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Abstract 

 

Ixodes ricinus is an important vector of various pathogens of medical and 

veterinary importance in western Europe, including bacteria, protozoa and viruses. In 

Ireland, there has never been a national survey of ticks or tick-borne diseases. I. 

ricinus is the only exophilic tick present on the island, and it is the primary vector of 

borreliosis, babesiosis, anaplasmosis and Louping ill. This study aimed to optimise 

molecular assays and employ them to investigate the distribution and prevalence of 

different Borrelia species, Babesia divergens and Anaplasma phagocytophilum in I. 

ricinus nymphs collected from woodland sites and farms throughout Ireland between 

2017 and 2019. Chapter 1 summarised the most important tick species worldwide 

and in Ireland, their life cycle and the most important tick-borne diseases. It also 

describes the most recent molecular assays used to investigate tick-borne pathogens 

and microbiomes and discusses strategies used to control ticks and tick-borne 

diseases. Chapter 2 investigated the distribution and prevalence of different B. 

burgdorferi s.l. genospecies in Irish I. ricinus nymphs using TaqMan and nested 

PCRs. In agreement with previous reports from Ireland we found a higher prevalence 

of Borrelia spp in woodland sites compared to farms which may be due to higher 

numbers of potential reservoir hosts in the former. Chapter 3 investigated the 

distribution and prevalence of Babesia divergens and Anaplasma 

phagocytophilum using optimised molecular assays. The results also showed a 

higher prevalence of A. phagocytophilum in woodland ticks compared to those 

collected from farm sites. In contrast the prevalence of B. divergens was higher in 

ticks collected farms confirming that cattle are the primary hosts for B. divergens. It is 

suggested for future research to investigate the presence of other pathogens not 

included in this study and to examine the role of different potential reservoir hosts to 

get a better understanding of tick-borne pathogens and their enzootic cycles in 

Ireland. 
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1 Chapter 1: Literature review 
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1.1 Ticks 

Ticks constitute the suborder Ixodida in the class Arachnida. They can be 

distinguished from insects and other arthropods by having four pairs of legs, two 

pairs of appendages and the absence of wings and antennae. Ticks are closely 

related to mites. Together they form the subclass Acari. Mites which are usually 

much smaller lack certain anatomical features presented in ticks such as the 

hypostome and Haller’s organ.  

A total of 896 species of ticks have been identified worldwide. The majority of 

them belong to two families: Hard ticks (Ixodidae) and soft ticks (Argasidae). In 

addition, a third family, Nuttalliellidae, with has a single species, Nuttalliella namaqua, 

has been described from Africa. The family Ixodidae has 702 species divided into 14 

genera. Ixodidae are further divided into two groups: Prostriata, which comprise of a 

single genus, Ixodes, and Metastriata, including the remaining 11 genera. Ixodidae 

main genera are Amblyomma, Dermacentor, Haemaphysalis, Hyalomma, Ixodes, 

and Rhipicephalus. The family Argasidae consists of 193 species in two main 

genera: Argas and Ornithodoros. Recently doubts have been raised concerning the 

genus-level of Argasidae, with 26 new cryptic species described and more than 100 

argasids that are yet to be identified (Guglielmone et al., 2010, Mans et al., 2019). 

Ticks sizes arrange from 1-30 mm. The body is non-segmented and spherical, 

consisting of capitulum (false head) and idiosoma which comprises two parts, 

podosoma where the legs are attached, and opisthosoma (abdomen). Adult and 

nymph ticks have four pairs of legs, while larvae have only three. In contrast to soft 

ticks, hard ticks are characterized by a hard dorsal scutum which does not expand 

when the tick engorges. In Ixodidae males, the scutum covers the entire dorsal 

surface, while in females and immature forms it covers only one-third of their bodies 

which allows them to expand while taking the blood meal. The mouthparts of hard 

ticks are carried by the capitulum which is quite large in Ixodes ticks and smaller in 

other hard ticks. In soft ticks the mouthparts are less prominent and located ventrally 

and sub-terminal (Hillyard, 1996). 
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1.1.1 Life cycle 

Ticks undergo four developmental stages: eggs, larvae, nymphs, and adults 

(male and female). Ticks are hematophagous and require a blood meal before 

molting to the next stage. 

The life cycle of Ixodidae takes between one and six years to complete. Each 

life cycle stage feeds only once, although females forcibly detached from the host 

have the ability to reattach to continue their blood meal. For example, Ixodes ricinus 

females which had been detached after five days of feeding and having reached a 

body weight of 50 mg, were able to reattach to a different host and continue their 

blood meal (Apanaskevich and Oliver Jr, 2014). The majority of Ixodid larvae take 3-

6 days to engorge to repletion, while it takes nymphs 3-10 days and adult females 

feed during 6-12-day period. The exception are several species of Haemaphysalis 

(e.g., H. inermis) where it takes both larva and nymph only 1-3 hours to fully engorge 

(Hillyard, 1996, Sonenshine and Roe, 2013). 

There is some disagreement on whether mating takes place on or off the host. 

In 1987, Gray reported that the majority of I. ricinus female ticks mated in the 

vegetation rather than on the host (Gray, 1987). However, Apanaskevich and Oliver 

(2014) stated that exophilic species in the genus Ixodes (Prostriata), typically mate 

on the host, while endophilic species, which remain hidden in animal burrows and 

nests, usually mate off the host in the hosts’ nest. Mating of other hard tick genera 

(Metastriata) usually takes place on the host. Following feeding females drop off their 

host animal, digest the meal and lay one thousand to ten thousand of eggs in the 

vegetation before they die. Prostriata males do not feed but are often found on host 

animals looking for females, while Metastriata males typically take small blood meals. 

The majority of hard tick species, including all western European species except 

Hyalomma marginatum, are three-host ticks, i.e. each life cycle stage feeds on a 

different host. In contrast, larvae and nymphs of two-host ticks remain on the same 

animal while in one-host ticks, the whole life cycle occurs on a single host 

(Apanaskevich and Oliver Jr, 2014, Hillyard, 1996).  

Argasids have between two and eight nymphal stages. The number of instars 

varies even within the same species depending on gender, the degree of 

engorgement during the previous stage/ instar and environmental temperature. 
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Feeding typically takes place at night, Argasid larvae feed once, while both nymphs 

and adults feed at least twice. In larvae engorgement takes several days, in nymphs 

and adults only 15 minutes to two hours after which they leave their hosts. Molting 

and mating occurs off the host. Mated females deposit small numbers of eggs after 

each feed (up to several hundred in each batch) (Apanaskevich and Oliver Jr, 2014, 

Hillyard, 1996). 

 

1.1.2 Tick survival and host finding strategies 

Tick survival and activity are affected by temperature and humidity with 

different species differing in their specific optimum requirements and thresholds. For 

example I. ricinus requires a relative humidity of over 70–80% (Hauser et al., 2018), 

while Ixodes canisuga due to its relatively thick cuticle can withstand much drier 

conditions which explains their prevalence in dog kennels (Hillyard, 1996). 

Ticks have several strategies to locate and attach to a new host. Exophilic 

ticks (non-nidicolous) such as I. ricinus live freely in the environment. Their unfed 

stages wait for a passing host on the tips of vegetation or exposed ground surfaces 

with their front legs stretched out (ambush strategy), a behaviour called ‘questing’ 

(Sonenshine and Roe, 2013). Questing ticks can minimize evaporative water loss by 

moving into the more humid microclimate in the leaf litter during periods of low 

relative humidity. They can also absorb moisture from subsaturated atmospheres 

using salty solutions secreted by their salivary glands, which helps them to survive 

and quest for long periods (Sonenshine and Roe, 2013). In this way ticks can seek a 

host for several weeks or even months. Other exophilic tick species such as 

Hyalomma spp are hunters, i.e. they move towards their hosts following various 

stimuli such as body heat, body odours, carbon dioxide, ammonia or physical 

disturbance (the hunter strategy) (Sonenshine and Roe, 2013). In contrast endophilic 

(nidicolous) ticks (e.g., Ixodes hexagonus, Ixodes trianguliceps, Ixodes frontalis and 

Ixodes lividus) mainly inhabit their hosts’ nests and burrows or locations nearby 

where the temperature and humidity are consistently favourable, and the possibility 

of encountering a host is high (Sonenshine and Roe, 2013). 

The timing of the tick feeding season is determined chiefly by temperature and 

humidity (Dumic and Severnini, 2018). In Europe, questing tick density increases 
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gradually as weather conditions get warmer in spring until it reaches its highest peak 

in late spring/early summer. Subsequently questing tick density declines due to 

increasingly drier weather conditions during summer and reduced numbers of unfed 

ticks still seeking a host. In autumn, as environmental conditions become favourable 

again, a second, lower peak of questing ticks may be observed. The second peak is 

not observed if weather conditions are unfavourable (Herrmann and Gern, 2015). In 

Ireland, where the climate tends to be mild and humid for most part of the year, ticks 

can continue their host-seeking throughout the summer into autumn (Zintl et al., 

2017). 

Ticks can pause their activity and development during each active parasitic 

stage of their life cycle to avoid unfavourable conditions such as very low or high 

temperatures or absence of hosts. There are two types of arrested development, also 

known as diapause; behavioural and morphogenetical diapause. Behavioural 

diapause is the absence of host-seeking behaviour, and it is observed in unfed ticks 

of any life cycle stage, while morphogenetic diapause is a delay in embryogenesis of 

the egg, metamorphosis in fed larvae and nymphs and ovogenesis in engorged 

females (Gray et al., 2016b, Sonenshine and Roe, 2013).  Both types of diapause 

are induced when ticks are exposed to decreasing day length (short photoperiod). 

The sensitivity to photoperiod varies between different tick species, different life 

stages and their population origin (Gray et al., 2016b). 

 

1.1.3 The blood meal 

Ticks use sensory bristles, pedipalps and Haller’s organ (located on their front 

legs) to detect the presence of potential hosts, which include mammals, birds and 

reptiles (Sonenshine and Roe, 2013). As obligate haematophagous parasites, blood 

engorgement is essential for the tick’s development and survival. Feeding periods 

vary hugely, ranging from 7 to 12 days for hard ticks (with shorter periods in 

immature stages) and 15 to 13 minutes for all active stages of the majority of soft 

ticks (Sonenshine and Roe, 2013). In female hard ticks the ingested blood is 

efficiently converted into egg mass with females laying several thousand eggs before 

dying.  Larvae may hatch as soon as two weeks after oviposition. Alternatively 

hatching may be delayed by up to one year. Argasid ticks are drastically different 
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from the ixodid ticks; adults of the majority of soft ticks can feed up to six times and 

oviposit after each blood meal. The number of eggs laid by each female usually is no 

more than several hundred after each feed. There are some exceptions to this rule, 

e.g. adults of the genus Otobius which do not feed and females of some 

Ornithodoros species which may oviposit the first or even the second batch of eggs 

without prior feeding (Gray, 1982, Sonenshine and Roe, 2013).  

Ticks have extremely well-adapted mouth parts. After finding a suitable spot 

on the host's skin, ticks use blade-like structures (chelicerates) to pierce the 

epidermis, before anchoring themselves firmly by inserting their denticulated harpoon 

(hypostome) into the integument. In Ixodid ticks, the attachment is further enhanced 

by the secretion of proteins that polymerize to form a cement-like cone which 

prevents premature dropping off. Following attachment, the tick obtains blood by 

induced hemorrhage (Sonenshine and Roe, 2013).  

During feeding, saliva is secreted from two large salivary glands located in the 

anteriolateral region of the body, via salivary ducts connected to the mouthparts. Tick 

saliva plays a crucial role during engorgement, particularly in hard ticks because of 

the long duration of their blood meal (Lewis et al., 2015, Mihaljica et al., 2017, Nuttall, 

2019). Tick saliva is a rich and highly diverse mixture of digestive enzymes, 

coagulation and pain inhibition factors, proteins that facilitate wound formation and 

dilatation of blood vessels in the host’s skin.  

 

1.1.4 The clinical significance of ticks 

Infestation of susceptible hosts by large numbers of ticks may cause irritation, 

unrest, weight loss and anaemia (Rajput et al., 2006). Some constituents in tick 

saliva can suppress the host’s local immune responses (Bonnet and Boulanger, 

2017, Sonenshine and Roe, 2013) increasing susceptibility to local infections such as 

pyaemia caused by Staphylococcus aureus or blowfly myiasis. Local allergic 

reactions at the site of the bite are also occasionally reported.  

Mammalian meat allergy and tick anaphylaxis are considered to be the most 

severe tick-induced allergies. Mammalian meat allergy has become increasingly 

prevalent in tick-endemic areas such as Australia with 25 cases reported in 2007 

(van Nunen et al., 2007), and the United States, 24 cases reported in 2009 
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(Commins et al., 2009).  Isolated cases have also been reported from every continent 

where Ixodes spp, Haemaphysalis longicornis and Amblyomma spp are endemic and 

bite humans. In Europe, Germany had the highest incidence with 21 cases reported 

in 2012 (Jappe, 2012), followed by Spain with 4 cases in 2011 (Nuñez et al., 2011), 

Switzerland with 3 cases in 2014 (Michel et al., 2014). Both France and Sweden had 

two reports each, in 2009 and 2013 respectively (Hamsten et al., 2013, Jacquenet et 

al., 2009), and finally one case was reported from the UK in 2015, Italy in 2016 and 

Norway in 2017 respectively (Arslan, 2017, Gray et al., 2016a, The Scotsman, 2015). 

In contrast tick anaphylaxis which may be fatal occurs mostly in Australia (van 

Nunen, 2018). 

Finally tick paralysis caused by salivary neurotoxins is chiefly associated with 

certain tick species present in tropical regions in Australia, Africa, North America, and 

rarely in Europe. It can affect humans, dogs, cats, sheep, cattle, goats, pigs and 

horses (Herndon et al., 2018, Kularatne et al., 2018, Padula, 2018). Reports showed 

that infestation with a single tick may be fatal for a dog or sheep (Baker et al., 2018).  

However, the main reason why ticks have attracted a lot of attention in the 

scientific and medical community is due to their ability to transmit a broad range of 

pathogens causing diseases to both humans and animals (Sonenshine and Roe, 

2013). As the tick-pathogen relationships are highly species specific, tickborne 

pathogens will be discussed after a description of the tick species present in Ireland.  

 

1.2 Tick species present in Ireland 

To date just 13 species of ticks have been reported from Ireland (as reviewed: 

(Zintl et al., 2017)). Four of these parasitize human and domestic animals (I. ricinus, 

I. hexagonus, I. canisuga, and Rhipicephalus sanguineus). The rest are considered 

to be primarly wildlife parasites (I. trianguliceps, I. verspertilionis, I. frontalis, I. lividus, 

I. rothschildi, I. unicavatus, I. uriae, Argas vespertilionis and Ornithodoros maritimus).  

I. ricinus, I. hexagonus and I. canisuga are three-host ticks. Larvae and 

nymphs infest a broad range of hosts including small and large mammals, birds, 

reptiles, and bats, while adult females primarily feed on medium to large mammals 

such as deer, dogs, sheep and cattle. Males are seldom observed attached to a host 



 8 

since they usually drop off after mating with a female (Hillyard, 1996, Sonenshine 

and Roe, 2013). As discussed earlier the males do not feed.  

 

1.2.1 Ixodes ricinus 

In Western Europe, I. ricinus (also known as the ‘castor bean tick’ or ‘sheep 

tick’) is the most important vector of veterinary and medical importance pathogens 

including viruses, bacteria and protozoa (Medlock et al., 2013, Parola and Paddock, 

2018, Parola and Raoult, 2001).  

In Ireland, I. ricinus is the most common tick species, and it is the only known 

exophilic tick present in the country. It can parasitize a wide range of hosts (reptilian, 

avian and small and large mammals including human and livestock) and transmit 

various tick-borne disease (TBD) agents. It is considered to be the most important 

TBD vector in Ireland (Zintl et al., 2017).  

 

1.2.2 Ixodes hexagonus 

I. hexagonus (also known as ‘hedgehog tick’) is a widespread tick species in 

western Europe, second in abundance only to I. ricinus and also an important vector 

of tick-borne pathogens (TBPs). It is an endophilic tick that inhabits sheltered 

habitats, such as burrows and nests of hedgehogs, badgers, foxes, rabbits, rodents, 

birds. However, it can also parasitize passing mammals such cattle, sheep, horses, 

donkeys, cats, dogs, wild carnivores as well as humans (Hillyard, 1996, Taylor, 

2015). In Ireland, its status as a disease vector is still undetermined (Zintl et al., 

2017).  

 

1.2.3 Ixodes canisuga 

The ‘dog tick’, I. canisuga, is present throughout Europe and Russia. Typically, 

it inhabits the burrows of badgers, foxes, minks, as well as dog kennels. However, it 

has also been reported from cats, birds, sheep, horses and mules (Hillyard, 1996, 

Taylor, 2015). It has been suggested that it may act as a vector for Babesia missiroli, 

Anaplasma marginale, Ehrlichia sp. and Candidatus Neoehrlichia lotoris (family 
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Anaplasmataceae) among badgers and rural dogs in Europe (Hillyard, 1996, Hornok 

et al., 2018). 

 

1.2.4 Rhipicephalus sanguineus 

R. sanguineus is also known as ‘brown dog tick’ or ‘kennel tick’ because dogs 

are the favourite host for all its life stages. It is an endophilic tick found in doghouses, 

kennels, outside walls of houses and even inside homes. In addition to dogs, R. 

sanguineus can also parasitize birds and various mammals, including human. This 

tick is mainly present in subtropical climates in Africa and the Mediterranean region. 

However, it has also been reported in colder climates throughout Europe where it can 

survive and breed in kennels and other sheltered areas (Hillyard, 1996, Taylor et al., 

2015).  

R. sanguineus is a known vector for Babesia canis and, Ehrlichia canis and 

has been proposed as a vector for various other protozoal, viral and rickettsial 

infections of animals and human (Taylor et al., 2015). It  can also cause tick paralysis 

(Taylor et al., 2015). R. sanguineus was reported once in Belfast, probably due to an 

imported case  (Zintl et al., 2017) 

 

1.3 Tick-borne diseases 

Ticks along with mosquitoes, are considered to be the most important vectors 

of diseases for both humans and animals (Dantas-Torres et al., 2012). They can 

transmit various infectious agents including viruses (e.g. tick-borne encephalitis and 

Louping ill virus), bacteria (e.g. Anaplasma and Borrelia) and parasites (e.g. Babesia 

and Theileria) (Dantas-Torres et al., 2012).  

TBPs that have been acquired while feeding on an infected host will persist 

through the moult to the next life cycle stage (transstadial transmission). Some 

pathogens can also be transferred into the developing eggs of adult female ticks 

(transovarial transmission). In addition some viral and bacterial infectious agents (e.g 

Borrelia burgdorferi sensu latu (s.l.)) can apparently be transmitted directly from one 

tick to another while feeding in close proximity on the same host (co-feeding) 

(Randolph et al., 1996). 
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It is important to stress that the presence of pathogen DNA or RNA is not 

necessarily associated with the risk of infection for animals or humans. First of all, 

detection of an organism’s genetic material does not necessarily mean that living 

infectious pathogens are present in the tick. And even if they are, this does not 

necessarily imply the ability of a tick  to transmit these pathogens (Kahl et al., 2002) 

or that the host is susceptible to developing the infection. In fact, it has been argued 

that certain important tick hosts, including Cervus elaphus (Red deer), Capreolus 

capreolus (Roe deer) and Dama dama (Fallow deer), are not competent hosts for 

various TBPs such as tick-borne encephalitis virus and B. burgdorferi, and that the 

presence of these animals may actually have a diluting effect or indeed block the 

disease cycle (Huang et al., 2019). Another important point to remember is that in 

ticks infected with bacteria or parasites (e.g. B. burgdorferi s.l., Anaplasma 

phagocytophilum and Babesial sporozoites), it usually takes about  24 hours from the 

start of feeding for the pathogens to reactivate and proliferate before they can be 

transmitted to the new host (de la Fuente et al., 2017). Therefore, infections can 

usually be avoided by rapid removal of the attached tick (Stanek et al., 2012). 

In Ireland, the only reported TBDs are borreliosis, anaplasmosis, babesiosis 

and Louping ill (Zintl et al., 2017). 

 

1.3.1 Borreliosis 

Bacteria of the genus Borrelia are spiral-shaped, extracellular spirochetes 

belonging to Spirochaetales and the Spirochaetaceae family. The genus is divided 

into two groups: (1) The causative agents of Lyme borreliosis (Lyme disease), 

transmitted by hard ticks of the Ixodes genus and (2) the causative agents of tick-

borne relapsing fever that are mainly transmitted by Ornithodoros and Argas soft 

ticks. The only exceptions are Borrelia miyamotoi which is transmitted by hard ticks 

such as I. ricinus, and Borrelia recurrentis which is transmitted by body lice (Stanek 

et al., 2012). 
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1.3.2 Lyme borreliosis 

Lyme borreliosis or Lyme disease, is caused by a number of species in the B. 

burgdorferi s.l. complex which currently comprises 22 recognised species; Borrelia 

afzelii, Borrelia americana, Candidatus Borrelia andersonii, Borrelia bavariensis, 

Borrelia bissettiae, Borrelia burgdorferi sensu stricto (s.s.), Borrelia californiensis, 

Borrelia carolinensis, Borrelia chilensis, Candidatus B.finlandensis, Borrelia garinii, 

Borrelia japonica, Borrelia kurtenbachii, Borrelia lusitaniae, Candidatus Borrelia 

mayonii, Borrelia sinica, Borrelia spielmanii, Borrelia tanukii, Borrelia turdi, Borrelia 

valaisiana, Borrelia yangtzensis and Borrelia maritima sp. nov. (Cutler et al., 2017, 

Margos et al., 2019). It is the most prevalent vector-borne disease in the Northern 

Hemisphere, and its incidence appears to be increasing (Gern and Falco, 2000, 

Stanek et al., 2012). Lyme borreliosis main vectors are I. ricinus in Europe, I. 

persulcatus in eastern Europe and Asia and I. scapularis and I. pacificus in the 

United States. In North America B. burgdorferi s.s. is considered the most important 

human TBP. In contrast in Europe, five species are recognized to affect humans 

including B. burgdorferi s.s., B. garinii, B. afzelii, B. spielmanii and B. bavariensis 

(Stanek et al., 2012), with the first three being far more common than the latter two 

species. 

In Europe, several species of small and medium-sized mammals, including 

mice, voles, squirrels as well as woodland birds and pheasants serve as reservoir 

hosts for B. burgdorferi s.l. (James et al., 2013, James et al., 2014, Kurtenbach et al., 

1995, Vourc’h et al., 2016). B. afzelii and B. bavariensis are often detected in small 

rodents, while B. garinii and B. valaisiana  are chiefly present in birds (Gern, 2009, 

Hanincova et al., 2003, Hanincová et al., 2003), including various seabird species 

which may contribute to their geographic spread (Ogden et al., 2015, Ogden et al., 

2006). On the other hand, various wild and domestic large mammals, such as fallow, 

roe and red deer, as well as sheep and cattle, can serve as tick hosts and contribute 

to the vector population but are not considered competent reservoirs for B. 

burgdorferi s.l. (Bykowski et al., 2008, Jaenson and Tälleklint, 1992, Rizzoli et al., 

2004, Ruiz-Fons and Gilbert, 2010, TÄLleklint and Jaenson, 1994, Telford III et al., 

1988). 

In humans, the early stages of Lyme Disease are characterized by influenza-

like symptoms, followed in about 89% of cases by erythema migrans, which is a 
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typical cutaneous inflammation. It typically appears 3 to 32 days after the bite 

(Stanek et al., 2012) at the site of the bite or anywhere else on the body. Usually it 

resolves within a few weeks even without antibiotic treatment (Stanek et al., 2012). 

However, in rare cases, depending on the strain and in the absence of antibiotic 

therapy, the pathogen may disseminate to other organs and tissues giving rise a 

variety of  late stage symptoms, including arthritis, neurological manifestations, 

borrelial lymphocytoma, and rarely, acrodermatitis,  chronic  atrophicans and cardiac 

manifestations (Stanek et al., 2012).  

Much less is known about Lyme Borreliosis in animals. In Europe, and North 

America where serosurveys have been carried out on dogs to assist the surveillance 

of human Lyme borreliosis, seropositivity rates of 1.9 to 10.3% have been reported in 

Germany (Krupka et al., 2007), 17 to 18% in the Netherlands (Goossens et al., 

2001), 8% in Maine, USA (Stone et al., 2005) and 0.4 to 25% in in mid-Atlantic and 

southeastern regions of the USA (Duncan et al., 2004). However, it is important to 

interpret serosurvey results with caution as many commercially available diagnostic 

tests for Lyme Borreliosis have high sensitivity but poor specificity, which may lead to 

false positive results. For example, a study in Australia on 500 dogs initially reported 

a total of 123 dogs positive for B. burgdorferi (s.l.) based on ELISA. However, further 

testing revealed that only a single dog was in fact positive for B. burgdorferi (s.s.) 

suggesting that cross-reacting antibodies (false positive results) are common (Irwin 

et al., 2017). Dogs rarely suffer clinical signs such as migratory arthritis, 

glomerulonephritis, carditis and neuritis (Goossens et al., 2001). B. burgdorferi 

seropositive horses have also been reported in North America, although they usually 

show no noticable clinical signs associated with the infection (Divers et al., 2018). In 

extremely rare cases, clinical signs similar to those in dogs such as uveitis, 

lameness, nephritis, encephalitis and hepatitis have been reported (Quinn et al., 

2011).  

 

1.3.3 Lyme Borreliosis in Ireland 

According to the Irish Health Protection Surveillance Centre (HSPC), around 

200 positive human cases of Lyme disease are reported every year (Health 

Protection Surveillance Centre, 2019b). From 2012 to 2018, neuroborreliosis which is 
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notifiable in Ireland had a cumulative crude incidence rate (CIR) between 4 to 4.9 

cases per 100,000 population in the south-east of the country and less than 2 cases 

per 100,000 population in the north-west (Health Protection Surveillance Centre, 

2019a). In the west of Ireland where Lyme borreliosis is considered endemic  

(Robertson et al., 1998, Smith et al., 1991) an incidence of  2 patients positive for B. 

burgdorferi antibody per 100,000 population was reported between 2010 to 2014, 

with most positive cases recorded in Connemara (incidence of 43/100,000 population 

per year) (Vellinga et al., 2018). 

 

The first surveys of Borrelia spp in Irish ticks were carried out in the 1990s. 

These reported infection rates of between 3.5% and 26.7% in questing ticks collected 

in several forests and national parks across Ireland. At that time the only species 

recorded were B. valaisiana with 34.6%, followed by B. garinii (24.3%), B. burgdorferi 

s.s. (18.4%), B. afzelii (6.6%) and unidentified species Borrelia species from the 

complex B. burgdorferi s.l. (5.9%) (Kirstein et al., 1997a, Kirstein et al., 1997b).  

A more recent study which investigated questing I. ricinus nymphs collected 

from the edges of public roads at six localities reported overall infection rates of 5% 

(ranging from 2 to 12% depending on sampling location). The most common species 

reported was B. garinii (70%) followed by B. burgdorferi s.l. (50%), B. valaisiana 

(20%) and B. miyamotoi (10%) (Lambert et al., 2019). 

1.3.4 Tick-borne relapsing fever 

A total number of 22 species have been described in the relapsing fever 

Borrelia group. They are mainly observed in tropical areas and in the USA 

(Talagrand-Reboul et al., 2018). Although soft ticks such as Ornithodoros are the 

main vectors, I. ricinus is capable of transmitting the human pathogenic species, B. 

miyamotoi (Platonov et al., 2011), which in Europe seems to mainly pathogenic for 

immunocompromised people (Boden et al., 2016, Hovius et al., 2013). The main 

symptoms of infection are successive peaks of fever that are apparently due to 

changes in the bacterial surface antigens (Boden et al., 2016). In Ireland, Lambert et 

al. reported the presence of B. miyamotoi in a single tick collected from Portumna 

(Lambert et al., 2019). 
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1.3.5 Anaplasmosis 

Anaplasmosis is caused by the bacterium A. phagocytophilum in the phylum 

Proteobacteria. This species was recently redescribed by merging various strains 

that show 99.1% homology in 16S rRNA gene sequence (Dumler et al., 2001). 

However, it is important to note that these strains display significant biological 

differences with regard to host specificity and distribution (Dugat et al., 2015). 

A. phagocytophilum is gram-negative, intracellular organism that infects a 

broad range of domestic animals including dogs, cats, ruminants and horses as well 

as humans (Stuen et al., 2013). It has also been detected in several vertebrates, 

including deer, birds, rodents and insectivores, but it is not known whether any of 

these species serve as reservoir hosts (Tomassone et al., 2018). In Europe, the only 

known vector for A. phagocytophilum is I. ricinus (Stuen et al., 2013).  

A. phagocytophilum is the causative agent of human granulocytic 

anaplasmosis (HGA), and tick-borne fever (TBF) in ruminants (also termed bovine or 

ovine granulocytic anaplasmosis). In the USA, HGA is considered a significant 

emerging zoonosis, as the number of reported cases has steadily increased from 348 

in 2000 to 1163 in 2009, and 5,762 cases in 2017 (Centers for Disease Control and 

Prevention, 2019). In contrast, in Europe, fewer than 100 cases had been reported 

by 2015 (Dugat et al., 2015).  In Ireland, there are no records for human, canine, 

feline, or equine granulocytic anaplasmosis, although tickborne fever is frequently 

reported in livestock (Zintl et al., 2017). 

HGA symptoms are variable and non-specific. Usually, patients show 

influenza-like symptoms with headache, fever, myalgia, malaise. Very rare cases can 

be fatal, especially in immunosuppressed patients (Dugat et al., 2015).  

TBF in ruminants is characterized by fever, weakness, anorexia, and 

occasionally, respiratory distress which can be fatal in young lambs. Abortion in naive 

cows and ewes newly introduced into endemic areas, reduced fertility in rams and a 

sudden drop in milk yield in dairy cows have also been reported (Stuen et al., 2013). 

In addition, A. phagocytophilum can induce generalized immunosuppression 

increasing susceptibility to secondary infections such as tick pyaemia, Louping ill, 

listeriosis and pneumonic pasteurellosis (Zintl et al., 2017). A report from the UK 
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shows that 300,000 lambs acquire tick pyaemia annually, secondary to A. 

phagocytophilum infection (Dugat et al., 2015). 

 

1.3.6 Babesiosis 

Parasites of the genus Babesia are tick-transmitted intraerythrocytic protozoa 

of the Phylum Apicomplexa. Since its discovery, more than 100 different Babesia 

species have been described. They are roughly subdivided into large Babesia spp 

(including B. divergens, B. bovis, B. caballi, and B. canis) or small Babesia spp 

(including B. gibsoni, B. microti, and B. rodhaini) (Schnittger et al., 2012, Homer et 

al., 2000). 

In contrast to the USA where relatively high numbers of human babesiosis 

cases are reported each year (7612 cases between 2011 and 2015) (Gray and 

Herwaldt, 2019), only about 50 cases have been recorded in Europe, of which 40 

were due to the cattle parasite, Babesia divergens, three by Babesia venatorum 

(formerly, Babesia sp. EU1) and two by B. microti (Tomassone et al., 2018, Zintl et 

al., 2017). Human B. divergens infections have been only reported in splenectomised 

patients with severe symptoms and high mortality rates. Infections with the other two 

Babesia species are generally less severe. All cases occurred in 

immunocompromised or asplenic patients (Gray et al., 2010, Tomassone et al., 

2018).  

In Ireland, most Babesia species that are pathogenic to domestic animals 

such as B. bovis, B. canis, Babesia bigemina, B. caballi and B. gibsoni, are absent as 

are their tick vectors. B. venatorum is also absent due to the absence of its chief 

host, the roe deer (Zintl et al., 2017).  The only Babesia species known to occur in 

Ireland is B. divergens, a cattle parasite transmitted by I. ricinus. Animals with mild 

infections usually have low levels of parasitaemia and make an uneventful recovery. 

In contrast severe infections are characterized by parasitaemias of over 30%, 

accompanied by extensive erythrocyte destruction, jaundice, hemoglobinuria, severe 

dehydration and pipestem diarrhoea. Once the body temperature decreases to near 

or below normal and constipation replaces diarrhoea, animals become moribund 

(Zintl et al., 2003).  
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Back in the 1980s, bovine babesiosis was a severe constraint to the cattle 

industry in Ireland with a case fatality rate of around 10% (Gray and Harte, 1985). 

The importance of the disease at the time is demonstrated by the fact that an 

experimental live vaccine was developed and successfully deployed to immunise 

approx. 14,000 cattle in local trials (Zintl et al., 2014). However, several questionnaire 

surveys carried out over the next three decades showed that the incidence of bovine 

babesiosis declined from 1.7% in the 1980s to 0.06% in 2013 (Zintl et al., 2014). 

Various possible reasons for this decline have been suggested such as a decrease in 

the parasite population, a reduction in tick densities or a reduction in tick exposure 

due to pasture improvement, avoidance of pastures prone to tick infestation or 

prophylactic treatment with acaricides (Zintl et al., 2017). 

Currently, there is a lack of sequence data for zoonotic babesias, which has 

led to some taxonomic confusion. The majority of published epidemiological surveys 

have screened for the presence of Babesia species, using PCR protocols targeting 

the 18S rRNA gene, which has a high degree of genetic homology between B. 

divergens and various Babesia spp that infect deer including Babesia capreoli. In 

contrast to B. divergens, B. capreoli does not pose a threat to either humans nor 

livestock (Malandrin et al., 2010, Zintl et al., 2017). In addition, numerous sequences 

have submitted been to Genbank designated as ‘B. divergens-like’. However, it 

appears that only isolates that share over 99.9% identity in the entire 18S gene with 

the B. divergens cattle isolate reference sequence (U16370) can be considered B. 

divergens (Tomassone et al., 2018). 

 

1.3.7 Louping ill 

Louping-ill is caused by a single-stranded RNA virus, a member of the tick-

borne encephalitis group, in the genus Flavivirus and family Flaviviridae. Louping-ill 

virus is closely related to the tick-borne encephalitis virus, which is a very common 

tick-borne disease in Europe but absent from the UK and Ireland. In contrast 

Louping-ill virus is extremely rare in continental Europe (Dagleish et al., 2018) but 

endemic in Ireland and the UK (Jeffries et al., 2014). 

Louping-ill virus is transmitted by I. ricinus (Buxton and Reid, 2017) and 

primarily affects sheep and Lagopus lagopus scotica (red grouse) (Jeffries et al., 
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2014). It also occurs, but does not cause disease, in non-ovine ruminant species 

such as cattle, goats, C. elaphus, C. capreolus, llamas and alpacas , and in non-

ruminant mammals such as pigs, dogs, horses and hares (Dagleish et al., 2018). 

Human cases have been reported but are extremely rare and usually associated with 

exposure to infected livestock, rather than tick bites (Jeffries et al., 2014). Only sheep 

and grouse develop a sufficiently high viraemia to infect engorging larval and 

nymphal ticks (Jeffries et al., 2014). Interestingly, it has been suggested that grouse 

can also become infected by eating infected ticks (Jeffries et al., 2014). 

The disease typically occurs in two stages. The initial stage is by 

characterized by nonspecific signs such as… which are often missed in livestock. 

During the second stage the virus enters the central nervous system, and animals 

show depression, panting, nibbling, muscle tremors, incoordination, circling and 

ataxia. Terminally ill sheep stop eating and become recumbent and paralysed 

(Jeffries et al., 2014). While there is no treatment for Louping ill, there is an effective 

vaccine (Jeffries et al., 2014). Native stock in endemic areas usually develop a level 

of immunity, which reduces the mortality rates by 5 to 10% as compared to 60% in 

unvaccinated newly introduced stock (Kahn and Line, 2010). A survey of 199 sheep 

in Sligo, in the west of Ireland reported a seroprevalence of 8.5% for Louping ill 

(Barrett et al., 2012). 

 

1.4 Next-Generation Sequencing 

Single-pathogen models of pathogen transmission by ticks are limited 

because they mainly focus on known pathogen species as PCR species-specific 

primers are designed based on known sequences. Moreover single-pathogen models 

cannot reveal the impacts of co-infections and pathogen-microbiome interactions on 

disease transmission (Cabezas-Cruz et al., 2018). 

Microbiome, or microbiota, are terms that describe a community of 

microorganisms, including commensals, symbionts, and pathogens. Microbiomes of 

ticks consist of communities of eukaryotes, bacteria and viruses and may include 

pathogens of medical and veterinary importance (Narasimhan and Fikrig, 2015). 
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In the last decade, the development of next-generation sequencing (NGS) 

technologies have made it possible to explore, in a single assay, the various 

microorganisms that constitute the tick microbiome (Andreotti et al., 2011). 

 

1.4.1 Next-generation sequencing approaches 

Two types of NGS have been applied to explore tick microbiomes: Amplicon 

sequencing and shotgun sequencing. The later can be used for both metagenomic 

and transcriptomic analyses. 

 

1.4.2 Shotgun sequencing 

This method has advantages over universal gene amplicon analysis such as 

16S amplicon NGS, because it can be used to sequence whole or partial genomes, 

transcriptomes, or viromes of microbiomes (Nakao et al., 2013). Moreover, amplicon 

sequencing is subjected to PCR bias due to the PCR step required during library 

preparation, whereas shotgun library preparation kits do not involve PCR (Jones et 

al., 2015). However, currently, shotgun sequencing has some limitations, including its 

high cost (Goodwin et al., 2016). Nucleic acid extraction for shotgun sequencing is 

also more complicated and requires further purification or enrichment steps. Finally, it 

results in extremely large datasets, that are more challenging to interpret and require 

much more robust computational tools for bioinformatic analysis and data storage. 

For shotgun sequencing, a high number of output reads is necessary for good 

metagenome or transcriptome coverage. The HiSeq X from Illumina sequences 150 

bp paired-end reads. Compared to other shotgun sequencing platforms it has the 

highest read output (2.6–3 billion reads) and the lowest cost (Goodwin et al., 2016, 

Roumpeka et al., 2017). 

 

1.4.3 16S amplicon NGS  

These essays are capable of detecting numerous bacterial sequences 

simultaneously in the same sample at an affordable price. There are nine 

hypervariable regions (V1-V9) in the bacterial 16S ribosomal RNA gene (16S) which 
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can be targeted in the analysis. The most common regions sequenced in ticks are V1 

to V4 (Greay et al., 2018). Different platforms have been used including 454 (Roche) 

pyrosequencing (now discontinued), Ion Torrent (Thermo Fisher) sequencing using 

semiconductor ion detection, and MiSeq (Illumina) using fluorescent dye detection 

sequencing methods. The main difference between the various platforms is that they 

provide different read lengths which in turn determine taxonomic resolution. The 

longest read lengths are achieved using Ion Torrent platforms with Ion PGM and Ion 

S5 providing read length of up to 400 bp (single-end reads; 200 bp paired-end reads) 

(Thermo Fisher Scientific, 2019) and MiSeq platforms providing read lengths of up to 

600 bp (single-end reads) (Illumina, 2019). It is worth mentioning that full-length 16S 

sequencing has been achieved using other platforms such as PacBio (Pacific 

Biosciences) but at a considerably higher cost and resulting in lower output read 

numbers (Goodwin et al., 2016). In microbiome studies, the output read number is 

essential to capture adequate microbiome diversity, which makes it as important as 

read lengths. Illumina's MiSeq read numbers are significantly higher (up to 50 million 

paired-end reads) than the Ion Torrent (20 million single-end reads) (Illumina, 2019, 

Thermo Fisher Scientific, 2019). 

 

1.4.4 Analysis of the tick microbiome using amplicon NGS studies 

Tick microbiome diversity can be assessed by measuring species richness 

(alpha diversity) and genetic relatedness (beta diversity) (Lozupone et al., 2007, 

Whittaker, 1972).   

Using 16S amplicon NGS, it is generally accepted that amplification of two or 

three hypervariable regions with a read length of ~350 bp allows taxonomic 

resolution of many bacterial species (Chakravorty et al., 2007, Clarridge, 2004). With 

regard to the required depth it is important to consider that this may vary dependent 

on the application (e.g. microbial diversity might vary in different tick species) (Van 

Treuren et al., 2015). Where highly abundant sequences are overrepresented (for 

example because the PCR step was not sensitive enough to amplify less abundant 

species) underestimation of species diversity may result. This difficulty may be 

overcome by using 'blocking primers', i.e. primers that reduce the amplification of 

abundant DNA during PCR. This approach has significantly increased the bacterial 
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diversity detected in Ixodes spp (Gofton et al., 2015). On the other hand, the relative 

abundance of the identified taxa can be estimated by comparing the proportion of 

reads for each taxon to the total number of reads for all taxa. It is important, however, 

to consider the multicopy nature of the 16S gene when estimating the relative 

abundance for each species (Kembel et al., 2012).  

The most frequently identified bacterial species in hard ticks using NGS 

analysis include (1) endosymbionts such as Coxiella spp., Rickettsia spp., Francisella 

spp. and Candidatus Midichloria mitochondrii (Ahantarig et al., 2013); (2) various 

environmental and skin-associated bacteria, which may be contaminants or genuine 

microbiome components (Gofton et al., 2015, Strong et al., 2014); and finally, (3) 

various TBPs such as Anaplasma, Borrelia, Ehrlichia, Francisella and Rickettsia 

(Greay et al., 2018). 

It has been reported that the diversity and composition of the bacterial 

microbiome of ticks is affected by environmental factors such as geographical 

location (Van Treuren et al., 2015), season (Lalzar et al., 2012), temperature and 

humidity (Menchaca et al., 2013). Furthermore, microbes on the host’s skin, in the 

soil or vegetation can apparently colonize the ticks (Narasimhan and Fikrig, 2015), 

suggesting that microhabitats also have an important role in determining tick 

microbiomes.  

Finally, factors released by the ticks themselves may affect the microbiome 

and alter pathogen acquisition and development. For example Narasimhan and 

colleagues used RNA interference (RNAi) assays to silence gene transcription of 

antioxidant selenoproteins thioredoxin reductase (TrxR) and glutathione peroxidase 

(GPx) which in turn reduced the bacterial load of B. burgdorferi in I. scapularis saliva 

(Narasimhan et al., 2007b). Tick endosymbionts can also affect pathogen acquisition 

and colonisation (Ahantarig et al., 2013, Narasimhan et al., 2007b), while new 

pathogens can interfere with other microbiome organisms that are already 

established (Dib et al., 2008). For example, A. phagocytophilum has been reported to 

influence the gut and microbiota of I. scapularis by inducing a protein called I. 

scapularis antifreeze glycoprotein (IAFGP) which can increase colonization by 

Pseudomonas and decrease the abundance of Rickettsia and Enterococcus (Heisig 

et al., 2014). In addition A. phagocytophilum has been reported to change the gut 
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barrier in I. scapularis by decreasing peritrophin expression, which helps to enhance 

gut colonization by the pathogen (Abraham et al., 2017). 

Next-generation sequencing has changed our understanding of tick-borne 

pathogens and other endosymbiontic bacteria associated with the tick microbiome. It 

has also opened up possible new strategies to decrease the vectorial role of ticks by 

limiting pathogen acquisition, development, and transmission, thereby reducing 

morbidity and mortality caused by TBDs. 

 

1.5 Control of ticks and tick-borne diseases 

Tick control strategies include avoiding high-risk habitats during peak tick 

activity periods, wearing appropriate clothing, destruction or modification of habitats 

that are highly suitable for ticks and erecting barriers between naturally tick-infested 

forested habitats and adjacent farms or residential properties. The use of biological 

agents, such as entomopathogenic fungi to reduce tick densities or their colonization 

by pathogenic agents in different habitats has also been explored (Fischhoff et al., 

2017). Livestock farmers chiefly rely on regular application of acaricides, such as 

organophosphates, synthetic pyrethroids, formamidines and macrocyclic lactones. As 

with all medication however, overreliance on acaricides is problematic because of the 

potential development of resistant lineages of ticks, environmental pollution with 

pesticide residues and withdrawal periods for dairy and meat production (Buczek et 

al., 2019, Graf et al., 2004, Khangembam et al., 2018, Le Gall et al., 2018).  

Moreover, in order to reduce the risk of TBDs, treatments must combine 

parasiticidal and repellency activity  to prevent both vector infestation and pathogen 

transmission (Schorderet-Weber et al., 2017). A far superior approach would be the 

use of vaccines with the potential to induce a long-lasting protective immune 

response against vector infestation, pathogen infection and transmission (de la 

Fuente and Contreras, 2015). 

It has long been known that tick antigens can evoke an effective immune 

response in the host, so-called ‘tick immunity’ which prevents tick attachment and 

feeding (Trager, 1939, Wikel, 1996). Unfortunately, the mechanisms that underlie this 

tick immunity are poorly understood. It has been shown that tick antigens in the 

midgut or saliva, such as Bm86 and  TROSPA can be targeted by immune 
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components in the blood meal affecting tick feeding success (Carreón et al., 2012), 

pathogen migration within the tick (Pal et al., 2004) or pathogen transmission to a 

new host (Narasimhan et al., 2007a). Bm86 is the main component of the only anti-

tick vaccine that is currently commercially available. It is effective against the tropical 

one-host cattle tick Rhipicephalus microplus. In contrast vaccination with its 

homologues  in I. ricinus (Ir86-1 and Ir86-2) has no effect on the tick’s feeding 

success (Coumou et al., 2015).  

With regard to humans, efforts have chiefly focused on developing vaccines 

against the most important TBPs. The only human vaccine (LYMErix ™) against B. 

burgdorferi is based on the spirochete’s outer surface protein A (OspA). This protein 

interacts with its receptor (TROSPA) in the tick midgut enabling the spirochete to 

colonize and survive the moulting process to the next life-stage (Pal et al., 2004). 

Vaccination-induced anti-OspA antibodies enter the tick midgut during feeding and 

block the spirochete’s interaction with TROSPA (Fikrig et al., 1990, Steere et al., 

1998) providing immunity against various Borrelia species expressing different OspA 

serotypes (B. burgdorferi, B. afzelii, B. bavariensis and B. garinii). While it has been 

withdrawn from the market for various reasons, including concerns over side effects 

(Nigrovic and Thompson, 2007), it is still in use as a veterinary vaccine in Europe, 

and there are ongoing human trials with modified versions of the vaccine (Comstedt 

et al., 2017, Rego et al., 2019). 

Currently, there is no babesiosis vaccine for humans, and the protection 

against bovine babesiosis is based chiefly on the vaccination of young cattle with live 

attenuated parasites. Although a strong immunity can develop in humans and 

animals that have been infected and recovered from A. phagocytophilum (Palmer 

and McElwain, 1995), vaccination against it has been problematical because of strain 

or antigenic variation of immunodominant outer membrane proteins. However, it has 

been suggested to target various components of subdominant, conserved proteins 

such as T4SS to obtain a better vaccine (Crosby et al., 2018). 
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1.6 Objectives of this research project 

I. ricinus, the only known exophilic tick species present in Ireland is considered 

as the most important tick vector in Western Europe, able to transmit several 

bacteria, protozoa and viruses of veterinary and medical importance. There have not 

been many surveys of the presence of Borrelia spp in Irish ticks and most of them 

date back to the 1990’s while no surveys have ever been carried out to determine the 

prevalence and distribution of Babesia or Anaplasma in Irish ticks. Therefore, the 

main objectives of this research project were: 

1) To optimize molecular assays to screen for pathogens of medical and 

veterinary importance known to be present in Irish questing I. ricinus ticks  

2) To optimize a molecular assay that can be used to confirm the species identity 

of ticks 

3) To investigate the prevalence and distribution of different Lyme disease 

agents belonging to the Borrelia burgdorferi s.l. complex in woodlands, parks 

and on farms in Ireland. 

4) To investigate the prevalence and distribution of Babesia divergens, the 

causative agent of redwater fever in ticks collected from woodlands, parks and 

farms  

5) To investigate the prevalence and distribution of Anaplasma phagocytophilum, 

apparently the most prevalent tick-transmitted animal pathogen present in Irish 

farms and forestry sites 
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2 Chapter 2: Distribution and prevalence of 

Borrelia burgdorferi sensu latu species in Irish 

questing nymphal ticks 
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2.1 Abstract 

Borrelia burgdorferi sensu lato (s.l.), the causative agent of Lyme borreliosis is 

a zoonotic tick-borne pathogen. Lyme borreliosis is the most common vector-borne 

disease in Europe, North America and Asia with increasing incidence over the past 

several years. This study aimed to investigate the distribution and prevalence of 

different B. burgdorferi s.l. genospecies in I. ricinus nymphs collected from 

woodlands and farms in different Irish counties during 2017, 2018 and 2019. 

A total number of 754 nymphs from natural sites and 649 from livestock farms 

were screened for the presence of B. burgdorferi s. l. using a TaqMan assay 

targeting the 23S rRNA gene followed by nested PCR and Sanger sequencing for the 

spacer region between 5S and 23S rRNA genes for species identification. The 

overall rate of borrelial infection in ticks collected from woodlands was 12.3% 

(93/754), while in farms it was 5.5% (36/649). In woodlands the most prevalent B. 

burgdorferi genospecies identified was Borrelia valaisiana (26.6%), followed by 

Borrelia burgdorferi sensu stricto (s.s) (23.7%), Borrelia garinii (9.7%) and Borrelia 

afzelii (1.1%), while in farms, B. valaisiana was present in 27.8% of collected 

nymphs, B. garinii  in 25%, B. burgdorferi s.s in 13.9% and B. afzelii  in 2.8%. The 

results agreed with previous reports from Ireland showing the same Borrelia species 

and similar prevalence rates. Interestingly the overall prevalence on the farms was 

less than half of that in the woodlands sites. This may be due to lower numbers of 

potential reservoir hosts on farms compared to woodlands. 
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2.2 Introduction 

Over 50 species are currently recognised in the genus Borrelia, which is 

divided into two groups: the Lyme borreliosis and Relapsing fever group (Cutler et al., 

2017). The species of the first group are transmitted by Ixodes ticks and commonly 

referred to as Borrelia burgdorferi sensu lato (s.l.) which comprises over 20 

genospecies (Table 2.1), nine of which are known to be circulating in Europe. Among 

them five genospecies are human pathogens: B. burgdorferi sensu stricto (s.s.), 

Borrelia garinii, Borrelia afzelii, Borrelia spielmanii and Borrelia bavariensis, while 

three are suspected to be human pathogens: Borrelia valaisiana, Borrelia lusitaniae 

and Borrelia finlandensis (Raileanu et al., 2017). On the other hand, the relapsing 

fever group includes 29 ‘neglected’ species (Table 2.1). Most are transmitted by soft 

ticks (i.e. Ornithodoros and Argasticks), except for Borrelia recurrentis which is 

transmitted by the human body louse and Borrelia lonestari, Borrelia theileri, and 

Borrelia miyamotoi, which are transmitted by Amblyomma, Rhipicephalus and Ixodes 

hard ticks, respectively (Kumagai et al., 2018).  

Table 2.1: List of the current species included in Borrelia genus (reviewed by (Cutler 
et al., 2017) (Margos et al., 2019).  

B. burgdorferi s.l. complex Borrelia relapsing fever group 

B. afzelii B. anserine 

B. americana B. baltazardii 

B. bavariensis B. brasiliensis 

B. bissettiae B. caucasica 

B. burgdorferi s.s. B. coriaceae 

B. californiensis B. crocidurae 

B. carolinensis B. dugesii 

B. chilensis B. duttonii 

B. garinii B. graingeri 

B. japonica B. harveyi 

B. kurtenbachii B. hermsii 

B. lusitaniae B. hispanica 
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B. sinica B. latyschewii 

B. spielmanii B. mazzottii 

B. tanukii B. merionesi 

B. turdi B. microti 

B. valaisiana B. miyamotoi 

B. yangtzensis B. parkeri 

Candidatus B. andersonii B. persica 

Candidatus B. finlandensis B. recurrentis 

Candidatus B. mayonii B. theileri 

Borrelia maritima sp. nov. B. tillae 

 B. turicatae 

B. venezulensis 

Candidatus B. johnsonii 

Candidatus B. kalaharica 

Candidatus B. lonstari 

Candidatus B. mvumii 

Candidatus B. texasensis 

 

The species in the B. burgdorferi s.l. complex exist in an enzootic lifecycle. 

They can be transmitted via the bite of an infected tick to many vertebrate hosts 

including humans (Obiegala et al., 2017). In humans, Lyme borreliosis is a 

multisystem disorder that affects various tissues. The incubation period lasts 

between several days and weeks after a tick bite. The first sign of infection is typically 

‘erythema migrans’, a red skin rash or lesion that expands in ring form usually, but 

not always, from the site of the bite and may be itchy. Early infection may be 

asymptomatic or accompanied by influenza-like symptoms, headaches, fatigue, fever 

and muscle or joint pain (Cerar et al., 2010). Several weeks or months after infection, 

10–20% of symptomatic patients develop neuroborreliosis in the form of meningitis, 

meningoradiculitis or meningoencephalitis (Halperin, 2014). Borrelia lymphocytoma, 

Lyme arthritis multiple erythemata or carditis may also occur (Fish et al., 2008, 

Stanek et al., 2011). Finally, in rare cases, acrodermatitis chronica, lymphocytoma, 

atrophicans, chronic arthritis encephalomyelitis or chronic neuroborreliosis, have 
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been diagnosed months or even years after Borrelia infection (Stanek et al., 2011). In 

Europe, infections are chiefly caused by B. afzelii and B garinii. B. afzelii infection 

usually remains localized to the skin, and B. garinii is generally associated with 

nervous system involvement. While in North America, B. burgdorferi s.s. seems to be 

the most arthritogenic (Strle and Stanek, 2009, Stanek et al., 2012). 

Lyme borreliosis is the most common vector-borne disease in North America 

and Europe and the incidence is apparently increasing. According to most recent 

surveillance data in the USA a total of 42,743 cases of Lyme disease were reported 

to CDC in 2017, which was an increase of 17% compared to 2016 (Centers for 

Disease Control and Prevention, 2018). In Europe, according to the European Centre 

for Disease Prevention and Control (ECDC), approximately 85,000 cases of Lyme 

borreliosis are reported annually which is thought to be an underestimate. For 

example, a study in 2002 estimated 60,000 annual cases in Germany alone 

(European Centre for Disease Prevention and Control, 2011). Moreover, there is 

evidence that the incidence of Lyme disease varies across the continent. This is due 

to the heterogenous distribution of ticks which is strongly affected by environmental, 

geographical and climatic factors, as well as the heterogenous distribution of Borrelia 

spp and varying degrees of potential exposure to tick bites. What makes a 

comparison of incidence across Europe even more challenging is the lack of a 

uniform surveillance systems, as countries use different case definitions and 

methods of data collection and analysis. According to a study reported by ECDC in 

2011, 23 out of 28 European countries had active surveillance systems for Lyme 

borreliosis, 17 had comprehensive surveillance systems while reporting of Lyme 

borreliosis was mandatory in just 16 (European Centre for Disease Prevention and 

Control, 2011). Moreover, some European countries have surveillance for erythema 

migrans, others for all disseminated forms of Lyme borreliosis and some, including 

Ireland, are monitoring only Lyme neuroborreliosis as a notifiable disease.  

According to the annual statistics of the Health Protection Surveillance Centre 

(HPSC) Ireland had a cumulative crude incidence rate (CIR) of Lyme 

neuroborreliosis between 2012 and 2018 of 4 to 4.9 cases per 100,000 population in 

the south-east of the country to under 2 cases per 100,000 population in the north-

west (Figure 2.1) while it is estimated that about 200 symptomatic patients have 

positive blood tests for Borrelia every year (Health Protection Surveillance Centre, 
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2019b). Although according to some clinicians, this is also an underestimate 

(interview with the consultant specialist in infectious disease at Dublin’s Mater 

Hospital, (Shauna Bowers, 2019).  

 

 

Figure 2.1: Cumulative crude incidence rate of Lyme neuroborreliosis in Ireland 

between 2012-2018 (Health Protection Surveillance Centre, 2019a). 

 

The first studies focused on the prevalence of Borrelia spp in Irish ticks were 

carried out in the 1990s. Gray et al. (1992) examined the potential role of fallow deer, 

Dama dama, and woodmice, Apodemus sylvaticus, on Ixodes ricinus abundance and 

their infection rates with B. burgdorferi s.l. by comparing ticks on two sides of a deer 

fence in Portumna Forest Park in County Galway, Ireland. The study concluded that 

deer, not mice were responsible for tick abundance, while mice rather than deer, 

were important reservoir hosts of B. burgdorferi s.l. 

Gray’s team  also screened questing I. ricinus collected from six forests and 

national parks throughout Ireland for the presence of B. burgdorferi s. l. (Kirstein et 

al., 1997a). The overall prevalence was 14.9% of which 34.6% were identified as B. 

valaisiana, 24.3% as B. garinii, 18.4% as B. burgdorferi s.s., 6.6% as B. afzelii and 
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5.9% unidentified B. burgdorferi s. l. genomospecies. They also reported higher 

prevalence rates of B. burgdorferi s. l. genomospecies in I. ricinus ticks collected 

from habitats with complex vegetation compositions (i.e. inside the woodland), in 

Killarney National Park (Kirstein et al., 1997b). 

In contrast a more recent study (Lambert et al., 2019) recorded a much lower 

Borrelia infection rate of just 5% in questing I. ricinus nymphs collected from the 

edges of public roads at six localities in Ireland. The most common genomospecies 

was B. garinii in 7 ticks (70%) followed by B. valaisiana in 2 ticks (20%) and B. 

miyamotoi in 1 tick (10%). In 10 of the 20 Borrelia-positive ticks, the genomospecies 

were not identified. 

In this chapter, different PCR assays were deployed to investigate the 

distribution and prevalence of B. burgdorferi s.l. genomospecies in 1403 I. 

ricinus nymphs collected from 13 woodland sites and 15 farms through Ireland. To 

examine if there are any differences in infection distributions at different locations and 

if there are any changes in present Borrelia species compared to previous surveys 

took place in Ireland. 
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2.3 Materials and methods 

2.3.1 Source of ticks 

The ticks that were analysed during this study were collected by  academics 

and students during a series of other projects including a survey of Irish field sites 

funded under the VectorNet programme (2017), a Vet student summer project in 

2018 and an MSD-funded survey of ectoparasites on Irish farms (2019). Overall 3330 

questing ticks were collected by blanket dragging from 74 woodland sites and 59 

livestock farms in 8 counties (Figure 2.2 a). On return to the laboratory, ticks were 

washed twice in 70% ethanol and once in distilled water before allowing them to air 

dry for 10 min on tissue paper. They were then morphologically identified using a 

taxonomical key (Hillyard, 1996) and stored at -80 oC. 

2.3.2 DNA Extraction 

DNA was extracted from 1403 nymphs (Forty to fifty nymphs from different 

macro habitats within each site to investigate if there are any differences in infection 

rates or the present Borrelia species (not completed work)), including 754 nymphs 

from woodland sites (Table 2.2) and 649 from farms (Table 2.3), as follows. Ticks 

were transferred individually into homogenization tubes containing six 2.8mm 

stainless Precellys® steel beads (Montigny-Le-Bretonneux, France) and 200 µl of 

Dulbecco's modified Eagle's medium supplemented with 10% Fetal Bovine Serum 

(Sigma-Aldrich®, USA). They were then homogenised using the Roche MangNA 

Lyser (Rotkreuz, Switzerland) at 5000 rpm, for 30 seconds, four times, with 1-minute 

breaks after every 30 seconds of homogenization. Subsequently 200 µl lysis buffer 

and 20 µl proteinase K (QIAamp DNA mini kit) were added into each tube before 

incubating them overnight at 56 oC with shaking (500 rpm).  The following day, DNA 

was extracted using QIAamp DNA Mini Kit (Cat No.: 51306) (QIAGEN GmbH, Hilden, 

Germany) following the manufacturers' recommendations. For quality control, the 

DNA concentration was measured randomly from about 8% of the extracted samples 

using the Qubit® dsDNA HS Assay Kit (Thermo Fisher Scientific Inc., USA). Finally, 

all samples were stored at -20 oC until further analysis. 
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Table 2.2: Ixodes ricinus nymphs from woodland sites screened for the presence of 
Borrelia spp. 

County Site name Sampling year No. of collected 

nymphs 

No. of 

screened 

nymphs 

Clare Slieve carron (Burren) 2017 155 50 

Lough Bunny 2017 84 50 

Donegal Barra Bog  2017 51 49 

Derkvaig 2017 203 50 

Galway Portumna 2017 384 50 

Derrycrag wood 2017 46 42 

Kerry Muckross national park 2017 & 2018 384 134 

Small wood bordering dairy 

farm 

2018 84 40 

Demesne gate 2018 99 40 

Demesne lodge 2018 286 58 

Fossa way, Knockreer 

playground 

2018 119 40 

Longford Newcatle forest 2019 97 97 

Mayo Letterkeen wood and Old Head 

wood 

2017 60 54 

    2052 754 

 

Table 2.3: Ixodes ricinus nymphs collected from Irish farms screened for the 
presence of Borrelia spp. 

County Farm type Sampling year No. of collected 

nymphs 

No. of 

screened 

nymphs 

Cavan Dairy farm 2019 26 26 

Galway Dairy farm 2019 57 57 

Kerry 

  

  

  

Dairy farm 2018 70 70 

Dairy farm 2018 365 120 

Beef farm 2018 175 125 

Beef farm 2018 50 48 

Leitrim 

  

Beef farm 2019 54 54 

Beef farm 2019 4 4 

Beef farm 2019 3 3 

Limerick Dairy farm 2019 50 50 

Longford Beef farm 2019 3 3 

Mayo Sheep farm 2019 83 83 
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Beef farm 2019 1 1 

Mixed sheep and beef farm 2019 2 2 

Offaly Mixed sheep and beef farm 2019 3 3 
  

 946 649 

 

 

2.3.3 TaqMan PCR 

Real-time probe based (TaqMan) PCR assays were used to confirm the tick 

species and to screen tick extracts for the presence of Borrelia spp. 

Gene targets, primers and probes are listed in Table 2.4. FastStart Universal 

Probe Master (ROX) (Roche Diagnostic GmbH, Germany) was used to confirm the 

tick species and TaqMan Environmental Master Mix 2.0 (Applied BiosystemsTM, 

USA) to screen for Borrelia spp. 

 

Table 2.4: List of targeted genes, primers and probes used in TaqMan assay 

Species Target Name Sequence Length 

(bp) 

Reference 

Borrelia 

spp. 

23S 

rRNA 

Bo_bu_sl_23S_F 

Bo_bu_sl_23S_R 

Bo_bu_sl_23S_P 

GAGTCTTAAAAGGGCGATTTAGT 

CTTCAGCCTGGCCATAAATAG 

AGATGTGGTAGACCCGAAGCCGAGT 

73 (Michelet 

et al., 

2014) 

Ixodes 

ricinus 

ITS2 Ix_ri_ITS2_F 

Ix_ri_ITS2_R 

Ix_ri_ITS2_P 

CGAAACTCGATGGAGACCTG 

ATCTCCAACGCACCGACGT 

TTGTGGAAATCCCGTCGCACGTTGAAC 

77 

 

 

2.3.4 Synthetic DNA Construct 

A DNA plasmid containing a synthetic construct (410 bp) of primer and probe 

binding sites for Borrelia spp. and I. ricinus was ordered from Eurofins genomics 

(Ebersberg, Germany) using their online tool. 

The construct sequence was as follows: 5’- 

AAACGAAACTCGATGGAGACCTGTTTGTGGAAATCCCGTCGCACGTTGAACGAC

GTCGGTGCGTTGGAGATGTGACTTGGTCTTGAAGCGCTCGTAACCAATCTCAAG

CTCAACCCTGGCACCACCAATACCATAACCAACACTGCCTTCCATAGCTACAAG

TCCGGGAGAGGATAGCGGAATTCCGGAGGAACACCAGTGGCGAAGGCGGCTA
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TCTGGTCCGGTACTGACGCTGACTGAGAGTCTTAAAAGGGCGATTTAGTATCGA

TCGAGATGTGGTAGACCCGAAGCCGAGTATCGAGCTATTTATGGCCAGGCTGA

AGATTAAATCATGAACGAGGAATGCCTAGTATGCGCAAGTCATCAGCTTGTGCA

GATTACGCGAGTGATCCGGTGAATTATTCGGACCG.  

1 l of the plasmid was transformed into One Shot® TOP10 Competent E. coli 

(Invitrogen by Life Sciences, California, USA) following the manufacturers’ protocol. 

Transformed bacteria were stored at – 80oC as back-up. The remaining DNA was 

linearized using BamH1 restriction enzyme (Thermo Fisher Scientific Inc., USA), 

cleaned (QIAquick PCR Purification Kit, QIAGEN GmbH, Hilden, Germany), 

quantified (Qubit® dsDNA HS Assay Kits, Thermo Fisher Scientific Inc., USA), and 

used to prepare nine dilution series. Dilutions of the construct were used for the 

standard curve and as positive controls during TaqMan PCR assays. 

 

2.3.5 Standards Curve and positive controls  

Nine serial 1:10 dilutions (15 x 108 to 15 DNA copies) of the synthetic 

construct were prepared and analysed in triplicate to construct a standard curve 

which was used to determine the efficiency of the TaqMan PCR assays. The same 

dilutions were used as positive control for the TaqMan PCR tests. All construct DNA 

dilutions were prepared using 1x TE buffer (Sigma-Aldrich®, USA) and 2.5 ng/ml 

Lambda DNA, to reduce possible degradation of the DNA from freeze-thaw during 

the screening process (Thermo Fisher Scientific Inc., USA). Under ideal PCR 

reaction conditions, the number of molecules of the target sequences should double 

during each replication cycle, corresponding to a 100% amplification efficiency. 

However, in reality efficiencies ranging from 90% to 110 % are considered to reflect 

excellent PCR conditions, such as well-designed primers, optimal reagent 

concentrations and reaction conditions. 

 

2.3.6 Optimization of TaqMan primer and probe sets 

Primer concentrations were optimized with primer concentrations of 100 nM, 

300 nM and 600 nM (Table 2.5) and probe concentrations of 50 nM, 100 nM, 150 
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nM, 200 nM, 250 nM and 300 nM tested against optimized primer concentrations 

(Table 2.6 and Table 2.7). For each concentration, negative controls were included. 

 

For the I. ricinus TaqMan assay, concentrations of 300 nM for each primer and 

100 nM for the probe gave the best results. For the Borrelia spp. TaqMan assay, best 

results were achieved with 300 nM of the forward primer,100 nM of the reverse 

primer and 200 nM of the probe. 

 

Table 2.5: Optimization of forward and reverse primers for use in both TaqMan real 
time PCR assays 

Primer 

Matrix 

100:100 

(nM) 

100:300 

(nM) 

100:600 

(nM) 

300:100 

(nM) 

300:300 

(nM) 

300:600 

(nM) 

600:100 

(nM) 

600:300 

(nM) 

600:600 

(nM) 

Master 

Mix (1x) 

10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 

Template 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 

Probe 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 

Forward 0.4 µl 0.4 µl 0.4 µl 1.2 µl 1.2 µl 1.2 µl 2.4 µl 2.4 µl 2.4 µl 

Reverse 0.4 µl 1.2 µl 2.4 µl 0.4 µl 1.2 µl 2.4 µl 0.4 µl 1.2 µl 2.4 µl 

Water 6.8 µl 6 µl 4.8 µl 6 µl 5.2 µl 4 µl 4.8 µl 4 µl 2.8 µl 

 

 

Table 2.6: Optimization of probes for use with Borrelia spp TaqMan real time PCR 
assay  

Probe Matrix 50 nM 100 nM 150 nM 200 nM 250 nM 300 nM 

Master Mix (1x) 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 

Template 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 

Probe 0.1 µl 0.2 µl 0.4 µl 0.6 µl 0.8 µl 1 µl 

Forward 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 

Reverse 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 

Water 6.3 µl 6.2 µl 6 µl 6.8 µl 5.6 µl 5.4 µl 
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Table 2.7: Optimization of probes for use with I. ricinus TaqMan real time PCR assay 

Probe Matrix 50 nM 100 nM 150 nM 200 nM 250 nM 300 nM 

Master Mix (1x) 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 

Template 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 

Probe 0.1 µl 0.2 µl 0.4 µl 0.6 µl 0.8 µl 1 µl 

Forward 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 

Reverse 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 

Water 5.5 µl 5.4 µl 5.2 µl 5 µl 4.8 µl 4.6 µl 

 

 

2.3.7 Confirmation of tick species and screening for Borrelia spp using 

TaqMan PCR 

All TaqMan PCR assays were carried out on a 7500 Fast Real-Time PCR 

system (Applied BiosystemsTM, USA). PCR master mix, DNase/ RNase free water 

(UltraPure Distilled Water, Invitrogen. Category No.: 10977-035) and primers and 

probes at optimised concentrations were mixed together and aliquoted at 20 µl per 

well into FrameStar® FastPlates 96 (4titude, UK). 5 µl DNA template were added into 

each well, which was more than the 2 µl of the synthetic construct DNA used in the 

primers and probe optimizations.  

PCR amplification was initiated with 10 minutes at 95 oC to activate the Hot 

start Taq DNA polymerase followed by 40 cycles of denaturation at 95 oC for 10 

seconds and elongation at 60 oC for one minute. PCR amplification was monitored by 

measuring fluorescence emitted by the reporter dye FAM. ROX reference dye was 

used to normalize the fluorescent reporter signal. 

The I. ricinus confirmation assay was carried out without replicates, while the 

Borrelia screen was done in duplicate. All samples that gave rise to double 

amplifications within the 40 amplification cycles were considered positives. 3.9% of 

the samples gave rise to single amplifications i.e. they amplified in one of the two 

wells. On re-running the assay none gave rise to double amplifications in the second 

run. These samples were considered negatives. 
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2.3.8 Identification of the Borrelia spp using conventional nested PCR 

Nested conventional PCR was used to identify Borrelia spp in TaqMan-

positive samples. The primers which targeted the spacer region between the 5S and 

23S rRNA genes are shown in Table 2.8. Concentrations of primers, dNTPs and 

MgCl2 are provided in Table 2.9. For each reaction 5 μL of template DNA (crude 

DNA extract in the first PCR, and 1st PCR products in the nested PCR) were added 

to a final volume of 50 μL containing DreamTaq DNA Polymerase and Green PCR 

Master Mix (Thermo Fisher Scientific Inc., USA). Nested PCR was carried out on a 

SimpliAmp™ Thermal Cycler (Life Technologies Holdings Pte Ltd, 

Singapore). Negative controls (containing nuclease-free water) were included in all 

amplification reactions. PCR products were visualized under UV light after 

electrophoresis on 2% agarose gels stained with ethidium bromide using a 100 bp 

DNA ladder as a molecular-weight size marker (GeneRuler 100bp, Thermo Scientific, 

USA). Amplicons were purified using the High Pure PCR Clean-up Micro Kit (Roche 

Diagnostics GmbH, Germany) and sequenced from both directions using the nested 

PCR primers (GATC Biotech, Eurofins Genomics, Germany).  

To assess sensitivity of the TaqMan assay randomly, 70 of samples that were 

negative with TaqMan qPCR were tested with the nested PCR and all of them were 

negatives. 

Table 2.8: Details of the nested PCR protocols used to determine Borrelia 
genospecies in TaqMan-positive DNA extracts 

PCR 

protocol 

(products 

size) 

Primers Primers sequences Amplification 

protocol 

Reference 

1st PCR 

(380 bp) 

23SN1 5’-ACCATAGACTCTTATTACTTTGAC 94°C: 10 min, 25 

cycles: 95°C: 30 

s, 52°C: 40 sec, 

72°C: 1 min 

72°C: 10 min 

(Rijpkema et 

al., 1995) 

23SC1 5’-TAAGCTGACTAATACTAATTACCC 

Ne

sted PCR 

(22

5 bp) 

2

3SN2 

5’-

ACCATAGACTCTTATTACTTTGACCA 

94°C: 

10 min, 40 

cycles: 95°C: 30 

s, 55°C: 40 sec, 

72°C: 1 min 

72°C: 10 min 

5

SCB 

5’- GAGAGTAGGTTATTGCCAGGG 
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Table 2.9: Reagents and volumes applied in both nested PCR reactions 

Reagent Working concentration Volume/ reaction 

Nuclease-free water  36.95 μL 

Forward Primer 10 pmol/μL 1.2 μL 

Reverse Primer 10 pmol/μL 1.2 μL 

dNTP's (Promega, #U1432) 25 mM 0.4 μL 

Green PCR Master Mix (# K1081) 10X 5 μL 

DreamTaq DNA Polymerase (# 

EP0703) 5 unit/ μL 

0.25 μL 

DNA  5 μL 

Total Volume  50 μL 

 

2.3.9 Data analysis 

Consensus sequences of partial sequences of the spacer region between 5S 

and 23S rRNA genes were obtained by aligning forward and reverse sequences with 

the hierarchical clustering online tool (http://multalin.toulouse.inra.fr/multalin/) 

(Corpet, 1988). Afterwards, species identity was determined based on the closest 

BLASTn match using the MegaBLAST with homologous sequences in NCBI 

database (identity =100%) (National Centre for Biotechnology Information, USA) and 

against reference sequences using Clustal Omega  (Madeira et al., 2019). 

A phylogenetic tree of B. burgdorferi s.l. reference genomospecies and 

isolates sequenced in the present study was constructed using MEGA X software. 

The maximum likelihood statistical method with the complete deletion option, based 

on Jukes-Cantor model for nucleotide sequences were applied. Tree reliability was 

evaluated by bootstrap of 1000 replications. The DNA sequence of Borrelia 

miyamotoi (GeneBank CP017126) was used as an out-group to produce a rooted 

tree. (MEGA X, (Kumar et al., 2018)). 

All data was initially entered into Microsoft Excel (Microsoft Office for Mac, 

2019), then IBM SPSS Statistics (Version 24, 2016) was used to calculate 

prevalence and 95% confidence intervals (CI). While the statistically significant 

differences between different percentages were manually calculated using the z 

statistic (Moore and McCabe, 1998). 
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2.4 Results 

 

According to analyses of the standard curve, the PCR assays used in this 

study had efficiencies of 96% (the Borrelia TaqMan assay) and 99% (the I. ricinus 

TaqMan assay) respectively. Of the 754 questing I. ricinus nymphs collected in 

woodland sites, 93 (12.3%, 95% CI 10 – 14.5) were positive for B. burgdorferi s. l. 

according to the TaqMan PCR (Table 2.10). Of these 59 (64.5%) were successfully 

amplified using the nested PCR. Sequence analysis (Appendix B) revealed 22 to 

share 100% identity with B. burgdorferi s.s (Z77166 (n = 21) and Z77172 (n = 1)). 25 

were 100% identical to various B. valaisiana reference strains (KX418641 (n = 16), 

JX909999 (n = 5), AF497987 (n = 2), AF497986 (n = 1) and JX910027 (n = 1)), while 

9 were 100% identical to B. garinii (MG356955 (n = 2), MG356954 (n = 2), 

MK626527 (n = 2), MG356949 (n = 1) MG356951 (n = 1),  and MK626528 (n = 1)). 

Finally, 1 sequence was 100% identical to B. afzelii (Accession No: MK118767) and 2 

sequences had 99.56% similarity with B. burgdorferi s.s.  (Z77166) (Figure 2.3 a), 

(Appendix C). 

Of the 649 I. ricinus nymphs collected from livestock farms, 36 (5.5%, 95% CI 

3.9 to 7.4%) were infected with B. burgdorferi s. l. according to the TaqMan assay 

(Table 2.11) which was significantly less than the number of infected ticks collected 

from woodland sites (95% CI 10 – 14.5, P < 0.0001). Of these just 26 could be 

amplified using the nested PCR. Based on sequence analysis 10 isolates were 

identified as B. valaisiana (100% identical to JX909999 (n=2), KX418641 (n = 7) and 

AF497987 (n = 1)), 9 as B. garinii (100% identical to MG356949 (n = 7), MG356955 

(n = 1) and MK626528 (n = 1)) and 5 as B. burgdorferi s.s (100% identical to 

Z77166), 1 as B. afzelii (100% identical to MK118767). One sequence showed 

99.56% similarity to B. burgdorferi s.s.  (Accession No: Z77166) (Figure 2. 3 b), 

(Appendix C). 
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Figure 2.2: a) Locations of sampling sites, red dots show sites where ticks were found. (b) The prevalence (shown with red shading) of 
B. burgdorferi s. l.   in screened ticks from sampled sites. The size of each circle is scaled by the number of ticks screened. Circles were 
plotted to avoid overlap using the addPoints function in the basicPlotteR R package (https://github.com/JosephCrispell/basicPlotteR), with 
relocated circles linked back to their original location with a dashed line. The two figures were kindly constructed by Dr Joseph Crispell.

https://github.com/JosephCrispell/basicPlotteR
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Table 2.10: Prevalence of B. burgdorferi s. l.  genomospecies in nymph I. ricinus 
ticks collected from woodland locations 

Location No. of 

screened 

ticks 

No. of 

ticks 

positive 

by qPCR 

(%) 

Prevalence of B. burgdorferi s. l. genospecies identified by 

nested PCR (%) 

Not 

identified 

Sensu 

stricto 

B. 

garinii 

B. 

valaisiana 

B. 

afzelii 

Sensu 

lato 

Clare - 

Burren 

50 1 (2) 0 0 0 1 (100) 0 0 

Clare - 

Lough 

Bunny 

50 3 (6) 1 (33) 2 (66) 0 0 0 0 

Donegal - 

Barra Bog 

49 3 (6.1) 0 2 (66.7) 0 1 (33.3) 0 0 

Donegal - 

Derkvaig 

50 5 (10) 2 (40) 2 (40) 0 1 (20) 0 0 

Galway - 

Derrycrag 

wood 

42 1 (2.4) 0 1 (100) 0 0 0 0 

Galway - 

Portumna 

50 4 (8) 0 1 (25) 1 (25) 1 (25) 1 (25) 0 

Kerry - 

Demesne 

gate 

40 4 (10) 0 1 (25) 0 2 (50) 0 1 (25) 

Kerry - 

Demesne 

lodge 

58 8 (13.8) 4 (50) 0 3 

(37.5) 

1 (12.5) 0 0 

Kerry - 

Fossa way 

40 17 (42.5) 6 (35.3) 3 (17.6) 0 8 (74.1) 0 0 

Kerry - 

Muckross 

134 38 (28.4) 19 (50) 8 (21) 4 

(10.5) 

6 (15.8) 0 1 

(2.6) 

Kerry - 

Small wood 

bordering a 

dairy farm 

40 2 (5) 0 0 0 2 (100) 0 0 

Longford - 

Newcatle 

forest 

97 5 (5.2) 2 (40) 1 (20) 0 2 (40) 0 0 

Mayo - 

Letterkeen 

and Old 

Head wood 

54 2 (3.7) 0 1 (50) 1 (50) 0 0 0 

Total 754 93 

(12.3) 

34 

(36.6) 

22 

(23.7) 

9 

(9.7) 

25 

(26.6) 

1 

(1.1) 

2 

(2.2) 
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Table 2.11: Prevalence of B. burgdorferi s. l.  genomospecies in nymph I. ricinus 
ticks collected from various farms 

Location Farm 

type 

No. of 

screened 

ticks 

No. of 

ticks 

positive 

by 

qPCR 

(%) 

Prevalence of B. burgdorferi s. l. 

genospecies identified by nested PCR (%) 

 

Not 

identified 

Sensu 

stricto 

B. 

garinii 

B. 

valaisiana 

B. 

afzelii 

Sensu 

lato 

Cavan Dairy 26 0  0 0 0 0 0 0 

Galway Dairy 57 2 (3.5) 0 0 1 (50) 0 1 

(50) 

0 

Kerry Beef 

and 

sheep 

48 4 (8.3) 3 (75) 0 1 (25) 0 0 0 

Dairy  70 4 (5.7) 2 (50) 0 2 (50) 0 0 0 

Dairy  120 12 (10) 2 (16.7) 3 (25) 2 

(16.7) 

4 (33.3) 0 1 (8.3) 

Beef  125 4 (3.2) 1 (25) 2 (50) 1 (25) 0 0 0 

Leitrim Beef 4 1 (25) 0 0 0 1 (100) 0 0 

Beef 3 0 0 0 0 0 0 0 

Beef 54 2 (3.7) 0 0 0 2 (100) 0 0 

Limerick Dairy 50 7 (14) 2 (4) 0 2 

(28.6) 

3 (42.9) 0 0 

Longford Beef 3 0 0 0 0 0 0 0 

Mayo Beef 83 0 0 0 0 0 0 0 

Beef 1 0 0 0 0 0 0 0 

Beef 

and 

sheep 

2 0 0 0 0 0 0 0 

Offaly Beef 

and 

sheep 

3 0 0 0 0 0 0 0 

 Total 649 36 

(5.5) 

10 

(27.8) 

5 

(13.9) 

9 

(25) 

10 

(27.8) 

1 

(2.8) 

1 

(2.8) 
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(a) 

 

(b) 

 



 44 

 

  

 Figure 2.3: Phylogenetic analysis of different B. burgdorferi s.l. 
genomospecies based on partial sequences of the spacer region between 
5S and 23S rRNA genes (226 bp) (a) Phylogenetic tree of B. burgdorferi 
genomospecies from woodland sites with reference strains from the 
GeneBank. Cluster I represents B. valaisiana, Cluster II B. garinii, Cluster 
III B. burgdorferi s.s., Cluster IV B. burgdorferi s.l., Cluster V B. afzelli, 
Cluster VI a different strain of B. burgdorferi s.s, and finally Cluster VII 
another strain of B. garinii. (b) Phylogenetic tree of B. burgdorferi 
genomospecies from farm sites with reference strains from the GeneBank: 
cluster I represents B. valaisiana, Cluster II B. garinii, Cluster III B. 
burgdorferi s.s., Cluster IV B. burgdorferi s.l. Cluster V another strain of B. 
garinii and finally, Cluster VI B. afzelli. The DNA sequence of Borrelia 
miyamotoi (GeneBank CP017126) was used in both phylogenetic trees as 
an out-group to produce rooted trees. 



 45 

2.5 Discussion: 

 

Lyme borreliosis is the most prevalent tick-borne pathogen in Europe. The 

disease is caused by spirochetes belonging to the Borrelia burgdorferi s.l. complex. 

In this study, 754 nymphal ticks collected from woodland sites and 649 nymphs 

collected from livestock farmland were screened for the presence of B. burgdorferi 

genomospecies. In the 13 park and forestry sites, the overall rate of borrelial infection 

in nymphs was 12.3% ranging from 2% to 42.5%, with the lowest prevalence 

recorded in the Burren in Co Clare and the highest in sites in and near the National 

Park in Co Kerry. In Portumna, Co Galway a prevalence of 8% was recorded. This 

compares to an infection rate of 13.1% reported by Kirstein et al. (1997a) in I. ricinus 

nymphs collected in the same site in 1997. They also investigated B. burgdorferi s.l. 

infection rates in adult stages and found that they were significantly more likely to be 

infected (20% prevalence). This is to be expected since adult ticks have taken two 

blood meals, as compared to nymphs who have only fed once as larvae, which 

increases the likelihood of acquiring a pathogen. In another more recent study of 

nymphal ticks collected in Portumna, Lambert et al. (2019) reported a prevalence of 

5%. It is unlikely that the lower infection rates reported by Lambert and the current 

study were due to the methods used to screen the tick isolates, since Kirstein and 

colleagues applied a single PCR, targeting the same locus used in the present study 

(the spacer region between 5S-23S gene) while Lambert and colleagues used 

nested PCR targeted at the 16S rRNA gene. Both TaqMan and nested conventional 

PCR are considerably more sensitive than single conventional PCR assays 

(Razanske et al., 2019). 

B. valaisiana, Borrelia s.s. and B. garinii were the most abundant species in 

the woodland sites (26.6%, 23.7% and 9.7%, respectively), followed by B. afzelii 

(1.1%) which was found only in one site, Portumna, Galway. All of these species 

have been previously reported in Irish ticks (Kirstein et al., 1997a, Lambert et al., 

2019, Zintl et al., 2017) and as in the previous study, B. valaisiana was the most 

prevalent species (Kirstein et al., 1997a). B. valaisiana is commonly identified in 

birds. Its pathogenicity to humans is still uncertain, even though it has been isolated 
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from skin biopsies and cerebrospinal fluid of Lyme disease patients (Diza et al., 

2004, Rauter and Hartung, 2005). 

To our knowledge, the only other study that looked at the prevalence of 

Borrelia spp in ticks collected from Irish farms was a pilot survey published by Zintl et 

al (2017). This study which was based on pooled tick samples reported the presence 

of Borrelia spp in 3 out of 13 sampled sites on farms where owners had reported 

issues with tick-borne diseases. In the present study, Borrelia was detected on 8 of 

the 15 farms where ticks were collected. It must be stressed, however, that on 6 of 

these farms the number of ticks that were collected was too low to be statistically 

relevant.  Overall a Borrelia prevalence of 5.5% was reported on the farms which was 

less than half of that recorded in the woodland sites. It is possible that the lower 

Borrelia prevalence on farm sites was due to reduced numbers of potential reservoir 

hosts on farms compared to woodland sites. However, the same genospecies as 

were present in woodlands were recorded on farmland, with B. valaisiana, B. garinii 

and B. burgdorferi s.s. being the most abundant (27.8%, 25% and 13.9%, 

respectively) followed by B. afzelii (2.8%) which was also only reported in Galway. 

As already discussed B. garinii and B. valaisiana are most commonly 

identified in birds, while small mammals and birds are the preferred reservoir hosts 

for B. burgdorferi s.s. B. afzelii genospecies are predominantly isolated from medium-

sized and small mammals, especially rodents (Dubska et al., 2009, Mannelli et al., 

2012, Rizzoli et al., 2011). The high prevalence of B. valaisiana, B. garinii and B. 

burgdorferi s.s. indicates that bird-based enzootic cycles may be of particular 

importance in Ireland. The important role for wild bird reservoir hosts, such as 

pheasants and Turdus merula (blackbird) has previously been suggested (Gray, 

1998). On the other hand, B. afzelii, which is chiefly carried by rodents, was only 

reported in two ticks collected in on site, confirming that rodents are of limited 

significance as reservoir hosts of Borrelia species in Ireland (Gray et al., 1999, Gray 

et al., 2000, Pichon et al., 2005). 

In addition to the four Borrelia genospecies, there were also three identical 

isolates which did not align with any of the reference sequences in GenBank. The 

closest match was B. burgdorferi s.s (Z77166) from which it differed by one base 

pair. This may be significant considering that the amplified fragment was only 226 bp 
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in length. All of the unidentified isolates originated in Killarney, Co Kerry; one was 

from a farm, the other two from woodland sites. 

31 (36.3%) isolates from woodlands that were positive by TaqMan PCR were 

negative by nested PCR, and 3 (3.2%) failed to sequence. In addition to 8 (22.2%) 

isolates from farm sites that were positive by TaqMan PCR were negative by nested 

PCR, and 2 (5.6%) failed to sequence. This could be due to the higher sensitivity of 

the TaqMan screening PCR or to the presence of multiple infections of different 

Borrelia species in the same tick. Although this study focused on questing I. ricinus 

nymphs, which had taken only one blood meal as larvae, co-infections of various 

Borrelia genospecies may occur either as a result of transovarial infection (thought to 

be very rare for Borrelia), direct transmission between ticks during co-feeding or by 

feeding on hosts that are positive for several Borrelia genospecies (Rauter and 

Hartung, 2005). Therefore, for future research, and to gain a better understanding of 

Borrelia enzootic cycles we suggest investigating multiple infections in Irish ticks. The 

role of potential reservoir hosts should also be investigated by trapping birds and 

mammals and determing their tick infestation rates and Borrelia infection status. 

Analysis of the ratios of natural stable isotopes ( 13C/ 12C and 15N/ 14N) in unfed I. 

ricinus nymphs can also be used to identify the host that provided the blood meal to 

the previous tick-stage (Heylen et al., 2019). 
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3 Chapter 3: Distribution and prevalence of the 

ruminant pathogens Anaplasma 

phagocytophilum and Babesia divergens in Irish 

questing nymphal ticks 
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3.1 Abstract 

The bacterium Anaplasma phagocytophilum has for decades been known to 

be the causative agent of tick-borne fever in domestic ruminants worldwide. Several 

variants of A. phagocytophilum have been genetically characterized. These strains 

have a broad range of hosts and may cause severe illness in several mammalian 

species, including humans. Babesia divergens is an obligate intracellular protozoan 

parasite which is the primary agent of babesiosis in cattle in Europe, with significant 

economic importance for the livestock industry. It is also a rare zoonotic agent. In 

Europe both A. phagocytophilum and B. divergens are transmitted by Ixodes ricinus. 

In this study, 639 I. ricinus nymphs collected from 12 woodland sites in 5 Irish 

counties, and 160 nymphs collected from two livestock farms during 2017 and 2018, 

were screened for the presence of A. phagocytophilum and B. divergens using 

TaqMan assays targeting the msp2 and hsp70 genes, respectively. B. divergens-

positive samples were further analysed by nested PCR of an18S rRNA gene 

fragment. The overall rate of A. phagocytophilum infections in nymphs collected 

woodlands sites was 6.3% (40/639) compared to 2.5% (4/160) obtained from farm 

sites. The majority of non-farm sites (9/12) were positive for A. 

phagocytophilum while only one of the two farms was positive for the pathogen. The 

overall prevalence of B. divergens infection in woodland sites was 2.2% (14/639), 

with only 3 out of 12 sites positive while the overall prevalence of B. divergens from 

farm sites was considerably higher with 8.1% (13/160). 

This study confirms previous reports from Ireland describing the presence of 

these two pathogens in the country. The higher prevalence of A. phagocytophilum in 

ticks collected from woodland compared to farm sites may be due to the presence of 

a broader range of potential A. phagocytophilum reservoir hosts such as deer, 

rodents, birds and reptiles. In contrast, the overall prevalence of B. divergens was 

higher in ticks collected from farms than from woodland sites indicating that cattle are 

the primary source of B. divergens infection for ticks. 
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3.2 Introduction 

 

Anaplasma phagocytophilum, is a Gram-negative obligate intracellular 

bacterium that replicates in neutrophils (Dumler et al., 2001). It infects a large range 

of hosts worldwide and is the causative agent of human granulocytic anaplasmosis 

(HGA) and tick-borne fever in domestic animals (TBF)  (Woldehiwet, 2010). The main 

vectors of A. phagocytophilum are I. ricinus in Europe, Ixodes persulcatus in Eastern 

Europe and East Asia and Ixodes scapularis and Ixodes pacificus in North America 

(Ismail et al., 2010).  

A. phagocytophilum was first reported in 1932, during a study of the louping-ill 

virus in sheep from Scotland  as an  unknown tick-transmitted agent that causes TBF 

(Gordon et al., 1932). In 1951 it was described as Rickettsia phagocytophila (Foggie, 

1951) Since then the taxonomic position of A. phagocytophilum has been modified 

several times until 2001 when Dumler et al. proposed merging Ehrlichia 

phagocytophila, Ehrlichia equi, and the agent of human granulocytic ehrlichiosis into 

one single species called A. phagocytophilum, based on 16S RNA locus and groESL 

operon sequences (Dumler et al., 2001). However, noteworthy genetic variation has 

been consistently observed among the different A. phagocytophilum strains, and 

previous research has suggested refining the current classification (Barbet et al., 

2013, Dugat et al., 2015). 

HGA symptoms are variable and non-specific. Patients display influenza-like 

symptoms, headache, fever, myalgia, malaise. Infections in immunosuppressed 

patients can be fatal (Dugat et al., 2015). HGA was first recognized in 1994 in the 

USA (Chen et al., 1994), where it has been notifiable  since 2011. That year 2,575 

cases were recorded. By 2017 reported cases had increased to 5,762 (Centers for 

Disease Control and Prevention, 2019). In contrast HGA is a rare disease in Europe 

with less than 100 cases reported by 2015 (Dugat et al., 2015). 

On the other hand, TBF is a well-known disease of domestic animals in 

various countries in Europe, America and Asia (Woldehiwet, 2010). The disease is 

characterized by high fever, neutropenia, reduced milk, abortion and reduced fertility 

in domestic sheep (Stuen et al., 2013, Woldehiwet and Ristic, 1993). Since A. 

phagocytophilum is not transovarially transmitted (Ogden et al., 1998, Stuen et al., 
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2013), it is generally thought that different A. phagocytophilum strains depend on 

specific reservoir hosts to complete their life cycle. In North America, the white-footed 

mouse (Peromyscus leucopus) is a well-characterized reservoir species (Stafford et 

al., 1999, Telford et al., 1996), while in Europe the situation is less clear since the 

reservoir hosts of the bacterium have not yet been identified (Dugat et al., 2015). A. 

phagocytophilum DNA has been detected in a wide range of animal species including 

wild ruminants such as roe deer (Capreolus capreolus), red deer (Cervus elaphus), 

moose (Alces alces), fallow deer (Dama dama), sika deer (Cervus nippon), chamois 

(Rupicapra rupicapra), Alpine ibex (Capra ibex), mouflon (Ovis musimon), European 

bison (Bison bonasus) as well as horses, domestic dogs and cats,  various small 

mammals (rodents and insectivores) and birds (as reviewed by (Razanske et al., 

2019)). In Ireland, the only A. phagocytophilum cases reported to date occurred in 

sheep and cattle. Various studies are currently underway to investigate the presence 

of A. phagocytophilum in horses, dogs and humans (S. Devine, R. Shiel, J. Lambert 

pers. communications). Moreover wildlife strains transmitted by endophilic tick 

vectors and maintained in rodents, birds or small native mammal populations (such 

as hedgehogs) still yet to be investigated. 

 

Babesiosis is a tick-borne disease of economic, veterinary and medical 

significance caused by haemoprotozoan parasites of the genus Babesia 

(Apicomplexa: Piroplasma). Babesia are the second most commonly found parasites 

in the blood of mammals after trypanosome (Schnittger et al., 2012). During their life 

cycle, they have two reproduction phases: asexually inside the erythrocytes of their 

vertebrate hosts, and sexually in Ixodid tick vectors. They were first observed in 

cattle in 1888 by Victor Babes in Romania (Babes, 1888). Since then more than 100 

different Babesia species have been discovered (Schnittger et al., 2012). 

The most economically important Babesia species globally are Babesia 

divergens, Babesia bovis and Babesia bigemina  (Schnittger et al., 2012). Due to the 

distribution of the tick vectors, B. divergens is mainly found in temperate zones, while 

both B. bovis and B. bigemina are chiefly observed in tropical and subtropical regions 

(Schnittger et al., 2012).  



 52 

Human babesiosis was first reported in 1957 and resulted in the death of a 

splenectomized patient (Gorenflot et al., 1998). B. divergens, B. venatorum (initially 

known as Babesia sp. EU1) and B. microti are the main species causing human 

babesiosis (Vannier et al., 2015). B. microti is commonly found in North America, B. 

divergens in Europe and B. venatorum in Europe and Asia (Gorenflot et al., 1998, 

Vannier et al., 2015, Jiang et al., 2015). Human babesiosis has also occasionally 

been reported in Africa, South America  and Oceania (Gonzalez et al., 2014, Yabsley 

and Shock, 2013, Zhou et al., 2014). Highest incidence rates are recorded in the 

USA with 300 cases reported between 1969 and 2000 and more than 1000 cases 

during 2015 (Farber et al., 2015). In contrast only around 50 cases have reported in 

Europe in total, with 40 due to B. divergens, three to B. venatorum and two to B. 

microti (as reviewed by (Tomassone et al., 2018)). Depending on the Babesia 

species involved, the parasite load and the immune status of the patients, infections 

vary from asymptomatic to severe involving organ failure. Splenectomy is the leading 

risk factor for severe symptoms (Hunfeld et al., 2008).  

In Ireland, the most common Babesia species that are pathogenic to domestic 

animals such as Babesia bovis, Babesia canis, Babesia bigemina, Babesia caballi 

and Babesia gibsoni are absent because their tick vectors do not occur here.  B. 

venatorum is also believed to be absent because roe deer it chief reservoir host in 

Europe does not occur here either  (Zintl et al., 2017). On the other hand, the two 

closely related species B. divergens and B. capreoli are thought to co-exist in Ireland. 

Both species are transmitted by I. ricinus and can infect various deer species. B. 

capreoli, is not considered to be zoonotic due to its inability to develop in human red 

blood cells in vitro.  Moreover it does not pose a threat to livestock (Malandrin et al., 

2010, Zintl et al., 2017). In contrast B. divergens, is considered one of the most 

important livestock parasites in Ireland. The epidemiology of bovine babesiosis is 

unique; high infection pressure results in ‘endemic stability’ where the majority of 

animals become infected in their first year of life which gives them protection from the 

disease at a later age. Clinical illness is mainly observed in naïve adult cattle that 

have been moved into endemic areas (Joyner and Donnelly, 1979). While animals 

with mild infections usually have low levels of parasitaemia and make an uneventful 

recovery, severely affected cattle present with parasitaemias of over 30-45%, 

accompanied by extensive erythrocyte destruction, jaundice, severe dehydration, 
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hemoglobinuria and pipestem diarrhoea. Once the body temperature drops to near or 

below normal and diarrhoea is replaced by constipation, animals become moribund 

(Zintl et al., 2003). Recent case fatality rates are not available, but in 1983, they were 

estimated at 10% (Gray and Harte, 1985, Zintl et al., 2017). 

In the 1980s, bovine babesiosis represented a severe constraint to the Irish 

cattle industry (Gray and Harte, 1985), however there is evidence that the incidence 

of the disease has declined over the last 3 decades (Zintl et al., 2014).  

The aim of this chapter was to investigate the distribution and prevalence of 

the ruminant pathogens A. phagocytophilum and B. divergens in I. ricinus nymphs 

collected from various woodland and farm sites through Ireland. 
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3.3 Materials and methods 

 

3.3.1 Source of ticks 

The ticks that were analysed during this study were a subsample of those 

analysed for Borrelia as described in the previous chapter and included ticks 

collected during the VectorNet project (2017) and a Vet student summer project in 

2018. Overall 799 nymphs, including 639 nymphs from woodland sites (Table 3.1) 

and 160 from two farms (Table 3.2) were included in this analysis. Tick identification, 

preparation and storage were described in chapter 2.  

 

Table 3.1: Ixodes ricinus nymphs from woodland sites screened for the presence of 
A. phagocytophilum and B. divergens. 

County Site name Sampling 

year 

No. of 

collected 

nymphs 

No. of 

screened 

nymphs 

Clare Slieve carron (Burren) 2017 155 50 

Lough Bunny 2017 84 50 

Donegal Barra Bog  2017 51 49 

Derkvaig 2017 203 50 

Galway Portumna 2017 384 50 

Derrycrag wood 2017 46 42 

Kerry Muckross national park 2017 & 

2018 

384 134 

Small wood bordering dairy farm 2018 84 40 

Demesne gate 2018 99 40 

Demesne lodge 2018 286 40 

Fossa way, Knockreer playground 2018 119 40 

Mayo Letterkeen wood and Old Head wood 2017 60 54 

    1955 639 
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Table 3.2: Ixodes ricinus nymphs from farms screened for the presence of A. 
phagocytophilum and B. divergens 

County Farm type Sampling 

year 

No. of collected 

nymphs 

No. of 

screened 

nymphs 

Kerry Dairy farm 2018 365 120 

Beef farm 2018 175 40 
 

   540 160 

 

 

3.3.2 TaqMan PCR 

Following DNA extraction (described in chapter 2) two real-time probe based 

(TaqMan) PCR assays were used to screen tick extracts for the presence of A. 

phagocytophilum and B. divergens. 

Gene targets, primers and probes are listed in Table 3.3. FastStart Universal 

Probe Master (ROX) (Roche Diagnostic GmbH, Germany) was used in both assays. 

 

Table 3.3: List of gene targets, primers and probes, and positive controls used in 
TaqMan assay 

Species Target Name Sequence Length 

(bp) 

Positive 

control 

Refere

nce 

Anaplasma 

phagocytophilum 

msp2 An_ph_msp2_F 

An_ph_msp2_R 

An_ph_msp2_P 

GCTATGGAAGGCAGTGT

TGG 

GTCTTGAAGCGCTCGTA

ACC 

AATCTCAAGCTCAACCCT

GGCACCAC 

77 Synthetic 

DNA 

construct 

(Michel

et et 

al., 

2014) 

Babesia 

divergens 

hsp70 Bab_di_hsp70_F 

Bab_di_hsp70_R 

Bab_di_hsp70_P 

CTCATTGGTGACGCCGC

TA 

CTCCTCCCGATAAGCCT

CTT 

AGAACCAGGAGGCCCGT

AACCCAGA 

83 Genomic 

B. 

divergen

s DNA 

extracted 

from 

infected 

bovine 

red blood 

cells 
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3.3.3 Positive controls and the standard curve 

A DNA plasmid containing a synthetic construct (410 bp) of the binding sites 

for the A. phagocytophilum primers and probe was ordered from Eurofins genomics 

(Ebersberg, Germany) using their online tool. This construct also included the target 

sequences for the primers and probes used in Borrelia spp. and I. ricinus assays. 

The full sequence of the construct and details of the methods used to prepare the 

plasmid are provided in Chapter 2. Nine 1:10 dilutions (15 x 108 to 15 DNA copies per 

200 µl) of the synthetic construct were analysed in parallel with each assay. All 

dilutions were prepared using 1X TE buffer (Sigma-Aldrich®, USA) and 2.5 ng/ml 

Lambda DNA (Thermo Fisher Scientific Inc., USA), to reduce degradation of the 

synthetic construct due to repeated freeze-thawing. Dilutions of the construct were 

used for the standard curve and as positive controls in the A. phagocytophilum 

TaqMan PCR assay. 

The B. divergens control consisted of genomic DNA extracted from stored in 

vitro cultures in bovine red blood cells. 

 

3.3.4 TaqMan PCR efficacy 

The dilutions of the synthetic construct used in the standard curve were 

analysed in triplicate to determine the efficacy of the A. phagocytophilum TaqMan 

PCR assay. The same dilutions (using the genomic DNA extract) were used to 

assess the efficacy of the B. divergens TaqMan PCR assay. 

 

3.3.5 Optimization of TaqMan primer and probe sets 

Primer concentrations were optimized using primer concentrations of 100 nM, 

300 nM and 600 nM (Table 3.4) and probe concentrations of 50 nM, 100 nM, 150 

nM, 200 nM, 250n M and 300 nM tested against optimized primer concentrations 

(Table 3.5). For each concentration, negative controls were included. 

For both A. phagocytophilum and B. divergens TaqMan assays, 

concentrations of 300 nM for each primer and 100 nM for the probe gave best 

results. 
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Table 3.4: Optimization of forward and reverse primers for use in both A. 
phagocytophilum and B. divergens TaqMan real time PCR assays 

Primer 

Matrix 

100:100 

(nM) 

100:300 

(nM) 

100:600 

(nM) 

300:100 

(nM) 

300:300 

(nM) 

300:600 

(nM) 

600:100 

(nM) 

600:300 

(nM) 

600:600 

(nM) 

Master 

Mix (X1) 

10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 

Template 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 

Probe 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 

Forward 0.4 µl 0.4 µl 0.4 µl 1.2 µl 1.2 µl 1.2 µl 2.4 µl 2.4 µl 2.4 µl 

Reverse 0.4 µl 1.2 µl 2.4 µl 0.4 µl 1.2 µl 2.4 µl 0.4 µl 1.2 µl 2.4 µl 

Water 6.8 µl 6 µl 4.8 µl 6 µl 5.2 µl 4 µl 4.8 µl 4 µl 2.8 µl 

 

 

Table 3.5: Optimization of probes for use in the A. phagocytophilum and B. divergens 
TaqMan real time PCR assays. 

Probe Matrix 50 nM 100 nM 150 nM 200 nM 250 nM 300 nM 

Master Mix (x1) 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 

Template 2 µl 2 µl 2 µl 2 µl 2 µl 2 µl 

Probe 0.1 µl 0.2 µl 0.4 µl 0.6 µl 0.8 µl 1 µl 

Forward 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 

Reverse 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 1.2 µl 

Water 5.5 µl 5.4 µl 5.2 µl 5 µl 4.8 µl 4.6 µl 
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3.3.6 Screening of DNA extracts for the presence of A. phagocytophilum 

and B. divergens 

All TaqMan PCR assays were carried out on 7500 Fast Real-Time PCR 

systems (Applied BiosystemsTM, USA).  

PCR master mix, DNase/ RNase free water (UltraPure Distilled Water, 

Invitrogen. Category No.: 10977-035) primers and probes at optimised 

concentrations were mixed and aliquoted at 20 µl per well into FrameStar® 

FastPlates 96 (4titude, UK). 5 µl DNA extract were added as template into each well. 

PCR amplification was initiated with 10 minutes at 95 oC to activate the Hot start Taq 

DNA polymerase followed by 40 cycles of denaturation at 95 oC for 10 seconds and 

elongation at 60 oC for one minute. PCR amplification was monitored by measuring 

fluorescence emitted by the reporter dye FAM. ROX reference dye was used to 

normalize the fluorescent reporter signal. 

All samples were screened in duplicate. Samples that gave rise to two 

amplifications were considered positives. 6% of A. phagocytophilum and 1.1% of B. 

divergens samples showed a single amplification (i.e. they amplified in one well, with 

Ct values over 35). On retesting none of the samples gave rise to double 

amplifications. These samples were considered negatives. 

 

Two nested conventional PCR assays were applied to confirm the presence of 

B. divergens DNA in TaqMan-positive samples. The primers used targeted the 18S 

rRNA gene and cytochrome oxidase subunit I (COI) gene (Table 3.6). Concentrations 

of primers, dNTPs and MgCl2 are provided in Table 3.7. For each reaction 5 μL of 

template DNA (crude DNA extract in the first PCR, and 1st PCR products in the 

nested PCR) were added to a final volume of 50 μL containing DreamTaq DNA 

Polymerase and Green PCR Master Mix (Thermo Fisher Scientific Inc., USA). 

Nested PCR was carried out on a SimpliAmp™ Thermal Cycler (Life Technologies 

Holdings Pte Ltd, Singapore). Negative controls (containing nuclease-free water) 

were included in all reactions. PCR products were visualized under UV light after 

electrophoresis on 2% agarose gels stained with ethidium bromide using a 100bp 

DNA ladder as a molecular-weight size marker (GeneRuler 100bp, Thermo Scientific, 

USA). Amplicons were purified using the High Pure PCR Clean-up Micro Kit (Roche 
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Diagnostics GmbH, Germany) and sequenced from both directions using the nested 

PCR primers (GATC Biotech, Eurofins Genomics, Germany).  

 

Table 3.6: Details of the nested PCR protocols used to confirm the B. divergens in 
TaqMan positive tick samples 

Targeted 

Genes 

PCR 

protocol 

(products 

size) 

Primers Primers sequences Amplification 

protocol 

Reference 

18S 

rRNA 

gene 

1st PCR BTH-1F 5’-CCTGAGAAACGGCTACCACATCT 94°C: 10 min, 

40 cycles: 

95°C: 30 s, 

57°C: 40 sec, 

72°C: 1 min 

72°C: 10 min 

 (Zintl et 

al., 2011) 

BTH-1R 5’-TTGCGACCATACTCCCCCCA 

 Nested 

PCR 

(561 bp) 

GF2 5’ GTCTTGTAATTGGAATGATGG 94°C: 10 min, 

40 cycles: 

95°C: 30 s, 

50°C: 40 sec, 

72°C: 1 min 

72°C: 10 min 

GR2 5’ CCAAAGACTTTGATTTCTCTC 

COI 1st PCR 

(1250 bp) 

BaFor1 5’- ATWGGATTYTATATGAGTAT 94°C: 10 min, 

40 cycles: 

95°C: 30 s, 

45°C: 40 sec, 

72°C: 1 min 

72°C: 10 min 

(Gou et 

al., 2012) 

BaFor2 5’- ATAATCWGGWATYCTCCTTGG 

Nested 

PCR 

(975 bp) 

BaRev1 5’- TCTCTWCATGGWTTAATTATGATAT 94°C: 10 min, 

40 cycles: 

95°C: 30 s, 

49°C: 40 sec, 

72°C: 1 min 

72°C: 10 min 

BaRev2 5’- TAGCTCCAATTGAHARWACAAAGTG 
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Table 3.7: Reagents and volumes used in both nested PCR reactions 

Reagent Working concentration Volume/ reaction 

Nuclease-free water  36.95 μL 

Forward Primer 10 pmol/μL 1.2 μL 

Reverse Primer 10 pmol/μL 1.2 μL 

dNTP's (Promega, #U1432) 25 mM 0.4 μL 

Green PCR Master Mix (# 

K1081) 10X 

5 μL 

DreamTaq DNA Polymerase (# 

EP0703) 5 unit/μL 

0.25 μL 

DNA  5 μL 

Total Volume  50 μL 

 

3.3.7 Data analysis 

Consensus sequences of partial 18S rRNA gene sequences were obtained by 

aligning forward and reverse sequences with the hierarchical clustering online tool 

(http://multalin.toulouse.inra.fr/multalin/) (Corpet, 1988). Afterwards, species identity 

was determined based on the closest BLASTn match using the MegaBLAST with 

homologous sequences in the NCBI database (National Centre for Biotechnology 

Information, USA) and by comparing the consensus sequences against the B. 

divergens reference sequence (U16370)  using Clustal Omega  (Madeira et al., 

2019). 

All data was initially entered into Microsoft Excel (Microsoft Office for Mac, 

2019), then IBM SPSS Statistics (Version 24, 2016) was used to calculate 

prevalence and 95% confidence intervals (CI). The significance of the difference 

between percentages was calculated manually using the z statistic (Moore and 

McCabe, 1998). 
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3.4 Results 

The two TaqMan assays used in this study had efficiencies of 96.7% (for the 

A. phagocytophilum assay) and 91.6% (for the B. divergens assay) respectively. 

Out of the 639 questing I. ricinus nymphs collected in woodlands and 

screened with TaqMan PCR assays, 40 (6.3%, 95% CI 4.4 – 8.3) were positive for A. 

phagocytophilum, and 14 were positive for B. divergens (2.2%, 95% CI 1.1 – 3.3) 

(Table 3.8), (Appendix C). 12 (85.7%) of the B. divergens positives were successfully 

amplified using the 18S rRNA nested PCR. Sequence analysis (Appendix B) 

revealed that 9 were 100% identical to the B. divergens reference strain (U16370). 

Three sequences were 100% identical to (LC477142) which was originally isolated 

from cattle in Ireland and differs from U16370 by 1 base pair. These 3 sequences 

shared 99.42% identity (3 bp difference) with B. capreoli (Accession No: AY726009) 

(Figure 3.1a). 

Of the 160 I. ricinus nymphs collected from two livestock farms in Kerry, only 

ticks from one farm were found to be infected: 4 (2.5%, 95% CI 0.6 to 5%) were 

positive for A. phagocytophilum and 13 (8.1%, 95% CI 4.4 – 12.5) with B. divergens 

(Table 3.9). Of those 2 were successfully amplified using the 18S rRNA nested PCR.  

The difference in the infection rates of ticks collected from woodlands and 

farms was significant for A. phagocytophilum (P < 0.0001), and not significant for B. 

divergens (P = 0.7431). One of the sequences showed 99.23% identity to B. 

divergens (U16370) (4 bp difference) and 98.84% identity to B. capreoli (AY726009) 

(6 bp difference) while the other sequence showed 99.42% identity to B. 

divergens (U16370) (3 bp difference) and 99.03% identity to B. capreoli (AY726009) 

(5 bp difference) (Figure 3.1b). The nested PCR targeting the COI gene failed to 

amplify any of our B. divergens positives or the positive controls. 
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Table 3.8: Prevalence of A. phagocytophilum and B. divergens in I. ricinus nymph 
ticks collected from various woodland locations during 2017 and 2018. 

County Site name Sampling 

year 

No. of 

screened 

nymphs 

No. of ticks 

positive for A. 

phagocytophilum 

by qPCR (%) 

No. of ticks 

positive for 

B. divergens 

by qPCR (%) 

No. of B. 

divergens 

amplified by 

nested PCR 

(%) 

Clare Lough Bunny 2017 50 7 (14) 0 0 

Slieve carron 

(Burren) 

2017 50 6 (12) 0 0 

Donegal Barra Bog  2017 49 3 (6.1) 2 (4.1) 2 (100) 

Derkvaig 2017 50 6 (12) 11 (22) 10 (90.9) 

Galway Derrycrag wood 2017 42 2 (4.8) 0 0 

Portumna 2017 50 3 (6) 0 0 

Kerry Demesne gate 2018 40 0 0 0 

Demesne lodge 2018 40 0 1 (2.5) 0 

Fossa way, 

Knockreer 

playground 

2018 40 0 0 0 

Muckross 

national park 

2017 & 

2018 

134 5 (3.7) 0 0 

Small wood 

bordering dairy 

farm 

2018 40 4 (10) 0 0 

Mayo Letterkeen wood 

and Old Head 

wood 

2017 54 4 (7.4) 0 0 

Total 
  

639 40 (6.3) 14 (2.2) 12 (85.7) 
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Table 3.9: Prevalence of A. phagocytophilum and B. divergens in I. ricinus nymph 
ticks collected from two farms in Killarney, County Kerry during 2017 and 2018. 

County Farm type Sampl

ing 

year 

No. of 

nymphs 

screened  

No. of ticks 

positive for A. 

phagocytophilu

m by qPCR (%)  

No. of ticks 

positive for 

B. 

divergens 

by qPCR 

(%) 

No. of B. 

divergens 

amplified by 

nested PCR 

(%) 

Kerry Dairy farm 2018 120 4 (3.3) 13 (10.8) 2 (15.4) 

Beef farm 2018 40 0 0 0 

Total   160 4 (2.5) 13 (8.1) 2 (15.4) 
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(a) 

 

(b) 

 

 Figure 3.1: Phylogenetic analysis of different B. divergens isolates based on partial 

sequences of the 18S rRNA gene (518 bp) (a) Phylogenetic tree of B. divergens isolated 

from ticks collected in woodland sites with reference strains from the GeneBank (b) 

Phylogenetic tree of B. divergens isolates from ticks collected in farm sites with reference 

strains from the GeneBank. The DNA sequence of Theileria parva (GeneBank 

HQ895985) was used in both phylogenetic trees as an out-group to produce a rooted 

trees. 
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3.5 Discussion 

 

A. phagocytophilum can infect a wide range of hosts. It is the causative agent 

of human granulocytic anaplasmosis (HGA), and tick-borne fever in domestic animals 

(TBF). B. divergens is the primary agent of bovine babesiosis in Europe, and of 

considerable economic importance in the livestock industry. In addition, it is the 

cause of severe, albeit rare, disease in humans. 

In this study, the overall rate of A. phagocytophilum infection was higher in 

ticks collected from woodlands (6.3%) than in ticks collected from farm sites (2.5%). 

Both percentages fall within the range of 0.1 to 14.0% reported from other European 

countries (as reviewed by (Grochowska et al., 2020)). Moreover, all woodland sites 

were positive for A. phagocytophilum, and the highest recorded prevalence was 14% 

in the Lough Bunny, Co Clare. The 3 negative sites were in Co Kerry. The results 

confirm earlier findings by Zintl et al. 2017 which reported the presence of A. 

phagocytophilum in five Irish sites including Portumna Forest Park. In contrast, only 

ticks from one of the two farms tested positive for the pathogen (3.3%). A lower 

prevalence of A. phagocytophilum in ticks collected from pasture has been previously 

reported (Overzier et al., 2013b, Halos et al., 2010) which  may be due to the 

presence of a broader range of potential A. phagocytophilum reservoir hosts in 

woodlands sites including various deer species, rodents, insectivores, birds and 

reptiles. However, it is also important to stress that in our study a much smaller 

number of ticks were tested from farms (n = 160) than from woodlands (n = 639). 

While roe deer, which is an important host for both ticks and several genetic 

variants of A. phagocytophilum in Europe (Overzier et al., 2013a, Silaghi et al., 2011) 

it is absent from Ireland, other deer species are also commonly infected including red 

deer with up to 87.5% prevalence (Stuen et al., 2013), fallow deer with up to 72.4% 

(Ebani et al., 2011), and sika deer with up to 50% infection rates (Robinson et al., 

2009). Moreover high deer density is generally associated with increased tick density 

(Jensen et al., 2000, Rizzoli et al., 2009) and both presence and high density of deer 

species are associated with increased A. phagocytophilum prevalence in ticks (Rosef 

et al., 2009). The second largest group of potential A. phagocytophilum hosts are 

small mammals such as rodents (Liz et al., 2000) and insectivores, particularly 
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shrews  (Bray et al., 2007) and hedgehogs (Silaghi et al., 2012a). In addition various 

bird species (De La Fuente et al., 2005), reptiles (Nieto et al., 2009) and foxes 

(Karbowiak et al., 2009, Ebani et al., 2011) have been reported to carry the 

organism. Among domestic ruminant species A. phagocytophilum DNA has been 

reported in 2.5-20% cattle, 3-37.5% sheep, and 3.5-5.6% goats in Europe (reviewed 

(Overzier et al., 2013b)). 

As discussed earlier, A. phagocytophilum currently includes several variants 

(human, canine, bovine, ovine, etc.), and unfortunately, these different strains were 

not investigated in this study. However, our results indicate the need to raise 

awareness of the potential health risk for both humans and animals.  

Back in the 1980s, bovine babesiosis was an important and ubiquitous 

infection in cattle in Ireland (Gray and Harte, 1985) reflected in the fact that live 

vaccine was developed and successfully applied during a pilot vaccination 

programme (Gray et al., 1995). However, since that time, the incidence of bovine 

babesiosis has declined dramatically (Zintl et al., 2014), which is thought to be due to 

several factors such as pasture improvement, the use of tick-prone land for different 

livestock or crops and the widespread use of acaricides (Zintl et al., 2017). In 

addition, B. divergens is the cause of rare but potentially life-threatening infections in 

humans (as reviewed by (Zintl et al., 2017)). 

Whether certain deer species can act as reservoir hosts for B divergens has 

been the subject of some discussion (Hrazdilova et al., 2019, Malandrin et al., 2010, 

Zintl et al., 2011). The issue is complicated by the fact that most epidemiological 

studies focused on the presence of Babesia species in deer rely on the detection of 

the 18S rRNA gene. However, this gene is highly conserved and cannot distinguish 

between B. divergens and B. capreoli which differ from each other by just 2 

(inconsistent) base pairs in the entire gene. While there is some indication that at 

least red deer may be susceptible to B. divergens, it is unlikely that, compared to 

cattle, they are an important reservoir for the parasite. In this study a TaqMan PCR 

assay was used which targeted the heat shock protein 70 gene (hsp70). According to 

(Michelet et al., 2014) both primers and probes are specific for B. divergens. A 

GenBank blast search for the amplified 83 bp sequence showed only three 

references to be submitted up until now, all of which identified as B. divergens. 



 69 

Primers and probes specificity was not investigated prior to this study due to the lack 

of hsp70 sequences currently available in the GenBank. 

The overall prevalence of B. divergens infection reported in woodland sites in 

this study was 2.2%, which agrees well with other European studies carried out in 

Poland, Germany, Slovakia, France and Switzerland where Babesia spp. infection 

rates in ticks collected from parks and woodlands ranged between 0.4 and 4.5% (Akl 

et al., 2019, Hamšíková et al., 2016, Stańczak et al., 2015). It is important to note, 

however, that only 3 out of 12 sites were positive including the Demesne lodge in 

Muckross Park, Co Kerry (2.5%), and Barra Bog (4.1%) and Derkvaig (22%) in Co 

Donegal. In contrast the overall prevalence in ticks collected from cattle farm sites 

was considerably, though not significantly, higher with 8.1% confirming that cattle 

rather than deer are the most important source of B. divergens infection for ticks. It 

should be pointed out however, that ticks from only one of the two farms were 

positive. 

Of the two nested PCRs used to confirm the TaqMan screening result only the 

PCR that amplified a fragment of the 18S gene region was successful (in 85.7% of 

the ticks from parks and forests and 15.4% of ticks from farms).  Another nested PCR 

targeting the COI gene failed to amplify any of our B. divergens positive samples or 

the positive controls. 

In conclusion, this study confirmed the presence of A. phagocytophilum and B. 

divergens. A. phagocytophilum was present in the majority of sites that were 

sampled, with higher prevalence rates in woodland sites than on farms, which is in 

agreement with previous study reports from Ireland (Zintl et al., 2017). Further work 

is required to determine exactly which genotypes are present here (Huhn et al., 

2014). As expected, the prevalence of B. divergens was higher on farms than in 

woodlands confirming the important role of cattle in the parasite’s life cycle. The 

present study should be expanded to include more farm sites in order to confirm this 

difference in tick infection rates.  
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4 Chapter 3: General discussion 
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The tick-transmitted pathogens Borrelia burgdorferi (Burgdorfer et al., 1982), 

Babesia divergens (M'Fadyean and Stockman, 1911) and Anaplasma 

phagocytophilum (Gordon et al., 1940) are present and widespread in Ireland. 

Despite long being recognised as pathogens that can severely impact animal welfare 

and/or human health, relatively little research into the situation and no 

comprehensive study of tick-borne pathogens has ever been conducted in Ireland. 

This project aimed to determine the prevalence and distribution of the tick-

borne protozoon, B. divergens, and bacteria B. burgdorferi and A. phagocytophilum, 

in circulation in Irish Ixodes ricinus nymphs collected from farms, woodlands and 

parks. 

B. divergens is transmitted transovarially by I. ricinus, suggesting this tick can 

act as a reservoir host for this pathogen. It causes babesiosis in susceptible cattle 

due to invasion and destruction of the host’s red blood cells. Typical clinical signs are 

fever, dullness and haemoglobinuria (Zintl et al., 2014). A. phagocytophilum causes 

tick-borne fever in sheep and pasture fever in cattle  (Hudson, 1950). More 

importantly, it prompts immunosuppression which may result in secondary bacterial 

and viral infections with the potential to cause reduced fertility, deaths and negatively 

affect the welfare of affected animals (Brodie et al., 1986) 

B. burgdorferi s.l. the causative agent of Lyme borreliosis, or Lyme disease, is 

transmitted via ticks between various vertebrate hosts. It is the most prevalent 

arthropod-borne human disease in Europe and the US, and causes a multisystem 

disorder affecting various tissue. (Obiegala et al., 2017). 

To confirm the tick species and to address the lack of information about the 

current prevalence of infected ticks with B. burgdorferi s.l., A. phagocytophilum and 

B. divergens, specific TaqMan PCRs were optimised and applied to screen the ticks. 

Subsequently, nested PCR was used to identify the different Borrelia species and to 

confirm the B. divergens TaqMan PCR results. 

In this study, the overall rate of borrelial infection in nymphs from woodlands 

and parks was 9.2%, which compares to the 13.1% reported in 1997 for Ireland 

(Kirstein et al., 1997a). In contrast, the prevalence of Borrelia was lower (5.5%) in 

ticks collected from farms. This may have been due to smaller numbers of potential 

reservoir hosts in farm sites. The nested PCR confirmed the presence of the same 
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Borrelia species as were reported in 1997 namely B. valaisiana, Borrelia s.s., B. 

garinii and B. afzelii. In addition to a cluster of 3 identical sequences of Borrelia 

species were detected in Killarney, Co Kerry that did not match any of the published 

sequences in GenBank. However, species identification was based on a 225bp 

fragment of the the 5S and 23S rRNA genes and further work is required to 

determine whether these isolates represented a different species. It is also worth 

mentioning that B. miyamotoi, which belongs to the relapsing fever group, would not 

have been detected by the TaqMan or nested PCR protocols. This human pathogen 

has been recorded in the USA, continental Europe and England (Crowder et al., 

2014, Hansford et al., 2015), and recently in a single tick collected in Ireland 

(Lambert et al., 2019). It is also important to stress that co-infections of different 

Borrelia genospecies in the same tick (Cosson et al., 2014) were not investigated in 

this study. 

TaqMan PCR showed that 6.3% of ticks collected from woodlands and parks 

and 2.5% of ticks collected from farms were infected with A. phagocytophilum. This 

falls  within the range of 0.1 to 14.0% reported from other European countries (as 

reviewed by (Grochowska et al., 2020)). The species A. phagocytophilum includes 

several strains that infect different host species (human, canine, bovine, ovine, etc.). 

Unfortunately, there was no time to further investigate the A. phagocytophilum 

isolates identified in this study by conventional PCR and sequencing of strain specific 

gene loci such as groESL, ankA, msp2 and msp4 (Huhn et al., 2014). The results 

also showed that just 2.2% of the nymphs collected from parks and woodland were 

infected with B. divergens compared to 8.1% of ticks collected from cattle farms. A 

higher incidence of this parasite in farm sites is to be expected since cattle are the 

main host of B. divergens (Zintl et al., 2003). While some studies have reported the 

presence of ‘B. divergens-like’ pathogens in various deer species, particularly red 

deer (Hrazdilova et al., 2019), they are unlikely to serve as important reservoir hosts 

for B. divergens (Zintl et al., 2011, Gray, 2006).  

Due to the capacity of I. ricinus to feed on a broad variety of vertebrate 

species that can host multiple tick-borne pathogens, they may carry various different 

pathogens at the same time (Moutailler et al., 2016, Raileanu et al., 2017, Reis et al., 

2011). These co-infections can affect the intensity and duration of clinical signs in 

hosts that are susceptible to the various pathogens involved, and make diagnosis 
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and treatment more challenging. In this study, we identified only a small number of 

co-infected nymphal ticks (co-infections of A. phagocytophilum and B. divergens in 

0.38%, co-infections of A. phagocytophilum and B. burgdorferi s.l. in 0.25% and co-

infections of  B. burgdorferi s.l. and B. divergens in another 0.25%). Such low rates of 

co-infections have been previously reported in different tick stages (Schorn et al., 

2011, Silaghi et al., 2012b, Steiner et al., 2014). 

30.2% of samples that were positive for B. burgdorferi s.l and 48.1% 

of samples that were positive for B. divergens according to TaqMan PCR were 

negative by nested PCR. In addition to 3.9% of B. burgdorferi s.l nested PCR 

products that failed to sequence. It is likely that this that this discrepancy was due to 

a higher sensitivity of the TaqManPCR, which facilitated detection of  lower copies of 

pathogens DNA. Razanske et al. (Razanske et al., 2019) also reported higher 

sensitivity of real-time PCR essays when screening ticks for tick-borne pathogens; 

targetting msp2 of A. phagocytophilum and 18S rRNA of Babesia spp gene, over 

nested PCR targetting msp4 gene of A. phagocytophilum and 18S rRNA of Babesia 

spp. 

 

To conclude, there is a shortage of information on ticks and tick-borne 

diseases in Ireland as only a few studies had previously investigated this topic. 

Because previous high-throughout screening indicated that ticks from Ireland carry 

only a limited diversity of tick-borne pathogens(Zintl et al., 2017), the methods used 

in this study focused on determining the prevalence and distribution of these well-

known pathogens. However, a new borrelia species, B. miyamotoi, was recently 

reported from a single tick collected in Portumna (Lambert et al., 2019). Therefore, 

future work should focus on other potential tick-borne pathogens using high-

throughput approaches, such as microfluidic real-time PCR amplification and next-

generation sequencing. It is also necessary to invistigate the A. 

phagocytophilum strains that occur in Ireland by (multilocus) gene amplification and 

sequencing and/or whole-genome sequencing. 

  



 74 

5 References 

 

  



 75 

ABRAHAM, N. M., LIU, L., JUTRAS, B. L., YADAV, A. K., NARASIMHAN, S., 
GOPALAKRISHNAN, V., ANSARI, J. M., JEFFERSON, K. K., CAVA, F. & 
JACOBS-WAGNER, C. 2017. Pathogen-mediated manipulation of arthropod 
microbiota to promote infection. Proceedings of the National Academy of 
Sciences, 114, E781-E790. 

AHANTARIG, A., TRINACHARTVANIT, W., BAIMAI, V. & GRUBHOFFER, L. 2013. 
Hard ticks and their bacterial endosymbionts (or would be pathogens). Folia 
Microbiologica, 58, 419-428. 

AKL, T., BOURGOIN, G., SOUQ, M.-L., APPOLINAIRE, J., POIREL, M.-T., GIBERT, 
P., RIZK, G. A., GAREL, M. & ZENNER, L. 2019. Detection of tick-borne 
pathogens in questing Ixodes ricinus in the French Pyrenees and first 
identification of Rickettsia monacensis in France. Parasite, 26. 

ANDREOTTI, R., DE LEÓN, A. A. P., DOWD, S. E., GUERRERO, F. D., BENDELE, 
K. G. & SCOLES, G. A. 2011. Assessment of bacterial diversity in the cattle 
tick Rhipicephalus (Boophilus) microplus through tag-encoded 
pyrosequencing. BMC Microbiology, 11, 6. 

APANASKEVICH, D. A. & OLIVER JR, J. H. 2014. Life cycles and natural history of 
ticks. Biology of ticks, 1, 59-73. 

ARSLAN, G. L. 2017. Red meat allergy induced by tick bites: A Norwegian case 
report. European Annals of Allergy and Clinical Immunology, 49, 186-188. 

BABES, V. 1888. Sur l’hemoglobinurie bacterienne du boeuf. Comptes Rendus de I 
Academie des Sciences, 107, 692-694. 

BAKER, K., ELLENBERGER, C., MURPHY, M., CAVALLERI, D., SEEWALD, W., 
DRAKE, J., NANCHEN, S. & HACKET, K. 2018. Laboratory evaluations of the 
3-month efficacy of oral lotilaner (Credelio) against experimental infestations 
of dogs with the Australian paralysis tick, Ixodes holocyclus. Parasitology 
Vectors, 11, 487. 

BARBET, A., AL-KHEDERY, B., STUEN, S., GRANQUIST, E., FELSHEIM, R. & 
MUNDERLOH, U. 2013. An emerging tick-borne disease of humans is caused 
by a subset of strains with conserved genome structure. Pathogens, 2, 544-
555. 

BARRETT, D., COLLINS, D. M., MCGRATH, G. & MUIREAGAIN, C. Ó. 2012. 
Seroprevalence of Louping Ill virus (LIV) antibodies in sheep submitted for 
post mortem examination in the North West of Ireland in 2011. Irish Veterinary 
Journal, 65, 20. 

BODEN, K., LOBENSTEIN, S., HERMANN, B., MARGOS, G. & FINGERLE, V. 2016. 
Borrelia miyamotoi–associated neuroborreliosis in immunocompromised 
person. Emerging Infectious Diseases, 22, 1617. 

BONNET, S. & BOULANGER, N. 2017. Ixodes Tick Saliva: A Potent Controller at the 
Skin Interface of Early Borrelia burgdorferi Sensu Lato Transmission. 
Arthropod Vector: Controller of Disease Transmission, Volume 2. Elsevier. 

BRAY, D., BOWN, K., STOCKLEY, P., HURST, J., BENNETT, M. & BIRTLES, R. 
2007. Haemoparasites of common shrews (Sorex araneus) in Northwest 
England. Parasitology, 134, 819-826. 

BRODIE, T., HOLMES, P. & URQUHART, G. 1986. Some aspects of tick-borne 
diseases of British sheep. The Veterinary Record, 118, 415-418. 

BUCZEK, A., BARTOSIK, K., BUCZEK, W., BUCZEK, A. M. & KUCZYŃSKI, P. 
2019. The effect of sublethal concentrations of deltamethrin and 
alphacypermethrin on the fecundity and development of Ixodes ricinus (Acari: 
Ixodidae) eggs and larvae. Experimental and Applied Acarology, 1-19. 



 76 

BURGDORFER, W., BARBOUR, A. G., HAYES, S. F., BENACH, J. L., 
GRUNWALDT, E. & DAVIS, J. P. 1982. Lyme disease-a tick-borne 
spirochetosis? Science, 216, 1317-1319. 

BUXTON, D. & REID, H. W. 2017. 120 years of Louping-ill Research: an Historical 
Perspective from the Archive of the Journal of Comparative Pathology. Journal 
Comparative Patholology, 157, 270-275. 

BYKOWSKI, T., WOODMAN, M. E., COOLEY, A. E., BRISSETTE, C. A., WALLICH, 
R., BRADE, V., KRAICZY, P. & STEVENSON, B. 2008. Borrelia burgdorferi 
complement regulator-acquiring surface proteins (BbCRASPs): Expression 
patterns during the mammal–tick infection cycle. International Journal of 
Medical Microbiology, 298, 249-256. 

CABEZAS-CRUZ, A., VAYSSIER-TAUSSAT, M. & GREUB, G. 2018. Tick-borne 
pathogen detection: what's new? Microbes and Infection, 20, 441-444. 

CARREÓN, D., DE LA LASTRA, J. M. P., ALMAZÁN, C., CANALES, M., RUIZ-
FONS, F., BOADELLA, M., MORENO-CID, J. A., VILLAR, M., GORTÁZAR, C. 
& REGLERO, M. 2012. Vaccination with BM86, subolesin and akirin protective 
antigens for the control of tick infestations in white tailed deer and red deer. 
Vaccine, 30, 273-279. 

CENTERS FOR DISEASE CONTROL AND PREVENTION. 2018. Recent 
Surveillance Data of Lyme Disease [Online]. Available: 
https://www.cdc.gov/lyme/datasurveillance/recent-surveillance-data.html 
[Accessed 30 July 2019]. 

CENTERS FOR DISEASE CONTROL AND PREVENTION. 2019. Anaplasmosis, 
Epidemiology and Statistics [Online]. Available: 
https://www.cdc.gov/anaplasmosis/stats/index.html [Accessed 06 June 2019]. 

CERAR, D., CERAR, T., RUŽIĆ-SABLJIĆ, E., WORMSER, G. P. & STRLE, F. 2010. 
Subjective symptoms after treatment of early Lyme disease. The American 
Journal of Medicine, 123, 79-86. 

CHAKRAVORTY, S., HELB, D., BURDAY, M., CONNELL, N. & ALLAND, D. 2007. A 
detailed analysis of 16S ribosomal RNA gene segments for the diagnosis of 
pathogenic bacteria. Journal of Microbiological Methods, 69, 330-339. 

CHEN, S.-M., DUMLER, J. S., BAKKEN, J. S. & WALKER, D. H. 1994. Identification 
of a granulocytotropic Ehrlichia species as the etiologic agent of human 
disease. Journal of Clinical Microbiology, 32, 589-595. 

CLARRIDGE, J. E. 2004. Impact of 16S rRNA gene sequence analysis for 
identification of bacteria on clinical microbiology and infectious diseases. 
Clinical MicrobiologyReviews, 17, 840-862. 

COMMINS, S. P., SATINOVER, S. M., HOSEN, J., MOZENA, J., BORISH, L., 
LEWIS, B. D., WOODFOLK, J. A. & PLATTS-MILLS, T. A. 2009. Delayed 
anaphylaxis, angioedema, or urticaria after consumption of red meat in 
patients with IgE antibodies specific for galactose-α-1, 3-galactose. Journal of 
Allergy and Clinical Immunology, 123, 426-433. e2. 

COMSTEDT, P., SCHÜLER, W., MEINKE, A. & LUNDBERG, U. 2017. The novel 
Lyme borreliosis vaccine VLA15 shows broad protection against Borrelia 
species expressing six different OspA serotypes. PloS One, 12, e0184357. 

CORPET, F. 1988. Multiple sequence alignment with hierarchical clustering. Nucleic 
Acids Research, 16, 10881-90. 

COSSON, J.-F., MICHELET, L., CHOTTE, J., LE NAOUR, E., COTE, M., 
DEVILLERS, E., POULLE, M.-L., HUET, D., GALAN, M. & GELLER, J. 2014. 
Genetic characterization of the human relapsing fever spirochete Borrelia 

https://www.cdc.gov/lyme/datasurveillance/recent-surveillance-data.html
https://www.cdc.gov/anaplasmosis/stats/index.html


 77 

miyamotoi in vectors and animal reservoirs of Lyme disease spirochetes in 
France. Parasites and Vectors, 7, 233. 

COUMOU, J., WAGEMAKERS, A., TRENTELMAN, J. J., NIJHOF, A. M. & HOVIUS, 
J. W. 2015. Vaccination against Bm86 homologues in rabbits does not impair 
Ixodes ricinus feeding or oviposition. PloS one, 10, e0123495. 

CROSBY, F. L., LUNDGREN, A. M., HOFFMAN, C., PASCUAL, D. W. & BARBET, 
A. F. 2018. VirB10 vaccination for protection against Anaplasma 
phagocytophilum. BMC Microbiology, 18, 217. 

CROWDER, C. D., CAROLAN, H. E., ROUNDS, M. A., HONIG, V., MOTHES, B., 
HAAG, H., NOLTE, O., LUFT, B. J., GRUBHOFFER, L. & ECKER, D. J. 2014. 
Prevalence of Borrelia miyamotoi in Ixodes ticks in Europe and the United 
States. Emerging Infectious Diseases, 20, 1678. 

CUTLER, S. J., RUZIC-SABLJIC, E. & POTKONJAK, A. 2017. Emerging borreliae - 
Expanding beyond Lyme borreliosis. Molecular and Cellular Probes, 31, 22-
27. 

DAGLEISH, M. P., CLARK, J. J., ROBSON, C., TUCKER, M., ORTON, R. J. & 
ROCCHI, M. S. 2018. A Fatal Case of Louping-ill in a Dog: Immunolocalization 
and Full Genome Sequencing of the Virus. Journal of Comparative Pathology, 
165, 23-32. 

DANTAS-TORRES, F., CHOMEL, B. B. & OTRANTO, D. 2012. Ticks and tick-borne 
diseases: a One Health perspective. Trends Parasitol, 28, 437-46. 

DE LA FUENTE, J. & CONTRERAS, M. 2015. Tick vaccines: current status and 
future directions. ExpertReview of Vaccines, 14, 1367-1376. 

DE LA FUENTE, J., CONTRERAS, M., ESTRADA-PEÑA, A. & CABEZAS-CRUZ, A. 
2017. Targeting a global health problem: vaccine design and challenges for 
the control of tick-borne diseases. Vaccine, 35, 5089-5094. 

DE LA FUENTE, J., NARANJO, V., RUIZ-FONS, F., HÖFLE, U., FERNÁNDEZ DE 
MERA, I. G., VILLANÚA, D., ALMAZÁN, C., TORINA, A., CARACAPPA, S. & 
KOCAN, K. M. 2005. Potential vertebrate reservoir hosts and invertebrate 
vectors of Anaplasma marginale and A. phagocytophilum in central Spain. 
Vector-Borne & Zoonotic Diseases, 5, 390-401. 

DIB, L., BITAM, I., TAHRI, M., BENSOUILAH, M. & DE MEEÛS, T. 2008. 
Competitive exclusion between piroplasmosis and anaplasmosis agents within 
cattle. PLoS Pathogens, 4, e7. 

DIVERS, T. J., GARDNER, R. B., MADIGAN, J. E., WITONSKY, S. G., BERTONE, 
J. J., SWINEBROAD, E. L., SCHUTZER, S. E. & JOHNSON, A. L. 2018. 
Borrelia burgdorferi Infection and Lyme Disease in North American Horses: A 
Consensus Statement. Journal of Veterinary Internal Medicine, 32, 617-632. 

DIZA, E., PAPA, A., VEZYRI, E., TSOUNIS, S., MILONAS, I. & ANTONIADIS, A. 
2004. Borrelia valaisiana in cerebrospinal fluid. Emerging Infectious Diseases, 
10, 1692. 

DUBSKA, L., LITERAK, I., KOCIANOVA, E., TARAGELOVA, V. & SYCHRA, O. 
2009. Differential role of passerine birds in distribution of Borrelia spirochetes, 
based on data from ticks collected from birds during the postbreeding 
migration period in Central Europe. Applied and Environment Microbiology, 
75, 596-602. 

DUGAT, T., LAGRÉE, A.-C., MAILLARD, R., BOULOUIS, H.-J. & HADDAD, N. 2015. 
Opening the black box of Anaplasma phagocytophilum diversity: current 
situation and future perspectives. Frontiers in Cellular and Infection 
Microbiology, 5, 61. 



 78 

DUMIC, I. & SEVERNINI, E. 2018. "Ticking Bomb": The Impact of Climate Change 
on the Incidence of Lyme Disease. Canadian Journal Infectious Diseases 
Medical Microbiology, 2018, 5719081. 

DUMLER, J. S., BARBET, A. F., BEKKER, C., DASCH, G. A., PALMER, G. H., RAY, 
S. C., RIKIHISA, Y. & RURANGIRWA, F. R. 2001. Reorganization of genera 
in the families Rickettsiaceae and Anaplasmataceae in the order Rickettsiales: 
unification of some species of Ehrlichia with Anaplasma, Cowdria with 
Ehrlichia and Ehrlichia with Neorickettsia, descriptions of six new species 
combinations and designation of Ehrlichia equi and'HGE agent'as subjective 
synonyms of Ehrlichia phagocytophila. International Journal of Systematic and 
Evolutionary Microbiology, 51, 2145-2165. 

DUNCAN, A. W., CORREA, M. T., LEVINE, J. F. & BREITSCHWERDT, E. B. 2004. 
The dog as a sentinel for human infection: prevalence of Borrelia burgdorferi 
C6 antibodies in dogs from southeastern and mid-Atlantic states. Vector-
Borne & Zoonotic Diseases, 4, 221-229. 

EBANI, V. V., VERIN, R., FRATINI, F., POLI, A. & CERRI, D. 2011. Molecular survey 
of Anaplasma phagocytophilum and Ehrlichia canis in red foxes (Vulpes 
vulpes) from central Italy. Journal of Wildlife Diseases, 47, 699-703. 

EUROPEAN CENTRE FOR DISEASE PREVENTION AND CONTROL 2011. 
Second expert consultation on tick-borne diseases with emphasis on Lyme 
borreliosis and tick-borne encephalitis. Stockholm, Sweden: ECDC. 

FARBER, F., MUEHLENBACHS, A. & ROBEY, T. 2015. Atraumatic splenic rupture 
from Babesia: a disease of the otherwise healthy patient. Ticks and tick-borne 
Diseases, 6, 649-652. 

FIKRIG, E., BARTHOLD, S. W., KANTOR, F. S. & FLAVELL, R. A. 1990. Protection 
of mice against the Lyme disease agent by immunizing with recombinant 
OspA. Science, 250, 553-556. 

FISCHHOFF, I. R., KEESING, F. & OSTFELD, R. S. 2017. The tick biocontrol agent 
Metarhizium brunneum (= M. anisopliae)(strain F52) does not reduce non-
target arthropods. PloS one, 12, e0187675. 

FISH, A. E., PRIDE, Y. B. & PINTO, D. S. 2008. Lyme carditis. Infectious Disease 
Clinics North America, 22, 275-88, vi. 

FOGGIE, A. 1951. Studies on the infectious agent of tick‐borne fever in sheep. The 
Journal of Pathology and Bacteriology, 63, 1-15. 

GERN, L. 2009. Life cycle of Borrelia burgdorferi sensu lato and transmission to 
humans. Lyme Borreliosis. Karger Publishers. 

GERN, L. & FALCO, R. C. 2000. Lyme disease. Review Scientific and Technical, 19, 
121-35. 

GOFTON, A. W., OSKAM, C. L., LO, N., BENINATI, T., WEI, H., MCCARL, V., 
MURRAY, D. C., PAPARINI, A., GREAY, T. L. & HOLMES, A. J. 2015. 
Inhibition of the endosymbiont “Candidatus Midichloria mitochondrii” during 
16S rRNA gene profiling reveals potential pathogens in Ixodes ticks from 
Australia. Parasites and Vectors, 8, 345. 

GONZALEZ, L. M., ROJO, S., GONZALEZ-CAMACHO, F., LUQUE, D., LOBO, C. A. 
& MONTERO, E. 2014. Severe babesiosis in immunocompetent man, Spain, 
2011. Emerging Infectious Diseases, 20, 724. 

GOODWIN, S., MCPHERSON, J. D. & MCCOMBIE, W. R. 2016. Coming of age: ten 
years of next-generation sequencing technologies. Nature Reviews Genetics, 
17, 333. 



 79 

GOOSSENS, H., VAN DEN BOGAARD, A. & NOHLMANS, M. 2001. Dogs as 
sentinels for human Lyme borreliosis in The Netherlands. Journal of Clinical 
Microbiology, 39, 844-848. 

GORDON, W., BROWNLEE, A. & WILSON, D. Studies in louping-ill, tick-borne fever 
and scrapie.  Proceedings: 3rd International Congress of Microbiology, 1940. 
362-363. 

GORDON, W., BROWNLEE, A., WILSON, D. & MACLEOD, J. 1932. " Tick-borne 
Fever"(A hitherto undescribed Disease of Sheep). Journal of Comparative 
Pathology, 45. 

GORENFLOT, A., MOUBRI, K., PRECIGOUT, E., CARCY, B. & SCHETTERS, T. 
1998. Human babesiosis. Annals of Tropical Medicine & Parasitology, 92, 
489-501. 

GOU, H., GUAN, G., LIU, A., MA, M., XU, Z., LIU, Z., REN, Q., LI, Y., YANG, J., 
CHEN, Z., YIN, H. & LUO, J. 2012. A DNA barcode for Piroplasmea. Acta 
Tropica, 124, 92-7. 

GRAF, J.-F., GOGOLEWSKI, R., LEACH-BING, N., SABATINI, G., MOLENTO, M., 
BORDIN, E. & ARANTES, G. 2004. Tick control: an industry point of view. 
Parasitology, 129, S427-S442. 

GRAY, C., VAN ZYL, A. & STRAUSS, L. 2016a. 'Midnight anaphylaxis' to red meat in 
patients with alpha-gal sensitisation: a recent discovery in the food allergy 
world and a case report from South Africa: guest review. Current Allergy & 
Clinical Immunology, 29, 102-104. 

GRAY, E. B. & HERWALDT, B. L. 2019. Babesiosis Surveillance - United States, 
2011-2015. MMWR Surveill Summ, 68, 1-11. 

GRAY, J. 1982. The development and questing activity of Ixodes ricinus (L.)(Acari: 
Ixodidae) under field conditions in Ireland. Bulletin of Entomological Research, 
72, 263-270. 

GRAY, J. 1998. Review the ecology of ticks transmitting Lyme borreliosis. 
Experimental & Applied Acarology, 22, 249-258. 

GRAY, J. & HARTE, L. 1985. AN ESTIMATION OF THE PREVALENCE AND 
ECONOMIC IMPORTANCE OF CLINICAL BOVINE BABESIOSIS IN THE 
REPUBLIC-OF-IRELAND. Irish Veterinary Journal, 39, 75-78. 

GRAY, J., KAYE, B., TALTY, P. & MCSWEENEY, C. 1995. The field use of a gerbil-
derived and drug-controlled live vaccine against bovine babesiosis in Ireland. 
Irish Veterinary Journal, 48, 358-362. 

GRAY, J., KIRSTEIN, F., ROBERTSON, J., STEIN, J. & KAHL, O. 1999. Borrelia 
burgdorferi sensu lato in Ixodes ricinus ticks and rodents in a recreational park 
in south-western Ireland. Experimental & Applied Acarology, 23, 717-729. 

GRAY, J., ROBERTSON, J. & KEY, S. 2000. Limited role of rodents as reservoirs of 
Borrelia burgdorferi sensu lato in Ireland. European Journal of Epidemiology, 
16, 101-103. 

GRAY, J., ZINTL, A., HILDEBRANDT, A., HUNFELD, K.-P. & WEISS, L. 2010. 
Zoonotic babesiosis: overview of the disease and novel aspects of pathogen 
identity. Ticks and tick-borne Diseases, 1, 3-10. 

GRAY, J. S. 2006. Identity of the causal agents of human babesiosis in Europe. 
International Journal of Medical Microbiology, 296, 131-136. 

GRAY, J. S., KAHL, O., LANE, R. S., LEVIN, M. L. & TSAO, J. I. 2016b. Diapause in 
ticks of the medically important Ixodes ricinus species complex. Ticks Tick 
Borne Diseases, 7, 992-1003. 



 80 

GREAY, T. L., GOFTON, A. W., PAPARINI, A., RYAN, U. M., OSKAM, C. L. & 
IRWIN, P. J. 2018. Recent insights into the tick microbiome gained through 
next-generation sequencing. Parasites and Vectors, 11, 12. 

GROCHOWSKA, A., MILEWSKI, R., PANCEWICZ, S., DUNAJ, J., CZUPRYNA, P., 
MILEWSKA, A.J., RÓG-MAKAL, M., GRYGORCZUK, S. AND MONIUSZKO- 
MALINOWSKA, A., 2020. Comparison of tick-borne pathogen prevalence in 
Ixodes ricinus ticks collected in urban areas of Europe. Scientific 
Reports, 10(1), pp.1-9. 

GUGLIELMONE, A. A., ROBBINS, R. G., APANASKEVICH, D. A., PETNEY, T. N., 
ESTRADA-PEÑA, A., HORAK, I. G., SHAO, R. & BARKER, S. C. 2010. The 
Argasidae, Ixodidae and Nuttalliellidae (Acari: Ixodida) of the world: a list of 
valid species names. Zootaxa, 2528, 1-28. 

HALOS, L., BORD, S., COTTE, V., GASQUI, P., ABRIAL, D., BARNOUIN, J., 
BOULOUIS, H. J., VAYSSIER-TAUSSAT, M. & VOURC'H, G. 2010. 
Ecological factors characterizing the prevalence of bacterial tick-borne 
pathogens in Ixodes ricinus ticks in pastures and woodlands. Applied and 
Environment Microbiology, 76, 4413-20. 

HALPERIN, J. J. 2014. Nervous system Lyme disease. Handbook Clinical 
Neurolology, 121, 1473-83. 

HAMŠÍKOVÁ, Z., KAZIMÍROVÁ, M., HARUŠTIAKOVÁ, D., MAHRÍKOVÁ, L., 
SLOVÁK, M., BERTHOVÁ, L., KOCIANOVÁ, E. & SCHNITTGER, L. 2016. 
Babesia spp. in ticks and wildlife in different habitat types of Slovakia. 
Parasites and Vectors, 9, 292. 

HAMSTEN, C., TRAN, T. A. T., STARKHAMMAR, M., BRAUNER, A., COMMINS, S. 
P., PLATTS-MILLS, T. A. & VAN HAGE, M. 2013. Red meat allergy in 
Sweden: association with tick sensitization and B-negative blood groups. 
Journal of Allergy and Clinical Immunology, 132, 1431-1434. e6. 

HANINCOVA, K., SCHÄFER, S., ETTI, S., SEWELL, H.-S., TARAGELOVA, V., 
ZIAK, D., LABUDA, M. & KURTENBACH, K. 2003. Association of Borrelia 
afzelii with rodents in Europe. Parasitology, 126, 11-20. 

HANINCOVÁ, K., TARAGELOVÁ, V., KOCI, J., SCHÄFER, S. M., HAILS, R., 
ULLMANN, A. J., PIESMAN, J., LABUDA, M. & KURTENBACH, K. 2003. 
Association of Borrelia garinii and B. valaisiana with songbirds in Slovakia. 
Applied and Environment Microbiology, 69, 2825-2830. 

HANSFORD, K., FONVILLE, M., JAHFARI, S., SPRONG, H. & MEDLOCK, J. 2015. 
Borrelia miyamotoi in host-seeking Ixodes ricinus ticks in England. 
Epidemiology & Infection, 143, 1079-1087. 

HAUSER, G., RAIS, O., MORAN CADENAS, F., GONSETH, Y., BOUZELBOUDJEN, 
M. & GERN, L. 2018. Influence of climatic factors on Ixodes ricinus nymph 
abundance and phenology over a long-term monthly observation in 
Switzerland (2000-2014). Parasites and Vectors, 11, 289. 

HEALTH PROTECTION SURVEILLANCE CENTRE. 2019a. Cumulative crude 
incidence rate (CIR) of Lyme neuroborreliosis, 2012-2018 [Online]. Available: 
https://www.hpsc.ie/a-
z/vectorborne/lymedisease/epidemiologicaldata/LymeNeuro_2012-
2018Cumulative_Map_WebContent_v1.1_20190102.pdf [Accessed]. 

HEALTH PROTECTION SURVEILLANCE CENTRE. 2019b. Lyme disease [Online]. 
Available: https://www.hpsc.ie/a-z/vectorborne/lymedisease/factsheet/ 
[Accessed 31 July 2019]. 

https://www.hpsc.ie/a-z/vectorborne/lymedisease/epidemiologicaldata/LymeNeuro_2012-2018Cumulative_Map_WebContent_v1.1_20190102.pdf
https://www.hpsc.ie/a-z/vectorborne/lymedisease/epidemiologicaldata/LymeNeuro_2012-2018Cumulative_Map_WebContent_v1.1_20190102.pdf
https://www.hpsc.ie/a-z/vectorborne/lymedisease/epidemiologicaldata/LymeNeuro_2012-2018Cumulative_Map_WebContent_v1.1_20190102.pdf
https://www.hpsc.ie/a-z/vectorborne/lymedisease/factsheet/


 81 

HEISIG, M., ABRAHAM, N. M., LIU, L., NEELAKANTA, G., MATTESSICH, S., 
SULTANA, H., SHANG, Z., ANSARI, J. M., KILLIAM, C. & WALKER, W. 2014. 
Antivirulence properties of an antifreeze protein. Cell reports, 9, 417-424. 

HERNDON, A. M., THOMPSON, A. T. & MACK, C. 2018. Diagnosis and Treatment 
of Lower Motor Neuron Disease in Australian Dogs and Cats. Journal of  
Veterinary Medicine, 2018, 1018230. 

HERRMANN, C. & GERN, L. 2015. Search for blood or water is influenced by 
Borrelia burgdorferi in Ixodes ricinus. Parasites and Vectors, 8, 6. 

HEYLEN, D., SCHMIDT, O., DAUTEL, H., GERN, L., KAMPEN, H., NEWTON, J. & 
GRAY, J. 2019. Host identification in unfed ticks from stable isotope 
compositions (δ13C and δ15N). Medical and Veterinary Entomology. 

HILLYARD, P. D. 1996. Ticks of north-west Europe, Field Studies Council. 
HOMER, M. J., AGUILAR-DELFIN, I., TELFORD, S. R., 3RD, KRAUSE, P. J. & 

PERSING, D. H. 2000. Babesiosis. Clinical Microbiology Review, 13, 451-69. 
HORNOK, S., HORVATH, G., TAKACS, N., FARKAS, R., SZOKE, K. & 

KONTSCHAN, J. 2018. Molecular evidence of a badger-associated Ehrlichia 
sp., a Candidatus Neoehrlichia lotoris-like genotype and Anaplasma marginale 
in dogs. Ticks Tick Borne Diseases, 9, 1302-1309. 

HOVIUS, J. W., DE WEVER, B., SOHNE, M., BROUWER, M. C., COUMOU, J., 
WAGEMAKERS, A., OEI, A., KNOL, H., NARASIMHAN, S. & HODIAMONT, 
C. J. 2013. A case of meningoencephalitis by the relapsing fever spirochaete 
Borrelia miyamotoi in Europe. The Lancet, 382, 658. 

HRAZDILOVA, K., RYBAROVA, M., SIROKY, P., VOTYPKA, J., ZINTL, A., 
BURGESS, H., STEINBAUER, V., ZAKOVCIK, V. & MODRY, D. 2019. 
Diversity of Babesia spp. in cervid ungulates based on the 18S rDNA and 
cytochrome c oxidase subunit I phylogenies. Infection, Genetics Evolution, 77, 
104060. 

HUANG, C. I., KAY, S. C., DAVIS, S., TUFTS, D. M., GAFFETT, K., TEFFT, B. & 
DIUK-WASSER, M. A. 2019. High burdens of Ixodes scapularis larval ticks on 
white-tailed deer may limit Lyme disease risk in a low biodiversity setting. 
Ticks Tick Borne Diseases, 10, 258-268. 

HUDSON, J. R. 1950. The recognition off tick-borne fever as a disease of cattle. 
British Veterinary Journal, 106, 3-17. 

HUHN, C., WINTER, C., WOLFSPERGER, T., WÜPPENHORST, N., SMRDEL, K. 
S., SKUBALLA, J., PFÄFFLE, M., PETNEY, T., SILAGHI, C. & DYACHENKO, 
V. 2014. Analysis of the population structure of Anaplasma phagocytophilum 
using multilocus sequence typing. PLoS One, 9, e93725. 

HUNFELD, K.-P., HILDEBRANDT, A. & GRAY, J. 2008. Babesiosis: recent insights 
into an ancient disease. International Journal for Parasitology, 38, 1219-1237. 

ILLUMINA. 2019. MiSeq Reagent Kit v3 [Online]. Available: 
https://emea.illumina.com/products/by-type/sequencing-kits/cluster-gen-
sequencing-reagents/miseq-reagent-kit-v3.html?langsel=/ie/ [Accessed 06 
June 2019]. 

IRWIN, P. J., ROBERTSON, I. D., WESTMAN, M. E., PERKINS, M. & 
STRAUBINGER, R. K. 2017. Searching for Lyme borreliosis in Australia: 
results of a canine sentinel study. Parasites and Vectors, 10, 114. 

ISMAIL, N., BLOCH, K. C. & MCBRIDE, J. W. 2010. Human ehrlichiosis and 
anaplasmosis. Clinics in Laboratory Medicine, 30, 261-292. 

JACQUENET, S., MONERET-VAUTRIN, D.-A. & BIHAIN, B. E. 2009. Mammalian 
meat-induced anaphylaxis: Clinical relevance of anti-galactose-[alpha]-1, 3-

https://emea.illumina.com/products/by-type/sequencing-kits/cluster-gen-sequencing-reagents/miseq-reagent-kit-v3.html?langsel=/ie/
https://emea.illumina.com/products/by-type/sequencing-kits/cluster-gen-sequencing-reagents/miseq-reagent-kit-v3.html?langsel=/ie/


 82 

galactose IgE confirmed by means of skin tests to cetuximab. Journal of 
Allergy and Clinical Immunology, 124, 603. 

JAENSON, T. G. & TÄLLEKLINT, L. 1992. Incompetence of roe deer as reservoirs of 
the Lyme borreliosis spirochete. Journal of Medical Entomology, 29, 813-817. 

JAMES, M., BOWMAN, A., FORBES, K., LEWIS, F., MCLEOD, J. & GILBERT, L. 
2013. Environmental determinants of Ixodes ricinus ticks and the incidence of 
Borrelia burgdorferi sensu lato, the agent of Lyme borreliosis, in Scotland. 
Parasitology, 140, 237-246. 

JAMES, M. C., GILBERT, L., BOWMAN, A. S. & FORBES, K. J. 2014. The 
heterogeneity, distribution, and environmental associations of Borrelia 
burgdorferi sensu lato, the agent of Lyme borreliosis, in Scotland. Frontiers in 
Public Health, 2, 129. 

JAPPE, U. 2012. Update on meat allergy. α-Gal: a new epitope, a new entity? Der 
Hautarzt; Zeitschrift fur Dermatologie, Venerologie, und verwandte Gebiete, 
63, 299-306. 

JEFFRIES, C. L., MANSFIELD, K. L., PHIPPS, L. P., WAKELEY, P. R., MEARNS, 
R., SCHOCK, A., BELL, S., BREED, A. C., FOOKS, A. R. & JOHNSON, N. 
2014. Louping ill virus: an endemic tick-borne disease of Great Britain. Journal 
of General Virology, 95, 1005-14. 

JENSEN, P. M., HANSEN, H. & FRANDSEN, F. 2000. Spatial risk assessment for 
Lyme borreliosis in Denmark. Scandinavian Journal of Infectious Diseases, 
32, 545-550. 

JIANG, J.-F., ZHENG, Y.-C., JIANG, R.-R., LI, H., HUO, Q.-B., JIANG, B.-G., SUN, 
Y., JIA, N., WANG, Y.-W. & MA, L. 2015. Epidemiological, clinical, and 
laboratory characteristics of 48 cases of “Babesia venatorum” infection in 
China: a descriptive study. The Lancet Infectious Diseases, 15, 196-203. 

JONES, M. B., HIGHLANDER, S. K., ANDERSON, E. L., LI, W., DAYRIT, M., 
KLITGORD, N., FABANI, M. M., SEGURITAN, V., GREEN, J. & PRIDE, D. T. 
2015. Library preparation methodology can influence genomic and functional 
predictions in human microbiome research. Proceedings of the National 
Academy of Sciences, 112, 14024-14029. 

JOYNER, L. & DONNELLY, J. 1979. The epidemiology of babesial infections. 
Advances in Parasitology. Elsevier. 

KAHL, O., GERN, L., EISEN, L. & LANE, R. S. 2002. Ecological research on Borrelia 
burgdorferi sensu lato: terminology and some methodological pitfalls. Lyme 
Borreliosis: Biology, Epidemiology and Control, 29-46. 

KAHN, C. M. & LINE, S. 2010. The Merck Veterinary Manual. 1oth Ed. Merck & Co. 
Inc. Whitehouse station, NJ, USA, 2824-2827. 

KARBOWIAK, G., VÍCHOVÁ, B., MAJLÁTHOVÁ, V., HAPUNIK, J. & PET'KO, B. 
2009. Anaplasma phagocytophilum infection of red foxes [Vulpes vulpes]. 
Annals of Agricultural and Environmental Medicine, 16, 299-300. 

KEMBEL, S. W., WU, M., EISEN, J. A. & GREEN, J. L. 2012. Incorporating 16S gene 
copy number information improves estimates of microbial diversity and 
abundance. PLoS Computational Biology, 8, e1002743. 

KHANGEMBAM, R., SINGH, H., RATH, S. S. & SINGH, N. K. 2018. Effect of 
synergists on ivermectin resistance in field populations of Rhipicephalus 
(Boophilus) microplus from Punjab districts, India. Ticks and tick-borne 
Diseases, 9, 682-686. 



 83 

KIRSTEIN, F., RIJPKEMA, S., MOLKENBOER, M. & GRAY, J. 1997a. The 
distribution and prevalence of B. burgdorferi genomospecies in Ixodes ricinus 
ticks in Ireland. European Journal of Epidemiology, 13, 67-72. 

KIRSTEIN, F., RIJPKEMA, S., MOLKENBOER, M. & GRAY, J. S. 1997b. Local 
variations in the distribution and prevalence of Borrelia burgdorferi sensu lato 
genomospecies in Ixodes ricinus ticks. Applied and Environment Microbiology, 
63, 1102-6. 

KRUPKA, I., PANTCHEV, N., LORENTZEN, L., WEISE, M. & STRAUBINGER, R. 
2007. Tick-transmitted, bacterial infections in dogs: seroprevalences of 
Anaplasma phagocytophilum, Borrelia burgdorferi sensu lato and Ehrlichia 
canis in Germany. PRAKTISCHE TIERARZT-HANNOVER-, 1, 776-789. 

KULARATNE, S. A. M., FERNANDO, R., SELVARATNAM, S., NARAMPANAWA, C., 
WEERAKOON, K., WICKRAMASINGHE, S., PATHIRAGE, M., 
WEERASINGHE, V., BANDARA, A. & RAJAPAKSE, J. 2018. Intra-aural tick 
bite causing unilateral facial nerve palsy in 29 cases over 16 years in Kandy, 
Sri Lanka: is rickettsial aetiology possible? BMC Infectious Diseases, 18, 418. 

KUMAGAI, Y., SATO, K., TAYLOR, K. R., ZAMOTO-NIIKURA, A., IMAOKA, K., 
MORIKAWA, S., OHNISHI, M. & KAWABATA, H. 2018. A relapsing fever 
group Borrelia sp. is widely distributed among wild deer in Japan. Ticks Tick 
Borne Diseases, 9, 465-470. 

KUMAR, S., STECHER, G., LI, M., KNYAZ, C. & TAMURA, K. 2018. MEGA X: 
Molecular Evolutionary Genetics Analysis across Computing Platforms. 
Molecular Biology and Evolution, 35, 1547-1549. 

KURTENBACH, K., KAMPEN, H., DIZIJ, A., ARNDT, S., SEITZ, H. M., SCHAIBLE, 
U. E. & SIMON, M. M. 1995. Infestation of rodents with larval Ixodes ricinus 
(Acari; Ixodidae) is an important factor in the transmission cycle of Borrelia 
burgdorferi sl in German woodlands. Journal of Medical Entomology, 32, 807-
817. 

LALZAR, I., HARRUS, S., MUMCUOGLU, K. Y. & GOTTLIEB, Y. 2012. Composition 
and seasonal variation of Rhipicephalus turanicus and Rhipicephalus 
sanguineus bacterial communities. Applied and Environment Microbiology, 78, 
4110-4116. 

LAMBERT, J. S., COOK, M. J., HEALY, J. E., MURTAGH, R., AVRAMOVIC, G. & 
LEE, S. H. 2019. Metagenomic 16S rRNA gene sequencing survey of Borrelia 
species in Irish samples of Ixodes ricinus ticks. PLoS One, 14, e0209881. 

LE GALL, V. L., KLAFKE, G. M. & TORRES, T. T. 2018. Detoxification mechanisms 
involved in ivermectin resistance in the cattle tick, Rhipicephalus (Boophilus) 
microplus. Scientific Reports, 8, 12401. 

LEWIS, L. A., RADULOVIC, Z. M., KIM, T. K., PORTER, L. M. & MULENGA, A. 
2015. Identification of 24h Ixodes scapularis immunogenic tick saliva proteins. 
Ticks Tick Borne Diseases, 6, 424-34. 

LIZ, J. S., ANDERES, L., SUMNER, J. W., MASSUNG, R. F., GERN, L., RUTTI, B. & 
BROSSARD, M. 2000. PCR detection of granulocytic ehrlichiae in Ixodes 
ricinus ticks and wild small mammals in western Switzerland. Journal of 
Clinical Microbiology, 38, 1002-1007. 

LOZUPONE, C. A., HAMADY, M., KELLEY, S. T. & KNIGHT, R. 2007. Quantitative 
and qualitative β diversity measures lead to different insights into factors that 
structure microbial communities. Applied and Environment Microbiology, 73, 
1576-1585. 



 84 

M'FADYEAN, J. & STOCKMAN, S. 1911. A new species of piroplasm found in the 
blood of British cattle. Journal of Comparative Pathology and Therapeutics, 
24, 340-354. 

MADEIRA, F., PARK, Y. M., LEE, J., BUSO, N., GUR, T., MADHUSOODANAN, N., 
BASUTKAR, P., TIVEY, A. R. N., POTTER, S. C., FINN, R. D. & LOPEZ, R. 
2019. The EMBL-EBI search and sequence analysis tools APIs in 2019. 
Nucleic Acids Research, 47, W636-W641. 

MALANDRIN, L., JOUGLIN, M., SUN, Y., BRISSEAU, N. & CHAUVIN, A. 2010. 
Redescription of Babesia capreoli (Enigk and Friedhoff, 1962) from roe deer 
(Capreolus capreolus): isolation, cultivation, host specificity, molecular 
characterisation and differentiation from Babesia divergens. International 
Journal for Parasitology, 40, 277-84. 

MANNELLI, A., BERTOLOTTI, L., GERN, L. & GRAY, J. 2012. Ecology of Borrelia 
burgdorferi sensu lato in Europe: transmission dynamics in multi-host 
systems, influence of molecular processes and effects of climate change. 
FEMS Microbiology Reviews, 36, 837-861. 

MANS, B. J., FEATHERSTON, J., KVAS, M., PILLAY, K. A., DE KLERK, D. G., 
PIENAAR, R., DE CASTRO, M. H., SCHWAN, T. G., LOPEZ, J. E., TEEL, P., 
PEREZ DE LEON, A. A., SONENSHINE, D. E., EGEKWU, N. I., BAKKES, D. 
K., HEYNE, H., KANDUMA, E. G., NYANGIWE, N., BOUATTOUR, A. & 
LATIF, A. A. 2019. Argasid and ixodid systematics: Implications for soft tick 
evolution and systematics, with a new argasid species list. Ticks Tick Borne 
Diseases, 10, 219-240. 

MARGOS, G., FEDOROVA, N., BECKER, N. S., KLEINJAN, J. E., MAROSEVIC, D., 
KREBS, S., HUI, L., FINGERLE, V. & LANE, R. S. 2019. Borrelia maritima sp. 
nov., a novel species of the Borrelia burgdorferi sensu lato complex, 
occupying a basal position to North American species. International Journal 
Systematic and Evolutionary Microbioogyl. 

MEDLOCK, J. M., HANSFORD, K. M., BORMANE, A., DERDAKOVA, M., 
ESTRADA-PEÑA, A., GEORGE, J.-C., GOLOVLJOVA, I., JAENSON, T. G., 
JENSEN, J.-K. & JENSEN, P. M. 2013. Driving forces for changes in 
geographical distribution of Ixodes ricinus ticks in Europe. Parasites and 
Vectors, 6, 1. 

MENCHACA, A. C., VISI, D. K., STREY, O. F., TEEL, P. D., KALINOWSKI, K., 
ALLEN, M. S. & WILLIAMSON, P. C. 2013. Preliminary assessment of 
microbiome changes following blood-feeding and survivorship in the 
Amblyomma americanum nymph-to-adult transition using semiconductor 
sequencing. PloS One, 8, e67129. 

MICHEL, S., SCHERER, K., HEIJNEN, I. & BIRCHER, A. 2014. Skin prick test and 
basophil reactivity to cetuximab in patients with I g E to alpha‐gal and allergy 
to red meat. Allergy, 69, 403-405. 

MICHELET, L., DELANNOY, S., DEVILLERS, E., UMHANG, G., ASPAN, A., 
JUREMALM, M., CHIRICO, J., VAN DER WAL, F. J., SPRONG, H., BOYE 
PIHL, T. P., KLITGAARD, K., BODKER, R., FACH, P. & MOUTAILLER, S. 
2014. High-throughput screening of tick-borne pathogens in Europe. Frontiers 
in Celularl Infection Microbiology, 4, 103. 

MIHALJICA, D., MARKOVIC, D., RADULOVIC, Z., MULENGA, A., CAKIC, S., 
SUKARA, R., SAMARDZIC, J. & TOMANOVIC, S. 2017. Ixodes ricinus 
immunogenic saliva protein, homologue to Amblyomma americanum AV422: 



 85 

Determining its potential for use in tick bite confirmation. Ticks Tick Borne 
Diseases, 8, 391-395. 

MOORE, D. S. & MCCABE, G. P. 1998. Introduction to the Practice of Statistics, 
New York, United States, W.H.Freeman & Co Ltd. 

MOUTAILLER, S., MORO, C. V., VAUMOURIN, E., MICHELET, L., TRAN, F. H., 
DEVILLERS, E., COSSON, J.-F., GASQUI, P., MAVINGUI, P. & VOURC’H, 
G. 2016. Co-infection of ticks: the rule rather than the exception. PLoS 
Neglected Tropical Diseases, 10, e0004539. 

NAKAO, R., ABE, T., NIJHOF, A. M., YAMAMOTO, S., JONGEJAN, F., IKEMURA, 
T. & SUGIMOTO, C. 2013. A novel approach, based on BLSOMs (Batch 
Learning Self-Organizing Maps), to the microbiome analysis of ticks. The 
ISME Journal, 7, 1003. 

NARASIMHAN, S., DEPONTE, K., MARCANTONIO, N., LIANG, X., ROYCE, T. E., 
NELSON, K. F., BOOTH, C. J., KOSKI, B., ANDERSON, J. F. & KANTOR, F. 
2007a. Immunity against Ixodes scapularis salivary proteins expressed within 
24 hours of attachment thwarts tick feeding and impairs Borrelia transmission. 
PloS One, 2, e451. 

NARASIMHAN, S. & FIKRIG, E. 2015. Tick microbiome: the force within. Trends in 
Parasitology, 31, 315-323. 

NARASIMHAN, S., SUKUMARAN, B., BOZDOGAN, U., THOMAS, V., LIANG, X., 
DEPONTE, K., MARCANTONIO, N., KOSKI, R. A., ANDERSON, J. F. & 
KANTOR, F. 2007b. A tick antioxidant facilitates the Lyme disease agent's 
successful migration from the mammalian host to the arthropod vector. Cell 
host & microbe, 2, 7-18. 

NIETO, N. C., FOLEY, J. E., BETTASO, J. & LANE, R. S. 2009. Reptile infection with 
Anaplasma phagocytophilum, the causative agent of granulocytic 
anaplasmosis. Journal of Parasitology, 95, 1165-1171. 

NIGROVIC, L. & THOMPSON, K. 2007. The Lyme vaccine: a cautionary tale. 
Epidemiology & Infection, 135, 1-8. 

NUÑEZ, R., CARBALLADA, F., GONZALEZ-QUINTELA, A., GOMEZ-RIAL, J., 
BOQUETE, M. & VIDAL, C. 2011. Delayed mammalian meat-induced 
anaphylaxis due to galactose-[alpha]-1, 3-galactose in 5 European patients. 
Journal of Allergy and Clinical Immunology, 128, 1122. 

NUTTALL, P. A. 2019. Tick saliva and its role in pathogen transmission. Wien Klin 
Wochenschr. 

OBIEGALA, A., KROL, N., OLTERSDORF, C., NADER, J. & PFEFFER, M. 2017. 
The enzootic life-cycle of Borrelia burgdorferi (sensu lato) and tick-borne 
rickettsiae: an epidemiological study on wild-living small mammals and their 
ticks from Saxony, Germany. Parasites and Vectors, 10, 115. 

OGDEN, N., BARKER, I., FRANCIS, C., HEAGY, A., LINDSAY, L. & HOBSON, K. 
2015. How far north are migrant birds transporting the tick Ixodes scapularis in 
Canada? Insights from stable hydrogen isotope analyses of feathers. Ticks 
and tick-borne Diseases, 6, 715-720. 

OGDEN, N., BOWN, K., HORROCKS, B., WOLDEHIWET, Z. & BENNETT, M. 1998. 
Granulocytic Ehrlichia infection in ixodid ticks and mammals in woodlands and 
uplands of the UK. Medical and Veterinary Entomology, 12, 423-429. 

OGDEN, N., TRUDEL, L., ARTSOB, H., BARKER, I., BEAUCHAMP, G., CHARRON, 
D., DREBOT, M., GALLOWAY, T., O’HANDLEY, R. & THOMPSON, R. 2006. 
Ixodes scapularis ticks collected by passive surveillance in Canada: analysis 



 86 

of geographic distribution and infection with Lyme borreliosis agent Borrelia 
burgdorferi. Journal of Medical Entomology, 43, 600-609. 

OVERZIER, E., PFISTER, K., HERB, I., MAHLING, M., BÖCK JR, G. & SILAGHI, C. 
2013a. Detection of tick-borne pathogens in roe deer (Capreolus capreolus), 
in questing ticks (Ixodes ricinus), and in ticks infesting roe deer in southern 
Germany. Ticks and tick-borne Diseases, 4, 320-328. 

OVERZIER, E., PFISTER, K., THIEL, C., HERB, I., MAHLING, M. & SILAGHI, C. 
2013b. Anaplasma phagocytophilum in questing Ixodes ricinus ticks: 
comparison of prevalences and partial 16S rRNA gene variants in urban, 
pasture, and natural habitats. Applied and Environment Microbiology., 79, 
1730-1734. 

PADULA, A. 2018. Tick paralysis of animals in Australia. Clinical Toxinology in 
Australia, Europe, and Americas, 279-304. 

PAL, U., LI, X., WANG, T., MONTGOMERY, R. R., RAMAMOORTHI, N., DESILVA, 
A. M., BAO, F., YANG, X., PYPAERT, M. & PRADHAN, D. 2004. TROSPA, an 
Ixodes scapularis receptor for Borrelia burgdorferi. Cell, 119, 457-468. 

PALMER, G. H. & MCELWAIN, T. F. 1995. Molecular basis for vaccine development 
against anaplasmosis and babesiosis. Veterinary Parasitology, 57, 233-53. 

PAROLA, P. & PADDOCK, C. D. 2018. Travel and tick-borne diseases: lyme disease 
and beyond. Travel Medicine and Infectious Diseases, 1-2. 

PAROLA, P. & RAOULT, D. 2001. Ticks and tickborne bacterial diseases in humans: 
an emerging infectious threat. Clinical Infectious Diseases, 32, 897-928. 

PICHON, B., ROGERS, M., EGAN, D. & GRAY, J. 2005. Blood-meal analysis for the 
identification of reservoir hosts of tick-borne pathogens in Ireland. Vector-
Borne & Zoonotic Diseases, 5, 172-180. 

PLATONOV, A. E., KARAN, L. S., KOLYASNIKOVA, N. M., MAKHNEVA, N. A., 
TOPORKOVA, M. G., MALEEV, V. V., FISH, D. & KRAUSE, P. J. 2011. 
Humans infected with relapsing fever spirochete Borrelia miyamotoi, Russia. 
Emerging Infectious Diseases, 17, 1816. 

QUINN, P. J., MARKEY, B. K., LEONARD, F. C., HARTIGAN, P., FANNING, S. & 
FITZPATRICK, E. I. 2011. Veterinary Microbiology and Microbial Disease, 
John Wiley & Sons. 

RAILEANU, C., MOUTAILLER, S., PAVEL, I., POREA, D., MIHALCA, A. D., 
SAVUTA, G. & VAYSSIER-TAUSSAT, M. 2017. Borrelia diversity and co-
infection with other tick borne pathogens in ticks. Frontiers in Cellular and 
Infection Microbiology, 7, 36. 

RAJPUT, Z. I., HU, S.-H., CHEN, W.-J., ARIJO, A. G. & XIAO, C.-W. 2006. 
Importance of ticks and their chemical and immunological control in livestock. 
Journal of Zhejiang University Science B, 7, 912-921. 

RANDOLPH, S. E., GERN, L. & NUTTALL, P. A. 1996. Co-feeding ticks: 
Epidemiological significance for tick-borne pathogen transmission. 
Parasitology Today, 12, 472-9. 

RAUTER, C. & HARTUNG, T. 2005. Prevalence of Borrelia burgdorferi sensu lato 
genospecies in Ixodes ricinus ticks in Europe: a metaanalysis. Applied and 
Environment Microbiology, 71, 7203-7216. 

RAZANSKE, I., ROSEF, O., RADZIJEVSKAJA, J., BRATCHIKOV, M., 
GRICIUVIENE, L. & PAULAUSKAS, A. 2019. Prevalence and co-infection with 
tick-borne Anaplasma phagocytophilum and Babesia spp. in red deer (Cervus 
elaphus) and roe deer (Capreolus capreolus) in Southern Norway. 
International Journal for Parasitology: Parasites and Wildlife, 8, 127-134. 



 87 

REGO, R. O., TRENTELMAN, J. J., ANGUITA, J., NIJHOF, A. M., SPRONG, H., 
KLEMPA, B., HAJDUSEK, O., TOMÁS-CORTÁZAR, J., AZAGI, T. & 
STRNAD, M. 2019. Counterattacking the tick bite: towards a rational design of 
anti-tick vaccines targeting pathogen transmission. Parasites and Vectors, 12, 
229. 

REIS, C., COTE, M., PAUL, R. E. & BONNET, S. 2011. Questing ticks in suburban 
forest are infected by at least six tick-borne pathogens. Vector-Borne and 
Zoonotic Diseases, 11, 907-916. 

RIJPKEMA, S. G., MOLKENBOER, M. J., SCHOULS, L. M., JONGEJAN, F. & 
SCHELLEKENS, J. F. 1995. Simultaneous detection and genotyping of three 
genomic groups of Borrelia burgdorferi sensu lato in Dutch Ixodes ricinus ticks 
by characterization of the amplified intergenic spacer region between 5S and 
23S rRNA genes. Journal of Clinical Microbiology, 33, 3091-5. 

RIZZOLI, A., HAUFFE, H. C., CARPI, G., VOURC’H, G., NETELER, M. & ROSA, R. 
2011. Lyme borreliosis in Europe. Eurosurveillance, 16, 19906. 

RIZZOLI, A., HAUFFE, H. C., TAGLIAPIETRA, V., NETELER, M. & ROSÀ, R. 2009. 
Forest structure and roe deer abundance predict tick-borne encephalitis risk in 
Italy. Plos One, 4, e4336. 

RIZZOLI, A., ROSÀ, R., MANTELLI, B., PECCHIOLI, E., HAUFFE, H., 
TAGLIAPIETRA, V., BENINATI, T., NETELER, M. & GENCHI, C. 2004. 
Ixodes ricinus, transmitted diseases and reservoirs. Parassitologia, 46, 119-
122. 

ROBERTSON, J., GRAY, J., MACDONALD, S. & JOHNSON, H. 1998. 
Seroprevalence of Borrelia burgdorferi sensu lato infection in blood donors 
and park rangers in relation to local habitat. Zentralblatt für Bakteriologie, 288, 
293-301. 

ROBINSON, M. T., SHAW, S. E. & MORGAN, E. R. 2009. Anaplasma 
phagocytophilum infection in a multi-species deer community in the New 
Forest, England. European Journal of Wildlife Research, 55, 439-442. 

ROSEF, O., PAULAUSKAS, A. & RADZIJEVSKAJA, J. 2009. Prevalence of Borrelia 
burgdorferi sensu lato and Anaplasma phagocytophilum in questing Ixodes 
ricinus ticks in relation to the density of wild cervids. Acta Veterinaria 
Scandinavica, 51, 47. 

ROUMPEKA, D. D., WALLACE, R. J., ESCALETTES, F., FOTHERINGHAM, I. & 
WATSON, M. 2017. A review of bioinformatics tools for bio-prospecting from 
metagenomic sequence data. Frontiers in Genetics, 8, 23. 

RUIZ-FONS, F. & GILBERT, L. 2010. The role of deer as vehicles to move ticks, 
Ixodes ricinus, between contrasting habitats. International Journal for 
Parasitology, 40, 1013-1020. 

SCHNITTGER, L., RODRIGUEZ, A. E., FLORIN-CHRISTENSEN, M. & MORRISON, 
D. A. 2012. Babesia: a world emerging. Infect Genet Evol, 12, 1788-809. 

SCHORDERET-WEBER, S., NOACK, S., SELZER, P. M. & KAMINSKY, R. 2017. 
Blocking transmission of vector-borne diseases. International Journal for 
Parasitology: Drugs and Drug Resistance, 7, 90-109. 

SCHORN, S., PFISTER, K., REULEN, H., MAHLING, M. & SILAGHI, C. 2011. 
Occurrence of Babesia spp., Rickettsia spp. and Bartonella spp. in Ixodes 
ricinus in Bavarian public parks, Germany. Parasites and Vectors, 4, 135. 

SHAUNA BOWERS. 2019. Incidence of Lyme disease may be ‘three times higher’ 
than estimate - study [Online]. The Irish times. Available: 
https://www.irishtimes.com/news/health/incidence-of-lyme-disease-may-be-

https://www.irishtimes.com/news/health/incidence-of-lyme-disease-may-be-three-times-higher-than-estimate-study-1.3972338


 88 

three-times-higher-than-estimate-study-1.3972338 [Accessed Augast 1 2019 
2019]. 

SILAGHI, C., HAMEL, D., THIEL, C., PFISTER, K., PASSOS, L. M. F. & REHBEIN, 
S. 2011. Genetic variants of Anaplasma phagocytophilum in wild caprine and 
cervid ungulates from the Alps in Tyrol, Austria. Vector-Borne and Zoonotic 
Diseases, 11, 355-362. 

SILAGHI, C., SKUBALLA, J., THIEL, C., PFISTER, K., PETNEY, T., PFÄFFLE, M., 
TARASCHEWSKI, H. & PASSOS, L. M. 2012a. The European hedgehog 
(Erinaceus europaeus)–a suitable reservoir for variants of Anaplasma 
phagocytophilum? Ticks and tick-borne Diseases, 3, 49-54. 

SILAGHI, C., WOLL, D., HAMEL, D., PFISTER, K., MAHLING, M. & PFEFFER, M. 
2012b. Babesia spp. and Anaplasma phagocytophilum in questing ticks, ticks 
parasitizing rodents and the parasitized rodents–analyzing the host-pathogen-
vector interface in a metropolitan area. Parasites and Vectors, 5, 191. 

SMITH, H., GRAY, J. & MCKENZIE, G. 1991. A Lyme borreliosis human serosurvey 
of asymptomatic adults in Ireland. Zentralblatt für Bakteriologie, 275, 382-389. 

SONENSHINE, D. E. & ROE, R. M. 2013. Biology of ticks, Oxford University Press. 
STAFFORD, K. C., MASSUNG, R. F., MAGNARELLI, L. A., IJDO, J. W. & 

ANDERSON, J. F. 1999. Infection with agents of human granulocytic 
ehrlichiosis, Lyme disease, and babesiosis in wild white-footed mice 
(Peromyscus leucopus) in Connecticut. Journal of Clinical Microbiology, 37, 
2887-2892. 

STAŃCZAK, J., CIENIUCH, S., LASS, A., BIERNAT, B. & RACEWICZ, M. 2015. 
Detection and quantification of Anaplasma phagocytophilum and Babesia spp. 
in Ixodes ricinus ticks from urban and rural environment, northern Poland, by 
real-time polymerase chain reaction. Experimental and Applied Acarology, 66, 
63-81. 

STANEK, G., FINGERLE, V., HUNFELD, K.-P., JAULHAC, B., KAISER, R., 
KRAUSE, A., KRISTOFERITSCH, W., O'CONNELL, S., ORNSTEIN, K. & 
STRLE, F. 2011. Lyme borreliosis: clinical case definitions for diagnosis and 
management in Europe. Clinical Microbiology and Infection, 17, 69-79. 

STANEK, G., WORMSER, G. P., GRAY, J. & STRLE, F. 2012. Lyme borreliosis. 
Lancet, 379, 461-73. 

STEERE, A. C., SIKAND, V. K., MEURICE, F., PARENTI, D. L., FIKRIG, E., 
SCHOEN, R. T., NOWAKOWSKI, J., SCHMID, C. H., LAUKAMP, S. & 
BUSCARINO, C. 1998. Vaccination against Lyme disease with recombinant 
Borrelia burgdorferi outer-surface lipoprotein A with adjuvant. New England 
Journal of Medicine, 339, 209-215. 

STEINER, F. E., PINGER, R. R., VANN, C. N., GRINDLE, N., CIVITELLO, D., CLAY, 
K. & FUQUA, C. 2014. Infection and co-infection rates of Anaplasma 
phagocytophilum variants, Babesia spp., Borrelia burgdorferi, and the 
rickettsial endosymbiont in Ixodes scapularis (Acari: Ixodidae) from sites in 
Indiana, Maine, Pennsylvania, and Wisconsin. Journal of Medical Entomology, 
45, 289-297. 

STONE, E. G., LACOMBE, E. H. & RAND, P. W. 2005. Antibody testing and Lyme 
disease risk. Emerging Infectious Diseases, 11, 722. 

STRLE, F. & STANEK, G. 2009. Clinical manifestations and diagnosis of Lyme 
borreliosis. Lyme Borreliosis. Karger Publishers. 

STRONG, M. J., XU, G., MORICI, L., BON-DURANT, S. S., BADDOO, M., LIN, Z., 
FEWELL, C., TAYLOR, C. M. & FLEMINGTON, E. K. 2014. Microbial 

https://www.irishtimes.com/news/health/incidence-of-lyme-disease-may-be-three-times-higher-than-estimate-study-1.3972338


 89 

contamination in next generation sequencing: implications for sequence-based 
analysis of clinical samples. PLoS Pathogens, 10, e1004437. 

STUEN, S., GRANQUIST, E. G. & SILAGHI, C. 2013. Anaplasma 
phagocytophilum—a widespread multi-host pathogen with highly adaptive 
strategies. Frontiers in Cellular and Infection Microbiology, 3, 31. 

TALAGRAND-REBOUL, E., BOYER, P. H., BERGSTRÖM, S., VIAL, L. & 
BOULANGER, N. 2018. Relapsing fevers: neglected tick-borne diseases. 
Frontiers in Cellular and Infection Microbiology, 8, 98. 

TÄLLEKLINT, L. & JAENSON, T. G. 1994. Transmission of Borrelia burgdorferi sl 
from mammal reservoirs to the primary vector of Lyme borreliosis, Ixodes 
ricinus (Acari: Ixodidae), in Sweden. Journal of Medical Entomology, 31, 880-
886. 

TAYLOR, M. C., RL.; WALL, RL. 2015. Veterinary Parasitology, Wiley-Blackwell. 
TELFORD III, S. R., MATHER, T. N., MOORE, S. I., WILSON, M. L. & SPIELMAN, 

A. 1988. Incompetence of deer as reservoirs of the Lyme disease spirochete. 
The American Journal of Tropical Medicine and Hygiene, 39, 105-109. 

TELFORD, S. R., DAWSON, J. E., KATAVOLOS, P., WARNER, C. K., KOLBERT, C. 
P. & PERSING, D. H. 1996. Perpetuation of the agent of human granulocytic 
ehrlichiosis in a deer tick-rodent cycle. Proceedings of the National Academy 
of Sciences, 93, 6209-6214. 

THE SCOTSMAN. 2015. Anaphylactic shock warning over Highland tick bites 
[Online]. Available: https://www.scotsman.com/news-2-15012/anaphylactic-
shock-warning-over-highland-tick-bites-1-3866801 [Accessed 24 August 2015 
2015]. 

THERMO FISHER SCIENTIFIC. 2019. Ion Torrent next-generation sequencing 
[Online]. Available: https://www.thermofisher.com/ie/en/home/brands/ion-
torrent.html [Accessed 06 June 2019]. 

TOMASSONE, L., BERRIATUA, E., DE SOUSA, R., DUSCHER, G. G., MIHALCA, 
A. D., SILAGHI, C., SPRONG, H. & ZINTL, A. 2018. Neglected vector-borne 
zoonoses in Europe: Into the wild. Veterinary Parasitology, 251, 17-26. 

TRAGER, W. 1939. Acquired immunity to ticks. The Journal of Parasitology, 25, 57-
81. 

VAN NUNEN, S., O'CONNOR, K., FERNANDO, S., CLARKE, L. & BOYLE, R. X. 
2007. The Association Between: P17ixodes Holocyclus: P17 Tick Bite 
Reactions And Red Meat Allergy: P17. Internal Medicine Journal, 37, A132. 

VAN NUNEN, S. A. 2018. Tick-induced allergies: mammalian meat allergy and tick 
anaphylaxis. Medical Journal of Australia, 208, 316-321. 

VAN TREUREN, W., PONNUSAMY, L., BRINKERHOFF, R. J., GONZALEZ, A., 
PAROBEK, C. M., JULIANO, J. J., ANDREADIS, T. G., FALCO, R. C., 
ZIEGLER, L. B. & HATHAWAY, N. 2015. Variation in the microbiota of Ixodes 
ticks with regard to geography, species, and sex. Applied and Environment 
Microbiology, 81, 6200-6209. 

VANNIER, E. G., DIUK-WASSER, M. A., BEN MAMOUN, C. & KRAUSE, P. J. 2015. 
Babesiosis. Infectious Diseases Clinics North America, 29, 357-70. 

VELLINGA, A., KILKELLY, H., CULLINAN, J., HANAHOE, B. & CORMICAN, M. 
2018. Geographic distribution and incidence of Lyme borreliosis in the west of 
Ireland. Irish Journal of Medicine Science, 187, 435-440. 

VOURC’H, G., ABRIAL, D., BORD, S., JACQUOT, M., MASSÉGLIA, S., POUX, V., 
PISANU, B., BAILLY, X. & CHAPUIS, J.-L. 2016. Mapping human risk of 

https://www.scotsman.com/news-2-15012/anaphylactic-shock-warning-over-highland-tick-bites-1-3866801
https://www.scotsman.com/news-2-15012/anaphylactic-shock-warning-over-highland-tick-bites-1-3866801
https://www.thermofisher.com/ie/en/home/brands/ion-torrent.html
https://www.thermofisher.com/ie/en/home/brands/ion-torrent.html


 90 

infection with Borrelia burgdorferi sensu lato, the agent of Lyme borreliosis, in 
a periurban forest in France. Ticks and tick-borne Diseases, 7, 644-652. 

WHITTAKER, R. H. 1972. Evolution and measurement of species diversity. Taxon, 
213-251. 

WIKEL, S. K. 1996. Host immunity to ticks. Annu Rev Entomol, 41, 1-22. 
WOLDEHIWET, Z. 2010. The natural history of Anaplasma phagocytophilum. 

Veterinary Parasitology, 167, 108-122. 
WOLDEHIWET, Z. & RISTIC, M. 1993. Rickettsial and chlamydial diseases of 

domestic animals, Pergamon Press. 
YABSLEY, M. J. & SHOCK, B. C. 2013. Natural history of zoonotic Babesia: role of 

wildlife reservoirs. International Journal for Parasitology: Parasites and 
Wildlife, 2, 18-31. 

ZHOU, X., LI, S.-G., WANG, J.-Z., HUANG, J.-L., ZHOU, H.-J., CHEN, J.-H. & 
ZHOU, X.-N. 2014. Emergence of human babesiosis along the border of 
China with Myanmar: detection by PCR and confirmation by sequencing. 
Emerging Microbes & Infections, 3, e55. 

ZINTL, A., FINNERTY, E. J., MURPHY, T. M., DE WAAL, T. & GRAY, J. S. 2011a. 
Babesias of red deer (Cervus elaphus) in Ireland. Veterinary Research, 42, 7. 

ZINTL, A., MCGRATH, G., O’GRADY, L., FANNING, J., DOWNING, K., ROCHE, D., 
CASEY, M. & GRAY, J. S. 2014. Changing incidence of bovine babesiosis in 
Ireland. Irish Veterinary Journal, 67, 19. 

ZINTL, A., MOUTAILLER, S., STUART, P., PAREDIS, L., DUTRAIVE, J., 
GONZALEZ, E., O'CONNOR, J., DEVILLERS, E., GOOD, B., C, O. M., DE 
WAAL, T., MORRIS, F. & GRAY, J. 2017. Ticks and Tick-borne Diseases in 
Ireland. Irish Veterinary Journal, 70, 4. 

ZINTL, A., MULCAHY, G., SKERRETT, H. E., TAYLOR, S. M. & GRAY, J. S. 2003. 
Babesia divergens, a bovine blood parasite of veterinary and zoonotic 
importance. Clinical Microbiology Reviews, 16, 622-36. 

 

  



 91 

6 Appendix A 

  



 92 

Presentations: 

 

• Oral presentation at the Irish Society for Parasitology meeting, 

Belfast, September 2019. 

• Poster presentation at 13th International Symposium on Ticks and 

Tick-borne Diseases, Weimar, March 2019. 

 

Graduate Modules and workshops: 

 

• Epigeum’s research integrity course sponsored by UCD 

(DRLSC001, 5 credits) 

• The Cpl. institute manual handling online and practical course 

sponsored by Teagasc (5 credits) 

• English for academic purposes 5 (DRLSC001, 5 credits) 

• English for academic writing 5 (DRLSC001, 5 credits) 

• Chemical and biological safety workshops sponsored by SIRC 

Office, UCD. 
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Representative sequences of B. burgdorferi s.l. A. 

phagocytophilum and B. divergens 

 

Sequence B1: B. burgdorferi s.l. partial DNA sequence of the spacer region between 

5S and 23S rRNA genes, sequence originated from I. ricinus ticks, collected from 

farm sites, and identified according to BLAST: 

 

>18.16.39 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTATTTATACAACATAAAATAATATATATCTTTGTTTAATACATGTCAATATATATTT

TATTCTTTATGTTATTTAAACAACACATTCAAAAACACCAATATTTAAAAAACATAA

AAATAAAATCAAAGTTTA AAGTATAAAA ATAAAAACCC TGGCAATAAC CTACTC 

 

 

Sequence B2: Different B. valaisiana partial DNA sequences of the spacer region 

between 5S and 23S rRNA genes, sequence originated from I. ricinus ticks, collected 

from farm sites, and identified according to BLAST: 

 

>18.16.1 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATGCAACATAAAATAATATATATCTTTTGTTCAATCCATGTCAATATCTAT

TTTATTTTTTACATTATTTGAATAAAACATTCAAAAACATGAACATTATAAAAATAT

AAAAAATAAATTTAGGATTTAAAGTACAAAATAAAAACCCTGGCAATAACTTACTC 

 

>19.31.4 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATGCAACATAAAATAATATATATCTTTTGTTCAATCCATGTCAATATCTAT

TTTATTTTTTACATTATTTGAATAAAACATTCAAAAACATGAACATTAAAAAAATAT

AAAAAATAAATTTAAGGTTTAAAGTACAAAATAAAAACCCTGGCAATAA 

CTTACTC 

 

>18.18.4 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATGCAACATAAAATAATATATATCTTTTGTTCAATCCATGTCAATATCTAT

TTTATTTTTTACATTATTTGAATAAAACATTCAAAAACATGAACATTAAAAAAATAT

AAAAAATAAATTTAAGGTTTAAATTACAAAATAAAAACCCTGGCAATAACTTACTC 



 95 

 

 

Sequence B3: Different B. garinii partial DNA sequences of the spacer region 

between 5S and 23S rRNA genes, sequence originated from I. ricinus ticks, collected 

from farm sites, and identified according to BLAST: 

>18.50.31 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATACAACATAGAATAATATATATCTTTGTTTAATCCATGTCAATATATATT

TTATTTTTTATATTATTTGAATAAAACATTCAAAAACATAAACATCTAAAAACATAA

AAAATAAAATCAATGTTTAAAGTATAAAATAAAAACCCTGGCAATAACTTACTC 

 

>18.16.4 

GAGTAAGTTATTGCCAGGGTTTTTATTTTATACTTTAAACATTGATTTTATTTTTTA

TGTTTTTAGATGTTCATGTTTTTGAATGTTTTATTCAAATAATATAAAAAATAAAAT

ATATATTGACATGGATTAAACAAAGATATATATTATTCTATGTTGTATAAACAAATT

GGCAAAATAGAGATGGAAGATAAAAATATGGTCAAAGTAATAAGAGTCTATGGT 

 

>18.8.6 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATACAACATAGAATAATATATATCTTTGTTTAATCCATGTCAATATATATT

TTATTTTTTATATTATTTGAATAAAACATTCAAAAACATAAATATCTAAAAACATAA

AAAATAAAATCAATGTTTAAAGTATAAAATAAAAACCCTGGCAATAACCTACTC 

 

Sequence B4: Borrelia burgdorferi s.s. partial DNA sequence of the spacer region 

between 5S and 23S rRNA genes, sequence originated from I. ricinus collected from 

farm sites, and identified according to BLAST: 

 

>18.50.34 

TCCTAGGCATTCACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCT

CTATTTTGCCAATTTATTTATACAACATAAAATAATATATATCTTTGTTTAATACAT

GTCAATATATATTTTATTTTTTATGTTATTTAAACAACACATTCAAAAACACCAATA

TTTAAAAAACATAAAAATAAAATCAAAGTTTAAAGTATAAAAATAAAAACCCTGGC

AATAACCTACTCTCCCGCGAACTCGCAG 

 

Sequence B5: B. afzelii partial DNA sequence of the spacer region between 5S and 

23S rRNA genes, sequence originated from I. ricinus collected from farm sites, and 

identified according to BLAST: 
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>19.41.10 

GAACGGCAATTAAAGGGAGAGTAAGTTATTGCCAGGGTTTTTATTTTATACTTTA

AACCTTGAATTTATTTTTTAAATGTTTATATTATTTGAATAAAACATTCAAATAATAT

AAAAAATAATATATATATTGACATGGATTAAACAAAGATATATATTATTCTATGTTG

TATAAACAAATTGGCAAAATAGAGATGGAAGATAAAAATATGGTCAAAGTAATAA

GAGTCTATGGTGGATGCCTAGGAGCTTTAAGGCGAAGAAGGTCGA 

 

 

Sequence B6: B. burgdorferi s.s partial DNA sequence of the spacer region between 

5S and 23S rRNA genes, sequence originated from I. ricinus collected from natural 

sites, and identified according to BLAST: 

 

>18.11.34 

TCCTAGGCATTCACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCT

CTATTTTGCCAATTTATTTATACAACATAAAATAATATATATCTTTGTTTAATACAT

GTCAATATATATTTTATTTTTTATGTTATTTAAACAACACATTCAAAAACACCAATA

TTTAAAAAACATAAAAATAAAATCAAAGTTTAAAGTATAAAAATAAAAACCCTGGC

AATAACCTACTCTCCCGCGAACTCGCAG 

 

>18.33.37 

GAGTAGGTTATTGCCAGGGTTTTTGTTTTTATGCTTTTGACTTTGATTTTATTTTT

GCGTTTTTAAATATTAGTGTTTTTGAATGTGTTATTTAAATAACATAAAAAATGAAA

TATATATTGACATGTATTAAACAAAGATATATATTACTTTATGTTGCATAAACAAAT

TGGCAAAATAGAGATGGAAGATAAAAATATGGTCAAAGTAATAAGAGTCTATGGT 

 

Sequence B7: B. valaisiana partial DNA sequence of the spacer region between 5S 

and 23S rRNA genes, sequence originated from I. ricinus collected from natural sites, 

and identified according to BLAST: 

 

>18.33.39 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATGCAACATAAAATAATATATATCTTTTGTTCAATCCATGTCAATATCTAT

TTTATTTTTTACATTATTTGAATAAAACATTCAAAAACATGAACATTAAAAAAATAT

AAAAAATAAATTTAAGGTTTAAAGTACAAAATAAAAACCCTGGCAATAACTTACTC 

 

>18.11.4 
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ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATGCAACATAAAATAATATATATCTTTTGTTCAATCCATGTCAATATCTAT

TTTATTTTTTACATTATTTGAATAAAACATTCAAAAACATGAACATTATAAAAATAT

AAAAAATAAATTTAGGATTTAAAGTACAAAATAAAAACCCTGGCAATAACTTACTC 

 

>18.32.19  

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATGCAACATAAAATAATATATATCTTTTGTTCAATCCATGTCAATATCTAT

TTTATTTTTTACATTATTTGAATAAAACATTCAAAAACATGAACATTAAAAAAATAT

AAAAAATAAATTTAAGGTTTAAATTACAAAATAAAAACCCTGGCAATAACTTACTC 

 

>18.29.23 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATGCAACATAAAATAATATATATCTTTTGTTCAATCCATGTCAATATCTAT

TTTATTTTTTACATTATTTGAATAAAACATTCAAAAACATAAACATTAAAAAAATAT

AAAAAATAAATTTAAGGTTTAAATTACAAAATAAAAACCCTGGCAATAACTTACTC 

 

>18.10.6  

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATGCAACATAAAATAATATATATCTTTTGTTCAATCCATGTCAATATCTAT

TTTATTTTTTACATTATTTGAATAAAACATTCAAAAACATAAACATTAAAAAAATAT

AAAAAATAAATTTAAGGTTTAAAGTACAAAATAAAAACCCTGGCAATAACTTACTC 

 

Sequence B8: B. garinii partial DNA sequence of the spacer region between 5S and 

23S rRNA genes, sequence originated from I. ricinus collected from natural sites, and 

identified according to BLAST: 

 

>18.32.24 

GAGTAAGTTATTGCCAGGGTTTTTATTTTATACTTTAAACATTGATTTTATTTTTTA

TGTTTTTAGATGTTCATGTTTTTGAATGTTTTATTCGAATAATATAAAAAATAAAAT

ATATATTGACATGGATTAAACAAAGATATATATTATTCTATGTTGTATAAACAAATT

GGCAAAATAGAGATGGAAGATAAAAATATGGTCAAAGTAATAAGAGTCTATGGT 

 

>18.32.31 

GAGTAAGTTATTGCCAGGGTTTTTATTTTATACTTTAAACATTGATTTTATTTTTTA

TGTTTTTAGATGTTCATGTTTTTGAATGTTTTATTCAAATAATATAAAAAATAAAAT
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ATATATTGACATGGATTAAACAAAGATATATATTATTCTATGTTGTATAAACAAATT

GGCAAAATAGAGATGGAAGATAAAAATATGGTCAAAGTAATAAGAGTCTATGGT 

 

>23.7 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATACAACATAGAATAATATATATCTTTGTTTAATCCATGTCAATATATATA

TTTTATTTTTTATATTATTTGAATAAAACATTCAAATAATATAAACATCTAAAAACAT

AAAAAATAAAATCAATGTTTAAAGTATAAAATAAAAACCCTGGCAATAACTTACTC 

 

>18.10.3 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATACAACATAGAATAATATATATCTTTGTTTAATCCATGTCAATATATATT

TTATTTTTTATATTATTTGAATAAAACATTCAAAAACATAAACATCTAAAAACATAA

AAAATAAAATCAATGTTTAAAGTATAAAATAAAAACCCTGGCAATAACTTACTC 

 

>18.32.18 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTGTTTATACAACATAGAATAATATATATCTTTGTTTAATCCATGTCAATATATATT

TTATTTTTTATATTATTTGAATAAAACATTCAAAAACATAAATATCTAAAAACATAA

AAAATAAAATCAATGTTTAAAGTATAAAATAAAAACCCTGGCAATAACCTACTC 

 

Sequence B9: B. afzelii partial DNA sequence of the spacer region between 5S and 

23S rRNA genes, sequence originated from I. ricinus collected from natural sites, and 

identified according to BLAST: 

 

>23.6 

GAACGGCAATTAAAGGGAGAGTAAGTTATTGCCAGGGTTTTTATTTTATACTTTA

AACCTTGAATTTATTTTTTAAATGTTTATATTATTTGAATAAAACATTCAAATAATAT

AAAAAATAATATATATATTGACATGGATTAAACAAAGATATATATTATTCTATGTTG

TATAAACAAATTGGCAAAATAGAGATGGAAGATAAAAATATGGTCAAAGTAATAA

GAGTCTATGGTGGATGCCTAGGAGCTTTAAGGCGAAGAAGGTCGA 

 

 

Sequence B10: B. burgdorferi s.l partial DNA sequence of the spacer region 

between 5S and 23S rRNA genes, sequence originated from I. ricinus collected from 

natural sites, and identified according to BLAST: 
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>18.29.36 

ACCATAGACTCTTATTACTTTGACCATATTTTTATCTTCCATCTCTATTTTGCCAAT

TTATTTATACAACATAAAATAATATATATCTTTGTTTAATACATGTCAATATATATTT

TATTCTTTATGTTATTTAAACAACACATTCAAAAACACCAATATTTAAAAAACATAA

AAATAAAATCAAAGTTTAAAGTATAAAAATAAAAACCCTGGCAATAACCTACTC 

 

 

Sequence B11: B. divergens partial 18S rRNA gene sequences, sequence 

originated from I. ricinus collected from farm sites: 

 

>18.16.26 

TGACCTAAACCCTCACCAGAGTAACAATTGGAGGGCAAGTCTGGTGCCAGCAG

CCGCGGTAATTCCAGCTCCAATAGCGTATATTAAACTTGTTGCAGTTAAAAAGCT

CGTAGTTAAATTTTTGCGTGGTGTTAATATTGACTAATGTCGAGGTTGCACTTCG

CTTTTGGGATTTATCCCTTTTTACTTTGAGAAAATTAGAGTGTTTCAAGCAGACTT

TTGTCTTGAATACTTCAGCATGGAATAATAGAGTAGGACTTTGGTTCTATTTTGTT

GGTTTGTGGACCTTAGTAATGGTTAATAGGAACGGTTGGGGGCATTCGTATTTA

ACTGTCAGAGGTGAAATTCTTAGATTTGTTAAAGACGAACTACTGCGAAAGCATT

TGCCAAGGACGTTTTCATTAATCAAGAACGAAAGTTAGGGGATCGAAGACGATC

AGATACCGTCGTAGTCCTAACCATAAACTATGCCGACTAGGGATTGGAGATCGT

CATTTTTCCGACTCCTTCAGCACCTT 

 

>18.16.34 

TGACCTAAACCCTCACCAGAGTAACAATTGGAGGGCAAGTCTGGTGCCAGCAG

CCGCGGTAATTCCAGCTCCAATAGCGTATATTAAACTTGTTGCAGTTAAAAAGCT

CGTAGTTGAATTTTTGCGTGGTGTTAATATTGACTAATGTCGAGATTGCACTTCG

CTTTTGGGACTTATCCCTTTTTACTTTGAGAAAATTAGAGTGTTTCAAGCAGACTT

TTGTCTTGAATACTTCAGCATGGAATAATAGAGTAGGACTTTGGTTCTATTTTGTT

GGTTTGTGAACCTTAGTAATGGTTAATAGGAACGGTTGGGGGCATTCGTATTGA

ACTGTCAGAGGTGAAATTCTTAGATTTGTTAAAGACGAACTACTGCGAAAGCATT

TGCCAAGGACGTTTCCATTAATCAAGAACGAAAGTTAGGGGATCGAAGACGATC

AGATACCGTCGTAGTCCTAACCATAAACTATGCCGACTAGGGATTGGAGGTCGT

CATTTTTCCGACTCCTTCAGCACCTT 

 

Sequence B12: B. divergens partial 18S rRNA gene sequences, sequence 

originated from I. ricinus collected from natural sites: 

 

>7.1 
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TGACCTAAACCCTCACCAGAGTAACAATTGGAGGGCAAGTCTGGTGCCAGCAG

CCGCGGTAATTCCAGCTCCAATAGCGTATATTAAACTTGTTGCAGTTAAAAAGCT

CGTAGTTGAATTTTTGCGTGGTGTTAATATTGACTAATGTCGAGATTGCACTTCG

CTTTTGGGATTTATCCCTTTTTACTTTGAGAAAATTAGAGTGTTTCAAGCAGACTT

TTGTCTTGAATACTTCAGCATGGAATAATAGAGTAGGACTTTGGTTCTATTTTGTT

GGTTTGTGAACCTTAGTAATGGTTAATAGGAACGGTTGGGGGCATTCGTATTTA

ACTGTCAGAGGTGAAATTCTTAGATTTGTTAAAGACGAACTACTGCGAAAGCATT

TGCCAAGGACGTTTTCATTAATCAAGAACGAAAGTTAGGGGATCGAAGACGATC

AGATACCGTCGTAGTCCTAACCATAAACTATGCCGACTAGGGATTGGAGGTCGT

CATTTTTCCGACTCCTTCAGCACCTT 

 

>9.9 

TGACCTAAACCCTCACCAGAGTAACAATTGGAGGGCAAGTCTGGTGCCAGCAG

CCGCGGTAATTCCAGCTCCAATAGCGTATATTAAACTTGTTGCAGTTAAAAAGCT

CGTAGTTGAATTTTTGCGTGGTGTTAATATTGACTAATGTCGAGGTTGCACTTCG

CTTTTGGGATTTATCCCTTTTTACTTTGAGAAAATTAGAGTGTTTCAAGCAGACTT

TTGTCTTGAATACTTCAGCATGGAATAATAGAGTAGGACTTTGGTTCTATTTTGTT

GGTTTGTGAACCTTAGTAATGGTTAATAGGAACGGTTGGGGGCATTCGTATTTA

ACTGTCAGAGGTGAAATTCTTAGATTTGTTAAAGACGAACTACTGCGAAAGCATT

TGCCAAGGACGTTTTCATTAATCAAGAACGAAAGTTAGGGGATCGAAGACGATC

AGATACCGTCGTAGTCCTAACCATAAACTATGCCGACTAGGGATTGGAGGTCGT

CATTTTTCCGACTCCTTCAGCACCTT 
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8 Appendix C 
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Sites screened for B. burgdorferi s.l., A. phagocytophilum and B. divergens 

Table C1: Sites screened for B. burgdorferi s.l.. 
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7 Donegal Barra Bog  2017 49 3 2 0 1 0 0 0 

8 Donegal Derkvaig 2017 25 2 1 0 0 0 0 1 

9 Donegal Derkvaig 2017 25 3 1 0 1 0 0 1 

16 Mayo Letterkeen wood  2017 22 1 1 0 0 0 0 0 

17 Mayo Letterkeen wood  2017 7 0 0 0 0 0 0 0 

18 Mayo Old Head wood  2017 25 1 0 1 0 0 0 0 

23 Galway Portumna 2017 25 4 1 1 1 1 0 0 

24 Galway Portumna 2017 25 0 0 0 0 0 0 0 

25 Galway Derrycrag wood 2017 13 0 0 0 0 0 0 0 

26 Galway Derrycrag wood 2017 29 1 1 0 0 0 0 0 

28 Clare Slieve carron (Burren)  2017 50 1 0 0 1 0 0 0 

31 Clare Lough Bunny  2017 50 3 2 0 0 0 0 1 

34 Kerry Muckross 2017 11 2 2 0 0 0 0 0 

35 Kerry Muckross  2017 43 7 2 1 2 0 0 2 
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18.2 Kerry Dairy farm 2018 38 2 0 0 0 0 0 2 

18.3 Kerry Dairy farm 2018 4 0 0 0 0 0 0 0 

18.5 Kerry Dairy farm 2018 11 0 0 0 0 0 0 0 

18.6 Kerry Dairy farm 2018 6 1 0 1 0 0 0 0 

18.7 Kerry Dairy farm 2018 1 0 0 0 0 0 0 0 

18.8 Kerry Dairy farm 2018 10 1 0 1 0 0 0 0 

18.10 Kerry Muckross 2018 40 10 0 1 1 0 0 8 

18.11 Kerry Muckross 2018 40 19 4 2 3 0 1 9 

18.15 Kerry Small wood bordering dairy farm 2018 40 2 0 0 2 0 0 0 

18.16 Kerry Dairy farm 2018 40 6 2 1 2 0 1 0 

18.18 Kerry Dairy farm 2018 40 5 1 1 1 0 0 2 

18.19 Kerry Dairy farm 2018 40 1 0 0 1 0 0 0 

18.29 Kerry Demesne gate 2018 40 4 1 0 2 0 1 0 

18.32 Kerry Demesne lodge  2018 40 4 0 3 1 0 0 0 

18.33 Kerry Fossa way, Knockreer playground 2018 40 17 3 0 8 0 0 6 

18.49 Kerry Beef farm 2018 6 1 1 0 0 0 0 0 

18.50 Kerry Beef farm 2018 118 3 1 1 0 0 0 1 

18.51 Kerry Beef farm 2018 1 0 0 0 0 0 0 0 

18.52 Kerry Beef and sheep farm 2018 10 0 0 0 0 0 0 0 

18.53 Kerry Beef and sheep farm 2018 8 0 0 0 0 0 0 0 

18.54 Kerry Beef and sheep farm 2018 30 4 0 1 0 0 0 3 

18.60 Kerry Demesne lodge  2018 18 4 0 0 0 0 0 4 

19.25 Limerick Dairy farm 2019 2 0 0 0 0 0 0 0 

19.26 Limerick Dairy farm 2019 2 0 0 0 0 0 0 0 

19.28 Limerick Dairy farm 2019 3 0 0 0 0 0 0 0 

19.29 Limerick Dairy farm 2019 6 1 0 0 0 0 0 1 

19.31 Limerick Dairy farm 2019 31 5 0 1 3 0 0 1 
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19.32 Limerick Dairy farm 2019 6 1 0 1 0 0 0 0 

19.41 Galway Dairy farm 2019 12 2 0 1 0 1 0 0 

19.42 Galway Dairy farm 2019 24 0 0 0 0 0 0 0 

19.44 Galway Dairy farm 2019 18 0 0 0 0 0 0 0 

19.45 Galway Dairy farm 2019 2 0 0 0 0 0 0 0 

19.46 Galway Dairy farm 2019 1 0 0 0 0 0 0 0 

19.56 Cavan Dairy farm 2019 26 0 0 0 0 0 0 0 

19.181 Tipperary Dairy farm 2019 1 0 0 0 0 0 0 0 

19.190 Longford Beef farm 2019 1 0 0 0 0 0 0 0 

19.193 Longford Beef farm 2019 2 0 0 0 0 0 0 0 

19.195 Longford Newcatle forest 2019 52 2 0 0 0 0 0 2 

19.196 Longford Newcatle forest 2019 11 0 0 0 0 0 0 0 

19.197 Longford Newcatle forest 2019 12 0 0 0 0 0 0 0 

19.198 Longford Newcatle forest 2019 22 3 1 2 0 0 0 0 

19.203 Leitrim Beef farm 2019 18 0 0 0 0 0 0 0 

19.204 Leitrim Beef farm 2019 36 2 0 0 2 0 0 0 

19.207 Leitrim Beef farm 2019 3 1 0 0 1 0 0 0 

19.208 Leitrim Beef farm 2019 1 0 0 0 0 0 0 0 

19.211 Leitrim Beef farm 2019 2 0 0 0 0 0 0 0 

19.214 Leitrim Beef farm 2019 1 0 0 0 0 0 0 0 

19.215 Offaly Beef and sheep farm 2019 1 0 0 0 0 0 0 0 

19.220 Offaly Beef and sheep farm 2019 2 0 0 0 0 0 0 0 

19.257 Mayo Beef farm 2019 41 0 0 0 0 0 0 0 

19.258 Mayo Beef farm 2019 22 0 0 0 0 0 0 0 

19.259 Mayo Beef farm 2019 20 0 0 0 0 0 0 0 

19.260 Mayo Beef farm 2019 1 0 0 0 0 0 0 0 

19.269 Mayo Beef and sheep farm 2019 2 0 0 0 0 0 0 0 
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Table C2: Sites screened for A. phagocytophilum and B. divergens. 

Site ID County Site name 
Year of 

collection 

No. of 
screened 
nymphs 

No. of A. 
phagocytophilum 

positives 
(TaqMan) 

No. of B. 
divergens 
positives 
(TaqMan) 

No. of B. 
divergens 

amplified by 
nested PCR 

7 Donegal Barra Bog  2017 49 3 2 2 

8 Donegal Derkvaig 2017 25 3 0 0 

9 Donegal Derkvaig 2017 25 3 11 10 

16 Mayo Letterkeen wood  2017 22 4 0 0 

17 Mayo Letterkeen wood  2017 7 0 0 0 

18 Mayo Old Head wood  2017 25 0 0 0 

23 Galway Portumna 2017 25 1 0 0 

24 Galway Portumna 2017 25 2 0 0 

25 Galway Derrycrag wood 2017 13 0 0 0 

26 Galway Derrycrag wood 2017 29 2 0 0 

28 Clare Slieve carron (Burren)  2017 50 6 0 0 

31 Clare Lough Bunny  2017 50 7 0 0 

34 Kerry Muckross 2017 11 0 0 0 

35 Kerry Muckross  2017 43 1 0 0 

18.10 Kerry Muckross 2018 40 3 0 0 

18.11 Kerry Muckross 2018 40 1 0 0 

18.15 Kerry Small wood bordering a dairy farm 2018 40 4 0 0 

18.16 Kerry Dairy farm 2018 40 4 13 2 

18.18 Kerry Dairy farm 2018 40 0 0 0 

18.19 Kerry Dairy farm 2018 40 0 0 0 

18.29 Kerry Demesne gate 2018 40 0 0 0 

18.32 Kerry Demesne lodge  2018 40 0 1 0 
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18.33 Kerry Fossa way, Knockreer playground 2018 40 0 0 0 

18.50 Kerry Beef farm 2018 40 0 0 0 

 


