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ABSTRACT

Anaplasma phagocytophilum (AP) has vast geographical and host ranges and causes disease
in humans and domesticated animals. We investigated the role of northward migratory birds
in the dispersal of tick-borne AP in the African-Western Palearctic.

Ticks were collected from northward migratory birds trapped during spring migration of
2010 at two localities in the central Mediterranean Sea. AP DNA was detected by PCR (g/tA
and 16S rRNA) and variant determination was performed using ankA sequences.

In total, 358 ticks were collected. One of 19 ticks determined as Ixodes was confirmed
positive for AP DNA. The tick was collected from a woodchat shrike (Lanius senator senator) Ixodes; Anaplasma
trapped in Greece, and molecularly determined to belong to the I ricinus complex and phagocytophilum; 16s rRNA;
sharing highest (95%) 16S RNA sequence identity to . gibbosus. The ankA AP sequence ankA
exhibited highest similarity to sequences from rodents and shrews (82%) and ruminants
(80%). Phylogenetic analyses placed it convincingly outside other clades, suggesting that it
represents a novel AP variant.

The divergent Ixodes species harboring a novel AP variant could either indicate an
enzootic cycle involving co-evolution with birds, or dissemination from other regions by
avian migration. None of the 331 Hyalomma marginatum sensu lato ticks, all immature stages,
were positive for AP DNA, lending no evidence for the involvement of Hyalomma ticks
transported by birds in the ecology of AP.
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Introduction

strains or genetic variants, which may display different
pathogenicities and host and/or vector preferences. In
nature, AP is maintained through enzootic cycles

Anaplasma phagocytophilum (AP) (Family:
Anaplasmataceae; Order: Rickettsiales) is an emerging,
zoonotic, intracellular bacterium that may cause disease

in humans and other mammals, mainly domesticated
species such as cats [1], dogs [2], horses [3], cattle,
sheep, and goats [4]. In ruminants the disease is called
tick-borne fever and includes symptoms such as high
fever, abortion, and a sudden drop in milk yield, resulting
in economic losses for livestock owners. In humans, the
disease is called human granulocytic anaplasmosis; here,
the infection may range from asymptomatic to severe
illness [5]. Underreporting of the disease is likely due to
mild or asymptomatic infections in both humans and
animals.

AP is present in Europe, North America, Asia, and
Africa [6,7] and has a complex ecology, involving dif-
ferent vector species and mammalian host species. The
bacterium also appears to have evolved into different

between ticks and wild animals. Hard ticks (Ixodidae)
of the Ixodes ricinus complex are the primary enzootic
AP vectors and bridge vectors of AP to humans:
I ricinus (the common tick) in Western Eurasia;
I persulcatus (the taiga tick) in Eastern Eurasia; and
I scapularis (the deer tick) and I pacificus (the western
black-legged tick) in North America [7]. Their impor-
tance as enzootic and bridge vectors may differ between
regions. In areas where the bridge vector may be absent,
other tick species such as the nidicolous (non-questing,
nest-dwelling) species I. trianguliceps may play a role in
maintaining the enzootic cycles [8]. Ixodes species are
known to transmit AP transstadially. Transovarial
transmission has been investigated in I. ricinus but has
not been demonstrated [9], possibly indicating that

CONTACT Erik Salaneck @ erik.salaneck@medsci.uu.se @ Department of Medical Sciences, Zoonosis Science Center, Uppsala University, SE-751 85,

Uppsala, Sweden

This article has been republished with minor changes. These changes do not impact the academic content of the article.

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0003-2239-9078
http://orcid.org/0000-0002-9200-2964
http://orcid.org/0000-0003-0780-7475
http://orcid.org/0000-0003-2767-3638
http://orcid.org/0000-0001-8608-6551
http://orcid.org/0000-0002-0000-8948
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/20008686.2020.1729653&domain=pdf&date_stamp=2020-03-26

2 (&) T.HOFFMAN ET AL.

adult female ticks in the I ricinus complex do not
support vertical transfer to their offspring. This suggests
that a vertebrate reservoir host, providing blood meals
to susceptible vector competent ticks, is needed to
maintain enzootic cycles of AP. In Europe, AP DNA
has been detected in a wide range of wild animals,
including roe deer (Capreolus capreolus), red deer
(Cervus elaphus), wild boar (Sus scrofa), and small
mammals [6]. However, the impact of AP infection in
wild animals is unclear as well as their reservoir
competence.

Geographical spread of AP may occur either via
infected vertebrates or via infected ticks infesting
hosts such as migratory birds [10,11]. The role of
birds as reservoirs hosts of AP has been proposed
[12] and suggested to be limited [13], but remains
to be established. Every spring, millions of birds
migrate from their wintering grounds in Africa,
cross the Mediterranean Sea, and continue north-
ward to their breeding grounds in the Palearctic
region. This is one of the largest bird migration
systems [14], in which Capri in Italy and
Antikythira in Greece are two important stopover
sites for birds arriving from Africa, after crossing
the Sahara Desert and the Mediterranean Sea, and
were therefore used as collection points in this
investigation. Previous studies have shown that
northward migrating birds, utilizing stopover sites
in and near the Mediterranean Sea often are
infested with ticks carrying zoonotic pathogens,
both bacterial and viral [15-17]. In this study, the
role of northward migratory birds in the dispersal
of tick-borne AP in the African-Western Palearctic
region was investigated using molecular detection
methods.

Materials and methods
Bird trapping and tick collection

Ticks were collected from migratory birds trapped
during the northward bound spring migration of
2010. The birds were trapped at two bird observa-
tories on the islands of Antikythira (Greece; 35°51'N,
23°18'E) (March-May) and Capri (Italy; 40°33'N, 14°
15'E) (April-May), using mist nets. Bird identification
and tick collection were performed as previously
described [16,18]. In brief, each bird was species
identified and investigated for ticks around ears,
neck, beak, and abdomen. Ticks were photographed
and life stage and sex of adult ticks were recorded,
and degree of blood engorgement estimated. Ticks
were stored in RNAlater buffer (Qiagen, GmbH,
Hilden, Germany) in —80°C. Ornithologists collected
ticks while conducting the annual trapping and ring-
ing of birds for other behavioral and ecological
studies.

Extraction of total nucleic acids and synthesis of
cDNA

Extraction of total nucleic acids (NA) and synthesis of
cDNA (enabling screening ticks also for RNA viruses)
were performed as previously described [16]. Individual
ticks were homogenized in 450 uL RLT buffer (Qiagen)
supplemented with 1% [-mercaptoethanol (Sigma-
Aldrich Sweden, Stockholm, Sweden), using a 5 mm
stainless-steel bead (Qiagen) and a TissueLyser
(Qiagen). Homogenization was performed for 2 min-
utes (min) at 25 Hz followed by 1 min at 25 Hz in room
temperature. Homogenates were centrifuged for 3 min
at 20,000 x g. Total NA was robot-extracted from
400 pL of supernatant, using the MagAttract RNA
Tissue Mini M48 kit and the BioRobot M48
Workstation from Qiagen, according to the manufac-
turer s instruction with the modification of not adding
DNase to the RDD buffer. Total NA was eluted in 50 pL
of RNase free water (VWR, PA, USA) and stored in
~70°C. cDNA was synthesized using Illustra™ Ready-
to-Go RT PCR Beads kit (GE Healthcare, Amersham
Place, UK), according to the instructions from the
manufacturer. In brief, 20 pL of total NA was incubated
with 10 pL (0.25 pug/uL) random hexamers (pd(N)6) for
5 min at 97°C. Beads (consisting of enzyme, nucleo-
tides, and ions) were dissolved in 20 pL RNase-free
water (VWR), mixed with the NA-primer solution,
and incubated in a PTC-100 thermal cycler
(M. J. Research, Inc.,, Waltham, MA) for 30 min at
42°C, followed by 5 min at 95°C.

Tick species determination

Genus of the ticks was determined morphologically
based on photographs taken in the field with
a portable microscope and confirmed by sequence
analysis of 10 randomly selected ticks. Hyalomma
ticks were morphologically determined to the com-
plex H. marginatum. For details see Wallménius et al.
[16]. For specimen found positive for AP DNA or in
cases with missing photographs, genus/species deter-
mination was performed molecularly targeting the
mitochondrial 12S ribosomal RNA (rRNA) gene, the
16S rRNA gene, and the ribosomal internal transcri-
ber spacer 2 (ITS2). See Table 1 for primer and probe
sequences.

The 12S and 16S PCR assays were performed as
previously described with minor modifications
[19,20], using a BioRad T100 (Bio-Rad Laboratories).
Each 12S PCR reaction (25 pL) consisted of: 2.5 pL
buffer (10x), 800 uM dNTPs (Invitrogen, Thermo
Fisher Scientific), 3.5 mM MgCl, (AB, Thermo Fisher
Scientific), 1 uM of each primer (T1A/T2B, Invitrogen,
Thermo Fisher Scientific), 0.5 U Platinum Taq
(Invitrogen, Thermo Fisher Scientific), 2.5 pL template,
and 9.4 pL sterile water (Thermo Fisher Scientific).



Table 1. Primers and probes used for analyses.
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Organism Target gene Name Sequence (5" — 3’) Reference
Tick 12S rRNA T1B AAACTAGGATTAGATACCCT [19]
T2A AATGAGAGCGACGGGCGATGT
16S rRNA 16s+1 CCGGTCTGAACTCAGATCAAG [20]
165-1 GCTCAATGATTTTTTAAATTGCTG
ITS2 IXO-12-F4 TCTCGTGGCGTTGATTTGC [21]
IXO-12-R4 CTGACGGAAGGCTACGACG
Ipe-12-P4 FAM -TGCGTGGAAAGAAAACGAG- BHQ1
Iri-12-P4 VIC -TGCTCGAAGGAGAGAACGA- BHQ1
AP gltA ApF TTTTGGGCGCTGAATACGAT [22]
ApR TCTCGAGGGAATGATCTAATAACGT
ApM TGCCTGAACAAGTTATG
16S rRNA 16S-F5 AGTTTGATCATGGTTCAGA [23]
ANA-R4B CGAACAACGCTTGC
ankA SLO fo 1 GGGATRAGTGCRGTGCAGYAT [24]
SLOre 1 ACTGCRGCMGCTARAGGRCT
SLO fo 2 TTACGCTGTRRTRGCATRGAC
SLO re 2 AWRGWTCCSKYAGGAGYATTTA

AP = Anaplasma phagocytophilum

Temperature profile: 95°C for 5 min; 5 cycles of 95°C
for 15 seconds (s), 51°C for 30 s, and 68°C for 30 s; 25
cycles of 95°C for 15 s, 52°C for 30 s, and 70°C for 30 s;
followed by a final elongation step at 72°C for 7 min.
The amplicon size was 320 base pairs (bp). For the 16S
PCR, each PCR reaction (25 pL) contained: 2.5 pL. PCR
Buffer (10x), 800 uM dNTP (Invitrogen, Thermo Fisher
Scientific), 1.5 mM MgCl, (AB, Thermo Fisher
Scientific), 500 nM of each primer (16s+1/16s-1,
TibMolBio, Berlin, Germany), 0.5 U Platinum Taq
(Invitrogen, Thermo Fisher Scientific), 1.5 uL template,
and 14.9 pL sterile water (Thermo Fisher Scientific).
The thermal profile was: 94°C of 8 min; 2 cycles of 94°
C for 1 min, 48°C for 1 min, 72°C for 2 min; 33 cycles of
94°C for 1 min, 54°C for 1 min, 72°C for 2 min; followed
by a final elongation step at 72°C for 7 min. The final
amplicon size was 460 bp.

The assay targeting the ITS2 was an I ricinus or
I persulcatus species-specific duplex real-time (q)
TagMan™ PCR, performed as previously described
[21]. The final qPCR reaction (20 pl) consisted of
10 wl Maxima® Probe qPCR Master Mix (2X) (Thermo
Fisher Scientific), 200 nM of each primer (Invitrogen,
Thermo Fisher Scientific), 150 nM of probe Iri-12-P4
(Life technologies, Thermo Fisher Scientific), 100 nM of
probe Ipe-12-P4 (Life technologies, Thermo Fisher
Scientific), 6.7 ul RNAse-free water (Life technologies,
Thermo Fisher Scientific), and 2 pl template. Reactions
were performed on a C1000™ Thermal Cycler,
CFX96™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc., Hercules, CA) using the following
temperature profile: 95°C for 5 min followed by 45
cycles of 95°C for 10 s and 60°C for 60 s.

Detection of Anaplasma phagocytophilum DNA

Ticks were analyzed using a two-step TagMan qPCR
specific for a 64 bp segment of the gltA gene, encoding
the enzyme citrate synthase, of AP as previously
described [22]. The PCR reaction of 25 pL contained:

12.5 pL TagMan Universal PCR Master Mix (2X,
Applied Biosystems (AB), Foster City, CA, USA),
600 nM of each primer (Life Technologies, Thermo
Fisher Scientific, Stockholm, Sweden), 150 nM minor
groove binding (MGB®) probe (Life Technologies),
7.13 uL RNase-free water (VWR), and 2 pL template.
The temperature profile was as follows: UNG treatment
at 50°C for 180 s initial denaturation at 95°C for 10 s,
followed by 40 cycles of 95°C for 15 s and 60°C for 60 s.
The CFX96™ Real-Time PCR Detection System from
Bio-Rad Laboratories (Inc., Hercules, CA, USA) was
used for the analyses. As a positive control and to
quantify the number of Anaplasma gltA genes, a serial
dilution of a synthetic plasmid containing the target
sequence of the TagMan qPCR assay was used. The
plasmid contained the target sequence, spanning the
nucleotides 304-420 of the AP gltA gene (Accession
no.: AF304137), synthesized and cloned into pUC57
vector (Genscript USA Inc, NJ).

Subsequent confirmation analysis was performed on
samples positive in the TagMan qPCR assay by conven-
tional PCR, using the first primer pair of the AP specific
16S PCR by Stuen et al. [23], producing an amplicon of
507 (bp) (Table 1). For variant determination, a segment
of ankA, a gene encoding an ankyrin repeat protein
presumably involved in host-specific adaptation [24],
was amplified and sequenced as described [24].
A positive (AP-DNA) and negative control (sterile
water) were included in the PCR analyses.

Phylogenetic analyses

The 12S and 16S rRNA gene amplicons were treated with
Mustra ExoProStar 1-step (GE Healthcare, Stockholm,
Sweden) and sequenced at Macrogen (Amsterdam, the
Netherlands). Obtained sequences were trimmed and
assembled in the CLC Main Workbench 7 (Qiagen,
Aarhus, Denmark) and aligned using the MAFFT algo-
rithm  (https://www.ebi.ac.uk/Tools/msa/maftt/) [25],
with default settings. Reference sequences were retrieved
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from the NCBI GenBank database (https://www.ncbi.
nlm.nih.gov/genbank/). Phylogenies were built in
MEGA?7 [26], using the Maximum Likelihood (ML)
and Neighbor-Joining (NJ]) algorithms. For the ML ana-
lyses the following substitution models combined with
the models of gamma distribution (G) and invariable
sites (I) were chosen, using model testing in MEGA?7:
General Time Reversible (GTR+G+I) (16S rRNA gene
Ixodes alignment), Hasegawa-Kishino-Yano (HKY+G)
(12S rRNA gene Ixodes alignment), and Kimura-2 para-
meter (K2P+G+I) (16S rRNA gene Anaplasma align-
ment). For the NJ analyses, the default choice the
Maximum Composite Likelihood model was used.
Gaps were treated using the complete deletion option.
The bootstrap analysis was conducted with 1,000 repli-
cates. The 12S and 16S rRNA gene tick sequences ampli-
fied in this study have been deposited in GenBank
(Accession no.: MN263069, MN263068, MN252874).

The partial ankA sequence described here was
compared to 398 ankA sequences published earlier
[24,27]. Accession numbers are listed in table 4
(supplementary material). The program MEGA
X version 10.0.5 was used for phylogenetic analyses
[28]. ankA sequences were codon-aligned by
ClustalW applying the PAM (Dayhoff) matrix. Tree
construction was achieved by the ML method using
the Tamura-Nei model and a gamma distribution
(TN93+G) and the NJ method using the Jukes-
Cantor (JC) model, with the complete deletion
option. Bootstrap analysis was conducted with
1,000 replicates. Net average identities at the nucleo-
tide level and net average similarities at the amino
acid level between the different ankA gene clusters
described previously [24] and the tick sequence
found here were calculated using MEGA X. The
ankA sequence amplified in this study has been
deposited in GenBank (Accession no.: MN062926).
NJ phylogenies are presented upon request.

Results
Study material

In 2010, a total of 7,354 birds were trapped and exam-
ined for ticks [16]. Three hundred fifty-eight (n = 358)
ticks (Antikythira: n = 200; Capri: n = 158) were col-
lected from 203 birds (Antikythira: n = 103; Capri:
n = 100) of 27 species (Antikythira: n = 26; Capri:
n = 11) (Table 2), mainly long-distance migrants fora-
ging on the ground and in shrubs and trees. The tick
infestation frequency was approximately 3.1% (203/
7,354) with an average of 1.8 ticks per infected bird
(358/203). The collected tick population was comprised
of: 92.5% (331/358) H. marginatum sensu lato (s.l.);
5.3% (19/358) Ixodes; 0.3% (1/358) Haemaphysalis;

0.3% (1/358) Rhipicephalus; and 1.7% (6/358) was of
unidentified origin. Regarding the life stage, 22.9% (82/
358) were larvae, 64% (229/358) were nymphs, 0.8% (3/
358) were adults, and 12.3% (44/358) were of unknown
stage. Estimation of blood engorgement level was pos-
sible for 82% (294/358) of the collected ticks. Of these,
1% (3/294) were unfed, 17.7% (52/294) were partially
fed, and 81.3% (239/294) were fully fed. See Table 3 for
data concerning each specific tick genus. Missing data
on tick genus, life stage, and level of engorgement was
due to absence or poor quality of photographs and PCR
amplicon or template.

Presence of Anaplasma phagocytophilum DNA

AP DNA was detected in one (n = 1) out of 19 Ixodes
ticks (5.3%). The Ixodes sp. tick was collected from
a woodchat shrike (Lanius senator senator), trapped
on the island of Antikythira in 2010. The copy num-
ber of the gltA gene in the positive tick was deter-
mined to be approximately 4 x 10°.

Phylogenetic analyses

Phylogenetic analyses of tick species

Molecular species determination of the AP-positive
tick was performed using three different molecular
markers. No amplicons were generated when using
the ITS2 PCR [21], indicating that the investigated
tick was neither I ricinus nor I persulcatus. In the
Ixodes phylogenies, the 12S and 16S rRNA gene
sequences from the positive tick (84689) grouped
together with sequences from the I. ricinus complex
(Figure 1A-B), such as I ricinus, 1. persulcatus,
I scapularis, and I. gibbosus [29]. In the 16S phylo-
geny (Figure 1A), the tick sequence formed a clade
(68% bootstrap support) with I gibbosus (GenBank
accession no.: AF549846). At the nucleotide level, the
tick 16S rRNA sequence had an identity of 95% (328/
345) to the sequence of I gibbosus, including three
gaps and 14 mismatching nucleotides.

Phylogenetic analyses and variant determination
of Anaplasma phagocytophilum

Phylogenetic analyses of partial Anaplasma spp. 16S
rRNA gene sequences (Figure 2), showed that the 16S
rRNA gene sequence from the positive tick (84689)
clustered with sequences of AP. The novel ankA
sequence was found to be an outgroup of the ankA
cluster 4 (consisting of sequences from domestic and
wild ruminants) (Figure 3), and shared a nucleotide
identity of 80% and 82% with clusters 4 and 5 (con-
sisting of sequences from rodents and shrews),
respectively. At the amino acid level, the similarity
was 62% and 59% to cluster 4 and 5, respectively
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Table 2. Bird species infested with ticks trapped on Antikythira (Greece) and Capri (ltaly) during the spring

migration (March to May) of 2010.

No. of birds infested/

Bird species (Latin name) No. of birds examined (%)

Tick life stage

No. of larvae No. of nymphs No. of adults ND No. of ticks

Great Reed Warbler 3/197 (1.5)
(Acrocephalus arundinaceus)

Sedge Warbler 7/202 (3.5)
(Acrocephalus schoenobaenus)

Reed Warbler 1/14 (7.1)
(Acrocephalus scirpaceus)

Tree Pipit 5/201 (2.5)
(Anthus trivialis)

European Nightjar 1/25 (4.0)
(Caprimulgus europaeus)

European Greenfinch 1/21 (4.8)
(Chloris chloris)

European Robin 6/81 (7.4)
(Erithacus rubecula)

Collared Flycatcher 2/131 (1.5)

(Ficedula albicollis)
European Pied Flycatcher
(Ficedula hypoleuca)

26/981 (2.7)

Icterine Warbler 2/184 (1.1)
(Hippolais icterina)
Olivaceous Warbler 1/22 (4.5)

(Iduna pallida)
Woodchat Shrike
(Lanius senator)

11/91 (12.1)

Nightingale 7/202 (3.5)
(Luscinia megarhynchos)

Yellow Wagtail 1/4 (25)
(Motacilla flava)

Spotted Flycatcher 5/467 (1.1)
(Muscicapa striata)

Northern Wheatear 6/49 (12.2)
(Oenanthe oenanthe)

Eurasian Golden Oriole 6/147 (4.1)

(Oriolus oriolus)

Common Redstart
(Phoenicurus phoenicurus)
Eastern Bonelli's Warbler
(Phylloscopus orientalis)
Wood Warbler
(Phylloscopus sibilatrix)

19/207 (9.2)
4/33 (12.1)

14/696 (2.0)

Willow Warbler 1/274 (0.4)
(Phylloscopus trochilus)
Whinchat 36/731 (4.9)

(Saxicola rubetra)

Eurasian Siskin 1/3 (33.3)
(Spinus spinus)
Garden Warbler 7/1,186 (0.6)

(Sylvia borin)
Common Whitethroat
(Sylvia communis)
Song Thrush

(Turdus philomelos)
Eurasian Hoopoe
(Upupa epops)

Total 203/6,557 (3.1/89.2)
Total no. of captured birds 7,354

26/382 (6.8)
2/16 (12.5)

2/10 (20)

0 1 0 0 11
2 19 0 2 23
0 2 0 0 2
0 5 0 0 5
0 0 0 2 2
0 0 0 4 4
7 5 0 0 12
2 0 1* 0 3
21 16 0 2 39
2 0 0 1 3
0 1 0 0 1
1 13 0 11 25
10 10 0 0 20
1 1 0 0 2
2 3 0 0 5
1 18 0 0 19
3 4 0 0 7
4 19 0 8 31
2 2 0 3 7
8 4 1* 2 15
0 0 1* 0 1
9 52 0 0 61
0 1 0 0 1
5 1 0 1 7
2 34 0 1 37
0 6 0 7 13
0 2 0 0 2
82 229 3 44 358

ND = unidentified
* female tick

Discussion

In the present study, the role of northward spring
migratory birds in the dispersal of tick-borne AP in
the African-Western Palearctic region was investigated

One out of 358 (0.28%) analyzed ticks, was deter-
mined to contain AP DNA (Figure 2). Phylogenetic
analyses placed the AP DNA containing tick with tick
species of the I. ricinus complex (Figure 1), a group of
closely related tick species that includes the main
vector of AP in Europe (I ricinus) [7,30]. The

negative results of the ITS2 assay strongly suggest
that this tick is neither I ricinus nor I. persulcatus.
Furthermore it appeared within a clade (68% boot-
strap support) together with I. gibbosus (Figure 1A),
a tick species found in the drier and warmer parts of
the Mediterranean basin, including Greece [31].
Reports of I. gibbosus from Africa are absent at pre-
sent, but the extent of investigations in the area is not
evident. The observed percentage of dis-identity (5%)
between the study tick 16S rRNA gene sequence and
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that of I. gibbosus (AF549846, originating from a tick
& collected in Turkey) indicates that they could repre-
S sent different tick species or subspecies, or reflect the
& different geographic origin of the specimens, which
has been discussed for the 16S rRNA gene by
Mangold and co-authors [20]. Unfortunately, lack of
material prevented further investigation of this parti-
cular question.

The Ixodes tick was collected in 2010 from
a woodchat shrike trapped on the island of
Antikythira, a small and remote island situated
north-west of Crete in the Aegean Sea in southern
Greece. The woodchat shrike is a medium sized long-
distance migrating passerine that winters in sub-
Saharan Africa and breeds in many areas around
the Mediterranean Sea and in the Middle East [32].
Antikythira is used only as a stopover site by wood-
chat shrikes [33] and is one of the first stops near the
European continent during the spring migration.
Besides harboring a large number of migrating
birds, Antikythira also harbors a relatively large
population of free-roaming feral goats (Capra aega-
grus hircus) [34], rodents (e.g. black rats (Rattus rat-
tus), and house mice (Mus musculus)) (C. Barboutis,
personal communication), which could serve as hosts
for ixodid ticks. The mere presence of bacterial DNA
in a tick is not sufficient to determine bacterial infec-
tivity and that the results could alternatively reflect
either a host bacteremia or carriership of the patho-
gen by the tick. Depending on the life stage of the
Ixodes tick (unknown due to absence of
a photograph) and in the potential lack of transovar-
ial transmission, the tick may have acquired AP from
its avian host, by potential co-feeding, or from
a previous infective mammalian or avian host
through transstadial transmission.

The degree of susceptibility of a particular host
species to AP as well as zoonotic potential seems to
be related to particular genetic variants of AP.
Analyses of the ankA and groEL (heat shock protein)
genes in AP have revealed clusters according to host
species origin [24,35-37]. Variants of AP found in
humans and domestic animals have been found to
cluster with sequences from ticks and wildlife, indicat-
ing a zoonotic cycle, while variants of AP found in
rodents and shrews as well as in birds and bird-derived
ticks have been found to differ, possibly indicating
divergent enzootic cycles [24,35,36]. The ankA
sequence in this study (Figure 3), exhibited the highest
nucleotide identity to cluster 5 sequences of rodents
and shrews (82%) and cluster 4 from ruminants (80%),
but appeared convincingly outside both of these
clades. We therefore suggest that this is a bird-
specific AP variant that could represent an enzootic
cycle with birds as hosts. However, the variant could
also represent a novel enzootic cycle involving local
island  biogeographic  conditions  (geographical

Unidentified (%)

Unfed (%)
0
(
(
3(0.8)

Level of blood engorgement

Partially fed (%)
45 (13.6)
7 (36.8)
0 (0)
0 (0)
52 (14.5)

Fully fed (%)
229 (69.2)
8 (42.1)
10

0
239 (66.8)

Unidentified (%)
35 (10.6)
(15.8)
(0)
(1)
6 (100)
44 (12.3)

88

3(0.8)

o o

Female (%)
0
3 (15.8)

Life stage

Adult (%)
(0
3 (15.8)
0
0
3 (0.8)

Nymph (%)
229 (64)

Larva (%)
74 (22.2)
82 (22.9)

Table 3. Life stage and estimated level of blood engorgement of ticks infesting northward migratory birds trapped on Antikythira (Greece) and Capri (ltaly) during the spring migration of 2010.
Total (%)

Tick genus
Hyalomma
Ixodes
Haemaphysalis
Rhipicephalus
Unidentified
Total (%)
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68 AF549846 Ixodes gibbosus PA
84689 Greece Ixodes sp.
134297 Ixodes spinipalpis NA
MH790194 Ixodes apronophorus PA
ABB819227 Ixodes asanumai EPA
AF549852 Ixodes muris NA

ABO06028 /xodes nipponensis EPA
E KX384802 Ixodes persulcatus PA
52 AAB819246 Ixodes paviovskyi PA
MH645515 Ixodes acuminatus PA

AF549855 Ixodes pararicinus NT
KU001168 Ixodes affinis NT

69 — U96214 Ixodes spinipalpis NA
8 E U95897 Ixodes neotomae NA
143902 Ixodes pacificus NA

U95895 Ixodes muris NA
84689 Greece Ixodes sp.
U95878 Ixodes affinis NT
Q085388 Ixodes paviovskyi PA
Q085387 Ixodes persulcatus PA
143903 Ixodes ricinus PA
AF150030 Ixodes scapularis NA _J
U95891 Ixodes loricatus
MG210717 Ixodes ventalloi
Q625667 Ixodes granulatus
MF621227 Ixodes frontalis
LC036328 Ixodes vespertilionis
U95902 Ixodes sculptus
U95886 Ixodes hexagonus
KY853652 Ixodes apronophorus

— L ricinus complex

— L ricinus complex

64
[ HG916806 Ixodes ricinus PA
99 KY 781389 Ixodes inopinatus PA

( —————— 143863 Ixodes scapularis NA .

HMO014414 Ixodes sigelos
80 ; AF549851 Ixodes luciae
97 AY510269 Ixodes loricatus

KP769862 Ixodes frontalis
AF549844 Ixodes hexagonus

KM455967 Ixodes vespertilionis
EU195918 [xodes downsi
99 AF549845 Ixodes auritulus

—
0.050 0.050

Figure 1. Evolutionary relationship of the Anaplasma phagocytophilum positive tick.

Phylogenies of tick species within the genus Ixodes. The study sequence (in bold) appears together with tick species of the /. ricinus complex.
A) Phylogenetic comparison of partial Ixodes 16S rRNA gene sequences inferred by using the Maximum Likelihood method, based on the
General Time Reversible model (GTR+G+l). A total of 315 positions was in the final dataset. B) Phylogenetic comparison of partial Ixodes 125
rRNA gene sequences inferred by using the Maximum Likelihood method, based on the Hasegawa-Kishino-Yano model (HKY+G). No suitable
12S rRNA gene sequence of /. gibbosus was available in GenBank. A total of 316 positions was in the final dataset. Branch lengths are measured
in the number of substitutions per site and bootstrap values of more than 50% are presented. Evolutionary analyses were conducted in MEGA7
[26]. Accession numbers and geographical distribution of tick species within the /. ricinus complex are presented in the trees. PA = Palearctic
region; EPA = Eastern Palearctic region; NA = Nearctic region; and NT = Neotropical region.

53 KM114613 Anaplasma bovis Malaysia Macaca fascicularis
98 [ HM131218 Anaplasma bovis strain Tottori-97 Japan Dog
KP314253 Anaplasma bovis China Tick

MF289478 Anaplasma platys isolate YY36 China Cattle
496(&92089 Anaplasma platys isolate D35 Cuba Dog
AY821826 Anaplasma platys Belgium Dog

KC470064 Anaplasma phagocytophilum strain HN China Rattus norvegicus

56

84689 Greece Anaplasma sp.

9 CP000235 Anaplasma phagocytophilum strain HZ

741 CP006617 Anaplasma phagocytophilum strain JM
AF414878 Anaplasma marginale Zimbabwe

98

JQ839012 Anaplasma marginale Philippines Boophilus microplus
MF289482 Anaplasma centrale China Cattle
94 | AF414869 Anaplasma centrale South Africa Rhipicephalus simus

100
CP001759 Anaplasma centrale strain Israel

EF587237 Anaplasma ovis isolate CGX China
JQ917897 Anaplasma ovis isolate WYG40 Tibet Dermacentor niveus
JN558818 Anaplasma ovis China Goat

0.010

Figure 2. Evolutionary relationship of the Anaplasma 165 rRNA gene sequence from the tick infesting a woodchat shrike (Lanius senator
senator). Phylogenetic tree based on partial Anaplasma 16S rRNA gene sequences. The study sequence (in bold) appears within the
A. phagocytophilum clade. The phylogeny was inferred using the Maximum Likelihood method, based on the Kimura 2-parameter model
(K2P+G+l) and the complete deletion option. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1,000 replicates) is shown next to the branches. Branch lengths represent the number of substitutions per site. The final
data set contained 478 positions. Evolutionary analysis was conducted in MEGA7 [26]. Accession numbers and source information are
presented in the tree.

isolation) or influx of an infected tick from another
area by avian migration. Which area this could be is
unclear, but migratory patterns of the woodchat shrike
primarily suggest Northern or sub-Saharan Africa,
warranting further investigation of birds, bird

associated ticks, and potential mammalian hosts
there as well as in Greece and neighboring areas.
Since the ankA gene might be subjected to recombina-
tion [37], multiple molecular markers should also be
utilized in these studies. AP has seldomly been
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Figure 3. Phylogenetic tree derived from partial Anaplasma phagocytophilum ankA gene sequences.

The study sequence (circled), retrieved from an Ixodes species tick, appears on a branch between cluster 4 and 5. Sequence names are colored
by host groups and identical sequences are displayed only once per species. The number in parenthesis indicates the frequency with which the
respective sequence was found. Tree construction was achieved by the Maximum Likelihood method, using the Tamura-Nei model (TN93 + G)
with the complete deletion option. Bootstrap values less than 60% are not shown. The scale bar indicates the number of nucleotide
substitutions per site. The final data set contained 500 positions. Evolutionary analysis was conducted in MEGA X [28]. Accession numbers

are listed in table 4 (supplementary material).

detected in birds and/or avian-derived ticks and the
role of birds, including the potential role of the wood-
chat shrike, as reservoir competent hosts of zoonotic
AP variants should therefore be addressed. This
should include investigations of infection susceptibil-
ity (development of bacteremia) and level and dura-
tion of infectivity in birds in order to further elucidate
the transmission cycles of AP.

AP DNA has been detected in several other tick
species, including Dermacentor marginatus,
Rhipicephalus  sanguineus, H. lusitanicum, and
H. marginatum [38,39]. Their role in the ecology and
epidemiology of AP and their vector competence are
however unclear. A majority of the collected ticks
(92.5%) in this study belonged to the H. marginatum

complex, and likely represented the species
H. marginatum and H. rufipes [40]. AP DNA has
been detected in adult H. marginatum ticks collected
in France, Israel, and Africa [38,41,42]. The distribu-
tion of AP in Africa is not well studied and reports of
clinical human cases on the African continent are to
our knowledge absent. Eighty-seven percent (87%) of
the investigated ticks were larvae and nymphs.
Immature H. marginatum and H. rufipes commonly
parasitize wild birds and molt from larva to nymph on
the same individual host [40]. This enables long dis-
tance dispersal on migrating birds. The Hyalomma
specimens investigated here, likely originated from
sub-Saharan or North Africa. We could not detect AP
DNA in any of the Hyalomma ticks. This may reflect



that immature H. marginatum s.. ticks and migratory
bird hosts do not play an important role in the ecology
of AP, at least not in the investigated regions.

Conclusion

We report the detection of a divergent AP variant in
a potentially novel Ixodes tick species, sub-species, or
variant within the I ricinus complex, but not Ixodes
ricinus, the primary AP vector in the region. Since this
tick was collected from a bird, this could indicate an
avian associated enzootic cycle, warranting further inves-
tigation. Furthermore, our data does not provide evi-
dence for immature H. marginatum s.l. ticks and birds
having any major role in the ecology and northward
dispersal of AP in the African-Western Palearctic region.

Acknowledgments

We wish to acknowledge the bird ringers for collecting the
bird data and the ticks. Furthermore, we acknowledge
Professor Snorre Stuen for his assistance as well as Malin
Lager, Lina Lofgren and Laura Gonzilez Carra for their
assistance in the laboratory. This is publication number 26
from the Antikythira Bird Observatory.

Disclosure statement

No potential conflict of interest was reported by the
authors.

Funding

This work was supported by ALF grants from Uppsala
University Hospital, the EU Interreg V program
ScandTick Innovation, project ID 20200422, reference no
2015-000167, and by the Medical Research Council of
Southeast Sweden (FORSS, 657881). Furthermore, TGTJ’s
research on ticks and tick-borne pathogens is supported by
Carl Tryggers stiftelse, Helge Ax:son Johnsons stiftelse,
Lingmanska kulturfonden, and Magnus Bergvalls stiftelse,
all in Stockholm, Sweden. Antikythira Bird Observatory is
run by the Hellenic Ornithological Society/Birdlife Greece
and is funded from the A.G. and A.P Leventis Foundation.
EU-Interreg North Sea Region project NorthTick ref no: J-
No.: 38-2-7-19.

Notes on contributors

Tove Hoffman is a PhD student at the Department of
Medical Sciences at Uppsala University, Sweden. Her doc-
toral studies concern the involvement of northward migra-
tory birds in the dispersal of ticks and tick-borne
pathogens.

Peter Wilhelmsson received his PhD in 2014 at Link6ping
University and is present at Ryhov County Hospital,
Jonkoping, Sweden.

Christos Barboutis received his PhD in bird migration and
stopover ecology at the Department of Biology, University
of Crete, Greece. Currently working as the scientific

INFECTION ECOLOGY & EPIDEMIOLOGY @ 9

manager of the Antikythira bird observatory, Hellenic
Ornithological Society/BirdLife Greece.

Thord Fransson is a professor at the Swedish Museum of
Natural History. He obtained his PhD in 1997.

Thomas G.T. Jaenson is a professor in medical entomology
at Uppsala University, Sweden. His research is focused on
the vector biology of ticks.

Per-Eric Lindgren received his PhD at the Department of
Microbiology, SLU, and since 2010 he is professor and
chair of Medical Microbiology, Department of Clinical
and Experimental Medicine, Linkoping University,
Linkoping, Sweden.

Friederike D. von Loewenich is a medical microbiologist
with research interest in epidemiology and phylogeny of
Anaplasma phagocytophilum.

Ake Lundkvist received his PhD at Karolinska Institutet,
Stockholm, and is at present professor in virology at the
Department of Medical Biochemistry and Microbiology,
Uppsala University, Sweden.

Bjorn Olsen received his PhD at Umea University and is at
present professor at the Department of Medical Sciences,
Uppsala University, Sweden.

Erik Salaneck is a medical doctor. He obtained his PhD in
2001.

ORCID

Tove Hoffman
Peter Wilhelmsson
2964

Thomas G.T. Jaenson
7475

Per-Eric Lindgren
Ake Lundkvist
Erik Salaneck

http://orcid.org/0000-0003-2239-9078
http://orcid.org/0000-0002-9200-

http://orcid.org/0000-0003-0780-

http://orcid.org/0000-0003-2767-3638
http://orcid.org/0000-0001-8608-6551
http://orcid.org/0000-0002-0000-8948

References

[1] Lappin MR. Update on flea and tick associated dis-
eases of cats. Vet Parasitol. 2018;254:26-29.

[2] Carrade DD, Foley JE, Borjesson DL, et al. Canine
granulocytic anaplasmosis: a review. J Vet Intern
Med. 2009;23(6):1129-1141.

[3] Dziegiel B, Adaszek L, Kalinowski M, et al. Equine granu-
locytic anaplasmosis. Res Vet Sci. 2013;95(2):316-320.

[4] Woldehiwet Z. The natural history of Anaplasma
phagocytophilum. Vet Parasitol. 2010;167(2-4):108-122.

[5] Dumler JS, Choi KS, Garcia-Garcia JC, et al. Human gran-
ulocytic anaplasmosis and Anaplasma phagocytophilum.
Emerg Infect Dis. 2005;11(12):1828-1834.

[6] Stuen S, Granquist EG, Silaghi C. Anaplasma phago-
cytophilum - a widespread multi-host pathogen with
highly adaptive strategies. Front Cell Infect Microbiol.
2013;3:31.

[7] Dugat T, Lagree AC, Maillard R, et al. Opening the
black box of Anaplasma phagocytophilum diversity:
current situation and future perspectives. Front Cell
Infect Microbiol. 2015;5:61.

[8] Bown K], Begon M, Bennett M, et al. Seasonal
dynamics of Anaplasma phagocytophila in a



10 (&) T.HOFFMAN ET AL.

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

rodent-tick (Ixodes trianguliceps) system, UK. Emerg
Infect Dis. 2003;9(1):63-70.

Ogden NH, Bown K, Horrocks BK, et al. Granulocytic
Ehrlichia infection in ixodid ticks and mammals in
woodlands and uplands of the U.K. Med Vet Entomol.
1998;12(4):423-429.

Bjoersdorff A, Bergstrom S, Massung RF, et al.
Ehrlichia-infected ticks on migrating birds. Emerg
Infect Dis. 2001;7(5):877-879.

Alekseev AN, Dubinina HV, Semenov AV, et al
Evidence of ehrlichiosis agents found in ticks (Acari:
ixodidae) collected from migratory birds. J Med
Entomol. 2001;38(4):471-474.

Daniels TJ, Battaly GR, Liveris D, et al. Avian reser-
voirs of the agent of human granulocytic ehrlichiosis?
Emerg Infect Dis. 2002;8(12):1524-1525.

Skotarczak B, Rymaszewska A, Wodecka B, et al. PCR
detection of granulocytic Anaplasma and Babesia in
Ixodes ricinus ticks and birds in west-central Poland.
Ann Agric Environ Med. 2006;13(1):21-23.

Hahn S, Bauer S, Liechti F. The natural link between
Europe and Africa - 2.1 billion birds on migration.
Oikos. 2009;118:624-626.

Hoffman T, Lindeborg M, Barboutis C, et al. Alkhurma
hemorrhagic fever virus RNA in Hyalomma rufipes ticks
infesting migratory birds, Europe and Asia Minor.
Emerg Infect Dis. 2018;24(5):879-882.

Wallménius K, Barboutis C, Fransson T, et al. Spotted
fever Rickettsia species in Hyalomma and Ixodes ticks
infesting migratory birds in the European
Mediterranean area. Parasit Vectors. 2014;7:318.
Lindeborg M, Barboutis C, Ehrenborg C, et al
Migratory birds, ticks, and crimean-congo hemorrha-
gic fever virus. Emerg Infect Dis. 2012;18
(12):2095-2097.

Hagman K, Barboutis C, Ehrenborg C, et al. On the
potential roles of ticks and migrating birds in the
ecology of West Nile virus. Infect Ecol Epidemiol.
2014;4(1):20943.

Beati L, Keirans JE. Analysis of the systematic rela-
tionships among ticks of the genera Rhipicephalus and
Boophilus (Acari: Ixodidae) based on mitochondrial
12s ribosomal dna gene sequences and morphological
characters. J Parasitol. 2001;87(1):32-48.

Manogold A, Bargues M, Mas-Coma S. Mitochondrial
16S rDNA sequences and phylogenetic relationships
of species of Rhipicephalus and other tick genera
among Metastriata (Acari: ixodidae). Parasitol Res.
1998;84(6):478-484.

Sormunen JJ, Penttinen R, Klemola T, et al. Tick-
borne bacterial pathogens in southwestern Finland.
Parasit Vectors. 2016;9:168.

Henningsson AJ, Hvidsten D, Kristiansen BE, et al.
Detection of Anaplasma phagocytophilum in Ixodes
ricinus ticks from Norway using a realtime PCR
assay targeting the Anaplasma citrate synthase gene
glitA. BMC Microbiol. 2015;15:153.

Stuen S, Oppegaard AS, Bergstrom K, et al
Anaplasma  phagocytophilum infection in north
Norway. The first laboratory confirmed case. Acta
Vet Scand. 2005;46(3):167-171.

Huhn C, Winter C, Wolfsperger T, et al. Analysis of
the population structure of Anaplasma phagocytophi-
lum using multilocus sequence typing. PLoS One.
2014;9(4):€93725.

Katoh K, Misawa K, Kuma K, et al. MAFFT: a novel
method for rapid multiple sequence alignment based

(26]

[27]

[30]

[31]

(32]

(33]

[34]

(35]

[36]

(37]

(38]

[39]

[40]

[41]

[42]

on fast Fourier transform. Nucleic Acids Res. 2002;30
(14):3059-3066.

Kumar S, Stecher G, Tamura K. MEGA7: molecular
evolutionary genetics analysis version 7.0 for bigger
datasets. Mol Biol Evol. 2016;33(7):1870-1874.
Langenwalder B, Schmidt S, Gilli U, et al. Genetic
characterization of Anaplasma phagocytophilum
strains from goats (Capra aegagrus hircus) and water
buffalo (Bubalus arnee) by 16S rRNA gene, ankA gene
and multilocus sequence typing. Ticks Tick Borne Dis.
2019;10(6):101267.

Kumar S, Stecher G, Li M, et al. MEGA X: molecular
evolutionary genetics analysis across computing
platforms. Mol Biol Evol. 2018;35(6):1547-1549.

Xu G, Fang QQ, Keirans JE, et al. Molecular phyloge-
netic analyses indicate that the Ixodes ricinus complex
is a paraphyletic group. ] Parasitol. 2003;89
(3):452-457.

Keirans JE, Needham GR, Oliver JJH. 9.2 The Ixodes
ricinus complex worldwide: diagnosis of the species in
the complex, hosts and distribution. In: Needham GR,
Michell R, Horn DJ, et al, editors. Acarology IX:
symposia2: 341-347. Columbus: The Ohio Biological
Survey; 1999.

Estrada-Pefa A. Ixodes gibbosus Nuttall, 1916. Ticks of
Europe and North Africa. Switzerland: Springer; 2017.
Perrins C, Cramp S. Handbook of the birds of Europe,
the Middle East, and North Africa: the birds of the
Western Palearctic. Perrins C, Cramp S, editors.
Oxford, Oxford University Press; 1993.

Papageorgiou D, Barboutis C, Kassara C, et al. Habitat
selection of woodchat shrikes Lanius senator during
spring stopover is related to foraging strategy. Curr
Zool. 2017;63(2):139-149.

Palmer C, Colledge S, Bevan A, et al. Vegetation recolo-
nisation of abandoned agricultural terraces on
Antikythera, Greece. Environ Archaeol. 2010;15(1):64-80.
Jaarsma RI, Sprong H, Takumi K, et al. Anaplasma
phagocytophilum evolves in geographical and biotic
niches of vertebrates and ticks. Parasit Vectors.
2019;12(1):328.

Jahfari S, Coipan EC, Fonville M, et al. Circulation of
four Anaplasma phagocytophilum ecotypes in Europe.
Parasit Vectors. 2014;7:365.

Majazki J, Wuppenhorst N, Hartelt K, et al
Anaplasma phagocytophilum strains from voles and
shrews exhibit specific ankA gene sequences. BMC
Vet Res. 2013;9:235.

Chastagner A, Bailly X, Leblond A, et al. Single geno-
type of Anaplasma phagocytophilum identified from
ticks, Camargue, France. Emerg Infect Dis. 2013;19
(5):825-827.

Toledo A, Olmeda AS, Escudero R, et al. Tick-borne
zoonotic bacteria in ticks collected from central Spain.
Am ] Trop Med Hyg. 2009;81(1):67-74.
Apanaskevich D, Horak I. The genus Hyalomma
Koch, 1844: v. re-evaluation of the taxonomic rank
of taxa comprising the H. (Euhyalomma) marginatum
koch complex of species (Acari: ixodidae) with rede-
scription of all parasitic stages and notes on biology.
Int J Acarol. 2008;34(1):13-42.

M’Ghirbi Y, Yaich H, Ghorbel A, et al. Anaplasma
phagocytophilum in horses and ticks in Tunisia.
Parasit Vectors. 2012;5:180.

Keysary A, Massung RF, Inbar M, et al. Molecular
evidence for Anaplasma phagocytophilum in Israel.
Emerg Infect Dis. 2007;13(9):1411-1412.



	Abstract
	Introduction
	Materials and methods
	Bird trapping and tick collection
	Extraction of total nucleic acids and synthesis of cDNA
	Tick species determination
	Detection of Anaplasma phagocytophilum DNA
	Phylogenetic analyses

	Results
	Study material
	Presence of Anaplasma phagocytophilum DNA
	Phylogenetic analyses
	Phylogenetic analyses of tick species
	Phylogenetic analyses and variant determination of Anaplasma phagocytophilum


	Discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	Notes on contributors
	References



