes. For this reason, comprehensive RNAI studies often incorporate
electrophysiological or behavioural assays post silencing to measure the downstream
effects of RNAI (Biessmann et al., 2010; Laughlin et al., 2008; Pelletier et al., 2010; Xu
et al., 2005; Zhang et al., 2017). Perception of the main sex pheromone of the cotton
bollworm, Helicoverpa armigera, (Z)-11-hexadecenal, was significantly reduced upon
knockdown of two OBPs (HarmPBP1 and HarmPBP2) (K. Dong et al., 2017) and
silencing the OBP RferOBP1768 reduced the attractiveness of the major aggregation

pheromone compound ferrugineol in the red palm weevil Rhynchophorus ferrugineus
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(Antony et al., 2018). Modulation of feeding behaviour (sucrose intake) by OBP genes
has been described in D. melanogaster (Swarup et al., 2014) as has impaired host location
in the salmon louse, L. salmonis (NUfiez-Acufia et al., 2019). Knockdown of a
chemosensory protein (MsepCSP8) also led to altered responses to nine volatiles in the
oriental armyworm Mythimna separata in a Y-tube olfactometer study (Younas et al.,
2018). This study is, however, the first to elucidate the possible functional properties of

the putative chemosensory OBP, DegalOBP1, in D. gallinae.

The use of RNAI as a tool to induce loss of function phenotypes has been demonstrated
in a select few target genes in the two-spotted spider mite T. urticae including vacuolar-
type H+-ATPase (TuVATPase) (Suzuki et al., 2017), a constitutively expressed ATP-
driven membrane-based proton pump and the B subunit of coatomer protein complex
(TuCOPB2) (Kwon et al., 2016, 2013). Additional RNAI targets including TuRpn7,
TuSnapa, TuRop, TuSrp54 TuRpt3 and TuHsc70-3 have all yielded phenotypic effects
after oral delivery of complementary dsRNA (Bensoussan et al., 2020). All of these genes
are, however, predicted to encode for conserved proteins that perform essential cellular
functions (Ulrich et al., 2015) unlike DegalOBP1 which clusters within Arachnida only
and may function as a soluble carrier of extracellular VOCs (Bhowmick et al., 2020).

The results of this study imply that RNAi-mediated gene knockdown of chemosensory
genes may have the potential to impair chemosensory function in PRM. The
demonstration of impaired chicken host kairomone detection in this study presents the
opportunity to investigate novel RNAIi-based control methodologies in PRM. Potential
applications include the formulation of sprayable dsRNA specific to target genes such as
DegalOBP1. However, analogous strategies in agriculture rely on foliar spraying, which
requires the uptake of dsSRNA by crops before being ingested by herbivorous pests (San
Miguel and Scott, 2016). Effective application of a dsSRNA-based management solution
for haematophagous PRM therefore requires research into a novel dsRNA delivery
mechanism. Studies have demonstrated that ingestion of dSRNA is the most efficient way
of delivering exogenous dsRNA in PRM (Chen et al., 2021) and that immersion requires
long periods for reliable gene knockdown (Kamau et al., 2013). A practical solution
would be the development of a fast-acting nanocarrier mediated transdermal delivery
system that increases penetrating capacity of dsRNA into PRM tissue (Z. Ma et al., 2022;
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Yanetal., 2021). Such delivery mechanisms are beginning to be explored in Aphids (Guo
etal., 2022).

Petri dish assays revealed that PRM responses to host derived kairomones can vary with
concentration. The chemical composition of avian uropygial gland secretions are complex
and differ between species (Levy and Strain, 1982; Montalti et al., 2005; Potier et al.,
2018; Whittaker et al., 2010). This is likely due to the wide range of behavioural and
physiological functions associated with uropygial gland secretions including
waterproofing (Mgller and Laursen, 2019), plumage maintenance (Giraudeau et al., 2010)
and mating stimulation (Hirao et al., 2009). Uropygial secretions of the domesticated
chicken, Gallus gallus domesticus, are generally reported to consist mainly of diester
waxes and a minority of triacylglycerols, cholesterol and phospholipids. The diesters are
composed of fatty acids of the n-Ci0-C20 homologous series which are esterified with
threo and erythro 2,3-n-alkanediols of Ci9-C23 (Haahti and Fales, 1967; Hansen et al.,
1969).

The attractive behavioural properties of uropygial gland extracts, as demonstrated by the
Petri dish assays described, have significant potential to be utilised as part of a PRM
monitoring programme. In addition to PRM, uropygial extracts from avian species have
been previously reported to attract Culex pipiens and Culex restuans mosquitos (Russell
and Hunter, 2005) and the blackfly Simulium euryadminiculum (Fallis and Smith, 2011).
Birds spend a lot of their time preening (Walther and Clayton, 2005; Williams and
Strungis, 1979) an energetically costly activity that includes, among other behaviours,
spreading uropygial gland secretions into the plumage. During preening, birds rub their
bills over the uropygial gland, stimulating the secretion to emerge, and then spread it over
their plumage and other teguments with the bill (Moreno-Rueda, 2017). Due to this,
uropygial gland secretions are considered to be a key source of avian body odours
(Campagna et al., 2012; Hagelin and Jones, 2007; Mardon et al., 2011). The use of
uropygial extracts, a natural and readily available PRM attractant, as an attractive lure
component in kairomone-baited traps should be explored further.

Zeman, 1988 investigated the properties of chicken uropygial extracts, including its
thermostability and volatility, and measured responses of PRM to uropygial extracts using

a similar Petri dish assay. It was demonstrated that heating uropygial gland extracts to
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100°C did not alter the attractive properties of uropygial extracts to PRM but distillation
of volatile compounds through anoxic atmospheres (CO2) rendered uropygial gland
extracts unattractive. In addition, attractiveness was also reduced through reactions
attacking the ester bond. Due to the ability of OBPs to solubise volatile compounds and
transport them across aqueous phases before reaching sensory neurons (Pelosi et al.,
2018), some of the attractive volatile compounds emitted by uropygial gland extracts may

not have been detected by PRM with unconfirmed DegalOBP1 knockdowns.

This study has demonstrated that coupling RNAi-mediated gene silencing with
behavioural assays has the potential to provide important insights into chemosensory gene
function in PRM. The development of a cheap and efficient Petri dish assay for screening
putative PRM attractants may also be applied to identify novel attractive compounds in
future studies. Whilst there was no evidence of DegalOBP1 knockdown at the molecular
level due to technical issues, Petri dish behavioural assays indicated that DegalOBP1
functions as a component of the chemosensory pathway sensitive to compounds present
within chicken uropygial gland extracts. However, the results in this chapter support the
hypothesis that uropygial extracts are significantly attractive to PRM in an enclosed Petri
dish arena, albeit in a dose dependent manor. Chapter 6 further explores the chemical
ecology of PRM and aims to develop an attractive kairomone-baited trap for use against
PRM.
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Chapter 6: Towards developing a semiochemical-based monitoring and control
strategy for D. gallinae

6.1 Introduction

D. gallinae, is a haematophagous ectoparasite that lives predominantly off host (Entrekin
and Oliver, 1982). Due to its lack of conventional sight (Pritchard et al., 2015), PRM
presumably relies on non-visual cues to locate their hosts. Chemosensation is therefore
thought to represent a key component of PRM host-location. Studies focusing on PRM
chemosensation have demonstrated that chemical cues alter behaviour (Entrekin and
Oliver, 1982; Koenraadt and Dicke, 2010; Adouzi et al., 2020; Masier et al., 2022,
Chapter 5), but no practical semiochemical-based product exists specifically designed for
monitoring and control of PRM.

Acarine semiochemicals are relatively understudied in comparison to insects as the
number of studies focusing on insect semiochemicals far outweigh those centring on
Acarine species (Petkevicius et al., 2020; Rizvi et al., 2021). The majority of
commercially available semiochemicals are marketed for use against Lepidopteran,
Dipteran and Hemipteran species (Sharma et al., 2019). PRM is a species of agricultural,
veterinary and medical interest. As such, it is crucial to decipher the complex chemical
interactions that enable PRM to aggregate, reproduce, and locate their hosts. The
development of IPM strategies directed at PRM has long been viewed as necessary but

are only in their infancy (Decru et al., 2020; Jack and Ellis, 2021).

Prior to commercialisation, semiochemical pest management solutions need to be
validated in a laboratory environment. Bioassays, often termed screening assays, are
primarily used by researchers as a proof of concept before field trials. The implementation
of field trials in semiochemical research is key as laboratory results do not always
translate well into natural environments. This may be due to inefficient numbers and
placement of traps (El-Sayed et al., 2009), poor odour dispersion (Nielsen et al., 2019),
environmental masking (Mweresa et al., 2020) and/or genetic drift between isolated

populations (Karp-Tatham et al., 2020).

Current PRM control methods rely on the passive movement of PRM into traps. The
Avivet Trap (Lammers et al., 2017), Carboard Trap (Nordenfors and Chirico, 2001) and
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ADAS Mite Monitor (Mul et al., 2015) allow farmers to detect large infestations of PRM
but must be placed in locations of known mite activity. A semiochemical baited trap may
be able to detect PRM infestations at an earlier stage and trap a larger number of PRM if

formulated correctly (Mweresa et al., 2020).

A patented kairomone blend (patent n. W02018109417A1; FR3060258A1) (Roy et al.
2018) that mimics volatiles produced by hens has demonstrated variable attractiveness in
laboratory assays (Masier et al., 2022) but has not been through field trials. This chapter
aims to develop a controlled release rate dispenser capable of field applications in
conjunction with a tube style trap. It is hypothesised that PRM will be attracted to the
patented kairomone blend in Y-tube olfactometers and that semiochemical baited traps

will outperform control traps in a field trial.
6.2 Methods

6.2.1 Mite collections and storage

Mixed developmental stages of PRM were collected from the detritus of a commercial
free range layer farm (Wanstall J & Sons, Bank Farm, Ashford TN25 7DF). PRM were
collected during the middle of egg production cycles so that no acaracide treatment had
been applied at the farm for a minimum of two weeks. All PRM used in assays were
stored at 4°C for up to one month at the Natural Resources Institute, University of
Greenwich, in CytoOne® T75 flasks with vented filter caps (Starlab, Milton Keynes, UK).
PRM remained unfed for storage periods and were starved at room temperature (25°C)
for one week prior to assays to ensure full blood meal digestion (Kilpinen and Mullens,
2004).

6.2.2 Semiochemical dispensers

Two types of semiochemical dispensers were investigated in laboratory assays. The first
design, developed at the Centre d’Ecologie Fonctionnelle et Evolutive (CEFE),
Montpellier, consisted of a 1.5 ml glass sample vial with a polypropylene screw top hole
cap (Sigma-Aldrich, St Louis, Missouri, MA, USA) pierced with a 4 cm long GC
capillary tube with an internal diameter 0.53cm (Adouzi et al., 2020). The second type of
dispenser, developed at the Natural Resources Institute, University of Greenwich, were

constructed from transparent 1 ml polypropylene pipette tips (Thermo Fisher Scientific,
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Waltham, MA, USA) with a 0.2 mm tip aperture and sealed with a Teflon-lined crimp
seal (11mm; Chromacol Ltd, Welwyn Garden City, UK).

The high-density polypropylene pipette design was favoured for all Y-tube and field trial
bioassays reported in this study. The kairomone blend used in this study was based on the
patented kairomone blend (patent n. W0O2018109417A1; FR3060258A1) but contained
aracemic mixture of R/S-1-octen-3-ol (8 pl) as it was unclear which enantiomer produced
an attractive effect. Other components of the kairomone blend included E-2-nonenal
(4 pl), nonanal (4 pl), nonanoic acid (4 pl) and octanal (4 pl). The kairomone blend was
applied to cellulose acetate cigarette filters (14 mm x 6 mm, Swan, High Wycombe,

Buckinghamshire, UK) located at the base of the dispensers (Figure 6.1).

6.2.3 Analysis of release rates

In order to test the effect of variable release rates on PRM locomotory responses to the
kairomone lure, fast (100% kairomone blend) and slow-release rate lures (10% kairomone
blend in 90% food grade sunflower oil) were formulated. Release rates of dispensers were
measured over a period of sixteen or fourteen days to ascertain the amount of each
component released. Components of the kairomone lure were placed in individual pipette
or capillary vial dispensers and left under a fume hood for the duration of the experiments.
For pipette dispensers, six timepoints were taken during the sixteen-day period including
at the end of day one, two, five, nine, thirteen and sixteen. The release rate of 1-octen-3-
ol from capillary vial dispensers were measured over fourteen days at days one, two,
three, five, six, seven, eight and fourteen. The amount of each component lost was
measured by weighing individual dispensers before and after one hour on an analytical
balance. The release rates of the five constituent components of the kairomone lure were

calculated in pg/day.
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Figure 6.1 Diagram of pipette and capillary vial dispensers

Two variations of semiochemical dispenser. The pipette dispenser, as shown on the left,
featured a polypropylene pipette tip with a 0.2 mm tip aperture, sealed with a Teflon-lined
crimp seal. This dispenser was designed at the Natural Resources Institute, University of
Greenwich. The capillary vial dispenser, shown on the right, consisted of a standard 1.5
ml glass sample vial with a polypropylene screw top hole cap (Thermo Fisher Scientific,
Waltham, MA, USA). A 4 cm long GC capillary tube pierced the cap and allowed for
release of volatile chemicals. The capillary vial dispenser was developed at the Centre
d’Ecologie Fonctionnelle et Evolutive (CEFE), Montpellier.
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6.2.3 Y-tube bioassays

A Y-tube olfactometer (Figure 6.2) was used to test PRM locomotory responses to
chicken derived kairomones. Air was pulled through an Agilent MT200-2 (Agilent
Technologies, Santa Clara, CA, USA) charcoal filter to prevent external volatiles from
entering the enclosed test system and airstreams were humidified with dH20. The
airstream was then split into two equal streams with a flow rate of 0.6 L/min and passed
through Quickfit™ Dreschel Bottles (Fisher Scientific, Waltham MA, USA) which
contained either a dispenser with an active test compound or a control dispenser with no
active compounds. The test stream and the control stream then passed into the two arms
of the Y-tube olfactometer. The arm (left or right) receiving the test stream was manually
swapped every 10 repetitions by disconnecting the loaded airstream and reattaching it to

the other arm. A control airstream flowed through the non-test arm at all times.

For each replicate, an individual adult female mite was released at the downwind arm of
the olfactometer and given up to five minutes to make a ‘choice’ between the test and
control arms. ‘No choice’ was recorded if mites chose neither of the arms within the five-
minute limit or did not remain in an arm for one minute post choice. External
environmental conditions throughout the experiments were maintained at 25°C and 55%

relative humidity.
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Figure 6.2 Diagram of Y-tube apparatus

Two distinct streams of air are pulled through a charcoal filter to remove impurities and
pass through glass jars containing either test or control compounds. Mites are introduced
at the base of the Y-tube. Test and control airstreams are represented by red and green

arrows. The mite at the stem of the Y-tube indicates where mites were released.
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6.2.4 Trap design

A cylindrical tube trap was designed to test semiochemical formulations in the field. The
trap consisted of white PVC piping with an inner diameter of 2.54 cm cut into 10 cm in
length. Single faced corrugated cardboard measuring 90 mm x 60 mm lined the inner
surface of the trap to generate a favourable hiding spot for PRM (Figure 6.3) (Nordenfors
and Hoglund, 2000). To test the attractiveness of the kairomone lure in the field, the traps
were modified with the addition of a semiochemical dispenser. Holes 3 mm in diameter
were drilled 10 mm from one end of the 100 mm PVC piping and dispensers were

attached using black cable ties.
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Figure 6.3 Diagram of semiochemical baited cylindrical tube trap

Schematic diagram of cylindrical trap on the left and photographs of the individual
components on the right. The pipette semiochemical dispenser is affixed to the inside of

the PVC cylinder with a cable tie looped through a small hole 3mm in diameter.
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6.2.5 Field trials

Field trial trapping experiments were carried out in August 2021 in a commercial free
range egg production facility (Wanstall J & Sons, Bank Farm, Ashford TN25 7DF). A
total of 24 traps were used over the course of the experiment including 12 control traps
(C), with no active semiochemical compounds and 12 test traps (T) equipped with the
10% kairomone solution in sunflower oil. Traps were placed in predetermined locations
of known mite activity including above nest boxes and close to feeding lines (Figure 6.4).
Traps were spaced > 2 m apart to limit interference between treatment zones. The
locations of traps T and C were alternated due to the likelihood of uneven PRM population
distributions within the experimental barn. In all cases, traps were left for twenty-four
hours to allow for sufficient foraging time for PRM. After twenty-four hours, traps were
individually double bagged in labelled ISTAD bags (Ikea, Delft, Netherlands). All mites
contained within the trap including those loose in ISTAD bags were included in mite
counts. The total number of PRM and number of adult female PRM were counted for

each individual T and C trap.
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Figure 6.4 Positions of traps during field trials

Diagram showing the positions of traps during field trials. T and C traps were placed on
alternating days above nesting boxes and close to feed lines as indicated by green and red

shading.
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6.2.6 Statistical analyses

All statistical analyses were performed in R studio v2022.07.2+576 running R v4.2.1.
Two-sided binomial tests were carried out to evaluate whether choices of PRM in Y-tube
olfactometers differed from a 50:50 distribution. Two tailed F-tests were used to calculate
differences in variance between release rates. Field trial catch data were log transformed
and analysed using the nlme (Pinheiro and Bates, 2023) package. Trap position was
entered into a random effects model with test/control as fixed effects to determine if trap
position had an effect on the number of mites caught in traps. Pearson correlation was
used to see if there was a correlation between the number of adult females and the total
number of PRM caught per trap.

6.3 Results

6.3.1 Dispenser release rates

The release rate of 1-octen-3-ol from capillary vial dispensers varied from 39.23 pg/day
to 132.2 pg/day over the fourteen-day release period (Figure 6.5). In contrast, the pipette
tip dispensers varied by 35.9 pg/day to 46.8 pg/day at the same (100%) dilution,
demonstrating significantly less variation in release rate over the experimental period
(Figure 6.6). The release rates of the neat (100%) material in pipette dispensers were
approximately six times those of the 10% solution in 90% sunflower oil (Figure 6.7). In
pipette dispensers equipped with a 10% kairomone solution in 90% sunflower oil, 1-
octen-3-ol was the most abundant compound released during the sixteen-day test period
averaging 36.4 ug/day, the least abundant was nonanoic acid releasing 1.21 pg/day
(Figure 6.7).
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Figure 6.5 Release rate of 1-octen-3-ol from capillary vial dispensers

Release rate of > 98% pure 1-octen-3-ol from capillary vial dispensers measured over
fourteen days. Each timepoint measurement is represented by a point on the line graph.

Time in days is shown on the X axis and release rate in pg/day is shown on the Y axis.

134



50

40

30 4 Chemical

EZ-nonenal
nonanal

pgiday

—a—
—* nonanoic acid
—+ pctanal

20 7 \‘\\ octenol

101 \ O

4 8 12 16
Time (D)

Figure 6.6 Release rates of 100% neat formulation from pipette dispensers

Release rates of 100% neat formulation from pipette dispensers measured over sixteen
days. (E)-2-nonenal (4 pl), nonanal (4 pl), nonanoic acid (4 pl), octanal (4 pl) and R/S-1-
octen-3-ol (8 pl racemic mixture) are shown in corresponding colours. Each timepoint
measurement is represented by a point on the line graph. Time in days is shown on the X

axis and release rate in pg/day is shown on the Y axis.
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Figure 6.7 Release rates of 10% formulation from pipette dispensers

Release rates of 10% formulation from pipette dispensers measured over sixteen days.
(E)-2-nonenal (4 pl), nonanal (4 ul), nonanoic acid (4 ul), octanal (4 pl) and R/S-1-octen-
3-ol (8 pl racemic mixture) are shown in corresponding colours. Each timepoint
measurement is represented by a point on the line graph. Time in days is shown on the X

axis and release rate in pg/day is shown on the Y axis.
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6.3.2 Y-tube assays

When adult female PRM were exposed to two clean airstreams, no preference was shown
to either arm (Arm 1: 16 mites, Arm 2: 15 mites, P = 0.99). Twenty-nine (48%) of mites
did not respond in control-control trials. Mites exposed to ‘fast’ release rate dispensers
showed no preference to either arm (Arm 1: 6 mites, Arm 2: 14 mites, P = 0.12). Thirty-
five (63%) of mites did not respond to fast release rate dispensers. The slow-release rate
lure consisting of a 10% kairomone solution in 90% sunflower oil was significantly
attractive to starved adult female D. gallinae mites (Arm 1: 40 mites, Arm 2: 11 mites, P

< 0.0001). Sixty (54%) of mites did not respond to the slow-release rate lure.

6.3.3 Field trial results

The total number of mites caught by all traps (12 C and 12 T) during the 24h trial period
was 1888. Of these, 1003 were caught by test traps and 885 were caught by control traps.
The cumulative total of adult females caught per trap type was 542 for test and 401 for
control traps. Pearson correlation revealed a high correlation between the number of adult
females and the total number of mites caught per trap. A random mixed effect model
showed that there was no significant difference in catch between kairomone lure baited
traps and control traps (P = 0.970).
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Figure 6.8 Field trial catch data

Field trial catch data from a UK poultry facility over 24h. Graph A shows the total PRM catch for control traps and graph B shows the number
of adult female mites caught per control trap. Graphs C and D show the total number of mites caught and the number of adult female mites

caught in test traps.
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Figure 6.9 Median number of mites caught by base control and kairomone baited traps

The median number of total PRM caught per trap for kairomone baited test traps and base

control traps during field trials. The 1%t and 3" interquartile ranges are shown.
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6.4 Discussion

Results from this study demonstrate the potential of a long-lasting kairomone lure for
attracting PRM. Y-tube olfactometer results showed that PRM were attracted to the
kairomone blend, but kairomone-baited traps did not catch significantly more mites in
field trials when compared to control traps. Improvements were made on an existing

capillary vial dispenser in terms of release rate, longevity and durableness.

The consistent release rate under laboratory conditions of the kairomone lure components
demonstrated by the pipette dispenser is a significant improvement on the previous
capillary vial design. Slow and controlled release rate dispensers are preferred in many
semiochemical based control strategies. For example, the ‘Long-Life’ lure used to control
the mediterranean fruit fly, Ceratitis capitata (Dominguez-Ruiz et al., 2008; Gil-Ortiz,
2015) and sol-gel dispensers used for releasing plant volatiles to attract the black citrus
aphid, Toxoptera aurantia (Boyer), (Bian et al., 2014). Due to PRM sensitivity to
fluctuations in VOC dosage, a constant release rate seems more favourable in PRM.
Furthermore, the longevity of the pipette dispenser, as demonstrated by lower average
pg/day release rate, and durability provided by the polypropylene pipette enclosure,
enable the dispenser to be used in conjunction with simple cylindrical tube traps with
minimal modifications. In contrast, other dispensers, such as the capillary vial dispenser,
are not suitable for use in the field.

There have been several attempts to implement an effective monitoring and control
program for PRM. Of these, many, such as the Avivet Trap (Lammers et al., 2017) and
cardboard traps (Nordenfors and Chirico, 2001), rely on the passive movement of PRM
towards traps as they harbour no inherent attractive properties other than providing a
desirable resting site. Use of passive traps therefore require detailed knowledge of PRM
movement dynamics within poultry houses. Due to these limitations, such traps are
usually applied for monitoring purposes and as indicators of emerging PRM infestations.
However, early detection of PRM relies entirely on the placement of traps, and as PRM
populations can grow rapidly (Dupray et al. 2022), infestations are often caught too late

to prevent economic damage.

Due to the complexity of odours within barns housing poultry (Trabue et al., 2010),

interactions between semiochemical lures and environmental VOC’s, whether they be
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synergistic, antagonistic or additive, are practically impossible to decipher. In addition,
studies have demonstrated not only attraction to chicken hosts, but to microbial
breakdown products associated with aged chicken feathers (Koenraadt and Dicke, 2010)
which may contribute to semiochemical lure masking (Mweresa et al., 2020). It is
possible that a higher kairomone dosage would increase semiochemical baited trap
effectiveness in the field and lessen the impacts of these factors.

The chemicals used in this study were identified through headspace Solid-phase
microextraction (SPME) analysis (Adouzi et al., 2020) of domesticated adult female
leghorn chickens, Gallus gallus domesticus. However, it is unclear if PRM are capable of
detecting individual components within the kairomonal blend as electrolegography
(ELG) studies aiming to detect voltage fluctuations in the fortarsi of PRM were
inconclusive. Electrophysiological studies have been conducted successfully in the
cayenne tick, Amblyomma cajennense (Soares and Borges, 2012), the tropical bont tick,
Amblyomma variegatum (Steullet and Guerin, 1994), the black-legged tick, I. scapularis
(Josek et al., 2021), the castor bean tick, I. ricinus (Grenacher et al., 2001) and the mites
V. destructor (Eliash et al., 2014) and Phytoseiulus persimilis (de Bruyne et al., 1991).
Currently, no method exists specifically for measuring electrophysiological responses in
PRM due to their small size resulting in technical barriers. As no protocol exists for
reproducible PRM ELG assays, combined gas chromatography-single sensillum
recordings (Ignell et al., 2022) may be an appropriate means of identifying all of the
chemicals which are detectable by PRM.

The results reported in this study display the disparity in results often observed between
laboratory assays and field trials and emphasise the need to incorporate field trials in
chemical ecology research. Screening assays, such as the Y-tube olfactometer, offer a
quick and effective way to test arthropod responses to VOC’s but results of Y-tube assays
do not necessarily align with ecologically meaningful conclusions (Ballhorn and Kautz,
2013). Firstly, in controlled laboratory environments, organisms are only exposed to test
chemicals and filtered controlled airstreams which may not accurately reflect natural
habitats. Secondly, there is a tendency for turbulence to occur at the junction of the Y-
tube, leading to mixing of test odours (Vet et al., 1983). Nevertheless, the Y-tube

olfactometer remains an extremely popular method for measuring arthropod responses to
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odours (>800 Web of Science results when using query string ‘Y-tube olfactometer’
(1926-2022)).

This study is the first to couple passive trap designs with active semiochemical lures in
PRM. Results showed the attractive properties of the kairomone lure under controlled
conditions but did not support the hypothesis that kairomone baited traps would

outperform their non-baited counterparts in field trials.
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Chapter 7: General discussion

The poultry red mite (PRM), Dermanyssus gallinae, is the most important
haematophagous ectoparasite affecting the global poultry industry. This thesis has
explored fundamental interactions between the poultry red mite (PRM), Dermanyssus
gallinae, and its primary host of economic concern the domesticated chicken, Gallus
gallus domesticus using a combination of molecular and chemical ecology techniques.
The chapters presented in this thesis have characterised the chemosensory gene repertoire
of PRM through comparative transcriptomics, analysed for the first time the large cascade
of gene expression upon host exposure, implemented state of the art knockdown studies,
contributed to the PRM genome annotation project and tested novel formulations of key

chicken derived kairomones for potential use in future monitoring and control strategies.

The chemosensory gene repertoire of PRM is less numerous and diverse than that of
insect counterparts. Initial analysis of the D. gallinae genome (DDBJ/ENA/GenBank
QVRMO00000000) revealed that out of 14608 predicted protein coding genes, 97
harboured putative chemosensory function including 47 iGIuRs, 11 GRs, 14 NCP2s and
25 SNMPs. Comparisons with other mesostigmatid mites including V. destructor
(Cornman et al., 2010; Eliash et al., 2017), Ornithonyssus sylviarum (Bhowmick et al.,
2022), M. occidentalis (Hoy et al., 2016) and T. mercedesae (Dong et al., 2017) reveal a
similar low number of putative chemosensory genes. The restricted repertoire of
mesostigmatid mites may be indicative of a less complex chemosensory system in
comparison to insects. Reduced chemosensory functionality may have evolved as a result
of differing life history traits including nesting behaviour, feeding habits, generalistic host
specificity and ectoparasitism. It is also possible that a lack of genomic resources centred
around Acari, an often overlooked and underrepresented taxon, artificially limit

chemosensory gene annotations (Hotaling et al., 2021b).

The i5K initiative which aims to sequence 5000 arthropod genomes (i5K Consortium,
2013) currently lists 476 genome projects representing 39 taxonomic orders of variable
completeness and contiguity. Dipterans, Lepidopterans, and Hymenopterans naturally
dominate this assemblage whilst only five Mesostigmatid mites including V. destructor
(Cornman et al., 2010), V. jacobsoni (Andino et al., 2016), G. occidentalis (Hoy et al.,
2016), T. mercedesae (Dong et al., 2017) and D. gallinae (Burgess et al., 2018) and four
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Trombidiid mites including Brevipalpus yothersi (Navia et al., 2019), Leptotrombidium
deliense, Dinothrombium tinctorium (Dong et al., 2018) and T. urticae (Grbi¢ et al., 2011)
are included. The fundamental principle of cross species sequence comparisons to
generate annotations (Frazer et al., 2003) relies on high quality reference genomes in
closely related species. It is therefore probable that the increased availability of high-
quality mite genomes in the coming years will facilitate the annotation of the PRM

genome and reveal yet more insights into PRM development, feeding and host location.

The results presented in Chapter 4 shed light on the complex molecular pathways initiated
in PRM upon host exposure. To my knowledge, this is also the first time a comparative
transcriptomic study has been carried out on a haematophagous ectoparasite before and
after host exposure. Over 900 genes were enriched in PRM exposed to hosts including a
number of possible chemosensory genes and genes encoding critical blood meal digestion
enzymes and detoxification pathways. It is evident from the host exposure RNA-seq study
that PRM appear to pre-emptively upregulate genes involved in blood digestion,
including cathepsins and other proteolytic enzymes, upon identification of hosts. This
observation reveals that haematophagous ectoparasites may be able to initiate the
autophagic-lysosomal digestive pathway (Nisbet and Billingsley, 2000) prior to ingestion

of a blood meal.

This study has implicated the existence of a novel independent but functionally analogous
set of OBP-like carriers of soluble odourants (DegalOBP1 — DegalOBP6). The insect
OBP gene family is well characterised, however their specific role in olfaction requires
greater investigation (Sun, Xiao and Carlson, 2018). For example, an enormous amount
of genomic data has been generated highlighting the abundances of OBP genes in
chemosensory appendages (Gong et al., 2009; Gotzek et al., 2011; Hekmat-Scafe et al.,
2002; Ohta et al., 2014; Ozaki et al., 2008; Ronddn et al., 2022) but analysis of in vivo
functionality of OBPs remains comparatively scarce apart from in D. melanogaster
(Shorter et al., 2016; Swarup et al., 2014, 2011). RNAI studies on OBPs have been
conducted in the red imported fire ant, Solenopsis invicta (Du and Chen, 2021), the
southern house mosquito, Culex quinquefasciatus (Pelletier et al., 2010), the malaria
mosquito Anopheles gambiae (Biessmann et al., 2010) and the lucerne bug Adelphocoris
lineolatus (Zhang et al., 2017) although no direct behavioural changes were observed,
only physiological changes recorded through electroantennography (EAGs). Whilst EAG
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studies offer insights into bioactive chemicals, EAG results do not necessarily manifest
in observable behavioural changes (Ren et al., 2017). Nevertheless, development of
reproducible electrophysiological assays for PRM through measuring potential changes
between the tip and base of the foretarsi similar to those conducted in V. destructor (Eliash
et al.,, 2014; Light et al., 2020) will enable the rapid screening of candidate

semiochemicals.

Secretions from the uropygial gland were found to be attractive to PRM in Chapter 6.
Further analysis of the exact composition of avian uropygial secretions could reveal other
semiochemicals that could be used in combination with those outlined in this thesis. The
coupling of RNAI knockdown studies with observable behavioural outcomes was central
to the study carried out in Chapter 5. The Petri dish assay developed for measuring
behavioural responses to putative chemosensory gene knockdowns allowed for rapid and
efficient assessment of PRM responses to putative chemosensory gene silencing.

Host location is a key component of ectoparasitic life cycles. In the case of PRM, blood
meals are required for development from the protonymph stage onwards. Adult female
PRM feed several times and produce multiple clutches of eight to ten eggs (Pritchard et
al., 2015) leading to exponential population growth within modern poultry production
systems (Dupray et al., 2022). The fundamental need for PRM to acquire a blood meal
for survival and reproduction can thus be described as the root cause of economic impacts
attributed to PRM. Attacking the host location phase of PRM, as explored in Chapter 5,
may result in the most comprehensive reduction of economic impacts associated with
PRM. Many classical PRM control methodologies, such as acaricide barn spraying, do
not effectively reduce PRM populations below economic thresholds due to acquired
resistance (Abbas et al., 2014; Murano et al., 2015), incomplete pest coverage and
legislative restrictions. It is clear that future IPM strategies directed at PRM must move
away from the overreliance on acaricidal agents, focus on the unique biology of PRM and

aim for a more specific and targeted approach.

RNAI as a tool for agricultural pest management has been postulated but never
implemented on any meaningful scale. The basic premise of RNAi-mediated pest control
is to supress biologically important genes in economically important pests. The

exponential increase of available genomic and transcriptomic sequence data allows for
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the design of highly specific dsSRNAs that could be applied topically through barn
spraying to combat PRM. However, uptake of exogenous dsRNA can be extremely
variable in practice (Das and Sherif, 2020) and sufficient further experimentation is
required to develop a suitable application protocol. The chemosensory genes identified
throughout this thesis could be targeted as part of a novel RNAIi based management
strategy.

Investigations into the kairomones mediating host location in PRM present another
possible control methodology. The kairomone baited trap described in Chapter 6 is the
first of its kind for PRM and demonstrates the practical applications of research into the
chemical ecology of this economically important pest. Y-tube olfactometer assays
confirmed that the kairomone blend attracted starved adult female PRM under laboratory
conditions. In addition, the development of a durable pipette-based dispenser allowed for
the attachment of semiochemical dispensers to cylindrical tube traps. However,
kairomone baited traps did not catch significantly more PRM compared to non-baited
traps. This may be due to several factors including seasonal fluctuations, environmental
masking of the synthetic kairomone (Mweresa et al., 2020) and/or genetic drift causing
variable interspecific responses to VOCs between isolated populations (Karp-Tatham et
al., 2020; Roy et al., 2021). Furthermore, significant heterogeneity in the responses of

isolated populations of PRM to kairomone blends has been observed (Masier et al., 2022).

Somewhat paradoxically, the massive economic damage inflicted by PRM is not reflected
in scientific research. A search on Thompson Reuters Web of Science (WQOS) in October
2022 using query string TS = ‘Dermanyssus gallinae’ resulted in 524 peer reviewed
publications. In contrast TS = ‘Varroa destructor’ revealed 2062 publications, TS =
‘Tetranychus urticae’ gave 4308 publications and 3353 publications were listed when TS
= ‘Ixodes scapularis’ was used. Whilst this comparison was artificial and gave no
indication of publication quality and funding allocation, it is indicative of the current state
of PRM research. For example, RNAi-mediated gene silencing through oral ingestion of
dsRNA has only recently been established by colleagues at the Moredun Research
Institute, Edinburgh, UK and this thesis aimed to present knockdown of only the second
targeted gene after v-ATP (Chen et al., 2021). The emergence of Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated (Cas) (Jinek et al.,

2012) has revolutionised functional genomics and has invaded nearly all aspects of
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biology from molecular medicine to pest control. A pioneering CRISPR-Cas9 study was
published in 2020 demonstrating CRISPR viability in the two-spotted spider mite, T.
urticae (Dermauw et al., 2020), and may represent a paradigm shift in the genetic

manipulation of mites and ticks (Nuss et al., 2021).

This thesis describes discoveries pertaining to the complex interactions between PRM
and chicken hosts and has postulated how these findings can be best applied to alleviate
economic damage brought about by pandemic PRM infestations. The poultry red mite is
already of serious veterinary, medical and economic concern and all available reports
suggest that problems will persist without specific targeted action. The information
presented in this thesis provides insights into the molecular and chemical ecology of
PRM, two key areas that were previously poorly understood and may provide the
foundations for future control and monitoring methodologies.
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Conclusion

The experiments presented in this thesis were designed to test hypotheses relating to the
interactions between PRM and the domesticated chicken, Gallus gallus domesticus. The
first hypothesis stated that the chemosensory repertoire of PRM would be acarine specific
and that chemosensory genes would be enriched in the latter, blood-feeding life stages.
No evidence of ORs, CSPs or insect lineage classical OBPs were identified within the
PRM genome and two chemosensory IRs, DegallR25a and DegallR93 showed
enrichment in some of the blood-feeding life stages. These results were congruous with
the main hypotheses of Chapter 3. As stated, genome annotation projects rely on high
quality reference genomes in closely related species to make accurate gene predictions. It
is therefore possible that the PRM genome contains unidentified cryptic members of
putative insect specific chemosensory gene families or, which is probably more likely,
contains genes and proteins involved in chemosensation unrevealed in this Thesis.
Answers to these questions may be elucidated through sequencing of other mesostigmatid

mites and chromosome level sequencing of PRM.

Analysis of the transcriptome of PRM exposed to the domesticated chicken, Gallus gallus
domesticus, revealed what was initially hypothesised in Chapter 4. Over 1000 genes were
differentially expressed with 923 being enriched in PRM exposed to hosts. Differential
expression of DegallR25a and DegallR93a suggested a possible role in PRM-host
interactions, most likely functioning as chemosensors or thermosensors. Evidence for
blood meal preparation upon exposure to hosts was also revealed for the first time in
PRM.

RNAI is a relatively new technique in PRM research and work in Chapter 5 presented
only the second attempt to knockdown the expression of a gene, and the first attempt to
knockdown a chemosensory gene, in PRM. Unfortunately, gqPCR analysis failed to
validate the knockdown of DegalOBP1 at three days post feeding. Nevertheless,
interesting discoveries were made pertaining to the attractive properties of chicken
uropygial gland extracts to PRM. Petri dish assays showed that PRM respond to uropygial
extracts in a dose dependant manor suggesting that either PRM are unable to detect the
compounds within uropygial extracts below a certain threshold or that uropygial extracts

only become attractive at high concentrations. This knowledge could be used to inform
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future PRM monitoring or control strategies. The development of a rapid, cheap and
effective Petri dish assay, as described in Chapter 5, may also assist in the development
of semiochemical-based control strategies for PRM. With more time and resources, the

knockdown of DegalOBP1 would have been repeated.

The final experimental chapter, Chapter 6, focused on the chemical ecology of PRM and
experiments were designed to test the efficacy of a novel pipette semiochemical
dispenser. The stated hypotheses were that: a) PRM mites would be significantly attracted
to a kairomonal blend under laboratory conditions and that b) kairomone-baited
cylindrical tube traps would outperform non-baited counterparts. Y-tube olfactometer
studies showed that PRM were significantly attracted to ‘slow’ release rate lures but not
to ‘fast’ release rate lures. These laboratory results, however, were not reflected during
field trials. The novel pipette dispenser design showed significant improvements both in
terms of release rates and durableness when compared to existing dispenser designs. This

dispenser has the potential to be used in future PRM control and monitoring strategies.

The combined molecular and chemical ecology experiments outlined in this thesis have
advanced both fields and shed light on the interactions between PRM and its primary host
of economic concern the domesticated chicken, Gallus gallus domesticus. Future work is
needed to ascertain the exact functions of the chemosensory genes and proteins identified
in this thesis and to translate the fundamental research presented into tangible tools for
PRM control.
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Future work

Chapter 3 presented the most comprehensive chemosensory gene repertoire of PRM to
date although it is likely that many chemosensory related genes remain undiscovered. A
greater understanding of the PRM genome is essential for elucidating the complete PRM
chemosensory gene repertoire. This could be achieved by employing deeper,
chromosome level sequencing utilising third generation high coverage ultra-long read
technologies such as the ones used to generate the first telomere-to-telomere assembly of
a human X chromosome (Miga et al., 2020; Nurk et al., 2022). Whilst achieving this level
of continuity requires a large amount of resources at present, current trends in sequencing
technologies suggest that comparable sequencing depth will be accessible to smaller, non-
model organism sequencing projects in the coming years (Giani et al., 2020; Hotaling et
al., 2021b, 2021a; Kersey, 2019; F. Li et al., 2019).

The pioneering study in Chapter 4 was the first to describe shifts in PRM gene expression
upon exposure to chicken hosts. Important discoveries were made, including
demonstrating that members of PRM chemosensory gene families are differentially
expressed in the presence of hosts and that PRM initiate pathways relating to blood meal
digestion prior to blood feeding. This study focussed on adult females as they are the
predominant blood feeding life stage in PRM. However, the results of Chapter 3 showed
that gene expression patterns between PRM life stages are variable. It would be
interesting to repeat the exposure studies with protonymph, deutonymph and adult male
PRM and compare the transcriptomes of PRM in response to chicken hosts at different
life stages. This approach may reveal insights into PRM-host dynamics throughout PRM

development.

The RNAi-mediated knockdown of DegalOBP1 was not validated by gPCR in Chapter
5. gPCR validation would have been repeated given more time and resources. RNAI is a
relatively new technique in PRM research and it is likely that more efficient, standardised
and reliable delivery mechanisms will be developed. Nonetheless, alternative gene
silencing tools should be explored in PRM. Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-based genome editing can result in permanent loss of
function phenotypes through the formation of double strand breaks (DSBs) in DNA.

RNAIi-mediated gene silencing produces a relatively high number of non-specific or off
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target effects when compared to CRISPR (Lew-Tabor et al., 2011; Ma et al., 2006;
Nganso et al., 2022; Sudbery et al., 2010) resulting in modified unintended phenotypes
and introducing uncertainty into observations. The use of CRIPSR-Cas9 as an
experimental tool in non-model Acarine species is still in its infancy but the increased
specificity, knockout functionality and lower number of off target effects demonstrated
by CRISPR-Cas9 when compared to RNAIi show significant promise. Due to this,
CRISPR-Cas9 has the potential to revolutionise loss of function experiments in PRM and

should be incorporated into PRM research.

The field trial in Chapter 6 showed no difference in the number of PRM caught between
kairomone-baited traps and control traps. As the kairomone blend showed promise during
laboratory screening assays, more field trials were planned to test dispensers with a faster
release rate. However, these field trials could not be completed due to outbreaks of highly
pathogenic avian influenza (HPAI) H5N1 restricting access to commercial poultry

facilities.

This PhD project has revealed some fundamental insights into the interactions between
PRM and the domesticated chicken through using state of the art techniques. This work
has been conducted during the emergence of PRM genomics and it is likely that further
technical advancements will facilitate future research that will build on the foundational

discoveries presented in this thesis.
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APPENDICES

Appendix A: Sequence data

>DegallR25a (CDS)

ATGATTGAAGGCGCGCTCCACAAAAAGGAGAACAAAAGATATCAGCGTAAGGACAAGGCCAAGGCGACGGGCCGACTAG
CCCGACAACCGGCTGTGATCACAGAGAAGAAGTATGATCTGGCCCGCCAGGCCATCGACAACGGCTTTAAGCGAGCCAAG
AACGATGGAAAAGATATCCAGTGGCAGTTTGTCGTCATGGAGTCTGACGCCGAACCTAAAGGACTATGCGATATGATTTT
GGCGAGCAAGCCGAGCCTCGTAGTCAACACCGTTCGAACGCCAGGCAGCAACTACTACAAACTGACGAAGGCCATCAAG
GAAACACTGCGCAACCTCGCCATGCCAACTCTCGACCTCTCCTATGGAAGCACGGATGACTACCAGATGAGCGGCTGGAT
GGGGAAGACGTCGGATGAAAACAGCTATCTTGTGCACGTCACCCCCCCAGCGGATTCGTACACGCAAGCTGTTCGCGAGC
TCAGCATACGAATGGATCTCGCTACAGCTGGCATTCTCTACGACAGGACCGTCATTATTGACCACAAATACGCCCGTCTGC
TGGAGAACGTGCCCACGCGTCACATCATGCGCGAGGTGTCCGAGTCGTACGCGGACCTCGTGAACAAGACGAAAGTCATC
CAGTCGACGGACGTGTCCAACTACTTTGTGGTCGGCACCATCTCGCACCTGAGCAACGCGCTCGAGGCTGCCCAGACGAA
CAACTGGAAGCCACGCCATCACTGCTGGGTTCTGGTCACGAAACAGGAGGGCGAGCCGGTGTGCGAGAGCTGCGCCGGLC
ACGAGGTGCTCTTCGTGCATCCGGTCGACGCCGAAGACAAACGGATCGGCACCGACGGCGACTACGGAGCCGAGAAGTT
GGACGGACGTTTCTACGAGGACATTGTCTACCACATGGTGATACGTATCTTCGCCTCACCACGCTACTCGAAGGAACCGAT
CGAGGCCAGCTGTCCCGGCAGGCCTGTGGCCCGCAAGAATTACAACCTCCTGGCAGCGCTAACGTCATCGAAGCTCATGA
GTCGGTACGGCGAGATCATCTTCCACGATTCGGGCAACAAGCCTGGCTATCAGGCCATCAAGATGAAGGTGGCGCACTTC
AACTACACAGCGGAAAAGACGCGGCAAGATAACGAAAAGGGATACTTCATATATCAGGGCGATTCAAAGTCGGTCGCCT
GGTTGAAGAGTGACCAAACCGCTATGGAACAATTCGGCTCCGTGACATTCTACAAGGTTGTGACCACCATTCAACCGCCG
TTTGTATACCGGGGTAATGGGACAGGACCGGAGTTTAAAGGCTACTGCATTGACCTCATCGACGAGATCAAGAAGATCCT
CAAGTTCGAATACAGCATTTATGCTGTTGCCGATGGACACTTCGGTTCAAAGAAGAAAGAGACTGGACAGTGGAACGGGC
TCATTGGTGAACTCGTCCGAAAGAAAGCTGAGATCGCTTTAGGTCCGATCGCAGTTATGGCGGAACGTGAGACGGTTGTG
GACTTCACCGTGCCCTATTATGACCTCGTCGGCCTTTCAATCCTCATGAAGAAGCCGGAAATTAAGCCGTCGCTGTTCAAA
TTCCTCACCGTGCTCGAGACAAACGTGTGGGGCTGCATCCTGGCCGCCTACTTCTTCACCTCATTTCTTATGTTTATCTTCG
ATCGGCTTTCACCGTACAGCTATCGGAACAACAAGGAGAAGTACAAGGACGACGACGAAAAGCGCGAGTTCACTCTCAA
GGAGTGCCTCTGGTTCTGCATGACGTCGCTGACGCCGCAAGGTGGCGGCGAGGCTCCACGCAACCTGTCCGGTCGGCTAG
TGGCGGCCACGTGGTGGCTGTTCGGCTTCATCATAATCGCGTCGTACACCGCAAATTTGGCGGCCTTCCTCACCGTGTCGC
GTCTCGAGTCGCCGATCGAGTCGCTCGATGACCTCTCCAAGCAGTACAAGGTCAAGTACGCGCCGCAGGCCGACACGACC
GCGTCGACCTACTTCTATCGAATGGCCAACATCGAGGAAAAGTTCTACGAAATCTGGAAGAACATGTCCCTCGACGATAC
GCTCACTGACGACCAGCGAGCGGAGCTGGCCGTATGGGACTATCCTGTCAGTGACAAGTACACAAAGATCTGGTGGACCA
TGCAGGAAGCGAACTTGCCCAAGAGCTTTGAAGAAGGCGTCAGCCGAGTGAAAAAGAGCCAGGGTAGCGATGGATTTGC
GTTTATCGCCGATGCAACGCAAATCAAGTACGCTACAATGACGAACTGCGATCTGACGCAGATCGGCTCCGAGTTTTCGC
GCAAACCGCTGGCCCTGGCTGTTCAGCAGAACTCGCCATTGCGCGATCAGCTATCTAGCGCCATTCTGAAGTTGCTGAATC
AGCGCAAGTTGGAAAGCCTCAAGGAGACCTGGTGGAACCAGAATCCGGAGAAAAAGAACTGTGATGATGAGGGCAAGAA
CAACGACGGTATCTCCATCAAAAATATTGGTGGCGTGTTTATCGTGATCTTTATCGGCGTGGTGATGGCATGCATCACGCT
CGTGTTTGAGTACTTCTGGTACAAGAATAAGAAGCCTCGCTCAAAGGTTGTGTCAGTCAAGGACCACATGCCGCAGAAAA
AGAGTGAAGACAAGCCAACTTCGCTTATACTATGA

>DegallR25a (amino acid)

MIEGALHKKENKRYQRKDKAKATGRLARQPAVITEKKYDLARQAIDNGFKRAKNDGKDIQWQFVVMESDAEPKGLCDMILA
SKPSLVVNTVRTPGSNYYKLTKAIKETLRNLAMPTLDLSYGSTDDYQMSGWMGKTSDENSYLVHVTPPADSYTQAVRELSIRM
DLATAGILYDRTVIIDHKYARLLENVPTRHIMREVSESYADLVNKTKVIQSTDVSNYFVVGTISHLSNALEAAQTNNWKPRHHC
WVLVTKQEGEPVCESCAGHEVLFVHPVDAEDKRIGTDGDYGAEKLDGRFYEDIVYHMVIRIFASPRYSKEPIEASCPGRPVARK
NYNLLAALTSSKLMSRYGEIFHDSGNKPGYQAIKMKVAHFNYTAEKTRQDNEKGYFIYQGDSKSVAWLKSDQTAMEQFGSV
TFYKVVTTIQPPFVYRGNGTGPEFKGYCIDLIDEIKKILKFEYSIYAVADGHFGSKKKETGQWNGLIGELVRKKAEIALGPIAVMA
ERETVVDFTVPYYDLVGLSILMKKPEIKPSLFKFLTVLETNVWGCILAAYFFTSFLMFIFDRLSPYSYRNNKEKYKDDDEKREFT
LKECLWFCMTSLTPQGGGEAPRNLSGRLVAATWWLFGFIIIASYTANLAAFLTVSRLESPIESLDDLSKQYKVKYAPQADTTAST
YFYRMANIEEKFYEIWKNMSLDDTLTDDQRAELAVWDYPVSDKY TKIWWTMQEANLPKSFEEGVSRVKKSQGSDGFAFIADA
TQIKYATMTNCDLTQIGSEFSRKPLALAVQQNSPLRDQLSSAILKLLNQRKLESLKETWWNQNPEKKNCDDEGKNNDGISIKNI
GGVFIVIFIGVVMACITLVFEYFWYKNKKPRSKVVSVKDHMPQKKSEDKPTSLIL

>DegallR93al (CDS)

ATGAACACCGCCGTAGCGGGCGAGTACCTCGAGATGATTATGCGGGCCGTGGAAGGAGTTCGCGGCAACGACAAGGTGA
ATTCGGCCGCCTCGGTCGCCCTCTGGGAGTACTGTCCACCTTCGGCACGAGCTGCCGGAAAATGCGGACTTAACTCAGCCT
CGATGAGAGGTATTCTTGACGCCTATCGTACGAATCCAAAGAAAAAGGACGACCGCGAGTTCATCGTGATCGGCGACGAA
GAACTGATACTCGATTTCTTCGAGCGCAGCGTCGACTACGGAATGTTCAGCTTGTTTCGAGAGTATTTCATTATTTTGACGA
CGCCATACTCCGACACGGTCAAGGATTTCATCTTCGAGAAAATCAGCAGCGACGCGAACGTCGCTGTTGTCTCCACAGAC
GTTCGGAACGAAGACTGTCCGATAACTGACAACTGTCAAATTGACCTGCCGATAAACGCATATATGAACGCAGTTACTAA
TAATCCCGACCTATTCGGTCGAAACGTGGACAAATTCACCCACAAGTACACCATCAGCAAAGCCGTTCGGGATGAGTTGC
GGGAGTCGGGGACATGCGGCTTCTGCGCAAAGTACACAGTACGCACCTTGACCGTCAAGGCGGGACGTAAAACCTTCGAC
CCGGTGGCCGTGTGGGACTACTTCAACGGTCTCCAGATGATCGACAACGTCAATCGAGTCAACTACCAGCTGTTTCCTCGC
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TTCCTTGGCGATATGGGCGGAGTGACTCTTCGCATCGGCGTTATAAACGAGCCACCGATGACTGAAGTCCATTCGAAGGA
GGGCCGCGTCATAAGCGTGAATGGAACTCTTATTGACCTCCTGAAAGAGCTCGCCAGAAAGCTAAATTTTACGTACACATT
CGTCATGCCCGCGGAGCCTGTACCCGGCCTAAAACAGCCAGATGGCCGCTGGTCAGGGTTAATTGGACTTCTCGTACGCC
AGGAAGTAGATCTTGCCCTGTACGATTTCACGCCAACAGCCGATCGGCAGCAAGCTGTAAACTTTACGGTGGCGTTCGAT
GAGTCGCCGTACAAGTTCCTCGTGCCTCGGCCAAAACCCAACTACAAATACCTCTTCCTCGATCCGTTCACCTGGGACACA
TGGCTAGCGGTCCTGGGAACGGTAGTGATTATTGGCCCTGTACTGTGGTGCGTTCACATCAACTCCAAGTTCTACGACTAC
TATGATATGCGTGACGGTAAAGGACTGTTCAAGCTATCAAATTGCGAATGGTACTGCTTCGGCGCCATCATTCAGCAAGGT
GGCATTCATCTTCCAGACGCCATTTCTGGCCGGATTCTGGTCGGCTTTTGGTGGCTTTTTGTCATCGTCACCCTGACTACGT
ACTCGGGAAATCTGGTCGCCGACCTGACCTTTCCGAAAATCCGTAACCCGTTCGACACTGTCGATTCGCTCCTTAGGTCAC
AGATGTCTTGGGGAGCCTTCAAAGGGCAGGCCGTTATCGAAATTCTCAAGCTTCAGCAACAAGGACCACTGACCGAGCTT
TCGAAGAAGTTGGCCCACATCGAAACGGCCCACGAAGGCTGGGCCCTAAAGGAAGTCGCCGACGGCAACATGGCGCTCA
TCGGATCTGAAGTGACGCTGTTCCACTACATCGGGAAGCAGTACATCAAGACGGGAGACTGTCACTACGCTGTCGCGAAG
GAGGAAATCATCCGCGAGGTCAAAGTACTCGCCGTCCGGCCAGGATTTCCTTTCCTCGCCCGTTTCAATACTTTACTGACT
CGGATGGTCGAAACGGGCCTGGTCATTCGCTGGAAGAAGAAGTACTGGCCGAAAGAGAACGAGTGCACGGTCGAATCCA
AACCTCAGGCCGGAGATATCCGCAAGATCACCATCTCCCATATGGAAGGCTCGTTCTGGGTATTGGGCGTCGGTTTCCTCA
TTTCCTTTATGCTGCTTGGCATCGAGCTACTGCGAAAGCGACGCCAGCTCCGAGACCCCAGCGGAGGCAAACTTCAACGC
GTCAGTCCGACCGACCTCAAGGAGAACCTGTTCCGTAAGACCGGCTACTCGGACACGAGTCACTACAACACCGAGTATGG
CAGCGCGGGCGGTGCTGGTAGGCCGGCCGGGGGCGCCGGGAAGCCGGGTCACCAGGCAGGTTACAGCTTCGAACCGTCG
AACACGCCTTTCCGCGGCTACTCCGGCTTCCCGAATCGGACCGACCTTATACCATACAACTATCCGGCGAGACGCTACTAG

>DegallR93al (amino acid)

MNTAVAGEYLEMIMRAVEGVRGNDKVNSAASVALWEYCPPSARAAGKCGLNSASMRGILDAYRTNPKKKDDREFIVIGDEEL
ILDFFERSVDYGMFSLFREYFIILTTPYSDTVKDFIFEKISSDANVAVVSTDVRNEDCPITDNCQIDLPINAYMNAVTNNPDLFGRN
VDKFTHKYTISKAVRDELRESGTCGFCAKYTVRTLTVKAGRKTFDPVAVWDYFNGLQMIDNVNRVNYQLFPRFLGDMGGVTL
RIGVINEPPMTEVHSKEGRVISVNGTLIDLLKELARKLNFTYTFVMPAEPVPGLKQPDGRWSGLIGLLVRQEVDLALYDFTPTAD
RQQAVNFTVAFDESPYKFLVPRPKPNYKYLFLDPFTWDTWLAVLGTVVIIGPVLWCVHINSKFYDYYDMRDGKGLFKLSNCE
WYCFGAIIQQGGIHLPDAISGRILVGFWWLFVIVTLTTYSGNLVADLTFPKIRNPFDTVDSLLRSQMSWGAFKGQAVIEILKLQQ
QGPLTELSKKLAHIETAHEGWALKEVADGNMALIGSEVTLFHYIGKQYIKTGDCHYAVAKEEIIREVKVLAVRPGFPFLARFNT
LLTRMVETGLVIRWKKKYWPKENECTVESKPQAGDIRKITISHMEGSFWVLGVGFLISFMLLGIELLRKRRQLRDPSGGKLQRV
SPTDLKENLFRKTGYSDTSHYNTEYGSAGGAGRPAGGAGKPGHQAGYSFEPSNTPFRGYSGFPNRTDLIPYNYPARRY

>DegallR93a2 (CDS)

ATGACGACTTTCTTCAAACTTCCTTCTTACAAAATGTATCGTTTCAAGATGGTCAGCTCAGTGCCGAAGCTTGAGCATGTC
GCCGACTGGAATCTCACCAGCGGCATCTACTTCAGGAAAGAGGTTCCTCCAGGCAAGGAAAGCACTTTCTACGAGGATCT
CCTGCCTCCATTTACGGGTGGCTTTGGCAAAAATGTCGTCTTGCGCGTCGGACTCTACCATTACCCTCCAGTAACGATGATT
GAGTACGAGACGGACGCCAACGATGACGATGGTAGTACGAAGCGAATTAAAAAGGTGAACGGCACACTTGGAGACATGA
TCCAGGTCTTTGCTTCACGCCTCAATTTTACGATTCAATGGGTGGTCGCCAAGGAGCCGGAACCAGGCATGCCGGACAGTA
AGGGCAATTTCACCCGCGGCATAATGGCGCTGTTCGAGAAGAAGGAGATCGATATCGGGCTCTACCCGTTCATCATCACG
CAGGATCGCTCGCGGCTGGTCGATTGGACAGTGGGCATCGAGGGCATGTACGTGCGTTTCCTCGTCATGTGGCCGCACATC
AACTACAAGTACATGTTCTTCGTGCCGTTTGCCTGGGATACGTGGGTATGCACGTTCGCCACGCTTTTCATCGTCCCTGCGG
TGCTGTGGTGCGTTCACCACAACTCCAAGTTTTACGACTACAACGAGATGCGGCGCGAGGGTGGTCTCAGCTCGCTGTTCA
ACTGCTACTGGTACATTTGGTGCGCCTACATTCAACAGGGCGGTACGTATCTTCCGGAAGCGTCATCGGGTCGTACGCTGG
TTAGCTTCTGGTGGTTATTCGTGGTTATATCGATGACGACCTATTCGGGTAACCTTGTCGCCGAGTTCACGTTTCCTCGCGT
TCGCTACAACCTCGTCTACGTGTCCCAGCTCGTTTCGTATCGGAGGACGATGGACTGGGGAGCCTGGAGGGGTACCGCTTT
TAAACAGGCACTAGGTGAAGACCACGGCCGACTGAACTGGCAAATCTATAGGCGGATGAGAGAGTTTGATCCGGCTGAC
AAGGACCATGTTCTTCATAGGGTCAAAGGAGGAAAACGCGCTCTCATCGATAATGAGATCCATCTTCGATACTTCATGCTT
CGGGCTCTCTTGCAAAACAAGCGTTGCGACTTTTACGTGTCGAAGGAACCCCTATACGAGTACTCGTCGCATATCGCCGTA
CGAAAGGGCTTCCCCTATTTGGCACGATTCAATGAACGAATTGGCCGTTCAATTCAGCGCGGACTGTACGCCGGTTGGGTG
CAGAAGCATTGGGCCAGAGAAAGTGAGTGTACCGTTGAGGCAAAGGTGCACGGAGGAGATCGCCGCGTAGTGGCCCTAA
ATCAAATCGAAGGCGCCATCTGGGTGCTGGGTATCGGCTGGGCTATGGCATTCATTATACTCGCCATCGAATATCTTCGGA
AGCGGCGCGAGCTCCTGCCTCCGACATCGGCAACAGACCTGTCTAGTTCCGACATCATTAGCGGCGGTGGTGATAACGAA
CACGACGTGTACAACACGCAGTATGCCGACAAATCCATGTTCCGGGCCCAATTCGACTCGGATTTCGGCCTGAAGACAAA
AGGCTCGCCCTCGGCCGGATTTACGTTCGATCCGCCGTCAGCACCATTTCGCTACACGGGATTTCCGAACAGAAGCGATCT
CGTCCAGTATGGCTATCCGGCGCGGCGCTATTAA

> DegallR93a2 (amino acid)

MTTFFKLPSYKMYRFKMVSSVPKLEHVADWNLTSGIYFRKEVPPGKESTFYEDLLPPFTGGFGKNVVLRVGLYHYPPVTMIEYE
TDANDDDGSTKRIKKVNGTLGDMIQVFASRLNFTIQWVVAKEPEPGMPDSKGNFTRGIMALFEKKEIDIGLYPFIITQDRSRLVD

WTVGIEGMYVRFLVMWPHINYKYMFFVPFAWDTWVCTFATLFIVPAVLWCVHHNSKFYDYNEMRREGGLSSLFNCYWYIWC
AYIQQGGTYLPEASSGRTLVSFWWLFVVISMTTYSGNLVAEFTFPRVRYNLVYVSQLVSYRRTMDWGAWRGTAFKQALGEDH
GRLNWQIYRRMREFDPADKDHVLHRVKGGKRALIDNEIHLRYFMLRALLQNKRCDFYVSKEPLYEYSSHIAVRKGFPYLARFN

ERIGRSIQRGLYAGWVQKHWARESECTVEAKVHGGDRRVVALNQIEGAIWVLGIGWAMAFIILAIEYLRKRRELLPPTSATDLS

SSDIISGGGDNEHDVYNTQYADKSMFRAQFDSDFGLKTKGSPSAGFTFDPPSAPFRYTGFPNRSDLVQYGYPARRY
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>DegalOBP1 (CDS)

GCAATCTGAAACAATCACTGCTTGTTGTGTTGTTTGTCTCTCCGCCAACGCCAAAACCAACAATCACTGCGATTACTAACT
ACGGCTGATCGTTTTACTGCTGCTGCTGCTAACACTGCGACAACGTAAACAGACACAATGAAGGCAATCGTGCTTGTGGCT
TTGGCTGCTGTAATCTACGTTGTCTCCGGGGATACGGCGACGGGCGATCATAACGAGGACACAAGCAAATTTGGCAAGTG
GCGCAGTTGTATCGCGGAGAAGTTGCCCGCTGACAAAAAACCTGTTTTCGATGGTTGCGCTACGAAACCAGGTGGCACTG
ATCAGAGCAAGTTCCGCCGAGGACTGGGTTGCGTTCTTGAGAGCTATGGTCTAACTAAGGATCAAGAGGTGGATCTCAAG
AAAATGGGATCTACGGCCGCCTCCGTAAGCTCACCAGAACTTAAGAAGGCCTTCCAAGAGTGTCCGAAGGATGAAAAAA
ATTCTGCGGAAGATCGAACCATAAAGTGCGTGATCGACCACCTTGAGACGCAGTGCAAGGTGGAACAGTAAGCCTCCGGA
TTGTACCGCAGGTAGACCAACTACCTGCATGCGCGCGCGCCGCGGTACTCGAACTGAGCCTAGCGGCCGAAGGAAGCATA
TCAACCAGATAACAGACCAAAGTTACGGCCATAATATGTTGGCCACCGTGCGGGAACCCGTTGACATGAATAACCACATG
ATCGCTTACACACCTCATCAAGATTACTAATTCATTCAAAGGTATTTGGTGTTAGTAATAAATGCGTAAACAGCAGTACAG
CCTGTATGGACAGTAGAAAAAAA

>DegalOBP6 (CDS)

ATGAAGGTCTTCCTGTTTGTCGCCGCAGCCGCCTTTGTGGGCCTCGCTTCGGCCGCACCTCAGGCCCAGCCGGCTGCGGCA
GCTGCACCAGCAGCGGCGGCTCCTGCCAAAGCTCCCGTCATCGAGTGGGGCAAGTGCGAACAGCTGAAGCCCTCGGACTC
CGAACGTACAAGCAAGGCTCAAGTTGTGGACAAGTGTCTGCAGACGCTCCCGCTTCCCGACCCCGAGAGGGCTACCCAGC
AGGACATCGACAAACACCGTGAAGCTGTTACCACCTGCGCTCTGAAGGCTGAGGGCTGGTTCGATGAGAGCGGCGTCTAC
AAGTTCGACCGTGCACGTAACGAGATCAAGAACAAGAAGCTCGAGAGCGAAATTGAAGCCGCTGTTCTCGTCAAGCACG
ACGACTGCCAGAAGGAGGCTACCGAGAAGCACCAGGACTTCATCAACCAGGTCCAACTCTACCAGGCCTGCATGGACTAC
AACATCTCGCAGATCTGTGGCATTAAGGTTACAGTCTAG

>DegalOBP6 (amino acid)

MKVFLFVAAAAFVGLASAAPQAQPAAAAAPAAAAPAKAPVIEWGKCEQLKPSDSERTSKAQVVDKCLQTLPLPDPERATQQDI
DKHREAVTTCALKAEGWFDESGVYKFDRARNEIKNKKLESEIEAAVLVKHDDCQKEATEKHQDFINQVQLYQACMDYNISQIC
GIKVTV

>Degal TRPA (CDS)

AATACGCCACTGCATTCGGCGTGCTCCAACGGCGCTGCAAGAGCAATAGCCTTCTTTATCCAGCATGACCCCGAGCAGCTC
GAGTGCTTCAACAAGGAAAATCAAAGTCCGCTGCATCTTGCAACGCAGCTTAATAAGGTGGAGTCGCTGAAAGCACTCTG
CAACTTTAAGGCCCAAATCGACGTCGAGCAGAGGAGCAAACATGGCAGAACGGCACTTCATCTCGCCTGCATCTCAGACA
ATGCTGAGGCGGCGCTTGTCCTGCTGCGGGACTTCGGCGCCTCACCGAAGACGACCTGTGACAATGGCTTCTACCCGATCC
ATGAAGCGGCTAAAAACGCATCAGCCAACGCAATGAGAGCCCTGCTCGAATTCTGCGAGTCGATCGGCATCCCACGTGCC
GAAATGATGAAACTCTTTGATGCCGATGGCAACGTACCCCTCCACTCGGCTGTACACGCCGTCGAGAACTGGATACCCTCG
CCTCGAACGCCGCCCAGGCCTCATTACCCGGCTTTGTCCTGCCTGGCCGAACGAGCGAAGAAGCCGACGGCGGGACTGGC
CCCCTGGCTGATCAAAGCAGTCGAACTCTGCCTGGAATCGGGTGCGCTGATCTCGACCCAGCAGCACGATCTCTCGACTCC
GGTTCACCTCGCGTGCTCTCAAGGCGCCATCGATATCGGCTGCCTGACATGCGCCGACGCCCAAAACATGACGCCTCTACA
TTGCGCCGCCATGTTCGACCACGTGGAGCTAGTGAACTTTCTGGTCGGTGAAGGCGCATCATTGAACGCTACCGATAAGG
AGGGCCGTTCCGTTATCCTGCTCGCGGCCGCAAGAAGCGCCTGGAAGACGGTGACAAACGTTCTTCAGCTCGGAGCGGAT
TTGGGCCTGCAGCGCGACAACCAAGGACGCAATTTGTTGCACCATATTGTGCTCAGTGGGGGCTCGATCGAAGAGTTTAC
CGCCAGCATCAACGATCGACTCAACGACTTTAACCAGCTTCTCAACGAGAGGGACACGTATGGATGTACGGCGCTTCACT
ATGCTGCACGCAACGGCCAGCTGAAGAGCATCCAATCGCTAATAGCACTCGGAGCCTCGGTCAACCTGAAAAACAACGAA
AATCAGTCTCCGCTTCATTTCGCCGCAATGTATGGACGACTGAACACGGTGCGGCAGCTGCTCGACAGTAAGAAGGGCCA
CCTGATCATCAACGAGATGGACGGACAAGGCAAAACACCGCTTCACATTGCCTCGCAATGCGGGCATGTGCGTGTCGTGC
ATCTGCTTCTCGTTAAAGGTGCTCTGCTCCACCGCGATCATAAGGGTCGAACTCCGCTGCACTACGCATCGATGAACGGCT
ACAACAACACCATGGATCAGCTGCTGGCGGTGCACTCACATCTGCTCGATCAAACTGATCGAGATGGGAATACGGCATTG
CATATGGCCGCTATGAAGAACCGCTCGCGGACTGCTGTCAACCTACTCAATCTGAACTGCAAAATCATGAAGAACGGTCT
TGACATGACACCAATGGACTACGCGTTACACTACAAGCATTCCGAGGTGGCGATGGCCATGGTAACGCATCCCTCAAGGC
ACCGTATCCTGACTGGTTACAGAAGTGAAGAAATCATGACATGTCAAGTAAAAACCTACGGCTGTCTCGTTGAGGGACTC
ACAGCGGTAATGCCGGAGGTTATGATGACCGTTCTCGATCGAGGTATTTCGAAGTCGAAGATGAGCTACGAATCCGACGA
GTACTACACGAGCGCGTTTCGCTGGCTGGGCCCCGAGTGC

>Degal TRPA (amino acid)

NTPLHSACSNGAARAIAFFIQHDPEQLECFNKENQSPLHLATQLNKVESLKALCNFKAQIDVEQRSKHGRTALHLACISDNAEA
ALVLLRDFGASPKTTCDNGFYPIHEAAKNASANAMRALLEFCESIGIPRAEMMKLFDADGNVPLHSAVHAVENWIPSPRTPPRP
HYPALSCLAERAKKPTAGLAPWLIKAVELCLESGALISTQQHDLSTPVHLACSQGAIDIGCLTCADAQNMTPLHCAAMFDHVEL
VNFLVGEGASLNATDKEGRSVILLAAARSAWKTVTNVLQLGADLGLQRDNQGRNLLHHIVLSGGSIEEFTASINDRLNDFNQLL
NERDTYGCTALHYAARNGQLKSIQSLIALGASVNLKNNENQSPLHFAAMYGRLNTVRQLLDSKKGHLIINEMDGQGKTPLHIA
SQCGHVRVVHLLLVKGALLHRDHKGRTPLHYASMNGYNNTMDQLLAVHSHLLDQTDRDGNTALHMAAMKNRSRTAVNLLN
LNCKIMKNGLDMTPMDYALHYKHSEVAMAMVTHPSRHRILTGYRSEEIMTCQVKTYGCLVEGLTAVMPEVMMTVLDRGISK
SKMSYESDEYYTSAFRWLGPEC
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Appendix B: Primer sequences

D. gallinae CDS
Gene name Locus/genelD Primer Primer sequence (5'-3') Amplicon, bp
Fud AATACGCCACTGCATTCGG
DegalTRPA DEGAL4267g00010 1806
R GCACTCGGGGCCCA
ev
Fud ATGGCAACGGCCAACA
DegalGR DEGAL6532000230 5970
Rev TTATCGCATTGAGGGCGG
Fud GCAATCTGAAACAATCACTGCT
DegalOBP1 Bhowmick et al. 2020 825
Rev TTTTTTTCTACTGTCCATACAGGC
Fud ATGAAGGTCTTCCTGTTTGTCG
DegalOBP6 DEGAL4094g00030 519
Rev CTAGACTGTAACCTTAATGCCACA
Fwd ATGATTGAAGGCGCGCT
DgallR25a DEGAL 3221900050 2676
Rev TCATAGTATAAGCGAAGTTGGCT
D. gallinae qPCR primers
Gene name Locus/genelD Primer Primer sequence (5'-3') Amplicon, bp
Fwd
DegalOBP1 NA TGCGTTCTTGAGAGCTATGG
Rev TTCATCCTTCGGACACTCTG 126
Fwd
Degal TRPA R1 DEGAL4267900010 AACCTACGGCTGTCTCGTT
Rev GCTCGTGTAGTACTCGTCG 121
D. gallinae RNAI primers
Gene name Locus/GenelD Primer Primer sequence (5'-3') Amplicon, bp
Fwd (Ncol)
DegallR25a (Region 1) DEGAL 3221900050 CCATGG ACAAACTGACGAAGGCCA 474
Rev (Nhel) GCTAGC CCCTCCTGTTTCGTGACCA
Fwd (Ncol)
DegallR25a (Region 2) DEGAL3221g00050 CCATGG AGTGAAAAAGAGCCAGGGT 317
Rev (Nhel) GCTAGC ACGATAAACACGCCACCA
Fwd (Ncol)
DegalTRPA (Region 1) CCATGG AGGTGGAGTCGCTGAAAG 513
DEGAL4267g00010 Rev (Nhel)
GCTAGC TGAACCGGAGTCGAGAGAT
Fwd (Ncol)
DegalTRPA (Region 2) DEGAL4267g00010 CCATGG CCCAAAACATGACGCCTCT 534
Rev (Nhel) GCTAGC TTGCCTTGTCCGTCCATC
Fwd (Ncol)
DegalGR (Region 1) A CCATGG CGCCTGATCGAGTCCTTT 12
900230 Rev (Nhel)
GCTAGC TTGTTCACCTCTTCCGCC
Fwd (Ncol)
DegalGR (Region 2) CCAAGT CCAAGTCACAAAAAGCCACA 503
DEGAL6532900230 Rev (Nhel)
GCTAGC TAAGAGGTGGTTGGCCGT
Fwd (Ncol)
DegalOBRL (Region 1) NA CCATGG ATGAAGGCAATCGTGCTTGTG ”
Rev (Nhel) GCTAGC TTACTGTTCCACCTTGCACT
Fwd (Ncol)
DegalOBPS (Region 1) eoALioon CCATGG TCTTCCTGTTTGTCGCCG a1
900030 Rev (Nhel)
GCTAGC TGGTTGATGAAGTCCTGGTG
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