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SUMMARY 

The hematophagous mite, Dermanyssus gallinae, also known as the Poultry Red Mite 

(PRM) is the major pest for the egg-laying industry worldwide. It is associated with 

severe economic loses and means a serious threat for the hen health and welfare. In 

addition, the mite can feed on humans causing a skin condition known as gamasoidosis. 

Traditional control methods against the PRM are based on spraying with synthetic 

acaricides. The lack of effectivity and the development of resistances imply the need for 

alternative control methods. 

The present thesis is framed in the One Health approach, focused in the assessment of 

the zoonotic risk of D. gallinae and in the identification, through omics tools, of vaccine 

candidates for the alternative control of PRM infestations. 

Chapter I: General Introduction 

Chapter I. This chapter provides a general overview of the current research on control 

methods against PRM infestations. It is also a compilation of the most recent advances 

in the biology of the mite, the harms to the laying-egg industry and the impact to the 

environment and human health. A special attention has been paid to the novelties in the 

vaccine development that has been enhanced with the recent characterization of the mite 

genome and proteome. [Lima-Barbero, J.F., Höfle, U., Villar, M. & de la Fuente, J. (2019) 

Challenges for the control of the Poultry Red Mite (Dermanyssus gallinae) in Parasitology 

and Microbiology Research. Submitted]. 

Chapter II: Gamasoidosis: human response to avian mite infestations. 

Chapter IIa. This chapter is a report of a clinical gamasoidosis caused by Ornithonyssus 

bursa. This is the first report of O. bursa, a tropical mite which is recently expanding 

across Europe, affecting humans in Spain. In addition, this work demonstrated the 

absence of α-Gal in D. gallinae and the lack of clear human response to the mite bites.  
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[Lima-Barbero, J. F.; Sánchez-Sánchez, M.; Cabezas-Cruz, A.; Mateos-Hernández, L.; 

Contreras, M.; Fernández de Mera, I. G.; Villar, M.; de la Fuente, J. (2019) Clinical 

gamasoidosis and antibody response in two patients infested with Ornithonyssus bursa 

(Acari: Gamasida: Macronyssidae). Experimental and Applied Acarology, 78 (4): 555-

564] 

Chapter IIb. This chapter is a description of two clinical cases of gamasoidosis in two 

workers from the same laying egg farm. D. gallinae was identified by SEM microscopy 

as the responsible for the dermatitis. In this work the onset of the signs is also associated 

with a status of severe infestation in the hen house and a close contact with large number 

of mites while an absence of a clear immune response was observed. [ Lima-Barbero, J. 

F.; Temple, D.; Prado, E.; Villar, M. & de la Fuente, J. (2019) Gamasoidosis in two workers 

related to the poultry industry. Medical and Veterinary Entomology. Submitted] 

Chapter III: Omics approach for improving the knowledge about D. gallinae and the 

identification of vaccines candidates. 

Chapter IIIa. In this chapter a vaccinology approach was followed to identify 

potential vaccines candidates for the control of D. gallinae. Firstly, we characterized the 

proteome for fed and unfed nymphs and adults.  Amongst those proteins that showed 

different level of expression we selected Calumenin (Deg-CALU) to be evaluated as 

vaccine candidate. By an on-hen feeding trial where we tested Deg-CALU and Rhm-

SUB, as a positive control. The vaccination with Deg-CALU and Rhm-SUB reduced the 

mite oviposition by a 35 and 44%, respectively. These results supports the consideration 

of Deg-CALU and Rhm-SUBO as suitable vaccine candidates for the control of PRM 

infestation  [Lima-Barbero, J. F.; Contreras, M.; Mateos-Hernández, L.; Mata-Lorenzo, F. 

M.; Triguero-Ocaña, R.; Sparagano, O.; Finn, R. D.; Strube, C.; Price, D. R. G.; Nunn, F.; 

Bartley, K.; Höfle, U.; Boadella, M.; Nisbet, A. J.; de la Fuente, J. & Villar, M. (2019) A 

vaccinology approach to the identification and characterization of Dermanyssus gallinae 
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candidate protective antigens for the control of poultry red mite infestations. Vaccines. 

Submitted] 

Chapter IIIb. Based on the protective effects of the akirin/subolesin vaccines for the 

control of ectoparasites infestations, the akirin gene for D. gallinae (Deg-akr) was 

identified and the effectivity of recombinant Deg-AKR vaccines evaluated. An on-hen 

feeding assay was performed to evaluate the effects on the vaccination with Deg-AKR 

against PRM infestations. The vaccination induced an effective immune response in the 

hens that reduced the mite oviposition by a 42% supporting the use of Deg-AKR as a 

candidate protective antigen aga for the control of PRM population growth. [Lima-

Barbero, J. F.; Contreras, M.; Bartley, K.; Price, D. R. G.; Nunn, F.; Sánchez-Sánchez, M.; 

Prado, E.; Höfle, U.; Villar, M.; Nisbet, A. J. & de la Fuente, J. (2019) Reduction in 

Oviposition of Poultry Red Mite (Dermanyssus gallinae) in Hens Vaccinated with 

Recombinant Akirin. Vaccines 7 (3): 121]  

Chapter IIIc. This chapter means a contribution to the knowledge of the PRM 

microbiome focussing on the alphaproteobacteria taxonomic Class. Following a 

metaproteomic approach the bacterial communities for fed and unfed nymphs and adult 

mites were characterized. The bacterial community has, mainly, an environmental 

source but potential pathogenic and symbiotic bacteria were identified. [Lima-Barbero, 

J. F.; Díaz-Sanchez, S.; Sparagano, O.; Finn, R. D.; de la Fuente, J. & Villar, M. (2019)

Metaproteomics characterization of the alphaproteobacteria microbiome in different 

developmental and feeding stages of the poultry red mite Dermanyssus gallinae (De Geer, 

1778). Avian Pathology 48: S52-S59] 
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Abstract 

The Poultry Red Mite, Dermanyssus gallinae, is an ectoparasite which is considered the major pest for the 

egg-laying industry. The mite hides in crevices and cracks during daylight and feed on the blood of the 

hens in the darkness. It can also parasitize other bird and mammal species, including man, that can 

develop gamasoidosis when bitten at work or private residences. The control of the mite infestations has 

relied in synthetic acaricides, but the development of resistances and the restricted list of authorized 

products make fundamental the development of novel control measure. The combination of alternative 

control measures, such as monitoring of the mite infestation, plant-derived products, inner dusts, 

biological control and vaccines, poses as the best way for achieving satisfactory results. 

Keywords: Dermanyssus, poultry, mite, zoonosis, control, vaccines. 

1. Introduction

The poultry red mite (PRM), Dermanyssus gallinae (De Geer, 1778), is a hematophagous mite that affects 

mainly poultry (Sparagano et al., 2014) but also parasitizes other avian (Roy and Chauve, 2007) and 

mammalian hosts (Declercq and Nachtegaele, 1993; Di Palma et al., 2018; Mignon and Losson, 2008), 

including humans (Cafiero et al., 2019). It has a worldwide distribution, and is associated with severe 

economic losses in the egg production industry (Sigognault Flochlay et al., 2017), also causing health and 

welfare issues in the hens (Cosoroaba, 2001; Kilpinen et al., 2005; Sigognault Flochlay et al., 2017).  

A literature search using the web database Scopus (https://www.scopus.com), revealed 418 entries on 

the PRM of which 31 entries were from 2018 and 26 entries from 2019 (date accessed: 16/09/2019). 

Thus while research focused on D. gallinae was previously scarce, it increased significantly in recent years 

probably due to the support received due to the growing impact of mite infestations on the egg-laying 

mailto:jose_delafuente@yahoo.com
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industry (Sparagano and Tomley, 2019). Because of the restrictions and limited efficacy of 

pesticides, alternative control measures are one of the leading research topics in recent years. Amongst 

those control measures, vaccination poses a promising effective and environmentally sound 

intervention.  

2. Biology

Dermanyssus gallinae is taxonomically assigned to the Dermanyssidae family englobed in the 

order Mesostigmata of the Arachnida Class. There are 14 other mite species that affect birds 

and are morphologically very similar to D. gallinae which may be misidentified when identification is 

solely based on morphological characteristics (Roy et al., 2009). Recent advances in molecular 

tools as gene sequencing or DNA barcoding, combined with morphological features is allowing 

a proper mite identification, including D. gallinae identification (Di Palma et al., 2012; Roy and Chauve, 

2010; Young et al., 2019) (Figure 1). 

Figure 1: SEM images from several morphological characteristics useful for the identification of D. gallinae 

and differentiation from other similar species. Morphological characteristics shown are present in adult 

females according to Di Palma et al (2012). (A) Dorsal overview. Dorsal shield (outline traced) with 

prominent shoulder. (B) Ventral overview. Epigynal (es) and anal (as) shields are rounded posteriorly. 

Anal shield with three anal setae (*). (C) Detail of the sternal shield. The sternal shield is wider than long 

and containing two pairs of setae (*). (D) Detail of dorsal shield. The two pairs of setae (j1 and j2) are on 

the dorsal shield. 

Dermanyssus gallinae is an obligatory ectoparasite that feeds on the blood of the host. It has a global 

distribution (Tomley and Sparagano, 2018). In contrast with other Dermanyssus spp., D. gallinae is a 

generalist species with a low host specificity (Roy et al., 2010). The PRM is a pest in the egg-laying farms 

(Sparagano et al., 2014), but can also be found parasitizing more than 30 wild and domestic bird species 

(Roy et al., 2009) and mammals (Declercq and Nachtegaele, 1993; Di Palma et al., 2018; Mignon and 
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Losson, 2008), including humans (Cafiero et al., 2019). The life cycle for D. gallinae includes five 

developmental stages: egg, larvae, protonymph, deutonymph and adult (Figure 2).  Larvae have three 

pairs of legs while the rest of the stages have four pairs of legs. The PRM requires a blood meal for molting 

from protonymph to deutonymph, to adult and for egg-laying (Kilpinen, 2001) (Figure 2). The color of the 

fed stages varies from bright red to brown, depending on the digestion of the blood inside de mite, while 

unfed stages are white. Adults and fed deutonymphs are visible with the naked eye. Life cycle usually 

takes two weeks to complete, but it can be shorter when ideal conditions are provided (25-27 °C and high 

relative humidity) (Kilpinen, 2001; Maurer and Baumgärtner, 1992; Nordenfors et al., 1999). Long-time 

emptied hen houses have been reported to remain infested. This finding is justified by the ability of the 

mite to survive without any blood meal for up to 9 months if the environment is suitable. However, 

desiccation and high temperatures (>45°C) are lethal (Nordenfors et al., 1999). Oviposition is carried out 

only by adult female mites. A maximum of approximately 30 eggs can be laid by a single female in her 

lifetime, usually in clutches of 4-8 eggs after a blood meal (Pritchard et al., 2015). 

The PRM lacks real eyes and it can senses changes in the luminosity of the environment with photocells 

(Van Emous et al., 2005). During daylight hours, mite is usually hidden in cracks and crevices where it is 

out of the reach of the hen. In these shelters, it gathers with more mites until they can form a cluster of 

hundreds of mites of different stages. This behavior is driven by aggregation pheromones (Koenraadt and 

Dicke, 2010). It is in the darkness when the PRM comes out of their refuges to feed on the host. The host-

seeking process is multifactorial, but temperature has been proven to play an important role as the PRM 

is highly sensitive to even minor changes in temperature and starved mites have an increased sensibility  

(Kilpinen, 2005; Kilpinen and Mullens, 2004). D. gallinae increases its activity when exposed to substrate 

vibrations which are supposed to be used for host localization (Kilpinen, 2005). Surface skin lipids are 

also involved in the host identification and stimulation (Koenraadt and Dicke, 2010; Zeman, 1988). These 

lipids are used to improve feeding rates in artificial feeding devices when synthetic membranes are used 

(D. W. J. Harrington et al., 2010a) and have provided possibilities for the use of essential oils in the control 

of PRM infestations in layer houses. In contrast with other hematophagous ectoparasites that utilize CO2 

to identify their hosts, CO2 did not induce any host seeking response in D. gallinae under laboratory 

conditions but induced immobility under light conditions, which is interpreted as a survival strategy to 

avoid being eaten by the host (Kilpinen, 2005). Nymphal and adult stages stay on the host for feeding for 

30 – 60 minutes (Maurer et al., 1988). According to this behavior, PRM can be considered as a micro 

predator (Roy et al., 2010). 

3. One Health: poultry industry, environment and human health

3.1 Poultry industry 

The PRM is not a significant issue in the broiler industry, mainly due to its short production cycle, but it 

poses a substantial threat to the egg-laying industry worldwide, except for layer farms in the USA where 

Ornythonyssus sylviarum is the main mite species affecting layer hens (Mullens et al., 2001). However, 

recent reports suggest significant increase of D. gallinae infestations in the USA (Tomley and Sparagano, 
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2018). Although O. sylviarum is also present in wild birds of European countries, D. gallinae is the specie 

responsible for farm infestations. However, mixed infestations have been reported in countries out of 

Europe (Sreenivasa Murthy and Panda, 2016). Infestations can reach high prevalence in Europe, where 

the average prevalence is more than 80% with several countries reaching higher than 90% (George et al., 

2015). However, PRM prevalence can be more related to certain areas rather than a country as different 

prevalence has been observed in different regions of the same country (Othman et al., 2012). PRM 

infestations have been described in every production system. Less-intensive farming systems present 

higher risks of infestation which usually is inversely proportional to the level of intensification  (O. 

Sparagano et al., 2009). Therefore, PRM prevalence is generally higher in backyard and free-range units, 

followed by barns and, ultimately, by enriched systems (O. A. E. Sparagano et al., 2009).  Enriched cages 

usually show higher levels of infestation when compared to traditional pens in those countries where they 

are still allowed (O. Sparagano et al., 2009) . These systems improve mite survival by providing more safe 

areas to the mite far from the reach of the hens and the treatments at the same time as they promote hen 

welfare.  

Temporal dynamics of PRM infestations vary greatly between laying hen houses. Specific environmental 

conditions and differences in laying hen house management are responsible for these variations. The age 

of the flock is another modulating factor according to a model developed for forecasting the population 

dynamics in a hen house (Mul et al., 2017). The age of the flock has a negative effect on the growth of the 

mite population as mite populations decline as the age of the hens increases despite the fact that the 

immune response of the hen against a PRM infestation has not been well characterized. An experimental 

infestation developed an increase of the serum amyloid-A (Kaab et al., 2019), but hens do not generate 

natural potent immunoprotective responses (D. Harrington et al., 2010). The development of an immune 

response by the bird after a chronic exposure is a plausible explanation which has been proposed that 

requires  further research (D. W. J. Harrington et al., 2010b; Mul et al., 2017). The type of hen hybrid and 

how they were raised as pullets seem to have some effects on the vertical distribution of the mite 

infestation in aviaries, which is explained by differences in the space use by different hybrids (Nordenfors 

and Hoglund, 2000). 

Infestation levels vary seasonally (Nordenfors and Hoglund, 2000). Seasons prone to more severe 

infestations also differ depending on the climate of each region (Nordenfors and Hoglund, 2000). Usually, 

seasons with mild temperatures and high relative humidity can be correlated with lower fluctuations of 

these parameters inside the layer house, providing more ideal conditions for the mite to grow and 

therefore show more severe infestations. In this way, in northern countries the infestation peak usually 

happens in summer months while in more temperate climates the most prevalent seasons are spring and 

autumn. 

Moderate and low infestations do not seem to have an effect on the production parameters independently 

of the layer hen productive system (Sleeckx et al., 2019). Instead, severe infestations are associated with 

important production losses albeit variations between housing systems (Van Emous et al., 2005). 

Therefore, PRM has been demonstrated to negatively affect the proportion of laying hens, egg weight and 

the amount of first-choice eggs in enriched cages facilities while detrimental effects have been observed 
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on egg mass, first-choice eggs and bodyweight of hens housed in aviary systems (Sleeckx et al., 2019). The 

impact on egg production can cause reductions of up to 20% (Cosoroaba, 2001). PRM infestations are also 

responsible for devaluation of eggs when these are blood spotted. The spots are the result of fed mites 

getting crushed beneath the eggs while walking or hiding on the conveyor belt (Odaka et al., 2017). 

PRM is also responsible for health and welfare issues for egg-laying hens. When asked, most egg-

producers commonly state that PRM is the major issue concerning hen welfare (Rayner et al., 2019). The 

main sign of a severe infestation is the anemia observed in the birds. An adult mite can ingest 0.2 µl of 

blood in a blood meal (Sikes and Chamberlain, 1954). It is described that a laying hen can lose more than 

3% of its blood volume every night (Cosoroaba, 2001). In cases of severe infestations, increased bird 

mortality is observed due to exsanguination. The mortality due to a PRM infestation has been estimated 

to increase between 4 and 50% (Wójcik et al., 2000), and correlates with an increased mite burden. 

Several studies find significant relationships between PRM infestation and hen mortality (Arkle et al., 

2006; Sigognault Flochlay et al., 2017). PRM infestation increases food and water intake. Hens under 

infestation suffer restlessness, agitation, sleep deprivation and increased preening and feather pecking 

(Kilpinen et al., 2005; Kowalski and Sokol, 2009). Thus, the infestation puts the hens into chronic distress 

making them more susceptible to diseases and reducing vaccine efficacy.  

Many dermanyssoid mites are confirmed vectors of bacterial and viral pathogens. Several pathogens have 

been isolated from D. gallinae, thus confirming its role as mechanical vector. Several reports have detected 

pathogenic bacteria in PRM such as Coxiella burnetii, Erysipelothrix rhusiopathiae, Listeria monocytogenes, 

Pasterella multocida  Mycoplasma gallisepticum, Chlamydophila psittaci and Spirochetes (Circella et al., 

2011; Huong et al., 2014; Valiente Moro et al., 2009). However, its role as a biological vector for these 

pathogens is not yet fully elucidated and requires further research. The PRM has been demonstrated 

under laboratory conditions to act as a vector for Salmonella enteritidis where they showed the oral 

transmission after ingestion of washed mites contaminated by cuticular contact or during blood meal 

(Valiente Moro et al., 2007). Additionally, S. enterica subsp. enterica serovar gallinarum biovar gallinarum 

(S. gallinarum), the etiological agent of the fowl typhoid, was found to survive for up to 4 months in 

infected mites (Zeman et al., 1982). Recently, Pugliese et al. (N. Pugliese et al., 2019) showed the 

maintenance of S. gallinarum in two different productive cycles where after an outbreak of fowl typhoid, 

the mites remained infected even after a sanitary break and vaccination of the second flock. An interesting 

finding of this work was that the number of bacteria found in the mites varied according to the antibody 

titers of the vaccinated hens. This finding illustrates the complex relationship between host, parasite and 

bacterial pathogen. PRM has an experimentally confirmed potential capacity for acting as a mechanical 

vector of avian influenza virus after a bloodmeal on infected hens (Sommer et al., 2016). Other viral agents 

such as avipox virus, fowl adenovirus, Marek´s disease virus, avian paramyxovirus type I and the Eastern, 

Western and Venezuelan equine encephalomyelitis viruses have been isolated from PRM (Sigognault 

Flochlay et al., 2017). 

In summary, PRM is responsible for economic losses of around 231 million Euros  annually in Europe 

considering the combination of the production losses, health issues and cost of mite infestation control 
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(van Emous, 2017). Other reports estimate the economic impact of PRM infestations in Europe 

between 0.5 and 0.6 Euros per laying hen (Van Riel et al., 2016). 

3.2 Environment and wildlife 

Historically, wild birds were considered as the main source of the mite infestation in the poultry houses. 

However,  mitochondrial cytochrome oxidase I (mt-COI) gene sequencing, which allowed secured 

Dermanyssus species identification, demonstrated that none of the Dermanyssus species that specifically 

parasitize wild birds were found in poultry farms and concluded that only D. gallinae harbored 

synanthropic populations (Roy et al., 2009). Additionally, the same research described that the D. gallinae 

populations associated with poultry farms belong to different genetic lineages (Roy et al., 2009). In 

addition, recent research on genetic differences between Ornithonyssus sylviarum present in wild sparrow 

nests and layer houses in the USA indicated the absence of mite exchange (McCulloch et al., 2019). 

However, wild bird nests located in the proximities of the hen house can act as a reservoir of mites and 

thus allow re-infestation. Mul et al. [51] performed a risk analysis in which poultry farmers and 

employees, followed by hen cadavers and manure aeration, represented the highest risks of introduction 

and spread of PRM in the farm. If the manure belts are shared amongst barns, they constitute a severe 

risk of spreading the PRM (Mul and Koenraadt, 2009). Rodents and insects are potential carriers of mites, 

and although the role of pests in the introduction and spread of PRM in layer farms has not been fully 

elucidated,  a case of phoresy of D. gallinae has been described in a beetle (Flechtmann and Baggio, 1993). 

In a recent questionnaire by free-range farmers in the UK, antiparasitics were reported as one of the three 

most commonly used medicines against PRM (Rayner et al., 2019). A recent scandal on the discovery of 

an unauthorized product in food-producing animals (Fipronil, C12H4Cl2F6N4OS) in contaminated eggs 

from farms in 45 countries worldwide. The concentration in the contaminated product did not reach toxic 

doses for humans, but a mediatic Public Health alert was raised, and a food fraud investigation was started 

by European authorities (Reich et al., 2018). Only two compounds are specifically labeled to control PRM 

infestations while birds are present (Phoxim, C12H15N2O3PS and Spinosad, C41H65NO10 (A); 

C42H67NO10 (D)) by the European Union (EU), and recently a new compound (Fluralaner, 

C22H17Cl2F6N3O3) has been approved (Marangi et al., 2012; Medicines Agency, 2017) . Authorized 

products do not penetrate the whole egg but improper handling when breaking the shell can lead to food 

contamination (Sasithorn  Limsuwan et al., 2007). Risks of residues of traditional and unlabeled 

pesticides entering the food chain are due to its presence in body tissues of hens that are slaughtered for 

human consumption (Marangi et al., 2012). A withdrawal period has been suggested for the skin tissue 

after application of Spinosad and Abamectin(C48H72O14 (B1a); C47H70O14 (B1b)) , an acaricide with available 

formulations for spray application in some European countries,  due to the detection of residues in this 

tissue (Gokbulut et al., 2019). The chemicals used to control PRM may also have adverse effects for 

workers directly exposed while applying the treatment. The limited availability of tools and the increase 

of resistance is forcing the farmers to turn to non-authorized products to face PRM infestations and 

underlines the necessity for alternative control methods. 
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3.3 Zoonotic risks 

D. gallinae is known as a bird ectoparasite but it has low host specificity (Roy et al., 2010) . This lack of 

specificity allows the mite to feed on mammals, including humans, when the natural host is not available 

(Cafiero et al., 2019).  Human parasitosis due to PRM is called gamasoidosis or dermanyssosis. Skin 

erythematous papules are the usual clinical signs for gamasoidosis and urticarial lesions have been also 

described (Cafiero et al., 2019) . Skin lesions are usually pruriginous and can be distributed throughout 

the entire body, but are more frequently located in the arms, legs and the upper trunk (Cafiero et al., 

2019).  Regarding human gamasoidosis associated with D. gallinae, two epidemiological scenarios are 

described: urban cases and occupational cases (Cafiero et al., 2019). D. gallinae is the most commonly 

ectoparasite identified as the causal agent of gamasoidosis, but the cases assigned to D. gallinae can be 

misdiagnosed due to the difficulty of species determination for non-trained practitioners. The 

geographical expansion of other similar mite species such as Ornythonyssus spp. (Castelli et al., 2015) due 

to climate change, host expansion and globalization will require more precise analysis. 

Occupational cases are those related to poultry workers. The infestation can occur both in professional 

workers and hobbyists. These mite attacks usually happen during the daytime, while the workers are 

handling birds, cages or collecting eggs or when cleaning the premises. High levels of mite infestation and 

lack of proper protective clothing increases the risk of mite bites. Despite the high prevalence of 

infestation in egg-laying farms and continued exposure of the workers to the PRM, the number of reports 

of occupational cases is limited (Cafiero et al., 2019, 2011). The low number of reported cases can be 

explained by the fact that the attacks occur under specific conditions (severe infestation and lack of 

protection) or because workers do not report the attacks.  

Urban cases are not associated with poultry workers. These cases are usually linked to familiar homes or 

public buildings such as hospitals and halls. In these cases, synanthropic birds, generally pigeons, are the 

source of the infestation (Cafiero et al., 2019). Most of them occur when the host has left the nest after the 

breeding season. At that moment, the mites search for a new host to obtain a bloodmeal. Recent 

investigations suggest the existence of a pigeon specific lineage (D. gallinae L1) that is more frequently 

involved in human gamasoidosis (Pezzi et al., 2017). Skin lesions in urban cases tend to be more severe 

than those in occupational cases, basically due to extended exposure.  

Reports of gamasoidosis are scarce but their frequency has increased in the recent years (Cafiero et al., 

2019). PRM gamasoidosis is still an underdiagnosed parasitosis mainly due to un-specific signs which do 

not lead the practitioners to a certain diagnosis and, generally, the fact that PRM bites cause only light to 

mild clinical symptoms,  indistinguishable from other bug bites and do not put the patient in need of 

seeking medical assistance. Recently, the bacterial genera Tsukamurella has been identified as part of the 

microbiome of the PRM with an endosymbiotic relationship suggested (Hubert et al., 2017). Tsukamurella 

species are foremost saprophyte bacteria that have occasionally been identified  as opportunistic 

organisms associated with postoperative infections (Almehmi et al., 2004). This, and the avian pathogens 

listed earlier, together with reports of D. gallinae infestations in hospitals (Auger et al., 1979) highlight 
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potential zoonotic risks associated with PRM. Thus, because of the potential vector role of PRM 

for zoonotic pathogens it should be included in routine medical differential diagnosis for skin lesions.  

4. Control measures

Treatment and control of PRM infestations have until recently relied on the spraying of chemical 

acaricides in infested premises, and mostly still occurs despite the limited list of products licensed to be 

used against the PRM in the EU. In general, traditional control actions achieve only temporary effects and 

mite populations return to levels prior to treatment soon after treatment application. One of the main 

limitations in the use of pesticides is the incapacity to apply the product to a degree that does not allow 

the target to escape from exposure by hiding in cracks and crevices (Nordenfors and Hoglund, 2000). 

Another significant problem in the use of pesticides is the emergence of resistances (Marangi et al., 2009) 

. The number of PRM populations with reduced sensibility to traditional pesticides as λ-Cyhalothrin or 

Amitraz has grown especially after 2012. In the case of Phoxim, which has been considered a highly 

effective compound, highly resistant populations have been detected since 2015 (Nicola Pugliese et al., 

2019). This is probably related to withdrawal of most of the labelled compounds from the marked and 

subsequent overuse and misuse of the only remaining products available. The single chemical pesticide 

that shows satisfactory results is a recent labelled to be used as poultry isoxazoline, Fluralaner. Fluralaner 

has demonstrated a nearly 100% efficacy after two applications in poultry farms (Thomas et al., 2017). 

The key for this product is that with the oral administration the treatment reaches the whole mite 

population when the mites feed on the hens. This delivery method avoids the necessity to spray the 

product, a way of administration that has been proven of low efficacy for the control of PRM as there are 

mites that escape from the treatment. 

Figure 2: Graphical representation of the PRM biologic cycle and points of action for different control 

measures. Iconography explanation: large red mites = fed adult mites; small red mites = fed nymphal 

stages; large white mites = starved adults; small white mites = starved nymphal stages; cross = points 

where the treatment can interrupt the mite cycle; thunderbolt = points of action for the different 
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treatment options. New control interventions such as vaccination, predatory mites or plant extracts are 

shown. 

An often-neglected tool for the control of PRM infestations in a layer hen house is the monitorization of 

the population. Many treatments do not show the expected results because they have not been applied at 

the right moment. The decision for applying treatment is traditionally taken when the farm employees 

announce a severe infestation, which is usually too late to allow successful control (Waap et al., 2019). A 

proper monitorization routine can promote early detection and quantification of the infestation level and 

thus allowing proper programming of control measures. There are multiple methodologies that can be 

used for monitorization, including both quantitative and qualitative techniques. A description of the most 

commonly used monitoring methods has been recently reviewed (Mul et al., 2015). Many monitoring 

systems are based on the placement of traps that emulate the hiding places of the mites and that are 

checked periodically. In this way, depending on the technique the farmer can obtain an estimate of the 

mite population in the hen house and/or a trend for the mite population evolution. There appears not be 

a single best choice for a monitoring method as it depends on the time and resources available in the farm. 

However, farms with monitoring programs in place can improve their capacity of PRM control (Mul et al., 

2009).  

Development of new control interventions is currently a priority in PRM research as a consequence of the 

severe impact of the mite in the egg-laying industry and the scarce resources for its control (Figure 2). 

Amongst those novel methods, treatments with essential oils and plant extracts have received significant 

attention. There are many studies on the effects of essential oils against PRM, but variable efficacy is 

observed (George et al., 2014). Benefits of plant extracts and essential oils include their low mammalian 

and bird toxicity and short environmental persistence (George et al., 2014). Several plant-based products 

are already commercialized against veterinary pests, and many others are in research phase. Essential 

oils are traditionally used for their repellence of pest arthropods (George et al., 2014). The effect of 

essential oils can be due the influence of a number of volatile organic compounds (VOCs) in the host-

recognition process (Pritchard et al., 2015) . Recent research found that the odour emitted by the hens 

can be modified through addition of plant-originated VOCs to the food and that some of those VOCs 

showed repellent activity against the PRM, making the hens less attractive to the mites (Marine et al., 

2019). The other approach for the use of plant derived compounds is using its insecticide properties for 

treating the hen house environment. Amongst those substances, neem oil is receiving special attention 

from researchers (Camarda et al., 2018; George et al., 2014) . Neem oil preparations are made of essential 

oil obtained from an Indian tree (Azadirachta indica) and have shown promising effects in PRM 

population reductions (Camarda et al., 2018). A disadvantage of neem oil application is the possible effects 

of the oily film on the farm installations and eggs, but technological improvements such as reducing the 

volume of solution or the droplet size can be applied to reduce these adverse effects (Camarda et al., 

2018). 

Mite communities constituted by different mite species are able to establish themselves in layer farm 

buildings, mainly associated with manure (Roy et al., 2017). These communities include mite species that 

are predators of free-living nematodes and arthropods, including mites (Roy et al., 2017). Some Hypoaspis 
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species identified in starling nests are considered putative predators of D. gallinae (Lesna et al., 2009) 

and two mite species are already commercialized to be used in layer farms: Androlaelaps casalis 

(Androlis, APPI-group Koppert. France) and Cheyletus eruditus (Taurrus, APPI-group Koppert. 

France).  A. casalis have shown to control, but no to eradicate, PRM populations under laboratory 

conditions but was more efficient at temperatures under 30 °C (Lesna et al., 2012). The authors 

suggested that predation can occur over other mite species when D. gallinae is hiding in safe places, 

basically at different heights (D. gallinae was on high areas of the cages while predators remained on 

the floor) (Lesna et al., 2012). Predatory mites are already effectively used in the control of 

phytophagous mites in greenhouses and in pig farms for the control of non-hematophagous arthropods. 

Biocontrol of PRM in layer farmhouses is based upon the massive release of predatory mites. The 

effectivity of predatory mites to control PRM infestations is variable, probably due to variations in 

environmental conditions (Lesna et al., 2009). The main disadvantage of using predatory mites as 

a control tool of D. gallinae is their high sensitivity to acaricides used to treat PRM infestations (Roy et 

al., 2017). Thus, biocontrol using predatory mites is not compatible with the use of acaricides.  

Another control method is based upon a perch design (Q-perch), which prevents the mite from reaching 

the hens by an electrified wire placed just beneath the perch where the bird is roosting (Van de Ven, 

2016). Various desiccant dusts, diatomaceous earth and synthetic silica products are commonly used in 

commercial layer farms (Mul et al., 2009). Generally, it is a measure used as a temporal constraint of PRM 

infestation and to reduce the number of treatments with synthetic acaricides. Inert dust kills the mite by 

dehydration and probably, by cuticle damage by destroying its protective wax layer (Kilpinen and 

Steenberg, 2009) . The main limitation of the use of inert dusts is the limited efficacy in environments 

with high levels of relative humidity (Kilpinen and Steenberg, 2009). A synergistic effect between inert 

dusts and entomopathogenic fungi have been described (Steenberg and Kilpinen, 2014). The use of 

entomopathogenic fungus for the control of PRM is recent and there is limited research. Laboratory tests 

show promising results, and some have been tested with some success in field trials (Tavassoli et al., 

2011). 

Vaccination against ectoparasites is not solely focused on the prevention of the infestation but also on the 

reduction of the parasite population (de la Fuente and Estrada-Peña, 2019).  Vaccination have 

demonstrated to provide high levels of protection against blood-feeding ectoparasites by reducing cattle 

tick populations and prevalence of certain tick-borne pathogens (de la Fuente and Contreras, 2015). The 

only commercial vaccines against ectoparasites (TickGard and Gavac) were developed with recombinant 

tick midgut antigens Bm86 and Bm95 and registered for the control of cattle tick infestations (de la Fuente 

et al., 2007). This vaccines demonstrated their efficacy for the control of tick infestations while reducing 

the use of acaracides and encourage further research for the identification of new effective protective 

antigens using different approaches (de la Fuente et al., 2016).  

Vaccine development relies on the identification of proteins that can act as protective antigens to which 

the host develops an immune response. The identification of protective antigens in D. gallinae has been 

limited by the lack of molecular research about the mite. The description on the mite transcriptome 

(Schicht et al., 2014) and, more recently, its genome (Burgess et al., 2018) can enhance the understanding 
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of the host-parasite relationship and the identification of protective antigens. Two approaches have been 

followed for PRM vaccines development, testing of mite extracts and the production of vaccines based on 

recombinant proteins (Table 1). Vaccination against PRM recombinant proteins has induced antigen 

specific IgY responses but variable results have been obtained when mites fed in in vitro tests on blood 

from immunized hens or blood enriched with antibodies extracted from egg yolk. Another limitation for 

the assessment of efficacy of a candidate antigen has been the high background effects observed in the in 

vitro tests due to the feeding physiology of the PRM. A recent optimization of an on-hen feeding device 

allows a more physiological evaluation of the vaccine effects allowing a better assessment of novel 

antigens (Nunn et al., 2019). Vaccines can be considered as an alternative and complementary 

intervention for PRM control, which can reduce the use of acaricides.  

5. Conclusions and future directions

The negative impact of the PRM infestations have become more relevant with recent changes in the 

production systems and is expected to become worse as the market demands grow in the direction of 

more welfare focused systems that reduce the options for controlling of the infestations. These changes 

in the production procedures should include increased concerns in biosecurity and monitorization in 

order to achieve a deep understanding of the mite ecology in each farm in particular.  A PRM infestation 

means a challenge for the growing concerns for a modern industry about hen welfare and prevention of 

laboral risks for the workers. 

Omics are a promising tool for enhancing the understanding of the mite-host interactions. These 

techniques are needed to resolve questions that are yet to be answered: the determination of the role of 

the PRM as biological vector for both poultry and human pathogens; the different mechanisms involved 

in the immune response in hens or if there are any on the mite side to modulate its host response. 

Knowing the wide distribution, the severity of the infestations and the risks that the PRM represents for 

the health of laying hens and humans it is necessary to continue with the investigation efforts. Alternative 

control methods are strongly needed, and it is a reality that, to achieve proper control of the PRM 

infestations, the optimization and combination of different methods is mandatory.  
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Table 1: Antigens tested as vaccine candidates against infestations by D. gallinae. 

Antigen Type Species Adjuvant Test Effects (%) Reference 

Soluble Protein Mite Extract 

Native D. gallinae

Incomplete Freund´s In vivo (Arkle et al., 2008) ↑ 0.1 M (Arkle et al., 2008) 

Soluble Protein Mite Extract 

QuilA In vitro  (Wright et al., 2009) 

↑ 24 M 

(Bartley et al., 2015) 

IEX Group 4 ↑ 23.5 M* 

IEX Group 5 ↑ 11.4 M* 

IEX Group 2 ↓ 4.2 M 

IEX Group 1 ↑ 19.5 M* 

IEX Group 3 ↑ 13 M* 

PBS Soluble mite extract ↑ 10.1 M* 

(Wright et al., 2009) 
Membrane associated ↑ 2.2 M 

Urea soluble ↑ 0.2 M 

Integral membrane ↓ 1.5 M 

Mite extract ISA 50 V In vitro (Harrington et al., 2009b) ↑ 50.7 M* (Harrington et al., 2009b) 

Soluble Protein Mite Extract ISA 207 VG Field ↓ 78 Pop* (Bartley et al., 2017) 

Akirin 

Recombinant 

A. albopictus
ISA 50 V In vitro (Harrington et al., 2009b) 

↑ 35.1 M* 
(Harrington et al., 2009a) 

Bm86 R. microplus ↑ 23 M* 

Histamine Release Factor 

D. gallinae QuilA 

In vitro (McDevitt et al., 2006) ↑ 4.1 M* (Bartley et al., 2009) 

Cathepsin D-1 

In vitro (Wright et al., 2009) 

↑ 6.9 M* 
(Bartley et al., 2012) 

Cathepsin L-1 ↑ 2.6 M* 

Unknown function protein 1 ↑ 18.4 M* (Bartley et al., 2015) 

Unknown function protein 2 
Recombinant D. gallinae QuilA In vitro (Wright et al., 2009) 

↑ 0.6 M 

(Bartley et al., 2015) 

Aspartyl proteinase ↑ 5.6 M 

Phosphoglycerate dehydrogenase 

Recombinant D. gallinae QuilA In vitro (Wright et al., 2009) 

↑ 4.1 M 

Serpin-1 ↑ 12 M* 

Hemelipoglycoprotein-1 ↑ 18.9 M * 
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Antigen Type Species Adjuvant Test Effects (%) Reference 

Vitellogenin-1 ↑ 21.9 M* 

Peptidase C1A-like cysteine proteinase ↑ 14.5 M 

Serpin-2 ↓ 8.2 M 

Unknown function protein 3 ↑ 3.5 M 

Paramyosin ↑ 20.1 M* 

(Wright et al., 2016) Tropomyosin ↑16.5 M* 

Deg-SRP-1 + Deg-VIT-1 + Deg-PUF-1 Recombinant ISA 70 VG Field - (Bartley et al., 2017) 

Cathepsin D-1 ISA 71 VG On hen [79] ↓ 50 O* (Price et al., 2019) 

Cathepsin D-1 
DNA D. gallinae

chicken IL-21 - 
(Price et al., 2019) 

Cathepsin D-1 Eimeria tenella - 

Abbreviations: M: Mortality; O: Oviposition; ↑: Increase; ↓: Reduction. *: the effects are statistically significant. 
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HYPOTHESIS 

The application of omics technologies can allow the identification of novel candidate 

antigens for the development of effective vaccines for the alternative control of 

infestations by Dermanyssus gallinae in poultry farms; and the characterization of the 

risks of mite infestations in humans. 

OBJECTIVES 

Main objective 

To identify and evaluate vaccine candidates for the control of infestations by D. 

gallinae, a pest that affects poultry and investigate the scenarios of human affections. 

Specific objectives 

1. To describe the occurrence of gamasoidosis in humans affected by mite bites in

urban and professional environments.

2. To evaluate the human immune response to the bite by avian hematophagous

mites.

3. To characterize the proteome in different developmental and feeding stages of

the poultry red mite to identify new candidate vaccine antigens.

4. To experimentally evaluate the protective efficacy of the selected candidate

vaccine antigens against mite infestations in layer hens.
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Abstract
Blood-feeding ectoparasites constitute a growing burden for human and animal health, 
and animal production worldwide. In particular, mites (Acari: Gamasida) of the genera 
Dermanyssus (Dermanyssidae) and Ornithonyssus (Macronyssidae) infest birds and cause 
gamasoidosis in humans. The tropical fowl mite, Ornithonyssus bursa, is commonly found 
in tropical and subtropical countries but rarely reported in Europe. In this research we char-
acterized the first two cases in Spain of clinical gamasoidosis diagnosed in patients infested 
with O. bursa, and investigated the IgE, IgM and IgG antibody response to mite proteins 
and the carbohydrate Galα1-3Galβ1-(3)4GlcNAc-R (α-Gal) involved in the tick-bite asso-
ciated alpha-Gal syndrome (AGS). The results suggested that O. bursa is establishing 
across Mediterranean countries, and may increase the risk for gamasoidosis. The immune 
antibody response to mite proteins was higher for IgM and similar for IgE and IgG antibod-
ies between patients and non-allergic control individuals exposed to mite or tick bites. The 
anti-α-Gal antibody levels were similar between patients and controls, a result supported 
by the absence of this carbohydrate in mites. These results suggested that mite bites do not 
correlate with antibody response to acarine proteins or α-Gal, and are not associated with 
the AGS.

Keywords Mite · Humoral immune response · α-Gal · Acariasis · Dermatitis · 
Gamasoidosis · Alpha-Gal syndrome

 * José de la Fuente 
jose_delafuente@yahoo.com

1 SaBio, Instituto de Investigación en Recursos Cinegéticos IREC-CSIC-UCLM-JCCM, Ronda de 
Toledo 12, 13071 Ciudad Real, Spain

2 Sabiotec, S.A. Ed. Polivalente UCLM, Camino de Moledores, 13005 Ciudad Real, Spain
3 UMR BIPAR, INRA, ANSES, Ecole Nationale Vétérinaire d’Alfort, Université Paris-Est, 

94700 Maisons-Alfort, France
4 Department of Veterinary Pathobiology, Center for Veterinary Health Sciences, Oklahoma State 

University, Stillwater, OK 74078, USA

Chapter IIa

39

http://orcid.org/0000-0001-7383-9649
http://crossmark.crossref.org/dialog/?doi=10.1007/s10493-019-00408-x&domain=pdf


Experimental and Applied Acarology

1 3

Introduction

The main hosts of avian mites (Acari: Gamasida) are various species of wild and domes-
tic birds, and mammals are only accidental hosts (Sikes and Chamberlain 1954; Roy et al. 
2010). Differences exist in the ecology and biology of the various mite species, but most of 
the cases of avian mites feeding on humans are associated to the disappearing of their avian 
host which forces them to seek new meal sources (Regan et al. 1987; Orton et al. 2000). 
The poultry red mite, Dermanyssus gallinae (De Geer) (Dermanyssidae), is the most com-
monly reported avian mite which bites humans (George et  al. 2015), followed by Orni-
thonyssus species (Macronyssidae) including the northern fowl mite, Ornithonyssus sylvi-
arum (G. Canestrini & Fanzago) and the tropical fowl mite, Ornithonyssus bursa (Berlese) 
(Orton et al. 2000).

The tropical fowl mite is a common blood-sucking ectoparasite of birds that is mostly 
distributed across tropical and subtropical countries (Denmark and Cromroy 2003; Oliveira 
et al., 2012). It has been reported that O. bursa are unable to feed on humans under labo-
ratory conditions (Sikes and Chamberlain 1954). In Europe, its presence has been only 
described on swallows in Denmark (Gjelstrup and Møller 1986) and on humans in Italy 
(Castelli et  al. 2015). In tropical and sub-tropical countries, O. bursa is involved in the 
development of human gamasoidosis (Fox 1957; Semenas and Rocha 1998; Mentz et al. 
2015; Bassini-Silva et al. 2019). Gamasoidosis, also known as avian-mite dermatitis and 
acariasis, is a frequently unrecognised ectoparasitosis in human medicine (Orton et  al. 
2000). Lesions often range from papules to grouped papular urticarial or papulovesicular 
eruption (Orton et al. 2000).

The alpha-Gal syndrome (AGS) is an allergic reaction triggered by IgE antibodies 
against the carbohydrate Galα1-3Galβ1-(3)4GlcNAc-R (α-Gal) (van Nunen et  al. 2007; 
Commins et al. 2009; recently reviewed by de la Fuente et al. 2019). The AGS is associ-
ated to tick bites and the α-Gal modification is present in glycoproteins from ticks and 
non-catarrhine mammals (van Nunen et al. 2007; Commins et al. 2009; Cabezas-Cruz et al. 
2014, 2018; Steinke et  al. 2015; Platts-Mills et  al. 2015; Mateos-Hernández et  al. 2017; 
Galili 2018; Hilger et al. 2019). Tick bites induce high levels of anti-α-Gal IgE antibodies 
in humans that mediate delayed anaphylaxis to red meat consumption, and immediate ana-
phylaxis to tick bites, xenotransplantation and certain drugs such as cetuximab (Mateos-
Hernández et  al. 2017; Hilger et  al. 2019). However, the possible involvement of other 
blood sucking acarines in the AGS has not been investigated.

In this work we present the first report of gamasoidosis due to O. bursa in two patients 
in Spain, and investigated the possible implication of humoral immune response against 
mite proteins and α-Gal in clinical gamasoidosis.

Materials and methods

Patients with clinical gamasoidosis and collection of serum samples

An adult male (76  years old) (patient 1) and an adult female (71  years old) (patient 2), 
members of the same family, were reported with clinical gamasoidosis in June 2018 in 
the city of Jafre (Girona, Spain). Blood samples were collected from patient 1, patient 
2, an individual exposed to D. gallinae bites (control 1), and a non-allergic individual 
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with record of tick bites (control 2). Serum was collected and conserved at − 80 °C until 
analyzed. The blood extraction with research purposes was done with the individuals’ 
informed consent at their respective primary healthcare centres.

Mite collection and identification

Mites were recovered by patients with adhesive tape mostly from head and arms. Nine 
of these mites were preserved in 96% ethanol. Specimens were cleared in Nesbitt’s fluid 
and slide-mounted with Hoyer’s medium according to Walter and Krantz (2009). Morpho-
logical identification of four adult female mites was carried out under a light microscope. 
Every studied specimen was classified as O. bursa according to Denmark and Cromroy 
(2003), Radovsky (2007) and Ueckermann et al. (2016).

Preparation of mite soluble protein extracts

Poultry red mite, a mite closely related to O. bursa, was used for preparation of soluble 
protein extracts. One hundred starved adult mites were snap frozen in liquid nitrogen and 
disgregated with pestle and mortar. The disgregated material was resuspended in ice-cold 
PBS supplemented with complete Protease Inhibitor Cocktail (Roche Diagnostics, Man-
nheim, Germany). After centrifugation at 5000 rpm for 20 min at 4 °C, insoluble material 
and debris were removed and soluble material was decanted and centrifuged for a second 
time. The resulting soluble proteins were immediately snap frozen and stored at − 80 °C 
until used.

Determination of IgE, IgM and IgG antibody titres against mite proteins

Soluble protein extracts from D. gallinae were used as mite antigen to coat the ELISA 
plates. Plates were coated with 50 ng of mite proteins per well in carbonate/bicarbonate 
buffer and incubated overnight at 4 °C. Following four washes with 200 µl of PBS contain-
ing 0.05% Tween 20 (PBST), blocking was carried out using 100 µl per well of 1% human 
serum albumin (HSA) in PBS and incubated for 1 h at room temperature. Following four 
washes with PBST, patient and control sera were added at 1:50 dilution in PBS, incubated 
for 1 h at 37 °C and rewashed 4 × with PBST. Then, 100 μl per well of goat anti-human 
immunoglobulin-peroxidase IgG (FC specific), IgM (μ-chain specific), and IgE (ɛ-chain 
specific) (Sigma-Aldrich, Madrid, Spain) were added at 1:1000 dilution in blocking buffer 
(1% HSA in phosphate buffered saline, PBS supplemented with 0.05% Tween 20) (Sigma-
Aldrich). The plates were incubated for 1 h at 37 °C and then washed 4 × with PBST. The 
reaction was visualised by adding 100  μl of 3,3′,5,5′-tetramethylbenzidine (TMB) (Pro-
mega, Madison, WI, USA) and incubated for 20 min in the dark at room temperature. After 
stopping the reaction with 50 μl sulfuric acid, the optical density (O.D.) was measured at 
450 nm with a Multiskan FC ELISA reader (Thermo Fisher, Waltham, MA, USA). The 
average value of the blanks (wells without mite proteins coating; N = 4) was subtracted 
from all reads, and the average of three technical replicates for each sample was used for 
analysis. Normalized values were compared between patients and controls by Student’s t 
test with unequal variance (α = 0.05; N = 2 biological replicates).
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Determination of IgE, IgM and IgG antibody titres against α‑Gal

Anti-α-Gal IgG, IgM and IgE antibody titers were determined in serum samples from 
patients and control individuals following Mateos-Hernández et  al. (2017) with some 
minor modifications. ELISA plates were coated with 100  μl/well (50  ng) of Gal1-
3Galβ1-4GlcNAc-Human serum albumin (HSA) (Carbosynth, Compton, UK) in car-
bonate/bicarbonate buffer and incubated overnight at 4  °C. Then, 100  μl of blocking 
buffer (Sigma-Aldrich) was added to each well and incubated for 1 h at room tempera-
ture followed by four washes with PBST. Sera were added to plates at 1:500 dilutions 
in blocking buffer and incubated for 1 h at 37 °C, followed by four washes with PBST. 
Plates were incubated with goat anti-human immunoglobulins-peroxidase IgG, IgM, or 
IgE as described above for mite proteins. The average value of the blanks (wells with-
out Galα1-3Galβ1-4GlcNAc-HSA coating; N = 4) was subtracted from all reads, and the 
average of four technical replicates for each sample was used for analysis. Normalized 
values were compared between patients and controls by Student’s t-test with unequal 
variance (α = 0.05; N = 2 biological replicates).

Determination of α‑Gal levels in Dermanyssus gallinae

For protein extraction, 100 mg of D. gallinae tissue was homogenized in 500 μl PBS with 
1% Triton X-100 (Sigma-Aldrich) using steel balls and the homogenizer Precellys 24 Dual 
(Bertin, France) at 6000  rpm for 3 × 30 s each. Proteins were quantified using the bicin-
choninic acid assay (BCA) (Thermo Fisher) with BSA as standard. To determine α-Gal lev-
els, an inhibition ELISA was performed as previously reported by Lu et al. (2018). Briefly, 
increasing concentrations (5, 10, 15 and 20 ng/µl) of total proteins were incubated with the 
anti-α-Gal monoclonal antibody M86 mAb (Enzo Life Sciences, Farmingdale, NY, USA). 
The relative amount of unbound M86 mAb was then measured by ELISA using Gal-α-
1-3Gal-BSA (α-Gal-BSA) (Dextra Laboratories, Bristol, UK) as coating antigen (200 ng/
well). The goat anti-mouse IgM-HRP (Sigma-Aldrich) was used as secondary antibody
and the O.D. was measured at 450 nm with a Multiskan FC ELISA reader (Thermo Fisher).
Three replicates were used for each sample. The average value of the blanks was subtracted
from all reads before further analysis. The inhibition (%) was calculated as ([O.D. M86
mAb alone] − [O.D. M86 mAb incubated with X ng/µl proteins]) × 100/[O.D. M86 mAb
alone], where X corresponds to the various concentrations of total protein extracts used for
incubation with M86 mAb in the ELISA. Total proteins extracted from Sus scrofa kidney
samples and α-Gal-BSA were used as positive controls. Total proteins extracted from a
kidney sample from α-Gal-deficient (α-Gal KO) S. scrofa were used as negative control.

Sequence analysis in Dermanyssoidea species

Taxonomy for Dermanyssoidea species was investigated using the NCBI Taxonomy data-
base (Federhen 2012). Analysis of protein sequence identity among Dermanyssoidea and 
the systematic search of the D. gallinae genome (Burgess et al. 2018) with galactosyltrans-
ferase sequences previously identified in arthropods (Cabezas-Cruz et al. 2018) were con-
ducted using the Blastp tool from BLAST (Altschul et al. 1990; Madden et al. 1996).
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Results and discussion

Case report of clinical gamasoidosis caused by Ornithonyssus bursa

During June 2018, two cases of gamasoidosis were reported in the city of Jafre (Girona, 
Spain). An adult male (76 years old) (patient 1) and an adult female (71 years old) (patient 
2), members of the same family, suffered from severe itching. Both patients attended their 
primary health centre and were initially diagnosed with unspecific bug bites. The lesions 
were mostly distributed through arms, torso and head (Fig. 1A). Patients suffered of papu-
lous dermatitis due to the presence of erythematous and urticarial papules, and patient 1 
showed a more severe dermatitis with over 100 papules (Fig. 1A). Patients associated the 
itching with working in the garden. The house garden included several pine trees where 
a group of approximately 40 Eurasian collared doves (Streptopelia decaocto) were found 
roosting and nesting. The feeling of being bitten allowed the patients to identify and collect 
the mites. Collected mites were classified as O. bursa based on (i) article II of the cheli-
cerae elongated with no basal bottleneck, (ii) sternal shield broader than long, (iii) three 
pairs of setae on the sternal plate, (iv) dorsal shield tapers posteriorly, and (v) anal shield 
pear-shaped and anal opening in the anterior half of the plate (Fig. 1B). Although a topical 

Fig. 1  Clinical gamasoidosis caused by Ornithonyssus bursa. A Distribution of papular dermatitis lesions 
associated with clinical gamasoidosis in Spanish patients included (a) excoriated papula in the arms, (b) 
papular lesions in the abdomen, and (c) dermatitis in the armpits. B Ornithonyssus bursa taxonomic char-
acteristics identified in female adult specimens (10 × under the light microscope) included (a) broader than 
longer sternal shield and a pear-shaped anal shield and anal opening in the anterior half of the plate, (b) 
with a third pair of setae (st3) in the posterior corner of the shield (20 ×), and (c) an article II of the cheli-
cerae elongated with no basal bottleneck (40 ×)
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treatment with a corticosteroid cream was established for both patients, the lesions lasted 
for approximately 1 month. Lesions did not disappear until the doves were displaced, the 
nests were removed, and the external walls of the house were sprayed once a week with 
alphacypermethrin (Camaleon Plus, Bioplagen, Bollullos de la Mitación, Seville, Spain).

Gamasoidosis is difficult to diagnose in its initial phases, and it is often interpreted by 
patients and medical staff as undetermined bug bites, unless a clinical suspicion as identi-
fied in the current case is present (Krinsky 1983). Furthermore, some of the avian mites 
do not stay on the host for long periods of time as they usually leave after the blood meal, 
which causes the lack of determination of the etiological agents unless the mites are found 
on the patient. Finally, the identification of mite species requires specific training and 
knowledge to be reliable on the diagnosis. These limitations in the diagnosis of gamasoi-
dosis affect the efficacy of the prescribed treatment. As shown here, topical corticosteroid 
ointment was not useful for resolving the dermatitis signs, probably due to a continued 
mite reinfestation. In the present case, the effective treatment measures were those related 
to the elimination of the causative mites, such as the removal of the bird nests and the dis-
infestation of the environment.

Humoral immune response to mite proteins and α‑Gal

The response to ectoparasite bites varies from no reaction to a local reaction at the bite site 
or a generalized anaphylactic reaction (Castelli et al. 2008; Okahashi et al. 2015; Cabezas-
Cruz et  al. 2015; Mateos-Hernández et  al. 2017; Jackson, 2018; Schlosser et  al. 2019). 
Tick bites trigger a humoral immune response in infested individuals, but allergic reac-
tions to tick bites involve, among others, symptoms of the AGS that are associated with 
anti-α-Gal IgE levels (Mateos-Hernández et al. 2017; Hodžić et al. 2019; Mateo-Borrega 
et al. 2019). Furthermore, these findings correlate with the capacity of ticks to synthesize 
α-Gal attached to glycoproteins differentially recognized by patients with AGS (Mateos-
Hernández et al. 2017; Cabezas-Cruz et al. 2018). In contrast, anti-α-Gal IgE/IgG levels 
have been correlated with protection against infectious diseases such as malaria, tuberculo-
sis and leishmaniosis caused by pathogens with this modification on their surface (Yilmaz 
et al. 2014; Cabezas-Cruz et al. 2017; Iniguez et al. 2017). However, the α-Gal content in 
other blood-feeding acarines and the role of humoral immune response to this carbohydrate 
and mite proteins in allergic reactions has not been investigated.

To address this question, IgG, IgM and IgE antibody titers against mite proteins and 
α-Gal were investigated in the patients with clinical gamasoidosis and control indi-
viduals exposed to mites and ticks. Proteins from D. gallinae were used as aproxy for 
O. bursa because these organisms are closely related Dermanyssoidea species (https
://www.ncbi.nlm.nih.gov/Taxon omy/Brows er/wwwta x.cgi?mode=Undef &id=41438 
&lvl=3&keep=1&srchm ode=1&unloc k). For example, although little information is
available for Ornithonyssus spp. protein sequences, a 83.82–85.55% amino acid sequence
identity (E-value 8e−96 to 3e−104) exists between O. sylviarum cytochrome oxidase
subunit I (CBI75315.1) and Dermanyssus spp. including D. gallinae (85.55% identitity,
E-value = 1e−101; BAU09261.1).

The analysis of serum samples from patients and control individuals revealed IgG, IgM
and IgE antibody titers against mite proteins (Fig. 2a). Patient 1 with a more severe derma-
titis than patient 2 showed higher IgG but not IgM or IgE antibody levels than other indi-
viduals. A lower level of IgM antibody titers was observed in the patients when compared 
to the control samples (p = 0.025) (Fig.  2a). The same tendency was observed with IgE 
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antibody titers but without statistical significance (p = 0.059) (Fig. 2a). However, although 
control 1 individual showed lower levels of IgG and IgM antibodies against α-Gal, no dif-
ferences were observed in the IgG, IgM and IgE antibody levels between patients and con-
trol inviduals (Fig. 2b). As expected, higher IgM/IgG than IgE anti-α-Gal antibody levels 
were observed in most individuals as these antibodies are now recognized as among the 
most abundant antibodies produced in response to gut microbiota (Galili 1984). The lim-
ited number of individuals included in the study and the influence of other variables (e.g., 
individual’s age) may affect the results of the antibody against mite proteins and α-Gal. 
Nevertheless, these results suggested that no correlation exists between clinical gamasoido-
sis and the antibody response to mite proteins and α-Gal.

Additionally, these results together with the fact that control 1 individual exposed to D. 
gallinae bites showed the lowest IgG and IgM antibody levels to α-Gal posed the question 
about the α-Gal content in mites. The results of the ELISA inhibition with D. gallinae 
protein extracts and in comparison with positive and negative control samples indicated 
that mites do not contain α-Gal or the levels are very low (Fig. 2c). This result was fur-
ther supported by the absence of galactosyltransferase sequences previously identified in 

Fig. 2  Immune antibody response to mite proteins and α-Gal. a Mean (± SD; N = 3 technical replicates) 
IgG, IgM and IgE antibody titers to (a) Dermanyssus gallinae proteins and b α-Gal, determined by ELISA 
in serum samples from patients and control individuals. Antibody titres were determined as O.D. at 450 nm. 
Antibody titers from patient and control sera were compared by Student’s t-test with unequal variance 
(a—*p = 0.025; b—p > 0.05; both N = 2 biological replicates). c Absence of α-Gal in D. gallinae mites. 
The inhibition (%) of the binding capacity of the M86 mAb produced by increasing concentrations of total 
proteins extracted from D. gallinae was determined by ELISA. Total proteins extracted from Sus scrofa kid-
neys and α-Gal-BSA were used as positive controls. Total proteins extracted from α-Gal-deficient S. scrofa 
(α-Gal KO) were used as negative control. Increasing concentrations of total protein extracts of D. gallinae 
or α-Gal-deficient S. scrofa did not inhibit M86 mAb binding to α-Gal-BSA. In contrast, increasing concen-
trations of S. scrofa kidney protein extract and α-Gal-BSA inhibited M86 mAb binding to α-Gal-BSA in a 
dose-dependent manner
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arthropods (Cabezas-Cruz et  al. 2018) in the D. gallinae genome (Burgess et  al. 2018). 
Nevertheless, ticks inhibit host immune response by different mechanisms (Mans and Neitz 
2004; de la Fuente et al. 2016, 2017) that may affect individual responses to ectoparasite 
bites (e.g., lower IgM antibody levels to mite proteins in patients when compared to con-
trols; Fig. 2a) (Waitayakul et al. 2006; Mateos-Hernández et al. 2017; Mateo-Borrega et al. 
2019), but these mechanisms are not known in mites.

In summary, this report together with the recent human infestation in Italy (Castelli et al. 
2015) suggested that O. bursa is establishing across Mediterranean countries. Warmer 
winters due to the global warming are probably facilitating the survival of the mites that 
reach these countries by migratory birds or by international trade of live birds. Although 
the risk for gamasoidosis may increase with O. bursa expansion, the results reported here 
suggested that mite bites do not correlate with antibody titers to acarine proteins or α-Gal, 
and are not associated with the AGS.
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Abstract 

The hematophagous poultry red mite (PRM), Dermanyssus gallinae, are a major 

pest in the poultry industry worldwide and could cause 

gamasoidosis/dermanyssosis and the transmission of pathogens in infested 

individuals. In this study, we provided the first report and characterization of 

D. gallinae affecting two professional workers related to the poultry industry in

Spain. The antibody levels against mite proteins did not appear to be a useful 

tool for the diagnosis of PRM infestations. The results confirmed the threat that 

D. gallinae poses for poultry workers and other professionals related to the
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poultry industry. This threat may be considered not by the skin lesions that bites 

can generate but by the risk of potential transmission of zoonotic pathogens. 

Keywords. Poultry red mite; dermanyssosis; Dermanyssus; allergy; antibody 

Introduction 

Gamasoidosis, also reported as dermanyssosis (Cafiero et al., 2011), is a zoonotic 

acariosis caused by hematophagous dermanyssoid mites such as Dermanyssus 

gallinae (Acari: Gamasida: Dermanyssidae) or poultry red mite (PRM). The PRM 

is considered the major pest in the poultry industry with a worldwide 

distribution (van Emous, 2017). Only in Europe, it affects 83% of the egg-laying 

poultry farms resulting in severe economic loses (van Emous, 2017). PRM feeds 

during the night while it hides from the daylight in creeks and crevices 

(Koenraadt & Dicke, 2010). Three of the four developmental stages are 

hematophagous (protonymphs, deutonymphs and adults). Additionally, PRM is 

considered a reservoir of zoonotic pathogens including Erysipelothrix 

rhusiopathiae (Valiente Moro et al., 2009) and Salmonella enterica (Pugliese et al., 

2019). Dermanyssus gallinae is a generalist species with a low host specificity (Roy 

et al., 2010). It is a wild and domestic bird ectoparasite, but can also prey on 

mammals such as horses, cats, dogs, rodents and humans (Cafiero et al., 2019). 

Host for expansion D. gallinae has been proposed (George et al., 2015). In general, 

mammals are accidental hosts as they are bitten by mites in search for food 

because the avian host has disappeared (Cafiero et al., 2019; George et al., 2015). 

Reported cases of PRM parasitism in humans that take place in public buildings 

or private homes (urban cases) are often associated to wild pigeons (Pezzi et al., 

2017) while occupational cases are mostly related to poultry keepers (Cafiero et 

al., 2019). This study is the first report of D. gallinae affecting two professional 

workers related to the poultry industry in Spain. 
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Material and methods 

Monitoring of PRM 

The PRM population in the egg-laying farm was monitored as a part of the project 

Hennovation (European Union Horizon 2020 ISIB-02-2014, Grant no. 652638; 

http://www.hennovation.eu) to evaluate the impact of PRM on hen welfare. The 

farm consisted of two commercial enriched-cages hen houses with white and 

brown leghorn hens. The level of mite infestation in the hen house was monitored 

weekly with 14 tubes and stick traps (van Emous & Napel, 2007) during 12 weeks. 

Briefly, it consisted of a PVC tube (10 cm long and 18-20 mm of diameter) and 

wooden stick (12 cm long and 15mm of diameter) inside the PVC tube. The traps 

are placed under the perches randomly distributed across the hen house. Weekly, 

the trap was scored, cleaned and put back into the tube. Infestation levels varied 

from inexistent (score 0) to heavy infestation (score 4). Farm infestation level was 

determined as the average of the scores for each trap. 

Identification of PRM 

The identification of PRM was performed on the mites obtained from the routine 

collection. Five adult female mites were photographed for identification by 

scanning electron microscopy (SEM). The mites used for SEM photography were 

dehydrated in absolute ethanol for 24 h. Specimens were mounted onto standard 

aluminium SEM stubs using conductive carbon adhesive tabs. Mites were 

observed and photographed with a field emission scanning electron microscope 

(Zeiss GeminiSEM 500, Oberkochen, Germany) operating in high vacuum mode 

at an accelerating voltage of 2 kV in the absence of metallic coating. Identification 

was carried out following the morphologic characteristics for D. gallinae 

previously described (Di Palma et al., 2012) (Figures 1A-1D). 
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Figure 1. Identification of D. gallinae. SEM images of specific morphologic 

characteristics were considered to allow species identification according to Di 

Palma et al. (2012). (A) Dorsal shield (outline traced) with prominent shoulder. 

Shield reticulations can be observed. (B) Detail of the reticulations of dorsal 

shield, jagged edges can be observed. (C) Tibia IV with a seta posterolateral (pl). 

(D) Detail of dorsal shield, seta j1 and s1 located on the dorsal shield. Names for

the first pairs of dorsal seta are shown (j1, j2, z2 and s1). Abbreviations: Cx, coxa; 

Tr, trochanter; Fe, femur; Ge, genu; Ti, tibia; Ta, tarsus. 

Gamasoidosis case report 

The reported cases of gamasoidosis occurred in a commercial laying hen farm in 

the city of Lliria (Valencia, Spain), where a visiting researcher and a farmworker 

presented skin lesions after being exposed to PRM. The cases took place at 

different times.  

Patient 1: a 29 years old male researcher who went every week to the same farm 

for mite monitoring. On the last week of November 2016 after performing a mite 

collection, the patient reported his disposable coverall fully covered of mites and 
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mites crawling on his legs for several hours after collection. After removing them, 

he could still find mites on his arms and legs. The following morning the patient 

reported very pruritic urticarial papules in the inner side of the left thigh (Figure 

2A). The lesions were self-limiting and resolved in 48 h with no treatment. The 

patient did not go to the primary health centre to be diagnosed. 

Patient 2: a 24 years old male occasionally working on the farm. On the second 

week of December 2016, the patient reported two small itching erythematous 

papular lesions in the skin of the umbilicus (Figure 2B). The lesions appeared 

after the first cleaning of the house when the hens were removed the day before 

because of the end of the productive cycle. The patient wore a facial mask but no 

protective equipment. Patient 2 reported high exposure to mites while 

mechanically blowing the dust from the cages. The lesions disappeared several 

days after without treatment. Patient 2 neither went to his primary health centre 

seeking for sanitary assistance. Serum was collected and conserved at -80°C until 

analyzed. The blood extraction with research purposes was done with the 

individuals informed consent at their respective Primary Healthcare Centers. 
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Figure 2. Clinical gamasoidosis caused by D. gallinae. (A) Patient 1. Pruritic 

urticarial papules in the internal side of the left thigh. (B) Patient 2. Erythematous 

papular lesions in the skin of the umbilicus. (C) Monitorization of mite infestation 

level (Van Emous and Napel, 2007). Infestation trend in the hen house where the 

mite bites happened. Mite attacks are indicated with arrows. Shaded area means 

a period of sanitary break during which monitoring was not carried out. 

Infestation level in shown as the weekly average of the scores of individual traps 

(N = 14). (D) Infestation score 2. (E) Infestation score 3. (F) Humoral response to 

PRM bites in patients (P1 and P2) and control individuals (C1 and C2). Antibody 

levels against PRM proteins are shown as the mean values (±SD; N = 2 technical 

replicates) of the optical density (O.D.) at 450nm. Antibody titres between 

patients and control individuals were compared by Student´s t-test with unequal 

variance (*p = 0.05, N = 2 biological replicates). 

Characterization of immune antibody response 

Individual ELISAs were performed to determine IgE, IgM and IgG antibody 

titres against mite proteins in patient and control serum samples as previously 

described (Lima-Barbero et al., 2019). Two workers from the same farm as 

individuals that did not report any mite attack were used as control. Soluble 

protein extracts from D. gallinae were used as mite antigen to coat the ELISA 

plates. Plates were coated with 50 ng of mite proteins per well in 

carbonate/bicarbonate buffer and incubated overnight at 4 °C. Following four 

washes with 200 μl PBS containing 0.05% Tween 20 (PBST), blocking was carried 

out using 100μl per well of 1% human serum albumin (HSA) in PBS and 

incubated for 1 h at room temperature (RT). Following four washes with PBST, 

patient and control sera were added at 1:50 dilution in PBS, incubated for 1 h at 

37 °C and rewashed 4 times with PBST. Then, 100 μl per well of goat anti-human 

immunoglobulin-peroxidase IgG (FC specific), IgM (μ-chain specific), and IgE (ɛ-
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chain specific) (Sigma-Aldrich, St. Louis, MI, USA) were added at 1:1000 dilution 

in blocking buffer (1% HSA in PBS supplemented with 0.05% Tween 20) (Sigma-

Aldrich). The plates were incubated for 1 h at 37 °C and then washed 4 times with 

PBST. The reaction was visualised by adding 100 μl of 3,3′,5,5′-

tetramethylbenzidine (TMB) (Promega, Madison, WI, USA) and incubated for 20 

min in the dark at RT. After stopping the reaction with 50 μl sulfuric acid, the 

optical density (O.D.) was measured at 450 nm with a Multiskan FC ELISA reader 

(Thermo Fisher, Waltham, MA, USA). The average value of the blanks (wells 

without mite proteins coating; N = 4) was subtracted from all reads, and the 

average of two technical replicates for each sample was used for analysis. 

Differences between patient and control groups were analysed by Student´s t-

test with unequal variance (p = 0.05; N = 2 biological replicates). 

Results and discussion 

The skin lesions observed in both patients were mild, acute and eased within 

days with no treatment (Figures 2A and 2B). Lesions were different in both 

patients, but both types of lesions have been previously described (Cafiero et al., 

2019). The absence of severe clinical signs is the main reason for the patients not 

attending a healthcare centre for assistance, which is the main reason for the lack 

of reports. However, because of the capacity of the PRM to act as a vector for 

several zoonotic pathogens (Valiente Moro et al., 2009), mite bites should be 

taken into consideration when happen.   

The mite infestation score levels in the hen house at the time of the attacks to 

patient 1 and 2 were 2.44 and 3.09, respectively (Figure 2C). According to Van 

Emous and Napel (2007), at a score of 2 (Figure 2D), the mite infestation in the 

farm is high enough to recommend treating the farm against the PRM, and a 

score of 3 (Figure 2E) is considered as a severe infestation. Therefore, the level of 

mite infestation at the moment of the attacks was high (Figure 2C). PRM 
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infestation in poultry workers is usually associated with severe infestations in the 

farm (Cafiero et al., 2019). However, a heavy infestation does not necessarily lead 

to a zoonotic infestation as our reported cases only happened after being severely 

exposed, and the mites had been disturbed. Therefore, the risk of being bitten by 

PRM is more related to the number of mites on the human body when handling 

them. The infestation level is also related to the number of mites crawling on the 

human skin after removing the protective clothes. The higher number of mites, 

the more probabilities of finding a way through the protective clothes, if present. 

Response to ectoparasite bites is different in each individual, and ranges from no 

reaction to a generalized anaphylactic reaction, being a local reaction a typical 

presentation. In our case, patients presented a significant increase (p = 0.05) in the 

IgM antibody titres against PRM proteins (Figure 2F). This effect is different from 

that observed in patients suffering from dermatitis due to an Ornithonyssus bursa 

infestation showing lower IgM levels that control individuals (Lima-Barbero et 

al., 2019). Tick bites have been shown to induce a humoral immune response in 

infested individuals that develop IgE-triggered anaphylactic type reactions to the 

carbohydrate Galα1-3Galβ1-(3)4GlcNAc-R (α-Gal) (Mateos-Hernández et al., 

2017). However, D. gallinae do not produce α-Gal, which is coherent with the 

absence of anaphylactic reactions to mite bites in bitten individuals. Furthermore, 

the high variations observed in the anti-PRM IgE/IgM/IgG levels among both 

patients and control individuals suggested that the antibody levels are not a 

useful tool for the diagnosis of PRM infestations. 

The occurrence of D. gallinae attacking humans was first described long ago 

(Boyt,1937). However, reports and description of the cases are scarce. Recently, 

the number of cases reported in the literature has increased, probably due to the 

researcher´s effort to raise awareness about PRM (Cafiero et al., 2019). Despite 

being presumably common (Cafiero et al., 2011), occupational cases are less 

frequently reported than urban cases (Cafiero et al., 2019). This situation can also 
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be explained by the perception of the workers of the no need to search for medical 

attendance because of the mild symptoms. 

In summary, this report confirmed the threat that D. gallinae poses for poultry 

workers and other professionals related to the poultry industry. This threat may 

be considered not by the skin lesions that bites can generate but by the risk of 

potential transmission of zoonotic pathogens. 
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Abstract: The poultry red mite (PRM), Dermanyssus gallinae, is a hematophagous ectoparasite 

considered as the major pest in the egg-laying industry. Its pesticide-based control is only partially 

successful and requires the development of new control interventions such as vaccines. In this 

study, we follow a vaccinology approach to identify PRM candidate protective antigens. Based on 

proteomic data from fed and unfed nymph and adult mites, we selected a novel PRM protein, 

calumenin (Deg-CALU), which is tested as a vaccine candidate on an on-hen trial. Rhipicephalus 

microplus Subolesin (Rhm-SUB) was chosen as a positive control. Deg-CALU and Rhm-SUB reduced 

the mite oviposition by 35 and 44%, respectively. These results support Deg-CALU and Rhm-SUB 

as candidate protective antigens for the PRM control. 
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1. Introduction

The parasitic mite Dermanyssus gallinae (Mesostigmata: Dermanyssidae), also known as poultry 

red mite (PRM), is the major pest for the poultry industry [1]. It is distributed worldwide, present in 

every production system and can be shown in high prevalence in commercial egg laying facilities, as 

is the case in Europe, reaching a prevalence of 100% in some countries [2]. The mite feeds on the blood 

of the hens in the dark and spends just 30 – 60 minutes on the host [3]; during daytime it hides in 

cracks out of the reach of the birds [4]. According to this behaviour, PRM can be better considered as 

a micro predator [5]. Dermanyssus gallinae requires a blood meal for moulting from protonymph to 

deutonymph, to adult and for egg-laying [6]. The PRM has severe effects on hens´ health and welfare 

as its presence is related to anaemia and stress. Depending on the level of infestation, it can lead to 

increased mortality by exsanguination and behavioural disorders due to sleep deprivation [7-9]. 

Besides, PRM can act as a vector for several pathogenic viruses and bacteria [10,11]. The threat for 

the industry relies on the economic losses caused by the PRM in two ways: reduction of egg 

production associated with a negative impact on feed conversion ratio and a higher proportion of 

blood-spotted and low-quality eggs, which are downgraded and, secondly, costs derived from pest 

control actions [12]. A recent estimate has set the losses caused by the PRM, only in the European 

Union, at € 231 million [13]. 

One of the biggest challenges facing the egg industry is the control of the PRM. Chemical 

treatments have traditionally been used to control PRM, however, there is a limited number of 

acaricides authorised to treat mite infestations by European or national legislation. In addition, the 

development of resistance reduces the efficiency of the commonly used acaricides [2,14]. Recent 

research is focused on exploring different tools for alternative control of poultry red mite as biological 

control, plant-derived products, entomopathogenic fungi or physical control [2]. 

Vaccine development is a novel, environmentally friendly and promising method for PRM 

control. Some advantages of vaccination are the reduction of the use of pesticides, no contamination 

of the environment and animal products and unlikely development of resistance by the parasites [15]. 

Vaccination implies the identification of proteins that can act as vaccine antigens [16]. Recombinant 

proteins have been used to immunise host animals against parasitic species. A recombinant form of 

Bm86 is part of commercial vaccines that can protect cattle from Boophilus microplus tick infestations 

[17]. The limits to vaccine development are partly because of limited information about constituent 

proteins of Dermanyssus gallinae [18,19]. The publication of the transcriptome [20] and, more recently, 

the PRM genome [21] is expected to enhance protein identification with immunisation purposes. 

Proteins such as the tick Subolesin, the ortholog of the akirin present in insects and vertebrates, have 

shown a reducing effect on infestations by several ectoparasites, PRM amongst them [15,22].  

In this work, we analyzed for the first time the proteomes of fed and unfed D. gallinae adults and 

nymphs. Quantitative proteomics analysis led to the identification of differentially represented 

proteins between different development stages and feeding status that could be putative protective 

antigens against D. gallinae. The efficacy of a candidate antigen was tested through an experimental 

infestation of vaccinated and naïve hens.  

2. Materials and Methods

2.1. Mite Collection and Proteins Extraction 

D. gallinae were collected, and proteins were extracted as previously described [23]. Briefly, mites

collected from a free-range poultry unit in North Eastern England were distributed in four groups: 

engorged female adult mites (FA), non-fed female adult mites (UA), engorged proto- and deutonymphs 

(FN), and unfed proto- and deutonymphs (UN). For protein extraction, each group of mites were 

resuspended in ice-cold PBS supplemented with cOmplete Protease Inhibitor Cocktail (Roche 

Diagnostics GmbH, Mannheim, Germany) and homogenised on ice for two pulses of 30 seconds each 

with Ultra Turrex® T 25 D-S2 with a S25N-8G dispersing element (IKA, Sataufen, Germany). Samples 

were centrifuged at 5000 xg for 20 minutes at 4 °C to remove insoluble material and debris. Protein 
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concentration in the soluble phase was determined using the BCA Protein Assay (Thermo Scientific, 

San Jose, CA, USA) with bovine serum albumin as standard and protein samples were snap-frozen and 

stored at −80 °C until proteomics analysis. 

2.2. Proteomics Data Acquisition and Analysis 

Protein extracts from the four groups of mites (75 µg per sample) were in-gel concentrated, as 

previously described [24]. After visualization of the unseparated protein bands by GelCode Blue Stain 

Reagent (Thermo Scientific), bands were excised and digested overnight at 37 °C with 60 ng/μl 

sequencing grade trypsin (Promega, Madison, WI, USA) at 5:1 protein:trypsin (w/w) ratio in 50 mM 

ammonium bicarbonate pH 8.8, containing 10% acetonitrile (v/v) [25]. The resulting tryptic peptides 

were extracted with 12 mM ammonium bicarbonate pH 8.8, and digestion was stopped adding 

trifluoroacetic acid to a final concentration of 1%. Peptides were desalted onto OMIX Pipette tips C18 

(Agilent Technologies, Santa Clara, CA, USA), dried-down and stored at −20 °C until mass 

spectrometry analysis. 

The desalted protein digests were resuspended in 0.1% formic acid and analyzed by reverse-phase 

liquid chromatography coupled to mass spectrometry (RP-LC-MS/MS) using an Easy-nLC II system 

coupled to an LTQ-Orbitrap-Velos-Pro mass spectrometer (Thermo Scientific) as previously described 

[24]. Briefly, after on-line concentration of peptides by RP using a 0.1 x 20 mm C18 RP precolumn 

(Thermo Scientific), peptides were separated in a 0.075 x 250 mm C18 RP column (Thermo Scientific) 

operating at 300 nl/min and eluted using a 140-min gradient from 5 to 40% solvent B in solvent A 

(solvent A: 0.1% formic acid in water; solvent B: 0.1% formic acid in acetonitrile). ESI ionisation was 

done using a Nano-bore Stainless Steel emitter ID 30 µm (Thermo Scientific) interface. Peptides were 

detected in survey scans from 400 to 1600 amu (1 µscan), followed by 20 data-dependent MS/MS scans 

(Top 20), using an isolation width of 2 mass-to-charge ratio units, normalised collision energy of 35%, 

and dynamic exclusion applied during 30 s periods.  

The MS/MS raw files were searched against a compiled database containing the UniProt 

Parasitiformes and Gallus gallus proteome databases (141,928 and 29,484 entries in April 2018, 

respectively) (http://www.uniprot.org) together with a database created from the predicted secretome 

and transmembrane proteins of D. gallinae (10,454 entries) [26], using the SEQUEST algorithm 

(Proteome Discoverer 1.4, Thermo Scientific). The constraints imposed for the search were: tryptic 

cleavage after Arg and Lys, two maximum missed cleavages, tolerances of 20 ppm and 0.05 Da for 

precursor and MS/MS fragment ions, respectively, and Met oxidation and Cys carbamidomethylation 

as variable modifications. Searches were also performed against a decoy database in an integrated 

decoy approach. A false discovery rate (FDR) < 0.01 was considered as a condition for successful peptide 

assignments and at least two peptide-spectrum matches (PSMs) per protein in at least one of the 

samples analyzed were the necessary condition for protein identification. Three biological replicates 

were used for each of the four groups of PRM analyzed (fed and unfed adults and nymphs). Raw 

proteomics data are available through the PeptideAtlas repository (http://www.peptideatlas.org) with 

the dataset identifier PASS01346. 

Gene ontology (GO) analysis of biological process (BP), molecular function (MF) and cellular 

component (CC) was conducted using Blast2GO software (version 3.0; www.blast2go.com) and 

manually completed using QuickGO databases (https://www.ebi.ac.uk/QuickGO/). To show proteins 

distribution amongst the four groups, a Venn´s diagram was constructed using InteractiveVenn 

(http://www.interactivenn.net/) [27]. 

2.3. Criteria for Selection of Candidate Protective Antigens 

The selection of candidate protective antigens to be tested was based on differentially over-

represented proteins in adult female versus nymph mites of the same feeding status and/or differentially 

over-represented proteins in fed versus unfed mites in the same developmental stage, since these 

proteins are potentially good candidates to be used as antigens to block mites development. For 

quantitative analysis of PRM proteins, after discarding host proteins, the total number of PSMs for each 

PRM protein was normalised against the total number of PSMs in PRM samples and compared between 

http://www.peptideatlas.org/
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groups using a paired comparison Chi2-test (χ2)(p < 0.05) in R software [28] (Table 1). After 

discarding differentially represented proteins that had been tested before as vaccine candidates: 

vitellogenin and cathepsin [18], tropomyosin and paramyosin [29] and histamine release factor [30]; 

proteins identified in a database from secreted and transmembrane D. gallinae proteins were 

selected to favour antibody-antigen interactions in mites feeding on vaccinated hens. Of the 

potential candidates, only calumenin fulfilled the criteria and was selected to be tested as a 

protective antigen. Calumenin isoform 2 coding sequence (isotig18930) was obtained from the 

published predicted secretome and transmembranome of D. gallinae [26]. As a vaccination positive 

control, Subolesin from Rhipicephalus microplus (Rhm-SUB) [22].  

Table 1. Differentially represented proteins associated with feeding and developmental status 

Accession No.a Description 
Fold 

Change b 

χ2 

p-value
Significancec 

isotig10396 
Peptidyl-prolyl cis-

trans isomerase 

∞ 0.040 FA vs. UA 

0 0.025 UA vs. UN 

isotig11213 Vitellogenin 2 
1.54 0.000 FN vs. UN 

1.44 0.001 UA vs. UN 

isotig15430 Vitellogenin 2 
1.63 0.014 FA vs. FN 

1.36 0.037 UA vs. UN 

A0A0M4FBG8 
Vitellogenin 1 

(D. gallinae)  

1.65 0.000 FN vs. UN 

0.70 0.006 FA vs. FN 

S5GFP7 

Vitellogenin 2 

(Neoseiulus 

cucumeris) 

0.38 0.019 FA vs. FN 

4.20 0.002 FN vs. UN 

3.00 0.027 UA vs. UN 

B5B8U1 

Histamine release 

factor  

(D. gallinae) 

0.29 0.020 FN vs. UN 

A0A131Y6P3 Ribosomal protein s7 

(Ixodes ricinus)  

0.27 0.031 FN vs. UN 

0.18 0.012 UA vs. UN 

A0A023GGI9 

Chromatin 

remodeling complex 

rsc subunit 

rsc1/polybromo 

(Amblyomma triste) 

∞ 0.044 FN vs. UN 

A0A1R3S3F0 
Paramyosin 

(D. gallinae) 
0.45 0.018 FA vs. FN 

Q2WBI0 
Tropomyosin 

(D. gallinae) 
0.35 0.026 FA vs. FN 

isotig21684 
Cathepsin l 

precursor 
0.29 0.017 UA vs. UN 

isotig16123 Cathepsin l 0.22 0.033 UA vs. UN 

isotig20927 Cathepsin l 0 0.024 UA vs. UN 
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isotig21530 Cathepsin l-like 0 0.014 UA vs. UN 

isotig21385 Cathepsin s-like 0 0.004 UA vs. UN 

isotig18930 Calumenin isoform 2 
3.33 0.047 FA vs. FN 

3.67 0.035 UA vs. UN 

isotig12641 Protein npc2-like 

protein 
0.27 0.031 UA vs. UN 

isotig11090 
Chymotrypsin b-like 

0 0.049 FA vs. FN 

0 0.014 UA vs. UN 

isotig21611 
Cytotoxin-like 

protein 
0 0.027 FA vs. FN 

V5HC54 
Beta-spectrin 

(I. ricinus) 
3.33 0.047 FA vs. FN 

A0A131XHW1 

Beta-spectrin 

(Hyalomma 

excavatum) 

3.33 0.047 FA vs. FN 

isotig18820 Deoxyribonuclease II ∞ 0.007 FA vs. FN 

A0A131Y3B8 

Uncharacterized 

protein 

(I. ricinus) 

19.00 0.000 FA vs. FN 

A0A1E1X6V0 

Conserved plasma 

membrane protein 

(A. aureolatum) 

3.25 0.025 FA vs. FN 

6.50 0.005 UA vs. UN 

isotig08662 

PREDICTED: 

uncharacterized 

protein 

LOC100908559 

0.22 0.033 UA vs. UN 

isotig13475 

PREDICTED: 

uncharacterized 

protein 

LOC100900008 

0 0.027 FA vs. FN 

a Uniprot accession number or accession number to the database created from the predicted secretome 

and transmembranome of D. gallinae [26]. 

b Calculated from PSMs data (Supplementary Table 1).  

C FA: engorged female adult mites, UA: non-fed female adult mites, FN: engorged proto- and 

deutonymphs, UN: unfed proto- and deutonymphs. 

2.4. Cloning of Antigens and Production of Recombinant Proteins 

Recombinant Rhipicephalus microplus Subolesin (Rhm-SUB), with GenBank accession number 

GQ456170 was expressed and purified as reported previously [31]. D. gallinae calumenin (Deg-CALU) 

(GenBank accession number BK011287) cDNA was amplified from a synthetic gene optimised for 

codon usage in E. coli (GenScript, Hong Kong) using oligonucleotide primers Deg-CALU-F: 5’- 
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CACCATGGATAACTACGTCGATCAG and Deg-CALU -R: 5’- GAGTTCGCTGTGCTGGCCGA. The 

DNA coding sequence was cloned in the expression vector pET101, expressed in E. coli strain BL21 as 

previously described [32]. Transformed E. coli strains were induced with isopropyl β-D-1-

thiogalactopyranoside (IPTG) for 4,5 h to produce recombinant proteins, which using this expression 

system were fused to Histidine tags for purification by affinity to Ni using 1 ml HisTrap FF columns 

mounted on an AKTA-FPLC system (GE Healthcare, Piscataway, NJ, USA) in the presence of 7 M urea 

lysis buffer [32] and were purified to >95% of total cell. 

2.5. Sequence analysis for Deg-CALU 

Calumenin coverage of identification by RP-LC-MS/MS was investigated. Analysis of protein 

sequence identity for Deg-CALU was conducted using the Blastp tool from BLAST (Altschul et al., 1990; 

Madden et al., 1996). 

2.6. Vaccine Formulations 

The purified denatured recombinant proteins were refolded by dialysis against 1000 volumes of 

PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), pH 7.4 for 12 h at 4 °C. 

Recombinant proteins were then concentrated using an Amicon Ultra-15 ultrafiltration device (cut off 

10 KDa) (Millipore-Merck, Darmstadt, Germany), adjusted to 0.5 mg/ml. For vaccine formulation, 

recombinant Rhm-SUB and Deg-CALU proteins or saline control were adjuvanted in Montanide ISA 

71 VG (Seppic, Paris, France) [33,34]. 

2.7. Hen Vaccination and PRM Infestation 

Three experimental groups (Rhm-SUB, Deg-CALU and Control) with 5 Lohmann Brown 20 weeks 

old hens each were randomly assigned. One hen in the control group was humanely euthanized on day 

28 due to health problems not related to the experiment. Hens were vaccinated on day 0 (V1) and 14 

(V2) with a 0.4 ml intramuscular injection in the breast muscle. Total vaccine doses were 20 µg and 40 

µg, V1 and V2 respectively, for Deg-CALU and 45 µg for both vaccinations of Rhm-SUB. The study was 

terminated on day 42. 

An on-hen feeding device [35] was used to evaluate vaccine efficiency. Briefly, the device consists 

of a pouch made from flexible 105µm aperture width polyester mesh, containing approximately 100 

starved adult female D. gallinae mites. Mites were starved for 1 week at room temperature and 3 weeks 

at 4 °C and were placed in the feeding devices and attached for 3 hours to the defeathered thigh of each 

hen using a small amount of medical tape (Leucoplast, BSN Medical, Germany) and secured with a 

medical bandage (Henry Schein Inc., New York, EEUU) . Feeding assays were conducted three times 

(replicates), at days 28, 30 and 32 post V1 [34]. Every hen was included in each replicate. 

2.8. Vaccine Efficacy 

Mites were identified as fed when they were engorged and bright red. They were considered dead 

if they did not show any movement and were unresponsive to touch stimulus. Engorged mites were 

collected from the pouches and transferred into individual wells of a 96-well tissue culture plate (Costar, 

Corning, NY, USA) and sealed with AeraSeal film (Sigma-Aldrich, St. Louis, USA; A9224-50EA). Plates 

were placed into an incubator (25 °C and 85% relative humidity) and checked every 24 hours for five 

days and on day 7 after feeding. Feeding rate was recorded when transferring from the pouch to the 

plates. Mite mortality, laying mites, oviposition, egg hatchability and larval development were 

recorded in every check to assess the vaccine efficacy. 

2.9. Analysis of Hen IgY Antibody Response by ELISA 

Blood samples were collected from each hen before each vaccination (day 0 and 14), during feeding 

assays (day 28) and at the end of the experiment. Whole blood was obtained by venipuncture of the 

cutaneous ulnar vein. Serum was recovered following clotting at 4 °C for 24 h and centrifugation at 

3000 g and stored at −20 °C for further analysis. 
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Two indirect ELISA tests were performed based on previously described protocols [36] to detect 

IgY antibodies against both antigens in serum samples from vaccinated and control hens. One was 

performed to evaluate the trend on the antibody level during the whole experiment and another to 

compare the level of antibodies and the mite oviposition at the moment of experimental infestation. 

Briefly, high absorption capacity polystyrene microtiter 96-well plates were coated overnight at 4 °C 

with 0.5 µg/well of each recombinant protein diluted to 10 µg/ml with coating buffer (50 mM sodium 

bicarbonate, pH 9.6). ELISA plates were washed six times with 200 µl PBST (PBS containing 0.05% v/v 

Tween-20) and blocked with 200 µl/well of blocking buffer (10% w/v powdered soy milk in TBST buffer 

(50 mM Tris, 150 mM NaCl, 0.05% v/v Tween-20) for 2 h at room temperature on shaker. Sera from the 

vaccinated hens were used as primary antibodies. 50 µl/well of the primary antibodies were used at a 

1/1600 (Rhm-SUB and pooled control group) or 1/800 (Deg-CALU) dilution in TBST. For the analysis of 

the antibody level temporal trends ELISA, the serum samples obtained from the control group were 

pooled together. Three replicas for each serum sample were tested. After a 1-hour incubation at room 

temperature, plates were washed and 50 µl/well of rabbit anti-IgY-peroxidase conjugate (Sigma-

Aldrich, St. Louis, USA), diluted 1/30000 in TBST, were added. After six washes with washing solution, 

50µl/well of substrate solution (Fast OPD, Sigma-Aldrich, St. Louis, USA) was added. Finally, the 

reaction was stopped after 20 mins with 25 µl/well of 2.5 mM H2SO4, and the and the optical density 

(OD) was measured at 450 nm using ELx808IU Ultra Microplate Reader (Bio-Tek Instruments, UK).  

Western blot analysis was conducted as previously described [32]. Briefly, 10 µg of each 

recombinant antigen per lane were separated by electrophoresis on 12% Bis-Tris Novex gels in 

NuPAGE® MES SDS Running Buffer (GE Healthcare, UK). Proteins were transferred to nitrocellulose 

membrane using a Xcell II blot module (GE Healthcare, UK), following the manufacturer´s instructions. 

Individual lanes of the membrane were excised and blocked by incubation in 5% w/v dried skimmed 

milk in PBST at 4 °C for 12 h and washed in PBST afterwards. Sera from each vaccination group of day 

28 post-vaccination were used as primary antibodies, sera from the same vaccination group but of day 

0 were used as negative controls. Sera were diluted 1/100 in PBS and incubated for two hours at RT. 

The membrane was washed and incubated in rabbit anti-IgY-peroxidase conjugate (Sigma-Aldrich, St. 

Louis, USA), diluted 1/30000 in PBS for 1h at RT, followed by washing and colorimetric development 

with SIGMAFAST™ 3.3´-DAB (Sigma-Aldrich, St. Louis, USA). 

2.10. Statistical Analysis 

Antibody levels between vaccinated and control groups were compared by Mann-Whitney U test 

(P < 0.05) using SPSS (IBM® SPSS® Statistics® v23). Nymphs and dead or missing mites were removed 

from the analysis for the effects on reproduction.  

A generalized linear mixed model (GLMM) was performed to determine the group differences 

based on a Negative Binomial distribution and log as link function. The model included the total 

number of eggs laid per individual mite (oviposition) as the dependent variable. The treatment group 

was included as a fixed effect and hen number and assay replicate as random factors. For this analysis 

SPSS (IBM® SPSS® Statistics® v23) software was used. 

2.11. Ethics Approval 

The experiment using hens was conducted under the regulations of a UK Home Office Project 

Licence; the experimental design was ratified by the Experiments and Ethics Committee of the Moredun 

Research Institute (MRI), UK. 

3. Results and Discussion

Vaccine development is a promising tool for the control of D. gallinae. However, limited 

knowledge is available about its proteome. Omics tools have provided new databases to allow the 

identification of PRM proteins and probable antigens [20,26]. To our knowledge, this is the first work 

that characterize the proteomes of fed and unfed D. gallinae adults and nymphs. 
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3.1. Proteomics Analysis of D. gallinae Development Stages and Feeding Status 

After proteomics analysis of PRM samples, as described in Materials and Methods, a total of 

1322 PRM and 627 host proteins were identified, respectively (Supplementary Table 1). The number 

of identified proteins varied between experimental groups (fed adults (FA), unfed adults (UA), fed 

nymphs (FN) and unfed nymphs (UN)) ranging from 673 to 787 and from 304 to 414 for PRM and 

host proteins, respectively (Figure 1A). As expected, the proportion of host proteins present in mites 

increased with feeding and aging (Figure 1B). The same PRM proteins were shared in several 

experimental groups with 339 proteins found in all groups and 131, 142, 111 and 162 proteins that 

were identified exclusively in FA, UA, FN and UN, respectively (Figure 1C).  

Figure 1. Proteomics results in PRM. (A) Proteins were identified with FDR<0.01 and at least two 

PSMs per protein in at least one of the analyzed samples. (B) Percentage of relative abundance for 

PRM and host proteins calculated with respect to the total number of PSMs detected in each sample 

group. (C) Venn diagram showing PRM protein distribution between different groups analyzed. FA: 

engorged female adult mites, UA: non-fed female adult mites, FN: engorged proto- and 

deutonymphs, UN: unfed proto- and deutonymphs.  

From the PRM proteins identified, 17% were proteins assigned to D. gallinae, whereas the rest of 

proteins were mainly assigned to Ixodes, Amblyomma and Rhipicephalus spp. (30%, 25% and 17%, 

respectively) (Figure 2A). These results indicating a high degree of homology between D. gallinae and 

tick proteins and a good quality of the data obtained because only the 6% of protein sequences present 

in the database constructed for searching belonged to D. gallinae (10,602 entries from a total of 181,866 

entries). Moreover, data confirm the validity of the predicted secretome and transmembranome of D. 
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gallinae [26] since the 91% of the D. gallinae assigned proteins match to entries from this database (204 

of 224 D. gallinae proteins) (Figure 2A). Regarding host proteins, haemoglobins were the most 

abundant proteins identified, representing 21%, 19%, 33% and 26% of the total of host PMSs detected 

in FA, UA, FN and UN, respectively (Figure 2B). Host heat shock proteins were identified 

constituting around 5% of the total host proteins identified indicating the hens stress response as 

result of the mite bite (Figure 2B).   

Figure 2. Distribution of PRM and host proteins identified. (A) Database assignation distribution of 

PRM proteins. (B) Percent distribution of host proteins calculated with respect to the total number of 

host PSMs detected in each sample group. FA: engorged female adult mites, UA: non-fed female adult 

mites, FN: engorged proto- and deutonymphs, UN: unfed proto- and deutonymphs. 

3.2. Functional Analysis of Identified Proteins in D. gallinae Development Stages and Feeding Status 

PRM proteins identified were functionally annotated using Blast2GO software and manual 

search. Blast2GO search revealed 392 successful protein annotations and manual GO search offered 

594 additional annotations. To compare between development stages, proteins identified in fed and 

unfed female adults, and in fed and unfed nymphs, were grouped in adults and nymphs groups, 

respectively. To compare the feeding status of mites, proteins identified in fed female adults and fed 

nymphs, and in unfed female adults and unfed nymphs were grouped in fed and unfed groups, 

respectively. GO annotations for proteins corresponding to each female adults, nymphs, fed and 

unfed groups were distributed according to Biological Process (BP) (Figure 3), Molecular Function 

(MF) (Figure 4A) and Cellular Component (CC) (Figure 4B). Most of the identified PRM proteins 

were involved in metabolic and cellular processes and biological regulation (Figure 3) participating 

in molecular functions related to binding or catalytic activity (Figure 4A). Regarding the cellular 

component, cell part, membrane, organelle and protein-containing complex were the most abundant 

localizations (Figure 4B). 
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Although protein ontology distribution in the different groups was similar, several differences 

can be observed. Biological processes involved in localization and cellular component biogenesis 

were over-represented in adults mites with respect to nymphs and in fed with respect to unfed mites, 

whereas the response to stimulus and signalling were found under-represented (Figure 3). Catalytic 

activity was the molecular function most relevant in mites reaching its maximum representation in 

fed mites (65%) where the value of binding was the lowest of the four groups (28%) (Figure 4A). 

Around a quarter of the proteins identified were part of the membrane with greater representation 

in adults and fed mites, compared to nymphs and unfed mites (Figure 4B). Proteins corresponding 

to extracellular region were undetectable in adults and fed mites (Figure 4B).  

Figure 3. Biological process categorization of PRM proteins identified after proteomics analysis. 

Proteins were functionally annotated and grouped according to biological process using Blast2GO 

software and manual search. The same protein could have several GO annotations, a fact that was 

included in the results shown in the graphs. Left picture: Distribution of proteins identified in female 

adult PRM (inner circle) and nymph PRM (outer circle). Right picture: Distribution of proteins 

identified in fed PRM (inner circle) and unfed PRM (outer circle).  
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Figure 4. Molecular function and cellular component categorization of PRM proteins identified after 

proteomics analysis. Proteins were functionally annotated and grouped according to molecular 

function and cellular component using Blast2GO software and manual search. The same protein could 

have several GO annotations, a fact that was included in the results shown in the graphs. (A) 

Molecular function categorization. Left picture: Distribution of proteins identified in female adult 

PRM (inner circle) and nymph PRM (outer circle). Right picture: Distribution of proteins identified in 

fed PRM (inner circle) and unfed PRM (outer circle). (B) Cellular component categorization. Left 

picture: Distribution of proteins identified in female adult PRM (inner circle) and nymph PRM (outer 

circle). Right picture: Distribution of proteins identified in fed PRM (inner circle) and unfed PRM 

(outer circle).  

To appreciate functional differences between the four groups of mites under study, the 

ontology of the proteins identified exclusively in each of the groups was analyzed (Figure 5). Within 

the two most abundant biological processes, unfed nymphs showed the most represented metabolic 

process whereas that fed nymphs highlighted in cellular processes (Figure 5A). Almost all the 

proteins exclusively detected in FN showed catalytic activity (91%) and only this group showed 

regulation of molecular function (Figure 5B). Moreover, proteins of fed nymphs were those located 

mostly in membrane showing proteins corresponding to extracellular region (Figure 5C). 
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Figure 5. GO analysis of PRM proteins detected exclusively in each group analyzed. Proteomics 

analysis and DB search resulted in the identification of 131, 142, 111 and 162 proteins exclusively in 

FA, UA, FN and UN, respectively. These proteins were functionally annotated and grouped according 

to BP (A), MF (B) and CC (C) using Blast2GO software and manual search. The same protein could 

have several GO annotations, a fact that was included in the results shown in the graphs. FA: engorged 

female adult mites, UA: non-fed female adult mites, FN: engorged proto- and deutonymphs, UN: 

unfed proto- and deutonymphs. 

3.3. Characterization of PRM Candidate Protective Antigens 

From 1322 PRM proteins identified, 26 showed statistical differences between at least two groups 

after χ2-test (p < 0.05) (Table 1), fifteen of them identified in PRM secretome – transmembranome DB 

[26]. Related with feeding status, peptidyl-prolyl cis-trans isomerase were significantly over-

represented in fed adults with respect to unfed adults, as were vitellogenins 1 and 2, and chromatin 

remodelling complex whereas histamine release factor and ribosomal protein s7 were under-

represented, in fed vs. unfed nymphs (Table 1). The rest of the statistical differences were related with 

the developmental status (Table 1). 

Several of the differentially represented proteins identified in this work had been tested before as 

vaccine candidates: vitellogenin and cathepsins [18], tropomyosin and paramyosin [29] and histamine 

release factor [30]. These proteins have been evaluated as vaccine candidates using the in-vitro 

feeding device. From the rest of proteins, only calumenin isoform 2 was over-represented in adults vs. 

nymphs, both in fed and unfed status, (χ2, p=0.047 (AF vs. NF), p=0.035 (AU vs. NU)) and identified in 

the secretome – transmembranome DB. For this reason, Deg-CALU was selected as a candidate 

protective antigen together with Rhm-SUB as positive control due to its previously identified effects on 

mite mortality after feeding [22].  
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Deg-CALU protein coverage based in peptide identification from proteomics data was 34.8% 

(Figure 6A). Phylogenetic analysis revealed that Deg-CALU is taxonomically related to calumenin-like 

proteins from other Mesostigmata mite species (Figure 6B). Calumenin is located in membranes, 

amongst other subcellular compartments and participates in metabolic process and binding. This 

ontology is in concordance with the most abundant biological process and molecular function identified 

in PRM proteins (Figures 3 and 4). 

Figure 6. Deg-CALU protein coverage and phylogenetic analysis. (A) Calumenin isoform 2 coding 

sequence (isotig18930) [26]. Translated amino acid is shown with its corresponding nucleotide triplet. 

Peptides identified by RP-LC-MS/MS are marked (grey shadow). (B) Phylogenetic tree for Deg-CALU 

was constructed using the Blastp tool from BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

3.4. Immune Response to Vaccination 

Vaccination with Deg-CALU and Rhm-SUB triggered an antigen-specific IgY immune response 

in hens. Despite individual variation in the immune response for vaccinated hens was observed, the 

immune response of vaccinated hens was significantly higher than the control group (Mann-Whitney 

U test, p<0.05). The serum IgY antibody response against Deg-CALU increased after immunization 

and remained higher than controls until the last bleeding (35 days after first immunisation) (Figures 

7A and 8A). The first administration of Rhm-SUB vaccine showed no increase in the antibody level 

compared to the control group; it was necessary to administer a second dose on day 14 to stimulate 

the immune response, reaching its peak on day 28 (Figure 7B and 8C). This immune response to 

injected Subolesin is different from that observed by Harrington et al., 2009 [22], where two peaks in 

the antibody levels were observed. The difference in immune response to Subolesin between the 

current study and previous work might be attributable to one of these three differences in study 

design: the source of the Subolesin, the amount of injected antigen (20 μg first dose/40 μg second 

dose vs. 50 μg single dose), or the adjuvant used (Montanide® ISA 71 VG, a poultry adjuvant, vs. 

Montanide® ISA 50 V2, a livestock adjuvant). The serum recognition of Deg-CALU (Figure 7C) (37.7 

kDa) and Rhm-SUB (Figure 7D) (18.7 kDa) by antigen-specific IgY present in the serum was also 
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demonstrated by Western Blot. Serum anti-Rhm-SUB IgY also indicated the presence of Rhm-SUB 

multimers and some potential protein degradation products, a common effect with Akirin and 

Subolesin [22,37].  

Figure 7. Characterization of the immune response against recombinant vaccines. Antibody levels 

were determined by ELISA in vaccinated and control hens against Deg-CALU (A) and Rhm-SUB (B). 

Serum samples were collected before each vaccination (arrows) (D0 and D14), during mite infestation 

(D28) and at the end of the experiment. Antibody titers are represented as the average OD450nm ± SD 

of three replicates and compared between vaccinated and control groups by Mann-Whitney U test 

(*p<0.05). Serum samples for control group are pooled. Characterisation by Western Blot of anti-Deg-

CALU IgY (C) and anti-Rhm-SUB (D). Ten µg of protein were loaded per well in a SDS-12% 

polyacrylamide gel. The gel was used for Western Blot analysis (WB) using sera of vaccinated and 

control hens collected on day 28 after V1. The position of the recombinant proteins is indicated with 

blue arrows. The green arrow indicates the potential presence of Subolesin dimers.   

3.5. Vaccines Protective Effect 

Vaccines against ectoparasites are not designed to prevent infestations but to reduce arthropod 

populations by affecting their feeding, reproduction and development after feeding on immunized 

animals and ingesting specific antibodies which interact with the target protein function [38]. 

Vaccination affected the mite reproduction in two ways: reducing the proportion of fed mites 

laying eggs and reducing the number of eggs laid per fed mite (Table 2). The number of female fed 
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mites which laid eggs was reduced by a 35% in the Deg-CALU group (mean= 17±4%) and a 44% in 

the Rhm-SUB group (mean= 14.9±5%) when compared to control group (mean= 26.7±8%) (Table 2). 

In a pair-wise comparison between treatment groups and control group the difference in the means 

were statiscally significant when performed a Student´s T-test with equal variance for Rhm-SUB and 

the control group (t = -2.66, df = 8, p = 0.03); and a tendency was observed when the test was 

performed between Deg-CALU and control (t = -2.331, df = 7, p = 0.05). Mites fed on hens vaccinated 

with Deg-CALU showed average oviposition of 0.62 (± 0.1) eggs per viable fed female (Figure 8B) 

mite while for those vaccinated with Rhm-SUB the average oviposition was 0.48 (± 0.2) eggs per fed 

viable female mite (Figure 8D), giving a reduction of 38% and 52%, respectively, when compared to 

the control group (Table 2). The effect on the oviposition was statistically significant (GLMM, F = 

7.518, p = 0.001) with the Deg-CALU group (F = -0.552, SE = 0.172, p = 0.001) and the Rhm-SUB group 

(F = -0.633, SE = 0.183, p = 0.001). Calumenin is a well-conserved secreted protein in mammals [39,40] 

which may be involved in homeostatic and pathologic processes by regulation of Ca2+ transportation 

and could participate in signal transduction [41]. In invertebrates, it has been found in the digestive 

tract of several parasitic nematodes [42,43]. Calumenin has been revealed to be necessary for fertility, 

locomotion and body size in Caenorhabditis elegans [42]. The tick Subolesin and Akirin have also 

shown deleterious effects on the reproduction in multiple ectoparasite species [37]. This is the first 

study in which the reproductive effects of vaccination with calumenin are shown. 



Table 2. Summary of adult female PRM feeding rates and vaccine efficacy. 

Antigen Hen 
Fed 

mites 

Unfed 

mites 
Total 

% 

Fed 

Average 

feeding 

± SD 

% 

Reduction 

Laying 

mites 

Total 

viable 

mites 

% 

Laying 

Average 

laying 

± SD 

% 

Reduction 
Egg 

Eggs/

fed 

mite 

Average 

oviposition 

± SD 

% 

Reduction 

Rhm-

SUB 
1 154 91 245 62.9 60 ± 7 15 20 135 15 15 ± 5 44* 59 0.44 0.48 ± 0.2 52* 

2 126 60 186 67.7 25 125 20 85 0.68 

3 82 82 164 50.0 5 80 6 15 0.19 

4 153 115 268 57.1 26 148 18 79 0.60 

5 178 112 290 61.4 27 171 16 87 0.51 

Deg-

CALU 
6 230 84 314 73.2 65 ± 15 7 29 215 13 17 ± 4 35* 106 0.49 0.62 ± 0.1 38* 

7 253 84 337 75.1 40 240 17 155 0.65 

8 194 78 272 71.3 29 186 16 99 0.53 

9 66 108 174 37.9 15 65 23 47 0.72 

10 135 62 197 68.5 23 128 18 93 0.73 

Control 16 202 45 247 81.8 70 ± 12 73 190 38 27 ± 8 281 1.48 1.01 ± 0.4 

17 158 130 288 54.9 29 147 20 103 0.70 

18 210 59 269 78.1 48 204 24 156 0.76 

20 180 93 273 65.9 44 175 25 194 1.11 

Data shown are a compilation from the three assays. Feeding rates were scored on day 1 of the assay, immediately following removal of the feeding devices from 

the hens. Reproduction effects were scored on day 7. Data were analyzed statistically to compare results between mites fed on vaccinated and control hens by 

GLMM. Statistically significant results (p < 0.05) are marked (*). 

Fed mites = total of fully engorged adult female mites recovered. 

Unfed mites = total of unfed adult female mites counted after 3 hours placed on the hen. 

% Fed reduction = - [1 - (Average Feeding vaccinated group / Average Feeding Control)] x 100. (Student t-test, *p ≤0.05) Laying mites = total of mites that had laid eggs at day 7. 

Total viable mites = total of mites which that did not die o escaped at day 7 of monitoring. 

% Reduction in laying mites = - [1 – (Average Laying mites vaccinated group/Average Laying mites control group)] x 100. Eggs = total accumulative count of eggs laid at day 7. 

Oviposition = eggs laid / number fed adult viable female mites. 

% Oviposition reduction = - [ 1- (Average Oviposition vaccinated group /Average Oviposition Control)] x 100. (GLMM,*p<0.05)
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Figure 8. Comparison of antibody level and oviposition amongst groups. Antibody levels at the 

moment of infestation were determined by ELISA in vaccinated and control hens against Deg-CALU 

(A) and Rhm-SUB (C). Antibody titers are determined as the average OD450nm of three replicates

and compared between vaccinated and control groups by Mann-Whitney U test (*p<0.05). Oviposition

of the Deg-CALU group (B) and Rhm-SUB (D) are shown to be compared with the control group.

Oviposition is calculated as eggs laid / number fed adult viable female mites counted at day 7 of

monitorization. Effect in oviposition is statistically significant in both groups (GLMM, p < 0.01).

Vaccination did not affect mite feeding rates, mortality, egg hatchability and larval development. 

No significant effects on feeding rates and mite mortality have been observed with the Deg-CALU 

and Rhm-SUB vaccinations (Table 2). The feeding rates observed in this study are similar to the 

obtained rates observed in previous works that used the on-hen feeding device [34,35]. Subolesin has 

reduced the number of engorged female ticks fed on vaccinated cattle [44]. In a previous work [22], 

a mosquito ortholog of the tick Subolesin was used to vaccinate hens showing a 35.1% increased mite 

mortality during in-vitro feeding tests.  However, in-vitro feeding tests have shown a high 

background mite mortality in previous studies [16]. The use of anticoagulants and the high 

temperatures needed for encouraging mite feeding poses variable background mortality in the in 

vitro test [35]. The on-hen feeding assay allows a more physiological feeding of the mites as they 

directly fed from the skin of the bird and feeding on untreated (no heparin) blood.  

5. Conclusions

The results obtained in this study provide the first description of the proteomes of different 

development stages and feeding status in the PRM. Based on this description, we selected a new 

vaccine candidate and evaluated its efficiency. The reduction in the oviposition observed in hens 

vaccinated with Deg-CALU and Rhm-SUB supports their consideration as protective antigens for the 

control of PRM. 
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Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Proteomics 

Results.  
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Abstract: The poultry red mite (PRM), Dermanyssus gallinae, is a hematophagous ectoparasite of 
birds with worldwide distribution that causes economic losses in the egg-production sector of the 
poultry industry. Traditional control methods, mainly based on acaricides, have been only partially 
successful, and new vaccine-based interventions are required for the control of PRM. Vaccination 
with insect Akirin (AKR) and its homolog in ticks, Subolesin (SUB), have shown protective efficacy 
for the control of ectoparasite infestations and pathogen infection/transmission. The aim of this 
study was the identification of the akr gene from D. gallinae (Deg-akr), the production of the 
recombinant Deg-AKR protein, and evaluation of its efficacy as a vaccine candidate for the control 
of PRM. The anti-Deg-AKR serum IgY antibodies in hen sera and egg yolk were higher in vaccinated 
than control animals throughout the experiment. The results demonstrated the efficacy of the 
vaccination with Deg-AKR for the control of PRM by reducing mite oviposition by 42% following 
feeding on vaccinated hens. A negative correlation between the levels of serum anti-Deg-AKR IgY 
and mite oviposition was obtained. These results support Deg-AKR as a candidate protective 
antigen for the control of PRM population growth. 

Keywords: Dermanyssus; Akirin; vaccine; control; poultry red mite; tick; Subolesin 

1. Introduction

The poultry red mite (PRM), Dermanyssus gallinae (De Geer, 1778), is a hematophagous parasitic 
mite of birds. It has a worldwide distribution and is considered the major pest for the poultry industry 
in Europe and Asia with severe economic loses for the egg-production sector [1,2]. The PRM hides in 
furniture in the hen’s surroundings and feeds on the hens in darkness [3,4]. The lifecycle of PRM 
includes five stages: egg, larvae, protonymph, deutonymph, and adult, and it is usually completed 
in 2 weeks [5]. Severe infestations by PRM increases hen mortality by provoking severe anemia and 
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behavioral disorders [6–8]. PRM has also been shown to be a vector for multiple pathogenic viruses 
and bacteria [2,9,10]. 

The control of PRM is primarily based on the use of acaricides but there are a number of 
associated drawbacks such as the selection of resistant mite populations, environmental/food 
contamination, and limited success once the infestation is established [2,11,12]. Alternative control 
methods against PRM are under development, and vaccination is a promising intervention as it is 
environmentally sound, reduces the use of acaricides, and avoids the selection of resistant mites. The 
use of recombinant proteins for vaccinating hens against PRM has shown favorable results under in-
vitro mite-feeding conditions [13–16]. 

Akirin (AKR) is a protein encoded by highly-conserved akirin (akr) genes involved in different 
biological processes, including the innate immune response in all metazoans [17]. The AKR ortholog 
in ticks, Subolesin (SUB, also known as 4D8), is involved in several biological processes such as tick 
response to infection, feeding, stress response, development, and reproduction [17]. Most vertebrates 
have two AKR homologues (AKR1 and AKR2) while insects and ticks have only one SUB/AKR [18]. 
The SUB/AKR orthologues have shown vaccine efficacy for the reduction of ectoparasite infestations 
and pathogen infection/transmission [17,19]. Recombinant AKR from Aedes albopictus has been 
previously evaluated as a vaccine candidate against PRM, resulting in statistically significantly 
higher mite mortality when fed on blood from vaccinated hens when compared to control birds [15]. 
However, one limitation of this previous study is the use of mosquito AKR as the PRM homologue 
sequence was unavailable at that time. The mosquito AKR may therefore have limited protection 
efficacy against PRM in vaccinated hens when compared to endogenous AKR antigen. 

To address this limitation, in this study we identified the akr gene sequence from D. gallinae 
(Deg-akr) from the newly-available draft genome resource [20]. The recombinant Deg-AKR protein 
was then produced in Escherichia coli and used to evaluate its efficacy as a vaccine candidate for the 
control of PRM using a novel on-hen feeding device [21]. 

2. Materials and Methods

2.1. Ethics Statement 

Animal experiments were conducted in strict accordance with the guidelines of the European 
Community Directive 2010/63/EU. Animals were housed in the experimental farm of the Institute for 
Game and Wildlife Research (IREC) with the approval and supervision of the Ethics Committee on 
Animal Experimentation of the University of Castilla La Mancha (Registry number PR-2018-11-20). 

2.2. Mites 

Dermanyssus gallinae of mixed developmental stages and sexes were obtained from a commercial 
egg-laying farm in Consuegra (Toledo, Spain). Mites were stored in vented 75 cm2 tissue culture 
flasks (Corning, NY, USA) at room temperature (RT) for 10 days. Adult females were selected based 
on size and morphology, and protonymphs were obtained from larvae hatched from previously-
harvested mite eggs. 

2.3. Cloning of the Gene Coding for Deg-AKR 

In order to identify the Deg-akr gene in PRM, the AKR amino acid sequence from Metaseiulus 
occidentalis (XM_003738959.2) was used as a reference sequence in a local tBLASTn search against the 
draft genome of the PRM with GenBank accession number QVRM01000000 [20]. Based on sequence 
similarity to the M. occidentalis AKR gene, exons encoding the Deg-akr ortholog were identified in the 
D. gallinae genome, and the full-length coding sequence (CDS) was manually assembled. The full-
length CDS was PCR-amplified from D. gallinae cDNA generated from mixed-population D. gallinae
mites collected from a commercial egg-laying facility (Scotland, UK) as described previously [22].
PCR amplification of the Deg-akr CDS was performed using the oligonucleotide primers Sub_F1: 5′-
ATGGCATGTGCGACGCTAAAACGTC-3′ and Sub_F2: 5′-TTACGAGCAATAGGACGGGGCGC-3´
that were designed to amplify the full CDS including the putative initiating methionine and stop
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codon that were conserved between different species of the Acari (Figure 1). PCR amplification was 
completed using proof-reading DNA polymerase and performed on an Applied Biosystems 2720 
thermal cycler with the following conditions: 94 °C for 2 min, followed by 30 cycles at 94 °C for 30 
sec, 61 °C for 30 s and 72 °C for 1 min. A multiple amino acid sequence alignment was performed 
using the Clustal Omega algorithm [23] to identify conserved regions. The amplification products 
were ligated into the ChampionTM pET SUMO vector (Thermo Fisher Scientific, Waltham, MA, USA) 
and confirmed by DNA sequencing (Eurofin Genomics, Luxemburg). The sequence of Deg-akr was 
submitted to GenBank under accession number MN310557. 

Figure 1. Amino acid protein sequence for D. gallinae AKR. Alignment of Deg-AKR amino acid 
sequence with AKR/SUB sequences from different species. Protein accession numbers are shown. In 
red are shown regions conserved across different species. The intensity of the red color indicates the 
level of conservation in that amino acid across the species. Alignment was carried out with Clustal 
Omega [23] and visualized with Jalview 2.11 software [24]. 

2.4. Production of Recombinant Deg-AKR and Vaccine Formulation 

The Deg-akr coding sequence was sub-cloned into ChampionTM pET101 expression vector 
(Thermo Fisher Scientific) and used to transform BL21 StarTM (DE3) E. coli cells. For Deg-AKR 
protein production, cells were grown at 37 °C with shaking at 200 rpm until OD600 = 0.6, and then 
cultures were induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and cultured for a 
further 4.5 h. Recombinant Deg-AKR was purified from insoluble cell-lysates in the presence of 7 M 
urea by Ni affinity chromatography (Genscript Corporation, Piscataway, NJ, USA) as previously 
described [21] using 1 mL HisTrap FF columns mounted on an AKTA-FPLC system (GE Healthcare, 
Piscataway, NJ, USA). Purified recombinant Deg-AKR was refolded by dialysis against 1000 volumes 
of PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4), pH 7.4 for 12 h at 4 °C. For 
vaccine formulation, recombinant protein or PBS saline control were adjuvanted in MontanideTM 
ISA 71 VG (SEPPIC, Paris, France) as previously described [25]. The final concentration for Deg-AKR 
was 100 µg/mL in a vaccination dose volume of 0.5 mL. 

2.5. Hen Vaccination and PRM Infestation 

Five 25-week-old Lohman Brown hens per group were randomly assigned to two groups (Group 
1 and Group 2) and housed together. Hens were vaccinated on days 0 (V1), 14 (V2) and 28 (V3) with 
a 0.5-mL intramuscular injection in the breast muscle. Group 1 birds were vaccinated with 50-µg Deg-
AKR formulated in MontanideTM ISA 71 VG, and Group 2 birds were vaccinated with an equivalent 
volume of PBS in MontanideTM ISA 71 VG. PRM exposure was carried out using an on-hen feeding 
device as described previously [22]. Briefly, a feeding device was placed onto each thigh that had 
been previously plucked, attached to the skin with Leucoplast tape (BSN Medical, Hamburg, 
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Figure 2. Life cycle of D. gallinae and checkpoints for the evaluation of vaccine efficacy. The SEM 
images for the hematophagous stages of PRM are shown as a representation of the life cycle. During 
the on-hen feeding assay, the following parameters were recorded per individual hen: adult mite 
mortality (number of dead/fed mites), oviposition (number of eggs laid/fed mite), fertility (number of 
larvae/eggs laid), larvae molting (number of protonymphs/larvae hatched), protonymph mortality 
(number of dead/fed protonymphs), and protonymphs molting (number of deutonymphs/ 
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Germany) and secured with cohesive bandage (Henry Schein Inc., Melville, NY, USA). Each device 
contained 100 starved female adults and 75 protonymphs. Deuthonymphs were not included in the 
infestation because they are difficult to differentiate from adult males while preparing the pouches 
for infestation. Mites fed on hens for 3 h. On-hen feeding experiments were repeated independently 
four times using fresh mites on each assay on days 42, 44, 46, and 49 from the first vaccination. 

2.6. Assessment of Vaccine Efficacy 

Mites were considered fed when they had taken a fresh blood meal and were fully engorged; 
and partially fed when they had fresh blood ingested but they were not fully engorged. PRM were 
considered dead if they did not show any movement and were unresponsive to touch stimulus. The 
number of fed, unfed and partially fed adults and protonymphs per hen were counted individually 
in each assay. Both fully engorged and partially fed protonymphs and adult mites were collected 
from the devices and transferred into individual wells on a 96-well tissue culture plate (Corning 
Costar, Sigma-Aldrich, St. Louis, MO, USA) and sealed with AeraSeal film (Sigma-Aldrich, A9224-
50EA, St. Louis, MO, USA). Plates containing fed mites were placed into an incubator at 25 °C and 
85% relative humidity and checked daily for 7 days. Adult mites were monitored for mortality, 
oviposition and egg fertility, while protonymphs were monitored for mortality and molting (Figure 
2). In order to determine differences in engorgement between vaccinated and control groups, a body 
size of five to six fully engorged adult mites per hen was measured by scanning electron microscopy 
(SEM). The mites used for SEM photography were dehydrated in absolute ethanol for 24 h. Specimens 
were mounted onto standard aluminum SEM stubs using conductive carbon adhesive tabs. Mites 
were observed and photographed with a field emission scanning electron microscope (Zeiss 
GeminiSEM 500, Oberkochen, Germany) operating in high vacuum mode at an accelerating voltage 
of 2 kV in the absence of metallic coating. Mite body length and width were measured, and body area 
calculated using a Fiji ImageJ Software [26]. This procedure does not affect acari body size if they are 
not damaged, which are the samples selected for analysis. 

92



Vaccines 2019, 7, 121 

protonymphs). The results showed a 42% reduction in oviposition (GLMM; F = 6.06, p = 0.014, gl1 = 1, 
gl2 = 747) of mites fed on vaccinated hens when compared to controls. 

2.7. Analysis of Immune Response to Deg-AKR in Hens by ELISA 

Blood samples from each hen were collected before each vaccination dose on days 0, 14 and 28 
and before PRM feeding on day 42. After each blood collection, serum was separated by 
centrifugation and stored at −20 °C. Hen eggs (8–10 eggs per group) were collected during 2 
consecutive days on days 15–16 (T1), 29–30 (T2) and 42–43 (T3). During egg collection, experimental 
groups were housed separately. Antibodies from egg yolk were extracted as previously described 
[27] and stored at −20 °C. The IgY antibody levels against Deg-AKR and a mite-soluble protein extract 
obtained as previously described [28] were determined by ELISA in sera and egg yolks. High
absorption-capacity 96-well plates (Immunoplate, SPL Life Sciences, Syeonggi-do, Korea) were
coated overnight at 4 °C with 0.25 µg/well of each antigen. ELISA plates were washed four times with 
200 µL PBST (PBS containing 0.05% v/v Tween-20) and incubated with 200 µL/well of blocking buffer 
(5% w/v skimmed milk powder in PBS, Condalab, Torrejón de Ardoz, Spain) for 2 h at RT on a shaker. 
Then, 50 µL of serum samples diluted in PBS to 1/2000 and 50 µL of yolk samples diluted to 1/1800
were added. After incubating for 1 h at RT, the plates were washed four times and then incubated for
1 h at RT with 50 µL/well of rabbit anti-IgY-peroxidase conjugate (Sigma-Aldrich) diluted 1/1000 in
PBST. After four washes, the reaction was visualized by adding 100 µL of 3,3, ′5,5-
tetramethylbenzidine (TMB) (Promega, Madison, WI, USA) and incubated for 10 min in the dark at
RT. After stopping the reaction with 50 µL sulfuric acid, the optical density (OD) was measured at
450 nm using a Multiskan GO microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Analysis of Hen Immune Response to Deg-AKR by Western Blot 

Western blot analysis was carried out as previously described [29]. Briefly, 10 µg of purified 
recombinant Deg-AKR was separated by electrophoresis on an SDS-12% polyacrylamide gel (Life 
Science, Hercules, CA, USA) and then stained with Coomassie Brilliant Blue (Sigma-Aldrich, St. 
Louis, MO, USA) or transferred to a nitrocellulose membrane. The membrane was blocked with 5% 
BSA (Sigma-Aldrich) for 2 h at RT and washed four times with TBST (50 mM Tris-Cl, pH 7.5, 150 mM 
NaCl, 0.5% Tween 20). Pooled sera from the day 42 of blood extraction were used as primary 
antibodies diluted to 1/1000 in TBS. Rabbit anti-IgY-peroxidase conjugate (Sigma-Aldrich, St. Louis, 
MO, USA) diluted 1/1000 in TBS with 3% BSA was used as the secondary antibody. The membrane 
was washed five times with TBST and developed with TMB stabilized substrate for HRP (Promega, 
Madrid, Spain). 

2.9. Statistical Analysis 

Anti-AKR IgY levels between vaccinated and control groups were compared by Mann-Whitney 
U test (p = 0.05). Partially fed and dead, or missing mites were removed from the analysis of the effect 
of vaccination on PRM reproduction. Pearson´s correlation coefficient was used to determine if the 
specific AKR antibody levels at OD450 nm of individual vaccinated and control hens at day 42 (the 
time when mite infestations were performed) are correlated with the total number of eggs laid per 
mite fed on individual hens. A generalized linear mixed model (GLMM) was performed to determine 
the group differences in oviposition based on a Negative Binomial distribution and log as link 
function. The model included the total number of eggs laid per mite (oviposition) as the dependent 
variable. The treatment group was included as a fixed effect and hen number and assay replicate as 
random factors. Data exploration, correlations and GLMM were done using the IBM SPSS Statistics 
v23 software. 

3. Results and Discussion

Mosquito AKR was previously used as a vaccine candidate against PRM in an experiment that 
provided support for the role of AKR as a protective antigen [15]. The aim of our study was to identify 
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Figure 3. Antibody response to vaccination in hens. Serum samples were collected before each 
vaccination (arrows) and feeding device application (D42). Antibodies were extracted from eggs 
collected during two consecutive days on days 15–16, 29–30 and 42–43. Antibody titers are 
represented as the average OD450nm ± SD and compared between vaccinated and control groups by 
Mann-Whitney U test (* p < 0.05; N = 5). (A) Serum IgY antibody titers determined by ELISA against 
the recombinant Deg-AKR used for vaccination. (B) Egg yolk IgY antibodies titers determined by 
ELISA against the recombinant Deg-AKR used for vaccination. (C) Serum IgY antibody titers 
determined by ELISA against a PRM soluble protein extract. (D) Egg yolk IgY antibody titers 
determined by ELISA against a PRM soluble protein extract. (E) Characterization by Western blot of 
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and determine the protective capacity of the Deg-AKR for the control of PRM infestations in 
vaccinated hens. The experimental design included the evaluation of vaccination effect on the PRM 
life cycle including mite (adult and protonymph) mortality, oviposition, and molting (larvae to 
protonymph and protonymph to deutonymph) (Figure 2). 

Alignment of the amino acid sequences obtained from Deg-AKR with AKR/SUB from mites (M. 
occidentalis and Varroa destructor), tick (Ixodes ricinus) and mosquito (A. albopictus) showed the 
presence of conserved regions in the coding sequence (Figure 1), further supporting the evolutionary 
conservation of AKR/SUB between different species [17]. 

After vaccination with Deg-AKR, hens developed an antigen-specific IgY immune response, 
which was detected in both hen sera (Figure 3A) and egg yolk (Figure 3B). Although IgY antibodies 
in egg yolk do not affect vaccine efficacy, this approach has been used as a non-invasive method to 
monitor antibody titers in hens [27]. The anti-Deg-AKR serum IgY antibody levels increased during 
the entire experiment from day 0 to day 42 and remained higher than in control animals until the end 
of the experiment (Figure 3A). In the egg yolk, the anti-Deg-AKR IgY levels were also higher in the 
vaccinated than in the adjuvant-only control group (Figure 3B). The IgY response to the soluble mite 
protein extracts was also higher in the vaccinated than the control group but the difference was only 
statistically significantly (p < 0.05) higher on days 14 and 28 and days 28 and 42 after vaccination for 
serum and egg yolk, respectively (Figure 3C, D). The soluble PRM protein extract is a complex protein 
mix, which may reflect an AKR dilution effect that can explain the differences in the antibody levels 
against Deg-AKR and PRM protein extract (Figure 3A, B vs. Figure 3C, D). The serum IgY recognition 
of Deg-AKR (25.9 kDa) in vaccinated hens was also corroborated by Western blot (Figure 3E). Serum 
antibodies also detected the presence of potential Deg-AKR multimers and some protein degradation 
products, which commonly occur with AKR and SUB [15,17]. 
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anti-Deg-AKR IgY. Ten micrograms of purified Deg-AKR were used for the analysis of pooled sera 
collected at D42 from vaccinated and control hens. The position of the recombinant Deg-AKR 
monomer (25.9 kDa) is marked with an arrow. Other recognized protein bands correspond to 
potential multimerization or degradation products of the recombinant protein which can also be 
observed in the Deg-AKR after purification by Ni affinity chromatography (dots). Abbreviation: MW, 
molecular weight marker (spectra multicolor broad range protein ladder; Thermo Fisher Scientific). 

Vaccination against ectoparasites is not solely focused on the prevention of the infestation but 
also in the reduction of the parasite population [30]. This reduction can be achieved by affecting 
parasite feeding, reproduction and/or development by antigen-specific antibodies ingested after 
feeding on vaccinated animals [31]. Vaccination with Deg-AKR resulted in a 42% reduction in mite 
oviposition (GLMM, F = 6.060, df1 = 1, df2 = 747, p = 0.014) (Table 1 and Figure 2). However, in this 
experiment, partially engorged adult mites did not oviposit and among fed mites only 22.4% (168 out 
of 749) oviposited. These facts resulted in a lower number of eggs/mite (0.3 to 1.0; Table 1) when 
compared to previous reports (>3.0) [32,33]. The effect of vaccination with AKR on the oviposition in 
D. gallinae has not been reported before, but SUB/AKR has demonstrated a reduction in the
oviposition of several ectoparasite species after feeding on vaccinated hosts [17,32,34,35].

95

Chapter IIIb 



Vaccines 2019, 7, 121 

Table 1. Summary of adult female PRM feeding rates and vaccine efficacy. 

Group Hen Fed 
Mites 

Partially Fed/Unfed 
Mites 

Total % Fed 
Mites 

Average 
Feeding ± SD 

Reduction Eggs Oviposition Average Oviposition ± 
SD 

Reduction Dead Mites Mortality Average Mortality Mortality Effect 

Deg-AKR 1 56 38/276 = 314 370 15 21 ± 5 0% 34 0.6 0.4 ± 0.2 42% * 4 0.1 0.2 ± 0.1 6% 
2 77 5/343 = 348 425 18 23 0.3 19 0.2
3 130 23/325 = 348 478 27 34 0.3 16 0.1
4 120 10/391 = 401 521 23 34 0.3 24 0.2
5 81 30/246 = 276 357 23 42 0.5 19 0.2

Control 6 100 23/230 = 253 353 28 18 ± 8 65 0.6 0.7 ± 0.2 15 0.2 0.2 ± 0.0 
7 32 32/304 = 336 368 9 23 0.7 4 0.1 
8 59 23/394 = 417 476 12 38 0.6 10 0.2 
9 85 23/284 = 307 392 22 86 1.0 13 0.2 

10 44 34/190 = 224 268 16 15 0.3 10 0.2 

Data shown are a compilation from the four assays. Feeding rates were scored on day 1 of the assay, immediately following removal of the feeding devices from the hens. 
Oviposition and mortality were scored on day 7. Data were analyzed statistically to compare results between mites fed on vaccinated and control hens by GLMM (F = 6.06, 
p = 0.014, gL1 = 1, gL2 = 747). Fed mites = total of fully engorged adult female mites recovered. Unfed mites = total unfed adult female mites were counted after 3 h placed 
on the hen. Fed reduction = 1–(Average Feeding Deg-AKR/Average Feeding Control)] × 100. Eggs = total accumulative count of eggs laid at day 7. Oviposition = eggs 
laid/number fed adult female mites. Oviposition reduction = [1–(Average Oviposition Deg-AKR/Average Oviposition Control)] × 100. GLMM: F = 6.060, p = 0.014. Dead 
mites = total number of fed adult female mites which shows no response to stimuli and looks dehydrated at day 7. Mortality = dead mites/number fed adult female mites. 
Mortality effect = [1–(Average Mortality Deg-AKR/Average Mortality Control)] × 100. 
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As seen in previous vaccine efficacy experiments with SUB/AKR in ticks and insects [29,31,35–
37], the anti-Deg-AKR IgY levels present in the sera and egg yolk showed a significant negative 
correlation (r = −0.106 (sera) and r = −0.125 (yolk), p < 0.01) with the amount of eggs laid per fed mite 
(Figure 4A, B). In ticks, the effect of the vaccination on the oviposition is generally correlated with a 
reduction in the body size and weight of engorged females [31,32]. However, herein we did not detect 
variations in the body size of the fully engorged mites that were collected from vaccinated and control 
hens (Figure 4C, D). The average body length in engorged female mites was 1039 µm (from 830 to 
1230 µm), the average body width was 563 µm (from 465 to 657 µm), and the average body area was 
463 mm2 (from 317 to 633 mm2). Nevertheless, although selected mites looked like they were fully 
engorged when sorted with the stereoscope, the variation in body size suggested different blood 
volumes ingested during the blood meal. These experiments suggested that the use of SEM is a useful 
tool for measuring blood meal ingestion in individual organisms or developmental stages that cannot 
be weighed. 

Figure 4. Effect of hen vaccination on PRM oviposition. Antibody levels negatively correlate with the 
number of eggs laid per fed mite. (A) Negative correlation between the levels of serum anti-Deg-AKR 
IgY and mite oviposition (number of eggs laid per fed adult female mite during the four on-hen 
feeding tests performed on day 7 of mite monitorization) (r = −0.106, p < 0.01). (B) Negative correlation 
between the levels of egg yolk anti-Deg-AKR IgY and mite oviposition (average number of eggs laid 
per fed adult female mite) (r = −0.125, p < 0.01; N = nine egg samples per group with egg collection 
during 2 consecutive days on days 15–16 (T1), 29–30 (T2) and 42–43 (T3). (C) Opisthosoma area in 
fully engorged adult female mites using five to six mites per hen during the fourth on-hen feeding 
assay. (D) Measures taken for each individual mite to assess the body size after feeding. Mites were 
photographed with a field emission scanning electron microscope. Mite body length and width were 
measured, and body area calculated using a Fiji ImageJ Software [23]. 

In this study, vaccination with Deg-AKR did not significantly affect other mite developmental 
stages. No statistically significant effect was observed after vaccination with the Deg-AKR on feeding 
rates and mite mortality in adults or in protonymphs or development (i.e., molting rates in fed and 
partially fed protonymphs and larval hatching) (Table 2). All eggs laid by females mites hatched by 
day 7 without differences between groups. During this experiment, lower feeding rates in adult mites 
were observed when compared to other studies where the on-hen feeding device was applied [21,25]. 
In our study, the 19 ± 6 % of the starved adult females fully fed across the four replicates. Of the 
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protonymphs, 9 ± 4% were completely engorged, which is a similar feeding rate to that obtained in 
previous experiments [21]. Adult mites were starved at RT for 10 days, which is a different 
conditioning protocol from the suggested 3 weeks of starving at 4 °C [21]. However, we used these 
mites because they appeared healthier than the ones we starved under the recommended conditions
[21]. Of the adult mites recovered, 7 ± 4 % were partially fed, but no differences in the number of 
partially-fed mites were observed between groups. Vaccination with the mosquito AKR was 
described to increase mite mortality by 35% after an in-vitro feeding assay [15]. However, in-vitro 
tests have been shown to present a high background mortality of mites [22]. The in-vitro test employs 
heparinized blood from vaccinated and control hens and mites feed on it through a natural or
artificial membrane in an incubator at 36 °C and 75–85% relative humidity [15]. Therefore, mite 
mortality effects seen in in-vitro feeding systems may be induced by vaccination alone or exacerbated 
by the high temperatures required to induce mite feeding in the chamber and the presence of 
anticoagulants in the blood [22,38]. The use of the on-hen feeding device allows mites to feed directly 
on the hen which circumvents many of these limitations with the in-vitro feeding device and is more 
likely to present a true reflection of vaccine effects. 
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Table 2. Summary of protonymphs PRM feeding and molting rates and vaccine efficacy. 

Group 
He
n 

Fed/PFP
N 

UnfedP
N 

Total 
PN 

% 
Fed 

Average Feeding ± 
SD 

Feeding 
Effect 

Molt Fed 
PN 

Molt/Fe
d 

Average Molting ± 
SD 

Molting 
Effect 

Dead 
PN Fed 

Dead/Fe
d 

Average 
Mortality 

Mortality 
Effect 

Deg-
AKR 1 13/5 = 18 133 151 11.9 13.1 ± 4.0 0% 5 0.38 0.2 ± 0.1 0% 1 13 0.1 0.2± 0.1 50% 

2 11/4 = 15 101 116 12.9 2 0.18 2 11 0.2 
3 10/5 = 15 146 161 9.3 1 0.10 3 10 0.3 
4 33/5 = 38 153 191 19.9 7 0.24 6 33 0.2 
5 19/1 = 20 157 177 11.3 6 0.32 2 19 0.1 

Control 6 4/9 = 13 126 139 9.4 10.6 ± 1.6 0 0.00 0.3 ± 0.3 1 4 0.3 0.1 ± 0.2 
7 12/1 = 13 87 100 13.0 7 0.58 0 12 0.0 
8 17/3 = 20 174 194 10.3 3 0.18 1 17 0.1 
9 15/0 = 15 119 134 11.2 5 0.33 5 15 0.3 
10 5/7 = 12 120 132 9.1 3 0.60 0 5 0.0 

Data shown are a compilation from the four assays. Feeding rates were scored on day 1 of the assay immediately following removal of the feeding devices from the 
hens. Molting and mortality were scored on day 7. Data were analyzed statistically to compare results between fed and partially-fed (PF) protonymphs (PN) fed on 
vaccinated and control hens by a Mann-Whiney test (p = 0.05). Fed/PF PN = total of fully engorged/partially fed protonymphs recovered. Unfed PN = total of unfed 
protnymphs counted after 3 h placed on the hen. Total PN = Fed/PF + Unfed PN. Feeding effect = [1–(Average Feeding Deg-AKR/Average Feeding Control)] × 100. 
Molt fed PN = total accumulative count of protonymphs which molted to deutonymphs at day 7. Molting effect = [1–(Average Molting Deg-AKR/Average Molting 
Control)] × 100. Dead PN = total number of fed protonymphs which shows no response to stimuli and look dehydrated at day 7. Mortality = dead 
protonymphs/number fed protonymphs. Mortality effect = [1–(Average Mortality Deg-AKR/Average Mortality Control)] × 100. Molt PF = total of partially fed 
protonymphs recovered which molted to deutonymphs. Molting effect PF = [ 1–(Average Molting PF Deg-AKR/Average Molting PF Control)] × 100. Dead PF = total 
number of partially fed protonymphs which show no response to stimuli and look dehydrated at day 7. Mortality PF = dead partially-fed protonymphs/number of 
partially fed protonymphs. Mortality effect = [1–(Average Mortality PF Deg-AKR/Average Mortality PF Control)] × 100. 
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4. Conclusions

The results obtained in this study identified the D. gallinae AKR homolog and demonstrated the 
efficacy of the vaccination with the Deg-AKR antigen for the control of PRM in hens. The 42% 
reduction in mite oviposition generated by the vaccination supports the Deg-AKR as a candidate 
protective antigen for the control of PRM. 
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protonymphs, 9 ± 4% were completely engorged, which is a similar feeding rate to that obtained in 
previous experiments [21]. Adult mites were starved at RT for 10 days, which is a different 
conditioning protocol from the suggested 3 weeks of starving at 4 °C [21]. However, we used these 
mites because they appeared healthier than the ones we starved under the recommended conditions
[21]. Of the adult mites recovered, 7 ± 4 % were partially fed, but no differences in the number of 
partially-fed mites were observed between groups. Vaccination with the mosquito AKR was 
described to increase mite mortality by 35% after an in-vitro feeding assay [15]. However, in-vitro 
tests have been shown to present a high background mortality of mites [22]. The in-vitro test employs 
heparinized blood from vaccinated and control hens and mites feed on it through a natural or
artificial membrane in an incubator at 36 °C and 75–85% relative humidity [15]. Therefore, mite 
mortality effects seen in in-vitro feeding systems may be induced by vaccination alone or exacerbated 
by the high temperatures required to induce mite feeding in the chamber and the presence of 
anticoagulants in the blood [22,38]. The use of the on-hen feeding device allows mites to feed directly 
on the hen which circumvents many of these limitations with the in-vitro feeding device and is more 
likely to present a true reflection of vaccine effects. 
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ABSTRACT
The poultry red mite (PRM), Dermanyssus gallinae (De Geer, 1778), is a worldwide distributed
ectoparasite and considered a major pest affecting the laying hen industry in Europe. Based
on available information in other ectoparasites, the mite microbiome might participate in
several biological processes and the acquisition, maintenance and transmission of pathogens.
However, little is known about the role of PRM as a mechanical carrier or a biological vector
in the transmission of pathogenic bacteria. Herein, we used a metaproteomics approach to
characterize the alphaproteobacteria in the microbiota of PRM, and variations in its profile
with ectoparasite development (nymphs vs. adults) and feeding (unfed vs. fed). The results
showed that the bacterial community associated with D. gallinae was mainly composed of
environmental and commensal bacteria. Putative symbiotic bacteria of the genera Wolbachia,
C. Tokpelaia and Sphingomonas were identified, together with potential pathogenic bacteria
of the genera Inquilinus, Neorickettsia and Roseomonas. Significant differences in the
composition of alphaproteobacterial microbiota were associated with mite development and
feeding, suggesting that bacteria have functional implications in metabolic pathways
associated with blood feeding. These results support the use of metaproteomics for the
characterization of alphaproteobacteria associated with the D. gallinae microbiota that could
provide relevant information for the understanding of mite-host interactions and the
development of potential control interventions.

Research highlights

. Metaproteomics is a valid approach for microbiome characterization in ectoparasites.

. Alphaproteobacteria putative bacterial symbionts were identified in D. gallinae.

. Mite development and feeding were related to variations in bacterial community.

. Potentially pathogenic bacteria were identified in mite microbiota.
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Introduction

The haematophagous ectoparasite Dermanyssus galli-
nae (De Geer, 1778; Acari: Mesostigmata), commonly
known as the poultry red mite (PRM), is the major
pest of the poultry industry especially affecting laying
hens (Chauve, 1998). D. gallinae s. str. is a complex
generalist species with a low host specificity (Roy
et al., 2009a, 2009b), and is becoming problematic
due to its capacity to parasitize a wide range of dom-
estic and wild birds, and even mammals including
humans (Cafiero et al., 2008; Valiente Moro et al.,
2009a; George et al., 2015). Interestingly, recent reports
in pigeons have identified a lineage different from those

in poultry, D. gallinae lineage 1 (Pezzi et al., 2017).
D. gallinae requires a blood meal for moulting from
protonymph to deutonymph, from deutonymph to
adult and for egg-laying (Kilpinen, 2001). In laying
hens, PRM is associated with poor health status and
welfare problems associated with weight gain, reduced
egg laying, and anaemia causing death in severe cases
of infestation (Cosoroaba, 2001).

To date, the role of D. gallinae as a biological vector
is questionable. Although its capacity as a reservoir of
bacteria and viruses multiplying in the mite under
field conditions has not been fully elucidated (Valiente
Moro et al., 2005), the multiplication and transovarial/
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transstadial transmission of Salmonella enteritidis have
been demonstrated (Valiente Moro et al., 2007). Sev-
eral reports have identified pathogenic bacteria such
as Coxiella burnetii, Erysipelothrix rhusiopathiae, Lis-
teria monocytogenes, Pasterella multocida and Spiro-
chetes in PRM (Valiente Moro et al., 2009b; Huong
et al., 2014), demonstrating its role as mechanical vec-
tor for several pathogens (Sikes & Chamberlain, 1955;
Zemskaya & Pchelkina, 1967; Ciolca et al., 1968; Shir-
inov et al., 1972; Petrov, 1975; Durden et al., 1993;
Sommer et al., 2016). The presence of endosymbiotic
bacteria, such as Spiroplasma, Candidatus Cardinium,
Schineria, Ricketsiella, and Wolbachia spp., has been
also described in D. gallinae (De Luna et al., 2009;
Valiente Moro et al., 2009b; Hubert et al., 2017). The
relationships between these bacterial symbionts and
PRM has not been fully characterized, but it will be
interesting to explore them as potential mechanisms
for the control of PRM (De Luna et al., 2009).

Recent advances in metagenomics and metaproteo-
mics have greatly contributed to the knowledge of the
complexity and diversity of the ectoparasite micro-
biome, and its functional implications (Carpi et al.,
2011; Neelakanta & Sultana, 2013; Chandler et al.,
2015; Hubert et al., 2017; Swei & Kwan, 2017; Greay
et al., 2018; Hernández-Jarguin et al., 2018). Hubert
et al. (2017) were the first to characterize the micro-
biome of farm-collected PRM using 16S ribosomal
RNA metagenomics.

In this study, we used a metaproteomics approach
focused on the class alphaproteobacteria because it is
a wide diverse and abundant proteobacterial group
within arthropods that includes medically important
vector-borne pathogenic bacteria (i.e: the genera Ana-
plasma, Rickettsia, Brucella) and other important sym-
biotic genera (i.e: Wolbachia, or symbiont-like
Sphingomonas) (Walker, 2017). In this study, we used
a metaproteomic approach to identify microbial com-
munities harboured by PRM. To date, metagenomics
tools have been applied to unravel the composition of
the microbial communities of mites (Hubert et al.,
2017). The innovative aspect of this study was to comp-
lement current metagenomics information at protein
levels and provide new insights into potential func-
tional implications of mite microbiota.

Materials and methods

Mite collection and protein extraction

D. gallinae were collected from a free-range poultry
unit in North East England. Mites were stored at 4°C
within sealable plastic bags in complete darkness
until used. Mites were sorted into groups: (i)
engorged female adult mites (FA), (ii) non-fed
female adult mites (UA), (iii) engorged proto and
deutonymphs (FN), and (iv) unfed proto and

deutonymphs (UN). The 1.5 ml tubes containing
approximately 0.05 g of mites per sample were
snap-frozen in liquid nitrogen and stored at −80°C
until used for protein extraction. The mites were
resuspended in ice-cold PBS (in a proportion of
10 ml per gram of mites) supplemented with cOm-
pleteTM Protease Inhibitor Cocktail (Roche
Diagnostics GmbH, Mannheim, Germany), and
homogenized on ice for two pulses of 30 s each
with Ultra Turrex® T 25 D-S2 with a S25N-8G dis-
persing element (IKA, Sataufen, Germany). After
centrifugation at 5000 × g for 20 min at 4°C, insolu-
ble material and debris were removed and soluble
material was decanted and centrifuged for a second
time. The resulting soluble proteins were immedi-
ately snap-frozen and stored at −80°C until used
for proteomics analysis.

Proteomics data acquisition and analysis

Protein concentration was determined using the BCA
Protein Assay (Thermo Scientific, San Jose, CA, USA)
with bovine serum albumin as standard. Protein
extracts (75 µg per sample) were on-gel concentrated
by SDS-PAGE as previously described (Villar et al.,
2014). The unseparated protein bands were visual-
ized by GelCode Blue Stain Reagent (Thermo Scien-
tific, Waltham, MA, USA) excised, cut into 2 ×
2 mm cubes and digested overnight at 37°C with
60 ng/μl sequencing grade trypsin (Promega, Madi-
son, WI, USA) at 5:1 protein:trypsin (w/w) ratio in
50 mM ammonium bicarbonate, pH 8.8 containing
10% (v/v) acetonitrile (Shevchenko et al., 2007).
The resulting tryptic peptides were extracted by incu-
bation with 12 mM ammonium bicarbonate, pH 8.8,
and digestion was stopped by the addition of trifluor-
oacetic acid to a final concentration of 1%. Peptides
were finally desalted onto OMIX Pipette tips C18
(Agilent Technologies, Santa Clara, CA, USA),
dried-down and stored at −20°C until mass spec-
trometry analysis.

The desalted protein digests were resuspended in
0.1% formic acid and analysed by reverse phase liquid
chromatography coupled to mass spectrometry (RP-
LC-MS/MS) using an Easy-nLC II system coupled to
an LTQ-Orbitrap-Velos-Pro mass spectrometer
(Thermo Scientific). The peptides were concentrated
on-line by reverse phase chromatography using a
0.1 × 20 mm C18 RP precolumn (Thermo Scientific,
Rockford, IL, USA) and then separated using a
0.075 × 250 mm C18 RP column (Thermo Scientific)
operating at 300 nl/min. Peptides were eluted using a
140-min gradient from 5 to 40% solvent B in solvent
A (solvent A: 0.1% formic acid in water; solvent B:
0.1% formic acid in acetonitrile). Electrospray ioniz-
ation (ESI) was done using a Nano-bore Stainless
Steel emitter ID 30 µm (Thermo Scientific) interface.
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Peptides were detected in survey scans from 400 to
1600 amu (1 µscan), followed by 20 data-dependent
MS/MS scans (Top 20), using an isolation width of
two mass-to-charge ratio units, normalized collision
energy of 35%, and dynamic exclusion applied during
30 s periods.

The MS/MS raw files were searched against a com-
piled database containing the Uniprot alphaproteo-
bacteria, parasitiformes and Gallus gallus databases
(11,040,380, 141,928 and 29,484 entries in April
2018, respectively) together with a database created
from the predicted secretome and transmembranome
of D. gallinae (Schicht et al., 2013) using the
SEQUEST algorithm (Proteome Discoverer 1.4,
Thermo Scientific). The following constraints were
used for the searches: tryptic cleavage after Arg and
Lys, two maximum missed cleavages, and tolerances
of 20 ppm for precursor ions and 0.05 Da for MS/
MS fragment ions. The searches were performed
allowing variable Met oxidation and Cys carbamido-
methylation modifications. Searches were also per-
formed against a decoy database in an integrated
decoy approach. Three biological replicates per
sample were analysed. A false discovery rate <0.01
was considered as the condition for successful pep-
tide assignments, and at least two peptides per
protein in the average of the replicates per sample
(including at least one proteotypic peptide) were
the necessary condition for protein identification.
After discarding host and mite protein assignations,
peptides corresponding to the taxonomic class alpha-
proteobacteria were grouped by genera taxa, and
matches that did not reach the genera definition
were discarded. The total number of peptide spec-
trum matches (PSMs) for each bacterial genus was
normalized against the total number of PSMs to cal-
culate taxonomic relative abundance at genus level.
Raw proteomics data are available through the Pepti-
deAtlas repository (http://www.peptideatlas.org/)
with the dataset identifier PASS01346.

Alphaproteobacteria taxonomic assignments
and phenotype visualization

A phylogenetic pruned tree associated to a heatmap
was constructed to visualize the relative abundance of
the peptide assignments (PSMs) corresponding to
alphaproteobacteria identifications at genus level. The
heatmap and pruned phylogenetic tree were generated
with the platform PhyloT (https://phylot.biobyte.de)
based on NCBI taxonomy, and visualized using the
Interactive Tree of Life software v4.3 (https://itol.embl.
de/) (Letunic and Bork, 2011). The alphaproteobacterial
taxonomy-to-phenotype mapping was done using the
platform METAGENassist (http://www.metagenassist.
ca/METAGENassist/faces/Home.js) (Arndt et al.,
2012). Furthermore, metabolic interpretations of the

taxonomy-to-phenotype identifications for each bac-
teria genera were confirmed using the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway
database (https://www.genome.jp/kegg/pathway.html).

Table 1. Metaproteomics bacterial assignment at genus level
and comparative analysis.
Shared Genera PSMs

FA
PSMs
UA

PSMs
FN

PSMs
UN

Acetobacter 4 2 3 3
Aquamicrobium 2 3 4 2
Azospirillum 5 4 4 2
Blastochloris 6 3 4 2
Bosea 6 3 2 2
Bradyrhizobium 19 15 9 7
Candidatus Pelagibacter 2 1 2 2
Caulobacter 1 1 2 2
Celeribacter 2 2 1 1
Devosia 4 3 2 2
Erythrobacter 2 1 1 1
Gluconacetobacter 4 4 3 3
Gluconobacter 3 2 3 5
Hoeflea 3 2 1 1
Hyphomonas 6 3 5 5
Inquilinus 3 1 1 1
Jannaschia 6 5 7 6
Labrenzia 4 4 2 3
Limimonas 2 1 3 2
Magnetospirillum 2 2 2 2
Marinovum 1 2 1 3
Mesorhizobium 5 2 3 3
Methylobacterium 12 13 8 7
Microvirga 8 7 5 4
Neorickettsia 5 4 7 6
Nitrobacter 2 3 1 1
Paracoccus 1 1 1 2
Pelagibacter 3 2 4 6
Phyllobacterium 7 6 7 6
Rhizobium 3 4 4 4
Rhodoplanes 2 3 1 0
Rhodopseudomonas 19 11 10 8
Rhodospirillum 6 5 2 3
Rhodovulum 2 2 1 1
Roseomonas 2 1 1 1
Skermanella 4 4 5 4
Sphingobium 8** 9*** 1** 2***
Sphingomonas 14 17 15 13
Sphingopyxis 1 1 2 2
Thalassobaculum 1 1 2 2
Thalassobius 2 3 2 1
Wolbachia 10 7 9 11
Specific Genera PSMs

FA
PSMs
UA

PSMs
FN

PSMs
UN

Aureimonas 1 2 0 1
Belnapia 2 2 1 0
Candidatus
Puniceispirillum

2 1 1 0

Candidatus Tokpelaia 7* 3 1* 0
Ensifer 0 0 2 3
Granulibacter 1 2 0 0
Novosphingobium 2 1 0 0
Parvibaculum 2 0 0 0
Phenylobacterium 0 0 0 2
Rhodobacter 3 3 0 0
Terasakiella 3 3 0 1
Total 288 188 156 152

Note: The PSMs (average of triplicate samples) matching each genus were
normalized against the total number of PSMs and compared using a
paired comparison Chi2-test (P < 0.05) and R software package (R Core
Team, 2016). C. Tokpelaia were significantly over-represented in fed
adults (FA) when compared to fed nymphs (FN) (*P = 0.034), and Sphin-
gobium spp. were over-represented in fed and unfed adults when com-
pared to fed and unfed nymphs (**P = 0.035, and ***P = 0.025,
respectively). Shared genera are reported when bacterial genera are
identified in all groups (FA, UA, FN, UN). Specific genera are reported
when bacterial genera are not identified in at least one of the groups
(FA, UA, FN, UN).
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Statistical analysis

The significance of metaproteomics comparative
analysis between developmental and feeding stages
was calculated by comparing the average amount of
PSMs per bacterial genera for each group using a
paired comparison Chi2-test (P < 0.05) and R software
package (R Core Team, 2016). Additionally, bacterial
genera distribution across the developmental stages
and feeding status was visualized based on the
Detrended Correspondence Analysis included in the
vegan package in R software (Oksanen et al., 2018).

Results and discussion

Metaproteomics identification of
alphaproteobacteria in the microbiota of
D. gallinae

The metaproteomics analysis of the PRM resulted in a
total of 2837 PSMs that matched with specific bacterial

genera present in the alphaproteobacteria database
resulting in the identification of 122 bacterial proteins
distributed among 53 genera of the alphaproteobac-
teria (Supplementary Data 1).

The most represented genus found in the PRM
metaproteome was Sphingomonas (58 PSMs) followed
by Bradyrhizobium (51 PSMs), Rhodopseudomonas (49
PSMs), Methylobacterium (40 PSMs), and Wolbachia
spp. (38 PSMs). As expected, most of the bacterial gen-
era identified by metaproteomics have been previously
described in different arthropods including PRM (Sup-
plementary Table 1). In terms of taxonomic relative
abundance, 74% (39 out of 53) of the identified genera
have been previously reported as environmental bac-
teria (Salter et al., 2014; Razzauti et al., 2015; Degli
Esposti & Martinez Romero, 2017; Hernández-Jarguín
et al., 2018) (Supplementary Table 1). From these
environmental bacteria, 20% (8 out of 39) have been
identified in several mite species including
D. gallinae, and 44% (17 out of 39) have also been

Figure 1. Phylogenetic and taxonomic abundance analyses at different feeding status and developmental stages. Phylogenetic
pruned tree and associated heatmap showing the corresponding peptide assignments (PSMs) at genus level comparing fed
(red coloured) to unfed (white coloured) adults and nymphs (Feeding chart) and fed adults vs. fed nymphs (red coloured) and
unfed adults vs. unfed nymphs (white coloured) (Development chart). The analysis was done using a Heatmap Tool associated
with a pruned phylogenetic tree generated with the platform PhyloT (http://phylot.biobyte.de) based on NCBI taxonomy, and visu-
alized using the Interactive Tree of Life software v3.4.3 (http://itol.embl.de). Colour online.
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found in arthropods other than mites, and in humans
(Supplementary Table 1). These genera are common
members of the soil and water microbial communities
that might colonize bird breeding sites, and have been
described as mite surface contamination (Hubert et al.,
2017). Additionally, the genus Sphingomonas is com-
monly found in the microbiota of arthropods such as
mites and ticks, suggesting a symbiotic role for these
bacteria (Hubert et al., 2015; Gurfield et al., 2017; Her-
nández-Jarguín et al., 2018). Wolbachia spp. have also
been described in different arthropods with biological
relevance in mites associated to cytoplasmic incompat-
ibility in phytophagus mites (Breeuwer & Jacobs, 1996;
Breeuwer, 1997), and fecundity success in predatory
mites (Weeks & Stouthamer, 2004).

Bacteria of the Caulobacter, Ensifer, Mesorhizobium,
Rhizobium, Phillobacterium, Sphingopyxis and Wolba-
chia genera were identified in PRM by both metage-
nomics (Hubert et al., 2017) and metaproteomics
approaches (Table 1, Figure 1). However, Bartonella-
like bacteria were previously identified by metage-
nomics as core microbiota members of D. gallinae

(Hubert et al., 2017); nevertheless this genera was not
identified herein by metaproteomics. It has been dis-
cussed previously that a metaomics approach combin-
ing multiple omics technologies provides a better
characterization of the tick bacterial microbiome by
increasing bacterial identification and support for
identified bacteria with putative functional impli-
cations (Hernández-Jarguín et al., 2018). However,
metaproteomics may result in some peptide assign-
ments that could result in matches that do not reach
the genera definition and are therefore discarded for
further analysis, a limitation that requires further ana-
lyses with amino acid sequences of peptides used for
protein identity (Tanca et al., 2014; Fernández de
Mera et al., 2017).

Differences in the profile of alphaproteobacteria
in the microbiota associated with development
and feeding of D. gallinae

Differences in bacterial microbiota composition
between developmental stages and feeding status

Figure 2. Identified bacterial microbiota phenotype. The bacterial taxonomy-to-phenotype mapping was done using the platform
METAGENassist (http://www.metagenassist.ca/METAGENassist/faces/Home.js). Heatmaps were generated with genera classified
using PSMs relative abundance. The dendrogram was generated using the similarity measure distance Pearson’s correlation,
and clustering using Ward´s linkage algorithm. The heatmap displays an increase and decrease in each metabolic function in
terms of genus PSMs relative abundance. Highlighted genera marked with an asterisk showed significant differences in pairwise
comparisons (Chi2-test, P < 0.05) fully disclosed in Table 1.
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were observed (Table 1, Figure 1, Supplementary
Figure 1). These results are in accordance with previous
reports in blood-feeding arthropods (Carpi et al., 2011;
Hubert et al., 2017).

After differential analysis by comparing PSMs
matching each genus, Candidatus Tokpelaia were sig-
nificantly over-represented in fed adults when com-
pared to fed nymphs (P = 0.034) and Sphingobium
spp. were over-represented in fed and unfed adults
when compared to fed and unfed nymphs (P = 0.035
and P = 0.025, respectively) (Table 1). The genus
C. Tokpelaia has been found within the gut micro-
biota of ants and mites with an attributed symbiotic
role participating in the urea cycle (Neuvonen et al.,
2016; Hubert et al., 2018). Therefore, over-represen-
tation of bacteria from this genus in fed adults
could be associated with the nitrogen and sulfur
metabolism that occurs within the urea cycle after
blood feeding (Figure 2). In the same way, bacteria
within the genus Sphingobium participate in the car-
bon fixation pathway (Zhang et al., 2012) (Figure
2). Altogether, these results indicate that bacteria in
these two genera are differentially represented in
response to mite development and feeding and, in
turn, could be implicated in facilitating blood diges-
tion in adult mites using sulfur and carbon as energy
sources (Figure 2).

Potentially pathogenic alphaproteobacteria
were identified in the microbiota of D. gallinae

Other bacterial genera identified in the metaproteome
of PRM include some potentially pathogenic species
for birds and humans, including Neorickettsia, Inqui-
linus, and Roseomonas spp. (Dumler et al., 2001; Coe-
nye et al., 2002; Wellinghausen et al., 2005; Degli
Esposti & Martinez Romero, 2017) (Table 1, Figure
1, Supplementary Figure 1). Most of these bacteria
have been reported in the microbial communities of
blood-feeding arthropods, including ticks (Liu et al.,
2010; Degli Esposti & Martinez Romero, 2017; Her-
nández-Jarguín et al., 2018). However, their role as
vectors for these bacteria has been only partially
characterized in ticks (Hernández-Jarguín et al.,
2018).

Conclusion

The results of this study support the use of metaproteo-
mics for the characterization of alphaproteobacteria
associated with the microbiota of D. gallinae. Metapro-
teomics could be used in combination with other
methods for a better identification and functional
characterization of bacterial genera by a metaomics
approach. The results of these studies could provide
information relevant for the understanding of mite-

host interactions and the development of potential
control interventions.
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General Discussion 

The PRM is the most important ectoparasite affecting laying hens. It constitutes a 

significant problem for the egg-laying industry because of the impact of PRM on the 

hens´ health and welfare. In addition to the loss of production because of the mite, 

expenses for the farmers are increased by the costs for controlling mite infestations and 

the limited efficacy of the control measures.  

The PRM is a complex organism with singular characteristics that we do not fully 

understand: its micropredatory behaviour, host selection and seeking behaviour, 

intrinsic feeding mechanisms, the  host´s response in the mite, etc. This thesis pretends 

to contribute to the knowledge about the PRM regarding  aspects strongly related with 

the One Health concept:  characterizing the effects of a bird parasite when it attacks 

humans and adding advancement to the vaccination goal with the aim of increasing 

poultry health and welfare and reducing the use of synthetic acaricides that can pose a 

risk for the environment and poultry and human health. 

Zoonotic effects 

The principle of the One Health approach is to face any threat affecting the Environment, 

Animal and Human Health through multidisciplinary collaboration. Chapters IIa and 

IIb are descriptions of four cases of humans being bitten by avian hematophagous mites 

that developed a skin condition known as gamasoidosis, or also as dermanysoidosis. 

These chapters provide further information about the epidemiology of gamasoidosis in 

two different contexts and the first insights into the human humoral response in patients 

with clinical signs associated to mite bites. 

The interaction between hosts and ectoparasites is strongly mediated by human 

activities. Vector-borne diseases have an obvious climatological dimension and the 

range of distribution of their vectors and reservoirs will, in general, change with the 

future new environmental conditions (Patz and Reisen, 2001). This way daily increasing 

anthropic climate and habitat changes and exotic species introductions are likely to lead 

to a closer contact between humans and animal ectoparasites (Budria and Candolin, 

2014). Global climate change is a major force that allows ectoparasite species to reach 
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and establish in new areas. An example for this situation is the progressive settling of 

Ornithonyssus bursa in European countries. The distribution for this species is bound 

originally to tropical and subtropical regions. The first report for O. bursa in Europe was 

an infestation of recently migrated swallows in Denmark in 1986 (Gjelstrup and Moller, 

1986) and no reports of this species have occurred until a case of gamasoidosis in Italy 

(Castelli et al., 2015). In chapter IIa, we report two cases of gamasoidosis due to O. bursa 

in Spain for the first time. Our findings provide further evidence in addition to previous 

reports (Castelli et al., 2015; Gjelstrup and Moller, 1986)  about the establishment of this 

mite species in European countries. 

A specific genetic lineage of D. gallinae (Lineage I) associated to pigeons is suspected to 

be more prone to feed on humans than the mites infesting poultry farms (Pezzi et al., 

2017).  Thus, this mite species was the first suspicion for the cases reported in chapter 

IIa, but after an accurate identification based on differential morphological 

characteristics from other similar species, O. bursa was diagnosed. Mite identification 

can be complicated for non-trained practitioners. This suggests that potentially some of 

the PRM attacks reported previously might have been due to other hematophagous 

mites, particularly the ones from longer ago. The development of new techniques such 

as molecular identification (Pezzi et al., 2017) and scanning electron microscopy (SEM) 

(Di Palma et al., 2012) (Chapter IIb) will most likely promote more accurate species 

identification.  

While, as in chapter IIa, the number of urban cases of avian mite bites in people have 

increased recently (Cafiero et al., 2019); the reports for occupational cases of mite bites 

have increased more slowly (chapter IIb) although they would be expected to be more 

frequent because mite exposure in farms is continuous. The conditions for human 

infestation observed in chapter IIb are in agreement with those stated in previous work 

(Cafiero et al., 2019) and concluded that mite bites in poultry-related workers happen 

more frequently with high PRM infestation levels in the farm and due to the lack of 

protective clothing while working.  

Lesions in humans are similar regardless of the mite species involved and seem to be 

dependent on individual characteristics of each patient. Generally, lesions are local and 
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mild, and would remain of low clinical relevance if they were not very pruritic. Insect-

induced anaphylaxis is stated to be caused by stings and rarely by bites (Golden, 2017) 

however allergic reactions to mosquito bites are a common problem and a specific 

syndrome has been observed after tick bites. Higher mosquito-IgE and -IgG levels have 

been observed in patients with skin reactions (Peng et al., 1996) however no clear 

variations in the IgE levels were observed in the patients affected by mite bites (chapter 

IIa and IIb). A high IgG concentration was observed in one of the patients bitten by O. 

bursa, but it could be due to secondary contamination of the lesion by scratching. Despite 

the limited sample size, this work and thus this thesis constitutes to the best of the 

authors’ knowledge the first description of the humoral immune response to mite bites 

in humans. No clear humoral response has been observed in clinical patients with 

gamasoidosis and it is probable that other immunologic mechanisms are involved. 

Different IgM response to bites from O. bursa and D. gallinae has been observed in 

chapter IIa and IIb, respectively. These differences can be explained by individual 

variations of the patients or by a specific unknown biting mechanism. Most of the reports 

of gamasoidosis rely just on the description of the dermatologic signs and the source of 

infestation (Cafiero et al., 2019) but deeper investigation is fundamental in order to 

achieve a proper understanding of the host-parasite relationship. 

The α-Gal syndrome is a human anaphylactic reaction against α-Gal, a carbohydrate 

present in glycoproteins from tick saliva and tissues of non-catarrhine mammals. Some 

individuals develop an allergy to red meat after a tick bite (de la Fuente et al., 2019).  

Chapter IIa means the first assessment of the presence of α-Gal in other hematophagous 

acarines apart from ticks and demonstrates the absence of α-Gal in D. gallinae. This lack 

of α-Gal in D. gallinae reduces the risk of developing an α-Gal syndrome in patients of 

gamasoidosis. 

Omics approach for improving the development of vaccines against D. gallinae 

Vaccines using tick antigens have proven to be cost-effective and environmentally 

friendly for the control of tick infestations and thus the transmission of pathogens. Both, 

D. gallinae and ticks, are taxonomically enclosed in the superorder Parasitiformes in the
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class Arachnida. The high degree of homology obtained in the proteomics analysis of 

chapter IIIa between D. gallinae proteins and tick proteins re-confirmed the taxonomic 

proximity among them. 

The identification of protective antigens is the main objective in the development of a 

vaccine. Testing the efficacy of different mite extracts showed promising applicability 

for a vaccine against PRM (Arkle et al. 2008; Bartley et al. 2015; Wright et al. 2009), 

providing a new tool for an industry that is urgently asking for alternative control 

measures apart from conventional pesticides. The Vaccinomics approach for the 

development of vaccines relies on the combination of transcriptomics and proteomics 

coupled with bioinformatic analysis focused in the description of novel candidate 

antigens. Several antigens for the control of different species of ectoparasites have been 

described through the vaccinomics approach (Contreras et al., 2018, 2017; de la Fuente 

and Estrada-Peña, 2019). Chapter IIIa represents the first description of the PRM 

proteome. Additionally, we described the proteome for four different development and 

feeding statuses. Understanding the PRM at a molecular level is the initial step for an 

effective vaccine design and the proteome described in chapter IIIa, together with the 

recently described genome (Burgess et al., 2018) and transcriptome (Schicht et al., 2014), 

are the first contributions for achieving this goal.  The results of the proteomics analysis 

in addition to identifying other candidates previously tested (Bartley et al., 2012, 2009; 

Wright et al., 2016) offered a new vaccine candidate, calumenin (Deg-CALU), that had 

never been tested before. 

In mammals, Calumenin is a well-conserved protein and it is probably involved in 

homeostatic and pathologic processes by regulation of Ca2+ (Honoré, 2009; Jung and 

Kim, 2004; Vorum et al., 2000).  In invertebrates, it is necessary for fertility and 

locomotion of Caenorhabditis elegans and it has been found in the disgestive tract of 

several parasitic nematodes (Cho et al., 2009; Figueiredo et al., 2015) . Subolesin, and its 

ortholog, Akirin, are proteins involved in the immune response to pathogen infection 

and are involved in several other different biological processes. They have shown 

protective effects in ticks and other arthropod ectoparasite species (Artigas-Jerónimo et 

al., 2018). We used subolesin from Rhipicephalus microplus as a positive control for the 

experimental assay in chapter IIIa because  subolesin orthologs have been tested 
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previously as vaccine candidates against the PRM (Harrington, Canales, et al. 2009) 

showing an increased mite mortality as compared to a control group. The subolesin 

orthologue for D. gallinae (Deg-AKR) was also tested in chapter IIIb. However, no effects 

on mite mortality were observed for the Rhm-SUB or Deg-AKR.  The main explanation 

may be that different methods for vaccine efficacy testing were employed. We used a 

recently developed on-hen feeding device (Nunn et al., 2019). This device allows a more 

physiological feeding process as the mite can feed directly on the hen, avoiding the use 

of anticoagulants and thermal stress. In vitro testing of the efficacy of a novel vaccine 

candidate against D. gallinae has been limited by the biology of the mite itself. The design 

of the in-vitro feeding devices is consistent between the experiments performed by 

different authors (Harrington, Din, et al. 2009; McDevitt, Nisbet, and Huntley 2006; 

Wright et al. 2009). However, feeding rates vary depending on the membrane 

(Harrington et al. 2010). Also, the in-vitro systems show high background mortality that 

can be associated to the addition of heparin to the blood and to the high temperatures 

required to induce feeding (Nunn et al., 2019). Thus, it is possible that the mortality 

observed in previous in-vitro feeding tests can be somehow influenced by the technique 

itself. This effect can also be observed when the same antigen, Deg-CAT-D, which 

showed a significantly increased mortality in-vitro (Bartley et al., 2012), is tested through 

the on-hen feeding device, where no effects on mortality were observed (Price et al., 

2019). This way, the advances achieved in the experimental methods used to evaluate 

the vaccine efficacy will influence the effort required positively. The protective effects of 

subolesin/akirin vaccines are based on the reduction of the ectoparasite infestations by 

reducing the fertility and the female weight after feeding that results in a reduction in 

the oviposition (Artigas-Jerónimo et al., 2018). As expected, both Rhm-SUB and Deg-

AKR reduced mite oviposition by reducing the number of mites laying eggs and the 

number of eggs laid (chapters IIIa and IIIb). Chapter IIIa means the first time that Deg-

CALU is tested as a vaccine candidate and induced a 35% reduction in mite oviposition. 

The three vaccines showed similar effects on mite oviposition. 

The exposure to mite antigens triggered an antigen specific IgY immune response in 

vaccinated hens (chapters IIIa and IIIb). Specific IgY were also detected in egg yolk 

(chapter IIIb). However, we detected some degree of hen dependent individual 
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variation in the immune response for the subolesin/akirin vaccines and for Deg-CALU 

vaccine. Regarding the hen immune response, the hen-PRM relationship has not yet 

been fully elucidated; it has been suggested that mite feeding inhibits TH1 inflammatory 

responses (Harrington et al., 2010) and, despite the fact that naturally occurring anti-mite 

IgY has been identified in infested hens (Arkle, Guy, and Sparagano 2006), no effects 

have been observed on the mite population (Nordenfors and Hoglund, 2000). On the 

contrary, the age of the flock has been described to have a negative impact on mite 

population (Mul et al., 2017). This way some works suggest that the development of an 

immune response after a chronic exposure is possible (Harrington, Robinson, and 

Sparagano 2010; Mul et al. 2017). A better understanding of the host-parasite relationship 

would ensure a more efficient vaccine design. 

The inclusion in the vaccine design of protective antigens originated from pathogens 

that use the targeted vector as a host has been proposed as a way to improve the 

protective effect of the vaccine by providing coverage against the pathogen and the 

vector (de la Fuente and Contreras, 2015). In chapter IIIc we used a metaproteomic 

analysis to determine the alpha-proteobacteria microbiome of the PRM in order to 

contribute to the understanding the vectorial role of the PRM (George et al., 2015; 

Valiente Moro et al., 2009).  

The vaccine development against PRM will face several future challenges. Amongst 

those challenges, a further understanding of the host-parasite relationship is 

fundamental, mainly by determining the difficult to understand immune response of the 

birds against the mite. Design of vaccine delivery mechanisms and possible antigen 

combination will also be a priority. 
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Conclusions 

1. A species of hematophagous avian mite, Ornithonyssus bursa, with an original

tropical distribution, is establishing across Mediterranean countries and is

capable of parasitizing humans causing clinical gamasoidosis.

Una especie de ácaro hematófago aviar, Ornithonyssus bursa, con distribución tropical,

se está estableciendo en países Mediterráneos y es capaz de producir gamasoidosis clínica

en personas.

2. Dermanyssus gallinae can parasitize professionals working in the poultry industry

under severe farm infestations and lack of protective equipment. In these cases,

the mild nature of the resulting skin lesions prevents affected persons from

seeking medical assistance which can be the explanation for the lack of reports

for occupational cases of gamasoidosis.

Dermanyssus gallinae puede parasitar profesionales del sector avícola bajo condiciones

de infestación severa de la granja y falta de indumentaria protectora adecuada. En estos

casos, el carácter leve de las lesiones cutáneas, que evitan que los afectados soliciten

asistencia médica, pueden ser la explicación de la escasez de casos de gamasoidosis

profesional reportados.

3. People not related to the poultry industry are susceptible to infestations by

hematophagous avian mites, such as Ornitonyssus bursa, and develop a clinical

skin condition known as gamasoidosis.

Personas ajenas al sector avícola pueden sufrir infestaciones por ácaros hematófagos

aviares, como O. bursa, y desarrollar una afección cutánea conocida como gamasoidosis.

4. Human infestation by O. bursa or D. gallinae does not correlate with increased

antibody titres against mite proteins. Additionally, despite being a member of

the Arachnida family D. gallinae lacks α-Gal, thus not contributing to the

apparition of the α-Gal syndrome.
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La infestación en humanos por O. bursa o D. gallinae no implica un aumento de los 

títulos de anticuerpos. Además, a pesar de pertenecer a la familia Arachnida, D. gallinae 

carece de α-Gal, por lo que no está implicado en el desarrollo del síndrome de α-Gal. 

 

 

5. The vaccinomic approach can be used for the identification of novel candidate 

vaccine antigens for the control of PRM infestations. Proteomes characterization 

showed differences related to mite developmental stages and feeding status. 

Calumenin from D. gallinae was identified by vaccinomics and selected as a 

vaccine candidate antigen. 

La aproximación vaccinómica es útil para la identificación de nuevos candidatos 

vacunales para el control de las infestaciones por D. gallinae. La caracterización de los 

proteomas mostró diferencias entre distintos estados de desarrollo y de alimentación del 

ácaro. Dentro de las proteínas representadas de manera diferencial, la Calumenina ha sido 

seleccionada como posible candidato vacunal.  

 

6. Hen vaccination with recombinant Deg-CALU, Deg-AKR and Rhm-SUB 

produced a protective immune response that induced a reduction in the 

oviposition of mites fed on vaccinated hens. Vaccination did not produce mite 

mortality in the experimental trials for any of the antigens. 

La vacunación con Deg-CALU, Deg-AKR y Rhm-SUB estimuló una respuesta inmune 

en las gallinas vacunadas con efecto protector y que indujo una reducción de la 

oviposición en ácaros alimentados de ellas. No se observaron efectos sobre la 

supervivencia de ácaros alimentados de gallinas vacunadas. 

 

7. Metaproteomics can be used in addition to other techniques for a better 

characterization of the PRM microbiome. Metaproteomics confirmed the 

presence of potentially pathogenic and endosymbiont alphaproteobacteria in D. 

gallinae. 

Análisis metaproteómicos han sido de utilidad para mejorar la descripción del microbioma 

del D. gallinae obtenida por otras técnicas. El análisis metaproteómico confirma la 
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presencia de alphaproteobacterias en el microbioma del ácaro que son potencialmente 

patógenas y también endosimbiontes. 

8. The combination of vaccinomics and metaproteomics approaches may lead to

the development of novel interventions for the control of PRM using vaccination

and manipulation of host microbiota.

La combinación de las aproximaciones vaccinómica y metaproteómica pueden conducir

al desarrollo de nuevas posibilidades para el control del D. gallinae basándose en la

vacunación y manipulación de la microbiota del hospedador.
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