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Abstract
The poultry red mite (Dermanyssus gallinae), an obligatory blood feeding ectoparasite, is primarily associated with egg
laying hens where it is estimated to cause losses of ~€230 million per annum from European farmers. Current control
strategies, including the use of acaricidal chemicals and desiccant dusts, are often ineffective and there is widespread
resistance to acaricides across Europe. Alternative methods to control D. gallinae are urgently required and strategies
include development of recombinant subunit vaccines and discovery of new potential acaricides. These strategies will
bene�t hugely from knowledge of the extent and rates of occurrence of genetic diversity within D. gallinae
populations. In this study, genetic diversity of mites harvested from the UK and from sites across mainland Europe was
studied at inter- and intra-farm levels. To achieve this, the genome analysis toolkit (GATK) best practices pipeline for
single nucleotide polymorphism (SNP) and insertion/deletion variant calling was modi�ed to be self-validating and used
to identify 32,599 D. gallinae SNPs by comparing transcriptomic sequences (derived from mites harvested in Germany,
Schicht et al.) with a D. gallinae genome assembly (derived from mites harvested in Scotland, Burgess et al.).
Dermanyssus gallinae populations were sampled from 22 UK farms and 57 farms from 15 countries in mainland
Europe. Analysis of 144 high-quality SNP markers across 117 pooled D. gallinae samples showed high spatial genetic
diversity with signi�cant linkage disequilibrium. Revisiting a subset of farms revealed notable temporal changes in
genetic diversity. 

1 Introduction
Dermanyssus gallinae (de Geer) is an obligatory blood feeding ectoparasite (Chauve, 1998). Primarily a parasite of birds,
most notably laying hens, D. gallinae demonstrates considerable plasticity regarding host speci�city and is capable of
feeding on mammals, including humans (Valiente Moro et al., 2009). Dermanyssus gallinae is reported to have a
worldwide distribution with high percentages of laying hen farms affected in European countries including Denmark,
France, Romania, Italy, the Netherlands, Poland, Serbia and the United Kingdom (UK) (Sparagano et al., 2014, Hoglund et
al., 1995, Guy et al., 2004, Fiddes et al., 2005, Cencek, 2003). In the UK, for example, between 60% and 85% of
commercial hen egg laying systems are reported to be infested (Guy et al., 2004, Fiddes et al., 2005). Dermanyssus
gallinae causes signi�cant economic losses to the European poultry industry, estimated at ~€231 million per annum
(Van Emous, 2017) attributed to higher feed conversion ratios, reduced quality and number of eggs, and the cost of
control (Sparagano et al., 2014). Losses in the UK alone were estimated at €3 million in 2008 (Sparagano et al., 2014)
and infestation rates have increased signi�cantly since then. Affected hens become restless and display signs of
itching/irritation with severe infections causing anaemia which can, especially in young hens at point of lay, cause death
(Marangi et al., 2009b). Research by Kilpinen et al. (2005) on the in�uence of D. gallinae infestation on laying hen health
showed a reduction in weight gain in young hens when compared to hens without infestation that persisted for at least
100 days (Kilpinen et al., 2005). In addition to the direct impacts of infestation, it is suggested that D. gallinae plays a
role in bird-to-bird transmission of other pathogens including some that are zoonotic. For example, Newcastle disease
virus has been isolated from D. gallinae mites (Arzey, 1990) and it has been shown experimentally that D. gallinae is
capable of transmitting Pasteurella multocida and Salmonella enterica enterica serovar Gallinarum between birds
(Petrov, 1975, Cocciolo et al., 2020).

Control of D. gallinae most commonly relies on the use of various classes of chemical compounds collectively referred
to as ‘acaricides’ (Sparagano et al., 2014), although widespread resistance to many current products has been
demonstrated (Marangi et al., 2012, Katsavou et al., 2020, Marangi et al., 2009a). Dermanyssus gallinae infestation is
increasingly common in Europe, its presence enhanced by bans on the use of some effective chemical treatments, as
well as legislative changes that has seen traditional caged systems replaced by enriched cages whose more complex
structures facilitate the survival and spread of mites (Sparagano et al., 2009). Novel control methods are urgently
required to reduce the health, welfare and economic impacts of D. gallinae and this includes screening for novel drugs as
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well as research into the development of recombinant vaccines. Vaccination appears to be a feasible approach for
controlling D. gallinae (Bartley et al., 2012, Wright et al., 2016, Bartley et al., 2017, Bartley et al., 2015) but optimal
antigens and strategies for delivery are yet to be determined. Given the rapidity with which D. gallinae populations can
become resistant to many acaricides, it is not clear how mite populations would respond to being targeted by
recombinant vaccines or the rapidity with which immune escape may occur. Improving knowledge of population
structures for D. gallinae including the extent of naturally occurring genetic diversity and potential for transmission of
resistance/escape alleles will provide data to underpin future models of genome evolution in response to novel control
strategies.

The importance of D. gallinae and opportunities offered by modern sequencing and genotyping platforms has seen
recent increases in genetic studies and data in public databases. Studies of diversity have mainly focused on the
cytochrome c oxidase subunit I (COI) coding sequence (Marangi et al., 2009b, Oines and Brannstrom, 2011, Chu et al.,
2015b, Roy and Buronfosse, 2011, Karp-Tatham et al., 2020), 16S rDNA (Roy et al., 2009b, Roy et al., 2010), and the
internal transcribed spacer (ITS) regions (Marangi et al., 2012, Oines and Brannstrom, 2011, Chu et al., 2015a, Roy et al.,
2010, Brannstrom et al., 2008, Potenza et al., 2009) and provide evidence for inter- and intra-national migration of mite
populations. Studies by Roy et al. (2009; 2010) on species speci�city of the Dermanyssidae included several mite
species and numerous isolates of D. gallinae from several European regions (Roy et al., 2009b, Roy et al., 2010). They
reported intra-species variation rates of <9% in the COI gene and, in conjunction with further analysis, suggested that D.
gallinae represents a complex of hybridized lineages, possibly species, from a total of 35 haplotypes (Roy et al., 2010).
Research by Roy et al. has previously revealed that D. gallinae sensu lato represents a species complex, with a minimum
of at least two cryptic species present (where a cryptic species can be de�ned as one that cannot be distinguished just
by morphological features). They de�ne two cryptic species: D. gallinae sensu stricto and D. gallinae L1, with the species
having been recorded in poultry farm populations across the world but not in other avians (Roy and Buronfosse, 2011,
Roy et al., 2010, Roy et al., 2009a). In 2014, the �rst next-generation sequence (NGS) dataset for D. gallinae was
transcriptome data published (Schicht et al., 2014). Total RNA was extracted from an acaricide-susceptible D. gallinae
strain maintained at the University of Veterinary Medicine Hannover, Institute for Parasitology. Synthesis of cDNA was
completed using a pool of RNA extracted from male and female mites, including all developmental stages in starved and
fed states, followed by Roche 454 sequencing. The �nal dataset consisted of 267,464 transcribed sequences (231,657
singletons, 56 contigs and 35,751 isotigs) (Schicht et al., 2014). More recently, Burgess et al. released a draft genome
assembly of the D. gallinae genome in 2018 (Burgess et al., 2018). They extracted genomic DNA from adult female D.
gallinae mites and freshly laid eggs (collected from a layer farm in Scotland, UK), before using a combination of
sequencings from PacBio and Oxford Nanopore Technologies MinION to produce a �nal assembly of 7,171 contigs with
an assembled genome size of 959 Mb (Burgess et al., 2018).

In this paper we used these published D. gallinae genomic and transcriptomic resources to identify a panel of high-
quality SNPs with utility for genome-wide population genetic analyses. Using a Mid-Plex SNP genotyping assay we have
assessed the occurrence and extent of genetic diversity in UK and other European D. gallinae populations, de�ning the
occurrence of spatial and temporal variation.

2 Methods

2.1 Dermanyssus gallinae collection

2.1.1 United Kingdom
Forty-one samples of Dermanyssus gallinae mites were collected from 22 farms across the UK between 2017 and 2020.
The farms comprised 15 from England, three from Northern Ireland, three from Scotland and one from Wales (Figure 1,
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Supplementary Table S1). Mites were captured using cardboard traps as previously described (Nordenfors and Chirico,
2001). Thirty-one samples were collected from free range hen egg systems, of which 11 were organic, with seven
collected from non-organic intensive enriched cage production systems. Three farms (three samples) provided D.
gallinae mites but did not provide details relating to production system used or organic status. Nineteen farms were
sampled once, contributing one sample from a single barn (n=11), two samples from different sections of a single barn
(n=7), or two samples from different barns (n=1). Three farms were revisited on three (n=2) or four (n=1) occasions,
contributing multiple samples (Supplementary Table S1). Mites were either used directly (fresh), dried and frozen at
−20°C, or preserved in ethanol (>70% v/v; VWR International, Fontenary-sous-Bois, France). All farmers received
instructions on how to carry out collection, a questionnaire and an information sheet relating to the project. Questions
relating to production system and style, chicken husbandry and breed and farmer opinion regarding D. gallinae were
included. Ethical approval was given by the Social Science Research Ethical Review Board at the Royal Veterinary
College (URN SR2017-2018) for work pertaining to the questionnaire (supplied in Supplementary File 1). Con�dential
information was kept secure and all results were presented anonymously.

2.1.2 Mainland Europe
Dermanyssus gallinae collected from layer chicken farms in mainland Europe were received preserved in 70–100% (v/v)
ethanol, or alive in cardboard traps which were either used directly, dried and frozen at −20°C, or preserved in ethanol
(>70% v/v; VWR International, Fontenary-sous-Bois, France). Samples were received from 15 countries from a total of 57
farms (Figure 1, Supplementary Table S2), with a mixture of samples collected and sent for this study and others sent
from archives collected for previous research. Samples from farms were provided individually for all countries, except for
Macedonia, where four farms were sampled and mites were pooled into a single tube.

2.2 Geographical clustering
Countries were grouped into four geographical clusters for analysis based on spatial proximity and climatic factors, with
geographic cluster ID’s assigned (Table 1). The UK formed one cluster, recognising its physical separation from
mainland Europe.

Table 1
Geographical clustering of countries sampled for D. gallinae with assigned cluster number

and countries included per country detailed
Geographical cluster Countries included

GC1 United Kingdom

GC2 Belgium, Czech Republic, Denmark, Germany and the Netherlands

GC3 France, Portugal and Spain

GC4 Italy, Croatia, Slovenia

GC5 Albania, Greece, Romania, Macedonia

 

2.3 DNA extraction and sample preparation
Genomic DNA was extracted from 176 pooled D. gallinae populations using a Qiagen DNeasy blood and tissue kit
(Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol, with some modi�cations. Pools contained
approximately 50-100 mites from all lifecycle stages and both sexes. Brie�y, mites were homogenized by slicing the
whole body with a sterile Agani 21G × 1 ½” (0.8 × 38 mm) needle in a sterile 1.5 ml Eppendorf tube. Proteinase K
digestion was performed overnight at 56°C. At the end of the protocol the resulting genomic DNA was eluted in 100µl
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DNase/RNase-free ultra-puri�ed water (Invitrogen, Paisley, UK). Puri�ed genomic DNA samples were stored at −20°C. All
DNA samples were treated with RNase A (Thermo Fisher Scienti�c, Waltham, Massachusetts) to minimise RNA
contamination. DNA concentration was analysed using a Qubit 4 Fluorometer (Thermo Fisher Scienti�c, Waltham,
Massachusetts), as per the manufacturer’s instructions.

2.4 Sequence mapping, SNP calling, and annotation
Individual paired-end read sets from the transcriptome produced by Schicht et al. (GenBank accession: GAIF01000000)
were aligned to the reference draft D. gallinae genome assembly (Burgess et al., 2018) using BWA-MEM (Burrows-
Wheeler Aligner Maximal Exact Matcher) (Li, 2003) with the Simple Illumina mode for analysis and default parameters
on the Galaxy platform (Afgan et al., 2018). Subsequently, the “MarkDuplicates” option in Picard tools
(http://broadinstitute.github.io/picard/) was utilised to �lter out potential PCR duplicates (Institute, 2020). SNP calling
was undertaken following the Genome Analysis Toolkit (GATK) pipeline (McKenna et al., 2010). Due to a lack of pre-
existing known variants in D. gallinae, the GATK pipeline was modi�ed for self-validation. Speci�cally, one initial round of
SNP discovery was undertaken with no variant recalibration step completed and the resulting VCF �le (produced through
intersection of the VCF �les from both individual paired-end read sets) was used in the second round of SNP discovery
to enable variant recalibration. Base quality score was recalibrated to produce quality scores and corrected for variation
in quality based on sequence context and machine cycle. Variant calling was performed using “Uni�edGenotyper” and
“SelectVariants” arguments in GATK with the following �ltering criteria to avoid possible false positives: SNPs with a
Phred-scaled quality score of <30.

2.5 SNP selection
A panel of 100 high quality SNPs were identi�ed based on a reductive system involving select criteria: minimum read
depth of 36 and a minimum PHRED quality score of 350. SNPs were excluded if they were located within the �rst or last
50bp of a genomic contig. To optimise genome coverage SNPs were selected from individual contigs, with emphasis
placed on individual SNPs incorporated from the largest contigs available in the genome assembly. An additional 57
SNPs were incorporated into the panel based on location within a region �anking one of the 100 targeted SNPs, given a
minimum PHRED quality score of 250 and a minimum read depth of 20.

2.6 SNP Genotyping and data processing

2.6.1 SNP Assay design
Multiplex PCR Genotyping by sequencing was conducted by Euro�ns Genomics using Mid-Plex genotyping method and
analysed using Mid-Plex analysis software (Euro�ns Genomics Europe Sequencing GmbH, Konstanz, Germany). For
each individual candidate SNP, 150bp of sequence on each side of the target SNP was provided in 5’-3’ orientation
(301bp total) for customer primer design. Primers were designed by Euro�ns and remain their proprietary property. Other
known SNPs were coded using IUPAC codes. Assay optimisation was conducted by Euro�ns Genomics with three
different proprietary mixes tested, providing output relating to coverage class achieved. A total of 20µl of extracted DNA
was provided per sample. DNA concentration was measured using a NanoDrop 1000 spectrophotometer (NanoDrop
Technologies, Wilmington, USA) with a range of 1.961 to 55.208 ng/µl (average 11.698 ng/µl) or using a Qubit 4
Fluorometer (Thermo Fisher Scienti�c, Waltham, Massachusetts) with a range of 1.000-141.592 ng/µl (average 22.261
ng/µl). The read out provided consisted of allele depth and genotype called. Initially, DNA samples extracted from 10-20
individual mites were pooled per farm for analysis (plate 1). Subsequently, DNA was extracted from pools of 30-50 mites
to increase yield (plate 2).

2.6.2 SNP analysis
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Three criteria were applied to raw SNP genotyping data to permit inclusion in analysis; 1) a minimum read cut off of
three, 2) a SNP call rate of 70% or higher across the assay panel, and 3) SNPs called from 90% of samples or higher
were retained for use. Heterozygous calls were converted to the dominant allele using raw allele read depths generated
during sequencing. To achieve this, the allelic fraction was calculated based on ALT/(REF+ALT), where REF = reference
allele read depth and ALT = alternative allele read depth. A ratio of 0.6 or higher was used for stringent inference of
alternative alleles and a ratio lower than 0.6 used to infer reference alleles.

2.7 Genetic analysis
SNP haplotype complexity was calculated for the entire dataset and biologically relevant subsets using DnaSP version
6.10.03 (Rozas et al., 2017). LIAN (Linkage Analysis) 3.0 was used to analyse haplotype linkage disequilibrium (LD)
across D. gallinae populations (Haubold and Hudson, 2000). LIAN was used to calculate mean genetic diversity (H),
observed mismatch variance (VD), expected mismatch variance (Ve), standardized index of association (ISA), calculated
signi�cance (P) and simulated 5% critical value (L). Further linkage disequilibrium analysis was conducted using DnaSP
version 6.10.03 (Rozas et al., 2017) to identify the number of SNP markers that demonstrated signi�cant LD. The
coe�cient of LD (D) was normalised in DnaSP and presented as D’ based upon the theoretical maximum difference
between the observed and expected haplotype frequencies. D’ is a standardisation method which is calculated by the
comparison of D compared to its maximum through the following equation D’ = D/Dmax. The analysis was performed
using a pairwise comparison for all polymorphic sites in the data, with statistical signi�cance computed using the chi-
square test with Bonferroni correction for multiple analyses applied. Phylogenetic comparison of sequences was
achieved using Maximum Likelihood (ML) with the model selected based upon the highest Bayesian Information
Criterion (BIC) using MEGA-X (Kumar et al., 2018). Statistical comparison was achieved using 1,000 bootstrap iterations.
Network 10.0.0.0 (www.�uxus-engineering.com) was used to construct Median-Joining (MJ) networks (Bandelt et al.,
1999). Dermanyssus gallinae samples with identical SNP sequences were designated as single, conserved haplotypes.

3 Results
One-hundred-and-seventeen pooled D. gallinae samples and 144 SNPs passed quality control and were analysed from
22 UK farms (41 samples) and 57 mainland European farms from 15 countries (76 samples). Questionnaire data was
received from 18/22 UK farms. Time point replicates were included for three British farms (UK6, UK7 and UK11).

3.1 Mapping, SNP calling, and annotation
BWA-MEM mapping of transcriptomic data (Schicht et al., 2014) to the draft D. gallinae genome assembly (32) mapped
96.43% and 96.42% of reads from paired transcriptome datasets 1 and 2, respectively. After the preliminary round of
SNP discovery 62,592 and 69,440 SNPs were identi�ed using each read set. Intersection analysis revealed 32,201 SNPs
shared across both read sets, which were used for variant recalibration. A total of 65,428 SNPs (read set one) and 68,294
SNPs (read set two) were identi�ed after variant recalibration, with 32,599 SNPs identi�ed to be shared through VCF
intersection. A total of 30,199 SNPs (62%) were represented by REF and ALT alleles, whilst 12,480 (38%) demonstrated
only ALT alleles.

3.2 Summary statistics from multiplex PCR SNP genotyping
One-hundred-and-�fty-seven SNPs were analysed in two batches of 68 and 108 pooled D. gallinae samples (in plates 1
and 2), achieving 53.0% and 76.6% call rates, respectively (Tables 2-3). The SNP call rate was variable across plates, but
in total 80.0% and 97.5% of SNPs achieved a call rate of greater than 50% per plate (Table 2). SNP call rate was notably
higher from plate 2, where 47.2% of samples were characterised at more than 80% of SNPs. Comparison of results by
sample over both plates found that 89% achieved a call rate of 50% or greater (Table 3). After quality control a total of

http://broadinstitute.github.io/picard/
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117 samples with su�cient genotype coverage were retained for analysis, permitting 144 SNPs to be assessed (Table
3). Overall, 131 of these SNP markers were found to be polymorphic. Thirteen markers were invariant, 12 of which
represented reference alleles and one represented the alternative from a total of 117 pooled D. gallinae samples.

Table 2
Summary SNP statistics of SNP genotyping data for two plates encompassing 108
and 68 samples, respectively. Details including overall cate rate and samples that

passed quality control (QC)

  Plate 2 Plate 1

Number of genotyped SNPs: 157 157

Overall calling rate: 53% 76.6%

Number of SNPs with >80% call rate 0(%) 74 (47.2%)

Number of SNPs between ≥50% and <80% call rate 126 (80.0%) 79 (50.3%)

Number of SNPs between >10% and <50% call rate 31 (20.0%) 4 (2.5%)

Number of SNPs with <10% call rate 0 (0.0%) 0 (0.0%)

 
Table 3

Summary SNP statistics of SNP genotyping data for two plates encompassing 108
and 68 samples, respectively. Details including overall cate rate and samples that

passed quality control (QC)

  Plate 2 Plate 1

Number of analysed SAMPLES: 68 108

Number of SAMPLES with >90% call rate: 31 (46%) 71 (65.7%)

Number of SAMPLES between ≥50% and >90% call rate 8 (12%) 17 (15.7%)

Number of SAMPLES between >10% and <50% call rate 10 (15%) 6 (5.5%)

Number of SAMPLES with <10% call rate 18 (26%) 14 (12.9%)

Number of SAMPLES that passed QC: 39 78

 

3.3 Nucleotide analysis
Mean genetic diversity for all samples combined was 0.3478 (calculated using LIAN; Table 4). Based on geographical
proximity, cluster two had the lowest diversity (0.2915; Belgium, Czech Republic, Denmark, Germany and the
Netherlands) whilst cluster four had the highest (0.3581; Italy, Croatia and Slovenia). Across all populations, no shared
haplotypes were observed with a unique haplotype recorded for every sample (Table 4).
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Table 4
Linkage analysis of 145 SNP markers for 117 pooled D. gallinae samples using LIAN (84). Results shown for each

dataset analysed including the full dataset, and subsets representing different production systems across Europe, four
geographic clusters, UK production system and UK organic status. The number of samples and number of haplotypes

included for each dataset was a shown. *Four farms were removed from production type analysis due to lack of
information regarding production system. ** Total of 25 farms included in organic status analysis, as intensive farms

sampled were not organic. H: mean genetic diversity, Var(VD): observed mismatch variance, Ve: expected mismatch
variance, IAS: Standardized index of association, P: calculated signi�cance, L: Simulated 5% critical value

Dataset
analysed

No. of
samples

No. of
haplotypes

H VD Ve IAS Var(VD) P L

All 117 117 0.3478
+/-
0.0142

159.9252 28.6566 0.0318 1.2191 <0.01 30.5589

Production type*

Free-
range/Rural
farm/Private
�ock

40 40 0.3224
+/-
0.0159

144.2106 26.3837 0.0310 3.7205 <0.01 29.7289

Intensive
systems

72 72 0.3544
+/-
0.0140

161.5141 29.0589 0.0317 3.5772 <0.01 32.9229

Geographic cluster (see Table 1)

GC1 (UK) 41 41 0.3079
+/-
0.0155

150.3279 25.9079 0.0334 6.7851 <0.01 30.6088

GC2 20 20 0.2915
+/-
0.0150

143.9070 25.2254 0.0327 12.4182 <0.01 31.8181

GC3 24 24 0.3087
+/-
0.0159

128.9451 25.6848 0.0279 14.3548 <0.01 32.1451

GC4 12 12 0.3581
+/-
0.0195

64.8096 25.4300 0.0108 25.6823 <0.01 34.7173

GC5 20 20 0.3121
+/-
0.0159

289.5484 25.8515 0.0708 13.0487 <0.01 32.8403

Production system (UK)*

Intensive 7 7 0.3458
+/-
0.0190

217.1286 25.2472 0.0528 98.5553 <0.01 46.4286

Free-range 31 31 0.2997
+/-
0.0159

126.8595 25.1463 0.0281 7.7630 <0.01 29.8060

Organic status (UK) **

Organic 11 11 0.2872
+/-
0.0187

169.6889 22.4079 0.0456 41.3236 <0.01 36.2343
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Dataset
analysed

No. of
samples

No. of
haplotypes

H VD Ve IAS Var(VD) P L

Non-organic 27 27 0.2985
+/-
0.0156

139.0519 25.2702 0.0313 12.1642 <0.01 32.6074

 

3.3.1 Production systems
Comparing production systems across Europe found no statistically signi�cant difference in mean genetic diversity, with
intensive production systems marginally higher. It should be noted that the UK accounted for most of the free-range
farms sampled (77.5%) and conversely samples from UK intensive farms represented just 7/ 41 pools analysed and
should be open to interpretation. In the UK, lower genetic diversity was observed in organic free-range samples (Table 4).

3.4 Linkage disequilibrium
Linkage analysis utilising LIAN revealed signi�cant linkage disequilibrium in the full dataset, all geographic clusters
analysed, and all production systems (Table 4). Linkage disequilibrium (LD) analysis completed using DnaSP included
1653 pairwise comparisons and revealed a total of 483 signi�cant pairwise comparisons by chi-square test, 74 of which
remained signi�cant using the Bonferroni procedure (average D’ = 0.42927). D’ (normalised D) was positive at all
statistically signi�cant sites, with and without the Bonferroni correction, indicating that these markers occurred together
in the same haplotype more than expected.

3.5 Phylogenetic analysis and Network analysis
Exactly 117 haplotypes were identi�ed through network analysis, corresponding to the 117 D. gallinae pooled samples
analysed after quality control, with no shared haplotypes between samples (Figure 2). Clustering of samples originating
from the same country was observed for countries such as Belgium and Romania (Figure 2). Conversely, haplotypes
from more intensively sampled countries such as the UK were distributed across the network map, sharing phylogenetic
relatedness with multiple countries. ML phylogenetic analysis revealed two main clades (A and B), with four subgroups
(Aa, Ab, Ba and Bb; Figure 3). Samples from the UK were predominantly found in clade B with 39/41 samples in
subgroups Ba and Bb (Figure 2). Clade A contained 61 samples (47 in Aa and 14 in Ab) and clade B contained 56
samples (14 in Ba and 42 in Bb). Cluster Aa was most geographically diverse, with samples from 13 countries present,
whilst Clade Ba contained samples from just four countries (Figure 3). Clustering of samples from Romania and
Belgium suggest less differentiation between D. gallinae populations in these countries when compared to Portugal and
the UK, where haplotypes were spread across the network map with close phylogeny to multiple countries. Farms
sampled in Romania and Belgium were from a limited geographic range, especially when compared to the size of the
country in the case of Romania (Figure 1).

3.5.1 United Kingdom
From the UK, network analysis of 41 pooled D. gallinae samples from 22 UK farms demonstrated 41 individual
haplotypes with spatial structuring. Analysis based on nation of origin (England, Northern Ireland, Scotland and Wales)
revealed close phylogenetic relationships between all countries with no separation on the network map of individual
countries (Figure 4A). Samples from UK farms were shown to cluster together (27/41 farms), in close relationship with
farms from Albania, Greece and the Netherlands. In contrast, some individual haplotypes from UK were shown to be
phylogenetically related to those from farms in Belgium, Portugal and Romania (Figure 2). Analysis of variation by
production system in the UK demonstrated close phylogenetic relationships between all production systems and no clear
differentiation between organic or non-organic free-range farms (Figure 4B).



Page 10/20

Haplotypes were assessed from samples collected from the same barn on farm UK6 on four occasions, starting with a
single collection from one �ock (time 0), followed by another three samples 14, 15 and 20 months later from a
subsequent �ock. While all four haplotypes were similar, those collected from the same �ock were most closely related
(Figure 4A). A close phylogenetic relationship was observed between three samples collected from the same barn close
together in time (six months apart; 14, 15 and 20 months after initial sampling, respectively), with greater phylogenetic
separation seen from the initial (more distant) time of sampling (Figure 4B). The �ock was 1.3 years old at the �rst time
point (+0, Figure 4B), with a change in �ock before the subsequent time points (+14, +15, +20), providing one plausible
explanation for phylogenetic differentiation. Samples collected from two other barns on farm UK6 were phylogenetically
distinct, with haplotypes from barns b and c more closely related to UK7 and UK18, respectively

Samples from UK7 were found distributed across the network map, whilst samples from UK11 clustered close together.
Two barns sampled from UK14 also demonstrated distinct haplotypes with clear phylogenetic differentiation between
populations, with the haplotype from one barn in haplogroup A and the haplotype from the other barn found in
haplogroup B (Figure 4B).

4 Discussion
Knowledge of relevant population structure and pre-existing genetic diversity will be valuable for accurate prediction of
longevity and e�cacy of novel control methods against D. gallinae. To gain insights into D. gallinae population genetics,
a custom Mid-Plex SNP genotyping assay was developed. 157 SNP markers were chosen from a panel of 30,199 high
quality SNPs identi�ed within the D. gallinae genome by comparison with transcriptomic data using an adapted self-
validating GATK pipeline. A total of 144 SNP markers were analysed after three criteria were applied to raw SNP
genotyping data, with 132 SNPs being informative (i.e. polymorphic). A distinct population structure was observed
including high genetic diversity, de�ned by multiple unique haplotypes, together with notable linkage disequilibrium.

No statistical difference in genetic diversity of D. gallinae populations from differing production systems was noted
although non-organic farms in the UK had a consistent tendency to greater genetic diversity than organic farms. This
could be due to strict limitations on use of chemicals in organic farms (Zenner et al., 2003) as Roy and Buronfosse have
shown that selection imposed by control measures and hygiene practices affect allelic composition of D. gallinae
populations (Roy and Buronfosse, 2011). Thus, greater pressure for diversifying selection exerted by the inclusion of
chemical treatments alongside other methods may underpin increased genetic diversity in non-organic farms. Typically,
selection pressure from the use of highly effective chemical control would be expected to reduce genetic diversity
through imposition of a bottleneck (Coles and Dryden, 2014). However, personal observations during mite collection in
the UK as well as questionnaire data revealed that for many farms a broad range of control measures were adopted,
including chemical control, desiccant dusts, natural control measures and hygiene related measures (Supplementary
Table S3) (Guy et al., 2004). This could result in diversifying selection (i.e. little or no directional selection on speci�c
haplotypes) across the UK as populations of D. gallinae at each farm are under locally speci�c selection pressures
related to the combination of control measure(s) in place.

Results from phylogenetic, network and linkage analyses suggest a spatial structuring of genetic diversity in D. gallinae
across Europe, with high haplotype numbers for populations and signi�cant linkage disequilibrium in all populations
(P<0.01) (Table 4). Admixture within UK farms (i.e. between Scotland, Ireland, Wales and England) was observed through
close phylogeny and there were also close phylogenetic relationships between mites sampled from farms in different
European countries. This is indicative of on-going admixture between farms in a single country and between countries,
which has also been shown in studies of COI genetic diversity (Oines and Brannstrom, 2011, Chu et al., 2015a, Karp-
Tatham et al., 2020, Roy et al., 2021). Spatial structuring of genetic diversity can occur when gene �ow is insu�cient for
homogenisation of allele frequencies throughout a studied area (Bohonak, 1999). As well as gene �ow and dispersal,
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genetic structure can be in�uenced by genetic drift in small populations, which impacts genetic structure through
increased differentiation (Levy and Neal, 1999). The sampling strategy for this study predominantly focused on
commercial laying farms, where it is likely that the D. gallinae populations sampled repeatedly started from small
founding populations including survivors from farm cleaning and/or new mites bought onto farms via infested hens or
equipment (Roy et al., 2021). A subdivision in populations or changes in population size, as well as the exchange of
individuals across populations, can all affect LD (Slatkin, 1975, Slatkin, 2008). Intentional or unintentional mixing of
individuals from subpopulations with differing allele frequencies creates genomic LD (Mitton et al., 1973, Nei and Li,
1973). Mixing of D. gallinae populations during contraction and expansion can occur when infested
transport/equipment or hens are bought onto farms and this can occur within individual countries from suppliers or
across countries through trade links. This is supported by previous research focusing on Tropomyosin. Roy and
Buronfosse demonstrated marked divergence between tropomyosin alleles carried by D. gallinae mites from farms
compared to wild avifauna (Roy and Buronfosse, 2011). From poultry farms, two to three very distant tropomyosin
alleles were commonly observed with heterozygous status, whilst in wild avifauna heterozygotes carried less distant
alleles that could typically be assigned to one of three groups found in poultry farms (Roy and Buronfosse, 2011). The
authors hypothesised that the major divergence of alleles observed in D. gallinae collected from farms could result from
hybridisation events caused through the breakdown of geographical barriers by long-distance transfer through human
involvement.

Network analysis revealed 117 unique haplotypes across all D. gallinae populations sampled with no shared haplotypes
(Figure 2). As genetic drift can impact genetic structure in small populations through increased differentiation (Levy and
Neal, 1999), it is possible that small founding populations in farms have differentiated through genetic drift during
population expansion and colonisation of individual farms, shifting allelic frequencies to form individual haplotypes.
Investigation into COI diversity in Sweden and Norway revealed signs of differentiation between populations, consistent
with the varied administrative processes in each country (Oines and Brannstrom, 2011). While the haplotypes detected
were closely related, none were shared between the countries (Oines and Brannstrom, 2011). Sweden was also shown to
share haplotypes with other European populations, possibly due to foreign trade and EU status (Oines and Brannstrom,
2011). Results reported here are consistent with analyses based upon fragments of the COI gene. Roy et al.
demonstrated that D. gallinae is structured into three distinct mitochondrial groups (haplogroups A, B and C) (Oh et al.,
2019), adding to results from previously published studies (Oh et al., 2019, Ciloglu et al., 2020, Oines and Brannstrom,
2011, Chu et al., 2015a, Roy and Buronfosse, 2011). Network analysis conducted by Roy et al., revealed recurrent signs
of expansion when several star patterns were formed, indicative of rare variants (one to two mutations) very closely
related to a dominant haplotype consistent with the population expansion/contraction described above (Roy et al.,
2021). These three haplogroups have also been widely recorded worldwide, including Australia (Roy and Buronfosse,
2011), Brazil (Roy and Buronfosse, 2011), Europe (Oines and Brannstrom, 2011), Japan (Chu et al., 2015a) and Korea
(Oh et al., 2019). This distribution is likely entirely the result of human movement and activity.

Distinct haplotypes were observed from all samples when farms were visited on multiple occasions (UK6, UK7 and
UK11), indicating regular changes in D. gallinae populations over time. Different patterns of phylogeny were observed for
each farm, implying that changes in diversity were also related to individual farms and do not follow a universal pattern.
Distinct populations could possibly be the result of effective control measures and high hygiene measures preventing
unintentional mixing of populations, producing three separate subpopulations residing on the same farm. Individuality in
temporal changes to genetic diversity in farms might be related to differences in management factors including the
choice of control measure(s) against D. gallinae, production and housing system, hygiene practices and staff
compliance, and �ock size. Closely comparable haplotypes detected in the same barn (UK6) from close time points
could re�ect different subpopulations emerging during expansion in the new �ock. In contrast, samples collected from
UK7 just two months apart demonstrated clear phylogenetic separation, possibly representing two or more
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subpopulations of D. gallinae in the same �ock. Samples collected from different areas of the same barn (UK6) at the
same time point also re�ected individual haplotypes. This type of variation was also observed in mites collected from
Romanian farms (ROM1-ROM6), whereby two biological replicates were sampled from different parts of each farm and
all represented unique haplotypes. Under optimal conditions, D. gallinae can complete its lifecycle within ~7-10 days
(Maurer and Baumgartner, 1992), so population expansion can occur very quickly, with rapid shifts in allelic frequencies
theoretically possible. These results from individual barns imply that an integrated pest management (IPM) control
against D. gallinae could work effectively to help maintain e�cacy of future control methods. Results from UK6, UK7 and
UK 11 show clear indications of changes in D. gallinae over the course of time, however a greater number of D. gallinae
pools from each time point, a greater number of time points and increased number of farms sampled over time would be
required to provide a deeper understanding in the changes in D. gallinae populations. These pilot results focusing on
temporal changes indicate a de�nitive shift in the genetic diversity of D. gallinae populations over time and the presence
of potential subpopulations within individual barns. The number of samples required to capture the true extent of
diversity within even a single barn is not clear. In terms of control measures, this indicates a high capacity for adaptation
by D. gallinae with rapid shifts in allelic frequencies. This further highlights the requirement for novel chemical and
vaccine controls to target highly conserved genes with essential functions that are less likely to evolve towards chemical
resistance or vaccine escape. An integrated chemical/vaccine/environmental control strategy is most likely to ensure
long term sustainable control of D. gallinae. Integration of novel control methods (e.g. a vaccine or new chemicals) that
are targeted at highly conserved genes could be effectively used on each barn as an individual population with minimal
cross over. Testing for acaricide resistance using genetic markers as seen in Katsavou et al., (16) could be included in an
IPM strategy, with the spread of resistant mites reduced through segregation of populations from individual barns.

Results demonstrated here regarding the genetic diversity of D. gallinae have implications for future control measures
and could directly contribute to targeting novel control measures at highly conserved genes that encode proteins with an
essential function. These genes are less likely to evolve diversity that promotes chemical resistance or vaccine escape
due to selection pressure to maintain sequence conservation, making them optimal drug and vaccine candidates (Olsen
et al., 2015, Du�eld et al., 2010).

Conclusion
Analysis of 144 SNP markers from 117 pooled D. gallinae samples collected from across the UK and mainland Europe
showed high spatial genetic diversity, with no conserved haplotypes detected at more than one location or on more than
one occasion. Signi�cant linkage disequilibrium was detected across all populations indicating historical and on-going
admixture between D. gallinae populations.
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Figure 1

Approximate location and characteristics of farms sampled for Dermanyssus gallinae across the United Kingdom and
from 15 mainland European countries. Key provided outlines production system utilised by farm. One UK farm provided
no address so has not been mapped directly. Free-range system encompasses free-range layer farms and backyard
poultry �ock.
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Figure 2

Network analysis of 117 pooled D. gallinae samples from the UK and the rest of Europe genotyped by NGS multiplex
sequencing. Countries are colour coded in the key. Median-joining tree analysis was completed using Network 10.0.0.0. A
total of 144 SNPs were used in this analysis. Clades Aa, Ab, Ba and Bb identi�ed through ML phylogeny (as outlined in
Figure 3) are indicated.
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Figure 3

Phylogenetic tree of 117 pooled D. gallinae samples genotyped by NGS multiplex sequencing. Inferred using the General-
Time Reversible parameter and maximum-likelihood with 1000 replicates. A gamma distribution was utilised to model
evolutionary differences (shape parameter = 0.5). A total of 144 positions were used in the analysis, encoding 117
nucleotide sequences. All evolutionary analysis was completed with MEGA X(40).
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Figure 4

Network analysis of 41 pooled D. gallinae samples from the UK genotyped by NGS multiplex sequencing by farm (A) and
production system (B). Clade two as identi�ed in Figure 3 is indicated by the dashed line. Individual farms are colour
coded in the keys provided, with countries designated by Northern Ireland (*) Scotland (•) and Wales (^) and no symbol
for English farms (A). Production systems are colour coded in the key (B). Farms UK6, UK7 and UK11 were sampled on
multiple occasions, permitting analysis of temporal variation, where the date of visit is indicated by +0 for the �rst visit
and the subsequent gap in months indicated. Multiple barns sampled for UK6 are indicated by letters (a) barn 1 (b) barn
2 and (c) barn 3. Median-joining tree analysis was completed on Network 10.0.0.0. A total of 144 positions were used in
this analysis, encoded within 41 nucleotide sequences.
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