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Abstract 

Background The zoonotic intracellular alpha-proteobacterium Anaplasma phagocytophilum is a tick-transmitted 
pathogen. The associations between vertebrate reservoirs and vectors are described as wide-ranging, and it was pre-
viously shown that the pathogenicity of A. phagocytophilum differs depending on the combination of pathogen vari-
ant and infected host species. This leads to the question of whether there are variations in particular gene loci associ-
ated with different virulence. Therefore, this study aims at clarifying existing host-variant combinations and detecting 
possible reservoir hosts. To understand these interactions, a complex toolset for molecular epidemiology, phylogeny 
and network theory was applied.

Methods Sequences of up to four gene loci (msp4, msp2, groEL and 16S rRNA) were evaluated for different isolates 
from variable host species, including, for example, dogs, cattle and deer. Variant typing was conducted for each 
gene locus individually, and combinations of different gene loci were analysed to gain more detailed information 
about the genetic plasticity of A. phagocytophilum. Results were displayed as minimum spanning nets and correlation 
nets.

Results The highest diversity of variants for all gene loci was observed in roe deer. In cattle, a reduced number 
of variants for 16S rRNA [only 16S-20(W) and 16S-22(Y)] but multiple variants of msp4 and groEL were found. For dogs, 
two msp4 variants [m4-20 and m4-2(B/C)] were found to be linked to different variants of the other three gene loci, 
creating two main combinations of gene loci variants. Cattle are placed centrally in the minimum spanning net 
analyses, indicating a crucial role in the transmission cycles by possibly bridging the vector-wildlife cycle to infec-
tions of humans and domestic animals. The minimum spanning nets confirmed previously described epidemiologi-
cal cycles of the bacterium in Europe, showing separation of variants originating from wildlife animals only and a set 
of variants shared by wild and domestic animals.
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Conclusions In this comprehensive study of 1280 sequences, we found a high number of gene variants only occur-
ring in specific hosts. Additionally, different hosts show unique but also shared variant combinations. The use of our 
four gene loci expand the knowledge of host–pathogen interactions and may be a starting point to predict future 
spread and infection risks of A. phagocytophilum in Europe.

Keywords Anaplasma phagocytophilum, Epidemiological cycles, Host-variant combinations, Sequence networks

Background
Anaplasma phagocytophilum is a zoonotic intracellular 
alpha-proteobacterium transmitted by ixodid ticks. The 
main vector in Europe is the exophilic hard tick Ixodes 
ricinus [1]. Anaplasma phagocytophilum causes granu-
locytic anaplasmosis in humans, horses, dogs and cats 
and tick-borne fever (TBF) in ruminants [2, 3]. Within 
I. ricinus, transstadial but not transovarial transmission 
has been described [4]. Thus, the transmission dynamics 
of A. phagocytophilum predominantly rely on horizontal 
transmission between ticks and vertebrate hosts [5]. This 
also indicates that there are complex evolutionary pres-
sures on A. phagocytophilum, as the interactions between 
vertebrate reservoirs and vectors are numerous, and also 
has a impact on the number of genetic variants found in 
A. phagocytophilum [6]. To date, it remains a challenge to 
unravel the complex epidemiological cycles of A. phago-
cytophilum and to define reservoir hosts [5]. In general, 
the distinction between A.  phagocytophilum strains has 
been focused on host level and specific genetic loci, such 
as the 16S  ribosomal RNA gene (16S rRNA). A division 
in genetic variants derived from ruminant and non-rumi-
nant hosts was proposed previously and confirmed by 
several studies [7–10]. Studies on the spatial distribution 
of A. phagocytophilum genotypes have also been con-
ducted; for example, in Asia a common cycle for rumi-
nant livestock and small rodents based on the 16S rRNA 
and the partial p44ESup1 genes was proposed [11]. Spa-
tial studies carried out in North America detected two 
main variants, also based on the 16S rRNA of A. phago-
cytophilum [12, 13], with both strains differing in their 
pathogenicity for humans. While white-footed mice 
(Peromyscus leucopus) are suspected to carry the human 
pathogenic strain AP-ha, white-tailed deer (Odocoileus 
virginianus) are suspected to carry variant AP-Variant-1 
which is less pathogenic to humans [7, 14]. In Europe, the 
epidemiological cycles are not completely understood. 
Hosts such as red deer (Cervus  elaphus) and roe deer 
(Capreolus  capreolus) have been suspected to be reser-
voir hosts of A. phagocytophilum, but are not yet clearly 
identified [5, 15]. A European study suggested two sepa-
rate cycles for A.  phagocytophilum in Europe, namely 
driven by  ticks and either rodents or ruminants, on the 
basis of analysing  the 16S  rRNA, major surface protein 
4 (msp4) and the DOV1 (a noncoding region) gene [16]. 

The results of a study from Jahfari et  al. [17] suggested 
four geographically distinct ecotypes of A.  phagocyt-
ophilum in Europe based on comparison of groEL (heat 
shock protein) sequences. This finding was further devel-
oped in a global approach by Jaarsma et al. [6], confirm-
ing the four previously distinguished ecotypes from wild 
and domestic animals, among others from European 
hedgehogs, wood mice, mouflons, sheep, roe deer, badg-
ers and foxes [6, 17]. The authors of former studies con-
cluded that the sequence variability at one locus might 
not be sufficient to determine the genetic diversity of a 
certain A. phagocytophilum strain in total [18, 19]. Multi-
locus sequence typing with a different number of loci was 
previously conducted to gain more detailed information 
on those pathogens [10, 15, 20, 21]. By analysing partial 
16S rRNA, groEL, msp4 and/or msp2 (major surface pro-
tein 2) genes of A.  phagocytophilum, our group previ-
ously provided information on diverse variants of these 
genes occurring in multiple animal species in Europe, 
such as goats, cattle, horses, dogs, wild ungulates and 
hedgehogs [22–26].

This study aims to summarize all of these previous 
reports and to present new approaches for analysing 
samples of A. phagocytophilum in Europe. Therefore, we 
(i) genotyped and characterized samples of the four par-
tial genes (16S  rRNA, groEL, msp4, msp2) of A.  phago-
cytophilum from different mammalian host animals and 
(ii) conducted network analyses on the relationships of 
A. phagocytophilum variants derived from different host 
species.

Methods
Dataset composition
Over a period of more than 13 years, a large dataset of 
sequences of the four partial genes (16S  rRNA, msp2, 
msp4 and groEL) of A. phagocytophilum has been 
obtained, which includes a wide range of host species. 
This dataset was compiled applying three different strat-
egies, with samples originating from (i) positive samples 
detected within the present or (ii) previous studies from 
our group and (iii) from additional sequences down-
loaded from GenBank. In general, all wildlife samples 
were screened for A. phagocytophilum, and all livestock 
and companion animals were investigated based on a 
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clinical suspicion or epidemiological link to confirmed 
cases of anaplasmosis. We obtained a total of 1280 
sequences (Fig. 1). All accession numbers of the included 
sequences can be found in Additional file 1: Table S1.

DNA extraction, PCR and sequencing
A total of 356 tissue samples from wild animals were 
available for screening in this study. From each sample 
from wild ruminants, we extracted 10–15 g of spleen (in 
1 case, the liver; see Table  1) using the High Pure PCR 
Template Preparation Kit® (Roche Diagnostics GmbH, 
Mannheim, Germany), and from each sample from red 
foxes, we extracted DNA from spleen samples using the 
QIAmp DNA Mini Kit (Qiagen, Hilden, Germany), fol-
lowing the respective manufacturer’s protocol in both 
cases. Quality and quantity of the extracted DNA were 
measured on a full-spectrum (220–750 nm) spectropho-
tometer (NanoDrop® ND-1000; PeqLab Biotechnolo-
gie GmbH, Erlangen, Germany). For further use in PCR 
assays, the extracted DNA was diluted to a concentration 
of < 130 ng/μl to prevent false negatives. All PCR assays 
were performed as described in this section. Primers and 
probes are shown in Additional file 2: Table S2.

All 356 DNA extracts from this study were screened for 
a fragment of the msp2 gene by real-time PCR [27].

For all positive samples, Sanger sequencing was per-
formed following the different PCR assays. For partial 
16S  rRNA gene sequences, a nested PCR with a final 
amplicon size of 546  bp [28] was used, of which 497 
bp was used for variant definition. For the groEL gene 
sequences, a hemi-nested PCR was performed accord-
ing to Alberti et  al. [29], with a resulting amplicon of 
573 bp in length, of which 530 bp were used for variant 
comparison analyses. A nested PCR was also used for 
targeting the partial msp4 gene according to Bown et al. 

Fig. 1 Workflow for the data sampling, preparation, sequencing, compilation and analysis steps performed in the present study. groEL, Heat shock 
protein operon; 16S rRNA, 16S ribosomal RNA gene, msp4/msp2, major surface protein 2/major surface protein 4 genes

Table 1 Anaplasma phagocytophilum-positive spleen samples 
detected by real-time PCR in the present study

a One of these samples was from the liver (tested positive), not the spleen

Animal species Number of samples Number 
of positive 
samples (%)

Roe deer 16 13 (81.3)

Red  deera 37 13 (35.1)

Sika deer 17 13 (76.5)

Fallow deer 7 5 (71.4)

Chamois 7 4 (57.1)

Red fox 260 34 (13.1)

Wild boar 12 1 (8.3)

Total 356 83 (23.3)
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[18], with a 340-bp amplicon used for analyses in the 
present study. To target the partial msp2 gene (893 bp), 
we used a conventional PCR assay [30]. All PCR prod-
ucts were purified with the QIAquick PCR Purification 
Kit® (Qiagen) according to the manufacturer’s instruc-
tions. Quality and quantity of the purified PCR products 
were determined with a spectrophotometer (NanoDrop® 
ND-1000; PeqLab Biotechnologie GmbH). After purifica-
tion, sequencing of the PCR amplicons was performed 
by Eurofins Genomics (Ebersberg, Germany). In the case 
of nested PCR protocols, the product of the second PCR 
and the inner primers were chosen for sequencing. The 
chromatograms of the sequences were analysed and eval-
uated with Chromas Lite® (Technelysium Pty. Ltd, South 
Brisbane, Australia; http:// www. techn elysi um. com. au). 
The forward and reverse sequences of the samples were 
assembled and a contiguous sequence was generated.

GenBank data
For spanning net analyses, genetically comparable 
sequences from the NCBI database GenBank (http:// 
www. ncbi. nlm. nih. gov/) were chosen and downloaded 
by screening the database for “Anaplasma phagocyt-
ophilum” and the four genes examined in this study. The 
selection included sequences from the same gene region 
and of the same length as the newly sequenced sam-
ples. Altogether, 531 sequences with known animal spe-
cies origin were downloaded from GenBank and used 
for comparison. The sequences originated from Europe, 
North America and Asia.

Data compilation and naming of sequences
For every partial gene, the sequences determined in this 
study were named according to the abbreviation of the 
respective partial genes (16S rRNA: “16S-”, groEL: “g-”, 
msp2: “m2-”, msp4: “m4-”) and a numerical sequence. 
The letter in brackets refers to a nomenclature given in 
previous studies by our group [22–24, 31–33]. The pre-
processed alignment was conducted with ClustalW [34] 
in MegaX [35]. For ease of analysis, nucleotide sequences 
from GenBank that did not match with a sequenced vari-
ant from the above-mentioned previous studies, were 
considered as “additional” variants and newly named 
(“16S-nm”, “g-nm”, “m4-nm”, “m2-nm”), where the letters 
“nm” stand for “no match”; in addition, they were also 
enumerated (e.g. “16S-nm1”).

Data analyses
Net graphics were conducted with R [36] and were cre-
ated under the R packages igraph [37] and ggplot2 [38]. 
Minimum spanning nets for distance were constructed 
in SplitsTree [39, 40] under a Kimura-2-parameter model 
[41]. This evolutionary analysis produces connections 

of the input sequences without introducing additional 
ancestral nodes.

Results
Detection of host‑gene variant combinations
In total we analysed 749 sequences extracted from our 
tissue samples and 531 sequences from additional sam-
ples in GenBank (Fig.  1). Of these 1280 sequences, 89 
msp2, 692 16S rRNA, 234 msp4 and 265 groEL were ana-
lysed. We found 40 different msp2 variants in 14 host 
species, 51 different 16S rRNA variants in 20 host spe-
cies, 72 different msp4 variants in 18 host species and 67 
different groEL variants in 20 host species.

For the 749 sequences originating from our own tissue 
samples group, we obtained a total of 16 msp2, 23 16S 
rRNA, 50 msp4 and 33 groEL variants; for 52 samples we 
were able to sequence all four genes (Additional file  2: 
Table  S3). At 98.4%, the variants from the  16S rRNA 
locus have the highest similarity in this dataset, followed 
by 95.9% for groEL, 87.9% for msp4 and only 67.1% for 
msp2. Most samples from the previous studies performed 
by our group (n = 428) originated from Germany. From 
the newly generated sequences, we obtained sequences 
for all four gene loci of 52 A.  phagocytophilum-positive 
samples. For an additional 48 and 70 samples, three and 
two different gene loci, respectively, were sequenced. 
Details can be found in Additional file  2: Table  S3. For 
the phylogenetic network analyses, the complete data-
set of different variants per loci were used. For the 531 
GenBank sequences, the origin was also known, with 16S 
rRNA and msp2 sequences originating predominately 
from the USA, while most groEL and msp4 sequences 
originated from Europe.

Occurrence of gene variant combinations
To show all known connections of variants of all four 
sequenced genes within individual hosts the data subset 
from Additional file 2: Table S3 was used. Analyses were 
conducted for dog, cattle and roe deer (Fig. 2).

For dogs, two different msp4 variants (m4-20 and 
m4-2(B/C)) occurred (Fig.  2). 16S-2(B), g-2(B) and 
m2-2(a) were directly connected to each other and to no 
other variants of these genes, but they were connected to 
both msp4 variants. 16S-1(A) and g-1(A) were also spe-
cifically combined. We observed that the 16S-1(A) vari-
ant also occurred in combination with the two different 
major surface proteins [msp4: m4-2(B/C), m4-20; msp2: 
m2-6(f )] in six dogs, but also in one horse, 26 hedgehogs 
and two foxes (Additional file 2: Table S3). Samples from 
cattle were similar, with two distinct sequence variant 
combinations in 15 examined animals, but other combi-
nations also occurred. All available variant combinations 

http://www.technelysium.com.au
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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from cattle are shown in Fig. 2. Variant 16S-20(W) can be 
seen as the central connecting point; the only other 16S 
rRNA variant (16S-22(Y)) was located outside the main 
net and connected only with a msp4 variant (m4-13(N)) 
which connected to neither 16–20(W) nor the main net. 
Two different combinations of the other three genes can 
be detected [16S-20(W)/m2-3(b)/m4-14(O)/g-3(C) and 
16S-20(W)/m2-26/m4-49/g-18(X)]. Wild animals, such 
as, for example, roe deer (Fig.  2), show a more diverse 
pattern of connections than the data presented for cat-
tle and dogs. The most common variants of 16S rRNA, 
16S-22(Y) and 16S-21(X), were both connected to the 
most frequent msp4 variant [m4-13(N)]. The combina-
tion of 16S-22(Y), m4-13(N) and g-7(G) is the only one 
occurring more than once, but multiple single other vari-
ants and combinations can be detected.

Phylogenetic networks
Phylogenetic networks were calculated to reveal the rela-
tionship between the individual variants of each gene. 
To this end, exemplary sequences for each variant were 
chosen (Additional file 2: Tables S4, S5, S6, S7) and cor-
related with the related hosts. A list of all available msp2 

variants and their host allocation can be found in Addi-
tional file  2: Table  S4. Evaluation of msp2 sequences 
showed that variants from European ruminants do not 
match with GenBank sequences from the USA, with 
the exception of three sequences (Accession numbers: 
AY706393, AY706392, AY706393) [44–46].

For 16S rRNA, 23 different variants were detected and 
combined with variants known from previous data (16S-
nm), resulting in a total of 51 variants (Fig. 3; Additional 
file  2: Table  S5). Each node represents one or multiple 
of these 51 variants, and the lines show its relative dis-
tance to the genetically nearest relative. The net is con-
nected by inner nodes directly or indirectly connected 
to one another. All cattle 16S rRNA variants (marked in 
pink in Fig. 3), i.e. 16S-20(W), 16S-22(Y) and 16S-21(X), 
are part of the inner net. In dogs, the 16S rRNA variants 
(marked in blue) show a high variability. Roe deer variant 
sequences are distributed throughout the complete net, 
mostly directly or indirectly connected to one of the cat-
tle variants.

For msp4, 72 different variants from this study and 
from GenBank data (m4-nm) were analysed (Fig.  4; 
Additional file  2: Table  S6). The net of the msp4 gene 

Fig. 2 The net for all connections of all variants of the four sequenced genes. Node’ diameters correlate with the number of sequences 
of the indicated variant in the samples. Colours indicate each of the different genes analysed, with purple indicating the 16S rRNA variants; yellow, 
msp2 variants; orange, msp4 variants; and red, groEL variants. The width of the connecting lines represents the total number of specific connections 
for dog, cattle and roe deer, respectively. Labelling is explained in “Data compilation and naming of sequences” section
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exists in two distinct parts, connected by the variant 
m4-36 (marked green) which is derived from a fallow 
deer (Fig. 4). The left part of the net contains only vari-
ants from wildlife hosts (except for a variant found in 
small ruminants [m4-nm10] and a variant from a horse 
[m4-18]). The right part of the net shows a diverse mix-
ture of variants found in wild and/or domestic animals; 
all cattle variants (marked with pink circles) are con-
nected in the centre of this part of the net. In dogs, only 
three different variants are reported so far (marked 
blue).

In total, 67 different groEL variants from this study 
and from GenBank were analysed (Additional file  2: 
Table  S7). The net of the groEL gene has two distinct 
parts connected by the variant g-nm24 from an as-yet 
not further determined cervid sample (marked green) 
(Fig. 5). Variants associated with cattle, dog and domes-
tic animals are found in the right part of the net exclu-
sively, but those of different deer species and wildlife 
animals occur there as well. The left side of the net 
contains exclusively wild deer species (mostly roe deer) 
and rodents.

A concatenated dataset of 98 samples, including 16S 
rRNA, msp4 and groEL sequences was generated. The 

resulting net is divided in three groups, of which two are 
associated with different wildlife species and the third 
contains dog, cattle and horse samples from different 
European countries (Fig. 6). The centre of the net is dom-
inated by variants derived from cattle (pink).

Discussion
To date, A. phagocytophilum has been detected in various 
wild and domestic hosts and a variety of different vari-
ants for several genetic markers was observed. The objec-
tive of this study was to assemble all individual results of 
genetic markers characterized in our group to expand 
current knowledge of variant-host associations for this 
pathogen. As stated earlier, modularity seems to be a 
key element in these constructs, and it characterizes the 
degree of interactions of variants from different gene loci, 
both among themselves but also with other genetic mark-
ers [6]. To unravel the complex circulation of A. phagocy-
tophilum in Europe, we conducted multilocus analyses in 
combination with interactive network analyses to identify 
A. phagocytophilum lineages causing disease in ruminant 
and non-ruminant hosts [5].

Fig. 3 Minimum spanning net for distances on basis of a Kimura two-parameter (K2P) model corrected distance matrix from sequence alignment, 
showing the relations between the different A. phagocytophilum 16S rRNA variants determined from this study. The corresponding hosts 
and an exemplary sequence for each variant are given in Additional file 2: Table S5. Variants highlighted in pink include cattle as host, and those 
highlighted in blue include dogs as host. Circles with multiple names represent variants separated only by 1 ambiguous nucleotide.  Labelling 
is explained in “Data compilation and naming of sequences” section
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Fig. 4 Minimum spanning net for distances on basis of a Kimura two-parameter (K2P) model corrected distance matrix from sequence 
alignment, showing the relations between the different A. phagocytophilum msp4 variants determined from this study. The corresponding hosts 
and an exemplary sequence for each variant are given in Additional file 2: Table S6. Variants highlighted in pink include cattle as host, and those 
highlighted in blue include dogs as host; variant m4-36 connecting the two parts of the net is indicated in green. Labelling is explained in “Data 
compilation and naming of sequences” section

Fig. 5 Minimum spanning net for distances on basis of a Kimura two-parameter (K2P) model corrected distance matrix from sequence 
alignment, showing the relations between the different A. phagocytophilum groEL variants determined from this study. The corresponding hosts 
and an exemplary sequence for each variant can be found in Additional file 2: Table S7. Variants highlighted in pink include cattle, and those 
highlighted in blue include dogs; the green circle shows variant g-nm24 connecting the two parts of the net. Labelling is explained in “Data 
compilation and naming of sequences” section
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Suitability of the different gene loci to describe host–
pathogen associations
The first aim of this study was to genotype and charac-
terize samples of four partial genes (16S rRNA, groEL, 
msp4, msp2) of A. phagocytophilum from different mam-
malian host animals. The suitability of these gene loci 
for analysis of the host–pathogen interactions varies. 
Previous studies showed msp2 to be a suitable marker 
for describing host–pathogen interaction [42]. Ear-
lier studies also demonstrated that msp2, p44 and other 
genes form a polymorphic multigene family encoding 
for major outer membrane proteins of A. phagocytophi-
lum. The relative expression ratios of these genes seem 
to vary depending on the host [30], which might ease the 
evasion of specific immune responses of the host by anti-
genic variation [43] and complicate the interpretation of 
evolutionary divergence or spontaneous recombination 
on a single gene level [44]. Also, sequencing seems to be 
challenging as our analyses could only contribute 71 new 
sequences. These findings led us to decide not to further 
process this locus in the phylogenetic variant net analy-
ses in the present study. In contrast, we found 174 new 
sequences with 50 different variants of msp4, thereby 
confirming the described high variability of this gene 
locus [18]. Msp4 interacts with the immune system of 
vectors and hosts, potentially provoking faster evolution 
of new A. phagocytophilum strains due to higher selective 
pressure [45]. With the exception of variant m4-2(B/C), 

which was found in five different hosts, the msp4 vari-
ants were clearly separated between ruminants and non-
ruminants, confirming the results of a previous study by 
de la Fuente et al. who reported a different development 
of lineages specializing on ruminants and non-ruminants 
as hosts [46]. The most conserved gene locus in our 
analyses was 16S rRNA, especially given the large num-
ber of sequences (n = 692). Although studies have distin-
guished between 16S rRNA variants specific to red deer 
and those specific to roe deer [47], 16S rRNA has been 
shown to not have enough discriminatory power to dis-
tinguish between distant lineages of A. phagocytophilum 
in Europe [5, 17, 23]. Additionally, our results confirmed 
that it is not sufficiently informative to use as a marker 
for  evaluating the samples at specific host level, as equal 
variants were shared by diverse host species [9, 48]. For 
that reason, gene loci with a higher genetic variation of 
different nucleotide sequence patterns and therefore 
higher discriminatory power should be chosen [20]. Nev-
ertheless, one of the most interesting variants is 16S-2(B), 
which was recently described to be a pathogenic variant 
for humans in the USA [14, 49] and also to infect vari-
ous animal species, including dogs, horses, sheep, red 
deer and roe deer [9, 20, 50, 51]. This wide host range 
of the 16S-2(B) strain might reflect the high host adap-
tation skills of A.  phagocytophilum. This was also con-
firmed in the present study in combination with variant 
m4-2(B/C), which occurred in several dogs and horses. 

Fig. 6 Minimum spanning net for distances on basis of a Kimura two-parameter (K2P) corrected distance matrix from sequence alignment, 
showing the relations between concatenated sequences of 16S rRNA, msp4 and groEL variants. Variants highlighted in pink are derived from cattle. 
groEL, Heat shock protein operon; 16S rRNA, 16S ribosomal RNA gene, msp4 major surface protein 4 gene
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This variant and variant combinations thereof might be 
an indicator for a broad host tropism, possibly support-
ing the conclusion that the complex interactions of hosts 
and vectors drive the evolutionary pressure and lead to 
new variants [6]. Our analyses also pointed out that the 
groEL gene locus is more diverse than the 16S rRNA 
locus in terms of the number of occurring variants, but 
it is less diverse than msp4 with regard to total number 
of variants. Variants g-1(A) and g-2(B) demonstrate a 
broad host tropism, with the majority of cases detected in 
domestic animals (Fig. 5). In addition, variant g-2(B) was 
associated with human infection in the past, detected in 
a Slovenian patient with a history of a tick bite [52]. The 
authors of a previous study revealed four distinct geo-
graphically dispersed ecotypes of the groEL locus, each  
with a significantly different host range in Europe [17]. 
On basis of these data, authors of earlier studies consid-
ered the groEL operon  to be more suitable than the 16S 
rRNA locus for distinguishing different geographic and 
pathogenetic variants of A. phagocytophilum [5, 53, 54].

Evaluation of utilized methods and biases
All the results presented here are subject to a sampling 
bias because samples derived from hosts with obvious 
clinical symptoms and from wild animals represent con-
venience sampling, with a dependence on hunting regu-
lations and season. The origin of many samples is Central 
Europe, but distribution is not equal throughout this 
area. In order to compensate for this sampling bias, we 
included additional A. phagocytophilum genes available 
from GenBank with diverse geographic origins in the 
analysis. The analyses of different partial genes in terms 
of genetic diversity is standard practice for the character-
ization of A. phagocytophilum. The current analyses sup-
port results and cycles that have been recently described 
and suggested. Nevertheless, extended analyses of a high 
number of genes or full genomes have been suggested 
recently [55, 56]. To achieve such analyses, a high num-
ber of host samples were tested by multilocus sequence 
typing, such as, for example, on goat samples [55], or a 
super tree was constructed on the basis of nine mark-
ers for French cattle variants [10]. Minimum spanning 
trees for cattle variants have also been produced recently 
[15]. Different analyses on single genes were conducted 
with the help of phylogenetic network-based methods to 
resolve host–vector interactions [6]. Referring to these 
previous studies, we have attempted to combine the 
multilocus approach (3 individual genes) with network 
analyses (minimum spanning nets for distances). We 
aimed at gaining additional information by these meth-
ods as data on variant analyses may not be tree-like since 
parallel evolution may occur due to the different evolu-
tional cycles described for Europe. For this purpose, we 

combined net and multiple loci typing analyses. A mini-
mum spanning net is easy to construct and far from being 
most parsimonious, but it is able to display sample sets 
differing in only a single nucleotide polymorphism (SNP)  
and it is easy to update with the advent of additional sam-
ples [57]. Also, we tried to overcome recent limitations 
of pattern density by concatenating three gene loci (16S 
rRNA, msp4 and groEL); unfortunately the dataset with 
available sequences for all three gene loci was only avail-
able for 98 samples (Fig. 6). However, this result suggests 
a cattle-associated cycle and confirms previous studies 
on the importance of this host species [10, 15, 33]. For 
future perspectives, not only would analysis based on 
larger patterns or even full genomes be favourable, but 
the samples should additionally provide an extensively 
distributed origin, leading to new and additional insights 
into the endemic cycles and molecular epidemiology of 
this pathogen in Europe.

Host selection of specific variants and pathogen life‑cycle
As stated earlier, a high number of samples from this 
study originated from Germany, followed by other Euro-
pean countries and then by the USA. The existing spatial 
metadata are too heterogeneous for detailed phylogeo-
graphic analyses, and are neither balanced globally nor 
across continents. These limitations can be seen in the 
sampling bias, with overrepresentation of samples from 
Germany, and both hamper any possible interpretation 
of further geospatial analysis of variant-host connec-
tions and underline the need for more diverse sampling 
from different countries to fill this gap. The high num-
ber of investigated hosts prohibited individual evalua-
tion of each host and, therefore, we focused our analyses 
on the hosts most commonly reported to be involved in 
the endemic life-cycles of A. phagocytophilum, namely 
dogs, due to their different clinical responses depending 
on the detected variant(s), and cattle, roe and red deer. 
For all of these hosts new sequences of different gene loci 
were created within the context of the present study, thus 
enhancing individual variant complexity and expanding 
current knowledge.

Dogs
In dogs, infections caused by A. phagocytophilum are 
mostly subclinical [58]. Nevertheless, it was previously 
hypothesized that different 16S rRNA gene variants of 
A. phagocytophilum are involved in natural infections of 
dogs and that those might cause different clinical out-
comes due to different levels of pathogenicity [32, 59]. 
In the present study, we predominantly sampled and 
further investigated samples from clinical cases, which 
may have introduced biased variant sampling. However, 
previous studies on canine blood donors revealed a 2.3% 
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prevalence for A. phagocytophilum infection without 
clinical symptoms [60]. Figures 3 and 4 show seven dif-
ferent 16S rRNA variants in dogs and only three msp4 
variants, which is contrary to the general variability of 
these gene loci. This finding may indicate the importance 
of considering 16S rRNA analyses in the detection of A. 
phagocytophilum variants from dogs. Variant 16S-2(B) 
belongs to the inner nodes of the 16S rRNA spanning 
net, whereas variant 16S-1(A) is not connected to the 
inner nodes directly but to 16S-2(B) (Fig.  3); this result 
indicates that the 16S-1(A) variant is a more specific dog 
variant, where 16S-2(B) bridges the relation to all other 
variants. As ticks and hosts have been found with both of 
these variants, it is not possible to identify where the sep-
aration between 16S-1 (A) and 16S-2(B) took place. This 
result is also supported by Fig. 2, which shows that only 
two msp4 variants are connected to cumulative differ-
ent variant combinations of 16S rRNA, groEL and msp2. 
As stated previously, these findings should be evaluated 
within the context of further studies, especially those 
focusing on the interactions of variants and pathogenicity 
[59]. Finally, it appears that dogs play a neglectable role  
in the endemic transmission cycles of A. phagocytophi-
lum, which might only be interesting in urban areas [61], 
where its role needs to be delineated.

Cattle and deer and their role in life‑cycles
Our results for cattle seem to indicate that cattle play a 
central role in the distribution and life-cycle of A. phago-
cytophilum, as visualized in the msp4 net (Fig.  4) and 
in the concatenated net (Fig.  6). These figures demon-
strate that there is a connection between all cattle vari-
ants (marked with pink circles on graphs) in the centre 
of both nets. The diversity of 16S rRNA variants is lim-
ited in cattle samples [only two 16S-20(W) and one 
16S-22(Y)], as presented in Fig. 2. The variant 16S-20(W) 
has been isolated from clinical cases, while 16S-22(Y) 
seems to be apathogenic [33, 62]. The 16S-20(W) vari-
ant also occurred in sheep with clinical abnormalities 
from Germany [63]. In general, this result may indi-
cate a distinct host tropism for a number of 16S rRNA 
A.  phagocytophilum strains in cattle, while the diversity 
of other partial genes (groEL, msp2 and msp4) is appar-
ent. The role of cattle in the distribution and evolution of 
A. phagocytophilum has also been discussed for different 
geographical areas in earlier studies [15, 33, 64]. All of the 
observed cattle samples from this study originated from 
Germany or Switzerland. As stated earlier, 16S-20(W) 
and 16S-22(Y) were the main variants; only one isolate 
(GU236584) from GenBank showed variant 16S-21(X) 
(Fig. 2) and this sample with this variant originated from 
Norway [9]. For cattle samples with msp4 from Germany, 
we found all variants, from m4-13(N) to m4-17(R)). 

Variant m4-14(O) also occurred in samples from a herd 
of cattle from Switzerland in combination with variant 
g-3 of the groEL operon, the 16S-20(W) and m2-3(b) 
for msp2 variants [25]. Other msp4 variants which were 
detected in German cattle are m4-49, m4-50 and m4-51 
[33]. Variant g-15 and g-18 of the groEL operon as well 
as m2-26 for the msp2 gene were detected in the new 
cattle sequences reported in the present study. For the 
GenBank sequences, we additionally detected m4-16 and 
m4-51 as well as three different “m4-nm” from French 
cattle. One of these French cattle variants, m4-nm5, is 
directly connected to the New World human Webster US 
strain, indicating a close relationship between both. In 
samples from Spanish cattle, we found one new “m4-nm” 
variant and variant m4-15(P) for the groEL operon; no 
additional variants were found, but we did identify a new 
msp2 (“m2-nm”) variant in cattle from Switzerland [46].

Unfortunately, only a limited number of red deer vari-
ant combinations were sequenced. Nevertheless, they all 
showed high individual variant combinations and some 
shared variants leading to different, but slightly overlap-
ping transmission cycles of A. phagocytophilum [65]. 
As previously described, our red deer samples also con-
tained the 16S-20 (W) variant which is common in cattle 
[5]. This is an interesting finding, which may be inter-
preted as being due to the different behaviour of red and 
roe deer: red deer seek closer contact to farm animals 
than roe deer. This finding supports the assumption that 
red deer may play a more important role as potential res-
ervoir hosts for domestic ruminant strains than roe deer 
[21]. It has been experimentally shown that red deer act 
as reservoir for A.  phagocytophilum strains pathogenic 
for sheep [66]. In addition, variants detected in red deer 
have been described to be pathogenic for humans, dogs, 
horses and domestic ruminants [20, 67, 68]. In contrast, 
roe deer seem to be only sporadically involved in the cir-
culation of the pathogenic strains of A. phagocytophilum 
16S rRNA or groEL variants [67]. In general, there is a 
high prevalence for A. phagocytophilum in roe deer, up to 
98.9%, indicating the susceptibility of this species to this 
pathogen [26]. Our analyses showed that roe deer had the 
highest number of variants for all four genes, which could 
be related to intense roaming activities of this species, 
resulting in increasing contact with different vectors and 
hosts and therefore with different variants. All of these 
gene variants are also diversly connected to one another 
in different hosts, without any clear variant-combination 
system (Fig. 2). This diversity was described already ear-
lier for groEL variants [47, 69, 70]. Most of the groEL 
variants circulate between ticks and roe deer exclusively, 
and only a few have been reported to be transmitted to 
domestic animals and humans as dead end hosts [23]. 
The occurrence of an individual roe deer subcycle was 
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proposed earlier based on different investigated genes [5, 
17, 18, 71]. Additionally, this species is considered to be a 
reservoir host in both suggested life-cycles of A. phagocy-
tophilum in Europe.

In general, our data confirm both hypothesized life-
cycles of A. phagocytophilum in Europe. The first of these 
life-cycles includes hedgehogs, red foxes and red deer, 
among others, as potential reservoir hosts and domes-
tic animals and humans as potential hosts that develop 
clinical symptoms of the disease. The lack of a sufficient 
number of samples from red deer has unfortunately ham-
pered analyses of the reservoir host theory [67] for this 
species, and our study has not provided new insight on 
whether questioning of this hypotheses is justified [10, 
21]. Hedgehogs as possible reservoir hosts were con-
firmed by the present study. The samples for hedgehogs 
showed high uniformity of A. phagocytophilum strains 
that also occur in domestic animals and humans and, 
therefore, their role as reservoir host is supported [24, 
72]. For the msp4 and groEL variants (Figs. 4, 5), a two-
parted net can be seen. The right side of the net supports 
previously suggested life-cycles [5, 33], and the left side 
of the net also suggests a deer–small ruminant (sheep, 
goat)–rodent–mouflon cycle that is completely separated 
from that of the  dog or cattle variants. This additional 
cycle could also explain the individual, unconnected clus-
ters of roe deer variant combinations in Fig. 2.

The second endemic cycle of A. phagocytophilum pos-
sibly involves wild cervids and rodents as reservoir hosts 
and domestic ruminants as hosts [5]. Unfortunately we 
could not add new sequence variants of A. phagocyt-
ophilum for rodents, but our analyses suggested a more 
diverse role of rodents in the life-cycle of A. phagocyt-
ophilum as proposed in previous studies. Authors of ear-
lier studies concluded that rodents are unlikely reservoir 
hosts for A. phagocytophilum from domestic animals 
and humans [17, 48]. Conversely, in the present study, 
the minimum spanning nets of 16S rRNA (Fig.  3) and 
groEL (Fig.  5) show rodent variants (16Snm5 16Snm24, 
16Snm25, gnm15, gnm4, gnm3) closely related to those 
of cat, dog, horse and human. For groEL, all of these vari-
ants are distant to the cattle, dog and deer subnet, sug-
gesting an additional subcycle. These findings need to be 
clarified by further analyses of additional rodent samples.

Conclusion
To unravel the complex transmission cycles of tick-borne 
pathogens such as A. phagocytophilum and to under-
stand variant combinations in different host species, we 
used a complex toolset for molecular epidemiology, phy-
logeny and network theory. Interestingly, different hosts 
showed unique but also shared variant combinations and 
variant distributions. Cattle seem to play a central role in 

the distribution of variants. The present study included 
nearly 1300 sequences and confirmed and extended cur-
rent knowledge on the two previously hypothesized life-
cycles of this pathogen in Europe. This information could 
be used to set the basis to develop European spread-and-
infection risk analyses for A. phagocytophilum. The use 
of three (partly four) individual gene loci already expand 
current knowledge of host–pathogen interactions on the 
basis of insights in individual variability of different gene 
loci from different hosts.
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