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ABSTRACT. In Central European conditions, two species of Anaplasmataceae have epidemiological
significance — Candidatus Neoehrlichia micurensis and Anaplasma phagocytophilum. Tick Ixodes ricinus is considered
as their main vector, wild mammals as the animal reservoir. There is presented the transstadial transmission in ticks, due
to the lack of transovarial mode the circulation goes mainly between immature ticks and hosts; pathogen circulates
primarily in the cycle: infected rodent — the tick larva — the nymph — the mammal reservoir — the larva of the tick.
The tick stages able to effectively infect human are nymphs and adult females, males do not participate in the follow
transmission. The summary of available data of different A. phagocytophilum strains associations with different hosts
revealed at least few distinct enzootic cycle, concern the same ticks species and different mammal hosts. It is possible
to reveal in Central Europe the existence of at least three different epidemiological transmission cycles of A.
phagocytophilum. The first cycle involves strains pathogenic for human and identical strains from horses, dogs, cats,
wild boars, hedgehogs, possibly red foxes. The second cycle involves deer, European bison and possibly domestic
ruminants. The third cycle contains strains from voles, shrew and possibly Apodemus mice. In Western Europe voles
might be involved in separate enzootic cycle with Ixodes trianguliceps as the vector.
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Introduction Anaplasma phagocytophilum. These agents were all

formerly classified within the genus Ehrlichia, and

Ehrlichiosis and anaplasmosis are zoonotic tick-
borne diseases caused by small, gram-negative,
obligate intracellular bacteria of the family
Anaplasmataceae, order Rickettsiales. Among
others, there belong the genera Ehrlichia and
Anaplasma, which include the range of tick-borne
human pathogens.

There are three serious zoonotic diseases
associated with these pathogens: human monocytic
ehrlichiosis (HME) caused by Ehrlichia chaffeensis,
granulocytic form of ehrlichiosis in dogs and
humans caused by Ehrlichia ewingii, and human
granulocytic anaplasmosis (HGA) caused by

the diseases caused by them were broadly referred
to as ehrlichiosis. However, recent taxonomic
revisions have reclassified the agent formerly called
Ehrlichia phagocytophila under the genus
Anaplasma as a single species Anaplasma
phagocytophilum [1]. In Europe, HGA has bigger
public health importance than infections caused by
Ehrlichia, reported mainly from America [2-4]. In
the Central European conditions, two species of
Anaplasmataceae have great epidemiological
significance — Candidatus Neoehrlichia micurensis
and Anaplasma phagocytophilum.
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The enzootic cycle of Candidatus
Neoehrlichia micurensis

Candidatus Neoehrlichia micurensis — (M.
mikurensis) is small (0.5-1.5 um), gram-negative,
pleomorphic coccus which grows in membrane-
bound inclusions within the cytoplasm of
endothelial cells [5]. This bacterium appeared as
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pathogenic for humans and was identified in the
blood of febrile patients in different countries in
Europe [6] and in China [7]. In Europe it was noted
in Sweden, Germany, Switzerland, Austria and
Czech Republic [7,8].

Tick Ixodes ricinus is considered as the main
vector for Ca. Neoehrlichia mikurensis in Central
Europe. It has been detected so far in ticks from at
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Fig. 1. The possible zoonotic cycle of Candidatus Neoehrlichia mikurensis

Ixodes ricinus serve as the vector which makes possible the maintenance and the circulation of Ca. N. micurensis in
environment. The animal reservoir are small rodents, mainly from the subfamily Arvicolinae. The transplacental
transmission enable the infection of young rodents without the vector participation. Large mammals play the role of
amplifier and maintain the tick population. Transstadial transmission enable the presence of the agent in adult ticks, but
the lack of transovarial mode, cause that the circulation goes mainly between immature ticks and rodents — larva
acquires infection during feeding on the infected host, and as nymph infects another rodent specimen. Resuming,
pathogen circulates primarily in the cycle: infected rodent — the tick larva — the nymph — the rodent — the larva of
the tick. The adult ticks become infected by the transstadial route, however this developmental stage stands for the
patogen a blind alley, because hosts of adult ticks are not susceptible for infection, and the transovarial transmission is
not there. The tick stages able to effectively infect human are nymphs and adult females, males don’t participate in the

follow transmission.

TS — transstadial transmission; TT — transplacental transmission; L — larva; N — nymph; A — adult; AM — adult male;

O —eggs
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least 16 European countries [9]. The prevalence
from various countries is within the range of the
0.3-24.2% of positively tested ticks, the mean 6.6,
and median 5.3 [9-12]. Apart I ricinus, Ca.
Neoehrlichia mikurensis was also isolated from /.
frontalis ticks fed on one migratory bird [13], L
persulcatus in Asian Russia, China and Japan [8,14]
and 1. ovatus in Japan [14]. The highest prevalence
of infection was recorded in nymphs of 1. ricinus
(6.1%) in comparison to adult females and males
(2.4%); larvae are not found to be infected [11,15].
However, Venclikova et al. [16] notes the
prevalence rate 4.4 to 9.9 and 2.2 to 9.8 in adults
and nymphs respectively, and accent that the
differences varied significantly between study sites
and years, but not between developmental stages
except a single studied location. It is known nothing
about the co-feeding transmission possibility.
Although few investigations on the transovarial
transmission of Ca. N. mikurensis have been
undertaken [15], the transovarial transmission is not
revealed. Moreover, the lack of agent in ticks®
larvae and simultaneously their presence in rodents
also suggest that transovarial transmission of Ca. N.
mikurensis does not occur.

The animal reservoir is poorly known, however,
available data indicate the role of small rodents
[9,14,17]. In Europe, Ca. N. mikurensis has been
detected in tissues of the six rodent species —
Apodemus agrarius, A. flavicollis, A. sylvaticus,
Myodes glareolus, Microtus agrestis and M. arvalis
[9,17]. Myodes glareolus was the most frequently
infected species with an average of 9.1% positive
voles (range 1.8% up to 52.7% in various
countries). Even if the prevalence of infection was
relatively low, not exceeding 3.9%, the results from
xenodiagnostic experiments with ticks have shown
that rodents are competent reservoir hosts and are
able to infect tick’s larvae [18]. Further study
reported observations of transplacental transmission
in rodents [19]. The infection was also detected in
dog in Germany [18]. The study of wild ruminants
(roe deer, red deer and fallow deer) surveyed in
Europe gave negative results [9,20].

The scheme of enzootic cycle of Candidatus
Neoehrlichia mikurensis in environment is
presented in Fig. 1.

The enzootic cycle of Anaplasma
phagocytophilum — general aspects

Anaplasma phagocytophilum is an obligatory

intracellular parasite, targets mainly granulocytes in
its mammalian hosts and localise in membrane-
bound vacuoles in the cytoplasm. This bacteria is
spread over a spacious territory of the USA, Europe
and Asia. It causes granulocytic anaplasmosis in
humans (HGA) as well tick-borne fever in
ruminants, equine anaplasmosis in horses and
severe febrile diseases in dogs and cats [12,21-27].
The infection has been detected in several
mammalian species, including humans, in areas of
northern hemisphere with endemic occurrence of
Ixodes ticks.

The first cases of human granulocytic
anaplasmosis were reported from the USA in 1994
[28]. Since, human anaplasmosis have been
occasionally reported throughout Europe [25]. The
majority of confirmed HGE cases have been
recorded in the USA; the prevalence of infection in
Europe is significantly lower. The first European
case was reported from Slovenia in 1995, later
series of confirmed human cases have been reported
in the majority of European countries [29-33].

Anaplasma phagocytophilum is transmitted by
ticks belonging to the Ixodes persulcatus complex,
which are mainly found in the Northern hemisphere
— I scapularis in the Northern America, I
persulcatus in northern Asia and [ ricinus in
Europe. The prevalence of infection of ticks with A.
phagocytophilum is very differentiated, from 1.0%
[34] to 26.6% [35]. Many authors [16,36-38]
accent, that prevalence of infection varied
significantly among the study sites, years and it
differed between tick stages. Apart in I. ricinus, A.
phagocytophilum has been often found in I
trianguliceps [4,39] and in some populations of D.
reticulatus [40-42], but their role is marginal and
has local significance. However, Paulauskas et al.
[43] detect unique A. phagocytophilum 16S rRNA
sequence in a D. reticulatus tick collected in
Lithuania which differed from other previously
identified A. phagocytophilum sequences in the
GenBank database.

Infection rates reported in many studies are
usually higher in adult I. ricinus ticks than in
nymphs, with the percentage of females infected
with A. phagocytophilum significantly greater
compared to males. On the data available from
various countries of Europe, females are infected
with A. phagocytophilum significantly more often
than males and nymphs, which indicate the key role
of tick females in the pathogen transmission to
humans and animals. The mean percentage, range
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Table 1. The prevalence of infection with Anaplasma phagocytophilum in particular tick Ixodes ricinus developmental

stages (%)

Nymphs Females Males References
nd 3.4 1.7 Sixl et al. 2003 [44]2
2.1 233 4.2 Grzeszczuk et al. 2004 [31]2
2.0 47.6 8.6 Stariczak et al. 2004 [46]
0.1 1.1 1.8 Stariczak et al. 2015 [69]
4.1 27.8 nd Grzeszczuk 2006 [32]
4.4 24.6 6.5 Chmielewska-Badora et al. 2007 [37]
1.14 5.67 4.0 Silaghi et al. 2008 [47]
0.8 6.1 10.9 Overzier et al. 2013 [48]
1.0 1.2 1.2 Glatz et al. 2014 [11]

6.5—11.1P

Venclikova et al. 2016 [16]

4 calculated on the base of published data; b adults together

and median of infection of adult males, females and
nymphs (recalculated from the original records) is
7.5% (1.6-33.5, mean 4.4), 19.5% (1.1-47.6, mean
5.7), 4.6% (0.1-27.7, mean 2.0) respectively
[11,31,37,44-48]. There is no official record about
the larvae infection with A. phagocytophilum (Table
1). Moreover, the important aspect is the role of /.
ricinus males. Although many authors report their
infections with A. phagocytophilum, they do not
feed principally [49] and the pathogen has no
possibility to take account in the follow circulation
in the environment.

It seems allowed, that general mode of
transmission and circulation scheme is similar to
other tick-borne pathogens from Anaplasmataceae
family. When tick feeds on infected host, pathogens
first enter the tick midgut epithelium, where their
primary replication takes place. Then the pathogens
move to the tick salivary glands to invade the
epithelial cells. In the salivary epithelial cells,
bacteria undergo the second replication cycle and
enter the salivary gland secretion when the tick
feeds on the next vertebrate host [8]. Transstadial
transmission of the bacterium occurs; the agent
survives in infected ticks for over a year while the
tick is awaiting a new host. In contrast to other
Rickettsiales, the transovarial transmission has not
been demonstrated [8,25] and larvae are considered
free of A. phagocytophilum. A non-systematic co-
feeding transmission of the pathogen from infected
to uninfected ticks while feeding on hosts at
common sites has not been yet reported for
Anaplasma in contrast to viruses or spirochetes.

The study conducted in Europe confirms the
wide range of mammals to be competent animal
reservoir for A. phagocytophilum, varied according
to geographical regions. As the most competent
reservoir is considered roe deer (Capreolus
capreolus). It is show the prevalence rates reaching
up to 98.9%, according to data from southern
Germany [48]; also the high prevalence, from 13.3
up to 72%, has been recorded in a fallow deer
(Dama dama) from Great Britain, Czech Republic,
Slovakia and Poland [45,50-56]. Other deer species
also seem to contribute to the endemic cycles in
Europe, and may also constitute efficient reservoir
hosts, although they role is lower. The pathogen has
been detected in red deer (Cervus elaphus) from
13.3 with up to 87.0% prevalence [45,52—-54], and
in sika deer (Cervus nippon) with up to 50.0% [25].
Apart deer, the organism was also detected in wild
boar (Sus scrofa), mouflon (Ovis aries), European
bison (Bison bonasus), elk (Alces alces) and
chamois (Rupicapra rupicapra) [3,31,45,52,53,57,
58]. Medium sized mammals are poorly recognized
as reservoirs; however, A. phagocytophilum was
found in red foxes (Vulpes vulpes) in Czech
Republic, Germany and Poland and in hares (Lepus
europaeus) in Czech Republic [45,59,60].

The role of rodents as animal reservoir of A.
phagocytophilum in Europe is not clear. Small
mammals are hosts for both nymphal and larval
ixodid ticks, so they could support endemic cycles
of A. phagocytophilum. The yellow-necked mice
(Apodemus flavicollis) were found to be infected
with ranges from <1.0 to 15.0%, wood mice
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(Apodemus sylvaticus) from <1.0 to 11.0%, bank-
voles (Myodes glareolus) from 5.0 to 22% [4,25],
root-vole (Microtus oeconomus) to 6.6% [61]. The
higher prevalence (21.9%) has been noted in M.
glareolus in Finland [62]. Hulinsk4 et al. [45] found
the infection in the range of rodents, and noted that
the percentage of Anaplasma-positive animals was
significantly higher in mice (15.0%) than in bank
voles (13.3%). However, many studies showed the
absence of infection in rodents, for example
Svitdlkova et al. [63] during study conducted in
Bratislava detected A. phagocytophilum in bank
voles (prevalence 2.5%), while in cohabitating
yellow-necked mouse the pathogen was not
detected (Table 2).

The genetic variability of Anaplasma
phagocytophilum

The schemes of HGE agent circulation in
environmental and the structure of zoonotic foci
complicate due to the great genetic variability of A.
phagocytophilum, described in the last decade.
Many studies demonstrate the different virulence
and different hosts preference of particular A.
phagocytophilum strains. However, the host
specificity of strains seems to be restricted, and the
multiple infections with different strains are often.
Farm and large wild animals, small mammals and
ticks were especially prone to carrying multiple
genetic variants. In humans and domestic animals
double infections are not so frequent [64].

The first records about the genetic, pathogenic
and host preference diverse were made in northern
America [65]. To this time, the studies of the
zoonotic reservoir of anaplasmosis have shown
small rodents, in northern America the white-footed
mouse (Peromyscus leucopus), as a competent
reservoir. In the follow investigations, on the basis
of serological assays or molecular detection of A.
phagocytophilum DNA in blood or tissue samples of
more rodents and insectivores (mice, voles, shrews),
medium sized small mammals (e.g., squirrels,
raccoons) and large mammals (e.g., white-tailed
deer, horses) are proved [25]. The DNA sequencing
of the A. phagocytophilum 16S rRNA gene
amplified from I. scapularis ticks and from white-
tailed deer (Odocoileus virginianus) showed that
novel genetic variant of A. phagocytophilum, AP-
variant 1, differed from that originally described by
Chen et al. [28] and named AP-ha. Moreover, the
novel variant has never been amplified from a

confirmed human infection and in contrast, the
human agent, AP-ha, has not been detected in a
white-tailed deer. The field and laboratory studies
showed, that both strains are transmitted by ticks,
but differ in the infectivity for mice [65]. Later
investigations confirmed the variability and that
different epidemiological context are associated
with considerable strain, e.g., AP-ha strain, which is
pathogenic for humans, can also infect cattle, sheep
and mice, whereas the AP-Varian 1, which is not
infectious for humans, infect goat and deer, but not
mice, similarly [21,65].

Similar range of variable strains and isolates
associated with the particular group of hosts, is
observed in Europe. During several investigations,
multiple genetic variants of the bacterium have been
characterized, on the base of some genetic markers.
To monitor the environment for the incidence of A.
phagocytophilum there are involved both classical
and nested PCR. As markers, fragments of the 16S
rRNA, ankA, groESL, msp2, or msp4 genes are used
for analyses usually. Amplification is based on a
one-step PCR and nested PCR protocol for the
genes msp2, ankA, or 16S rRNA, or a two-step PCR
assay, which is recommended for the groESL or
msp4 genes [66,67].

Ribosomal 16S rRNA genes are highly
conserved among all bacterial species; therefore,
they are a useful tool in the identification of
pathogen species and in phylogenetic research
[67,68]. As mentioned above, the testing of different
primer pair variants has allowed the differentiation
of five northern American strains of A.
phagocytophilum denoted as AP-ha, AP-variant 1,
AP-variant 2, AP-variant 3 and AP-variant 4, with
the most common variant being AP-ha [67,68].
Sequence analyses have proven that the differences
between variants are small and fall within the range
of 1-4 nucleotides; however enough to distinguish
subpopulation within the species are probably
associated with different hosts [67]. Rar and
Golovljova [8] by analysing of the 16S rRNA gene
nucleotide sequences discriminated 15 worldwide
variants differing in a variable fragment located near
the 5’end of the gene. Two are pathogenic for
human and abundant all over the world, one is non-
pathogenic for humans and common in the USA and
Europe in cattle and deer, three of them were found
in Europe only, eight is very rare and recorded only
in a few samples. As in case of mammal hosts, also
the investigations of I. ricinus ticks conducted in
Europe identified several 16S rRNA gene variants
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Table 2. The prevalence of Anaplasma phagocytophilum infection in wild mammals in Central Europe

Host species

Prevalence (%)

Locality

References

Sus scrofa 4.35 Moravia, Czech Republic
6.0 west-northern Poland
12.0 west-northern Poland
16.7 Slovakia
Deer
Capreolus capreolus 12.5 Moravia, Czech Republic
30.0 Bohemia, Czech Republic
23.5-35.9 Slovakia
98.9 Germany
38.7 east-northern Poland
53.6 west-northern Poland
23.6 west-northern Poland
9.6 western Poland
37.3 Poland
Cervus elaphus 13.33 Moravia, Czech Republic
86.0 Bohemia, Czech Republic
10.2 western Poland
68 west-northern Poland
50.9 east-northern Poland
19.2-24.5 Slovakia
17.5 Slovakia
Dama dama 13.33 Moravia, Czech Republic
20.5 western Poland
1.5 east-northern Poland
Other ruminants
Bison bonasus 62.0 eastern Poland
66.7 eastern Poland
Ovis aries 4.0 Bohemia, Czech Republic
Alces alces 20.0* Poland
Rodents and insectivores
Microtus oeconomus 6.6 eastern Poland
Apodemus flavicollis 15.0 Moravia, Czech Republic
Apodemus agrarius 21.5 western Poland
Erinaceus europaeus 25.8% Germany
Other
Vulpes vulpes 4.0% Moravia, Czech Republic
2.7 Poland
Lepus europaeus 12.5% Moravia, Czech Republic

Hulinska et al. 2004 [45]
Skotarczak et al. 2008 [53]
Michalik et al. 2012 [57]
Vichova et al. 2014 [17]

Hulinska et al. 2004 [45]
Zeman and Pecha 2008 [52]
Stefanidesova et al. 2008 [54]
Overzier et al. 2013 [48]
Hapunik et al. 2011 [55]
Skotarczak et al. 2008 [53]
Adamska 2006 [51]

Michalik et al. 2009 [81]
Welc-Faleciak et al. 2013 [56]
Hulinska et al. 2004 [45]
Zeman and Pecha 2008 [52]
Michalik et al. 2009 [81]
Skotarczak et al. 2008 [53]
Hapunik et al. 2011 [55]
Stefanidesova et al. 2008 [54]
Vichova et al. 2014 [17]
Hulinska et al. 2004 [45]
Michalik et al. 2009 [81]
Hapunik et al. 2011 [55]

Grzeszczuk et al. 2004 [31]
Karbowiak et al. 2015 [58]
Zeman and Pecha 2008 [52]
Karbowiak et al. 2015 [58]

Grzeszczuk et al. 2006 [61]
Hulinska et al. 2004 [45]
Gajda et al. 2013 [91]
Skuballa et al. 2010 [92]

Hulinsk4 et al. 2004 [45]
Karbowiak et al. 2009 [59]
Hulinska et al. 2004 [45]

* statistically insignificant

of A. phagocytophilum [43,65,69,70]. The reason of
such variability is the generalist feeding behaviour
of I ricinus nymphs and adults that facilitates the
continuous exchange of A. phagocytophilum variants
between the different vertebrate species. Investiga -
tions of strain in mammal hosts revealed that the
genetic diversity is associated with several hosts
species. Analysis of 16S rRNA gene using the
method of multiple-locus variable number tandem

repeat (VNTR), obtained from strains isolated from
big mammals (cattle, cervides, horses, dog) and
ticks in France confirmed that strains origin from
roe deer and cattle belong to two different clusters
[21]. In Slovenia, sequences obtained from roe deer
cluster separately to obtained from humans [71].
Hulinskd et al. [45] constructed the phylogenetic
tree with respect to the Ehrlichia equi sequence,
homologous to the human granulocytic ehrlichiosis
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agent, on the base of sequences obtained from ticks,
deer, rodents, cows and horses. Two E. equi variants
from two horses were 100% homologous to human
strain, and 99.5 % homologous to selected samples
from other animals. Overzier et al. [48]
differentiated four genetic variants of A. phagocyto-
philum isolated from wild mammals. The most
common is named X, and it seems mainly
associated with wild cervid species such as roe deer;
moreover, it had been also detected in small
mammals, sheep (Ovis aries), European bison
(Bison bonasus), cattle (Bos taurus), red deer
(Cervus elaphus), chamois (Rupicapra rupicapra)
and mouflon (Ovis orientalis musimon) and is
known to cause tick-borne fever in cattle and sheep.
Other different variants are I, V, and O, which are
also associated with these hosts, but occur more
rarely. It is obvious, that strain isolated from sheep
and field voles in Great Britain, differs by a single
nucleotide substitution from the prototype HZ strain
(accession number U02521) [39].

The variability of A. phagocytophilum variants
in I ricinus ticks is great as well, that suggest that
all can be transmitted by this tick species. Blanarova
et al. [4] detected four 16S rRNA genetic variants in
questing 1. ricinus, feeding I. trianguliceps ticks and
in rodents in one study. Two identical strains were
detected in 1. ricinus, I. trianguliceps and M.
glareoulus. Paulauskas et al. [43] described three
types of 16S rRNA gene sequences that were
obtained from the I. ricinus ticks collected in the
Baltic countries, and 5 types of gene sequences
obtained from ticks collected in Norway. There
were designated 7 variants. Three (1-3) were
identified in host seeking ticks and were 100%
identical to the published GenBank sequences that
were derived from dog, domestic cat, roe deer, cow
and L ricinus ticks. In the samples from Norway,
two different variants (2 and 3) were detected in
questing . ricinus ticks, two others from tick
specimens collected from hosts. One gene variants
was 100% identical to the prototype sequence of the
HGA agent; another variant showing a 100%
identity with a sequence from a horse. Staiiczak et
al. [69] differentiated four genetic variants of the
partial 16S rRNA of A. phagocytophilum detected in
L. ricinus in Poland, none equalled in the amplified
part the human pathogenic prototype variant. The
most prevalent variant 1 has been already detected
for example in ticks, dogs and cats; variant 2 was
found in I ricinus feeding on birds and red foxes;
variant 3 has been previously detected in roe deer

and in ticks feeding on them; variant 4 was found in
L. ricinus and elk Alces alces. Far greater diversity
was found by von Loewenich et al. [6] in a
population of A. phagocytophilum isolated from 1.
ricinus ticks. They described as many as 9 types of
the gene encoding the small subunit of the
ribosome.

The heat shock operon groESL codes for the
expression of heat shock proteins (HSP) and is
another conserved fragment employed in A.
phagocytophilum studies. The operon is composed
of two genes, groES, encoding a 10-20 kDa protein,
and groEL, encoding a 58-65 kDa protein, separated
by a non-coding sequence of variable length
depending on the bacterial species [67,72]. The
sequencing of the groESL has facilitated the
observation of a high degree of variability within
the operon, although most of the variants were of
neutral character for the fitness of cells, and thus do
not undergo selection. The presence of different
variants of heat shock operon in A. phagocy-
tophilum in ticks or wild animals considered to be
reservoirs of the bacterium has been confirmed
many times by independent researchers. First
research revealed the presence of two mean
different bacterial strains [6,60,70,73-75]. The
sequence analysis suggest, that human pathogenic
Anaplasma variant has the closest similarity (more
than 99.0%) to strains identified in wild boar as well
domestic animals — horse and dog [44,70,76,77].
The sequences of strains isolated from red deer also
clustered with those obtained from humans [71].
Follow studies revealed greater variability. Rar and
Golovljova [8] differentiated over 50 different
variants of groESL heat-shock operon, and among
them are three separate groups of sequences from
small mammals, from a separate cluster differing
from the clusters associated with large mammals.
Welc-Falgciak et al. [56] distinguished in Poland 6
genetic variants, differed in hosts preferences and
geographic range: variant A, show 99.6-99.8
similarity to sequences from /. ricinus, and roe deer
from Czech Republic; variant B, differs from human
pathogenic strains isolated from Slovenia, Poland
and Italy by 2 nucleotides; variant X, homology to
strains from goat (Capra aegagrus hircus); variant
Y, identical to strains from goat and mouflon;
variant V from dog (Canis lupus familiaris) and
hedgehog (Erinaceus europaeus); variant W,
present in the high range of various mammals.

Other genes employed in the detection and
identification of A. phagocytophilum are msp2 and
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KF312351 A.phagocytophilum Lricinus

a JN107802 A.phagocytophilum H.sapiens
DQ361025 A.phagocytophilum M.oeconomus
AY833407 A.phagocytophilum H.sapiens
KF312352 A.phagocytophilum Lricinus
GU391318 A.phagocytophilum S.scrofa

100 | GU236587 A.phagocytophilum B.bonasus

GU236577 A.phagocytophilum C.elaphus

KP245907 A.phagocytophilum |.ricinus
57 1JQ965531 A.phagocytophilum C.capreolus

| GQ450278 A.phagocytophilum C.elaphus

GQ450277 A.phagocytophilum C.capreolus
99 | GQ450276 A.phagocytophilum D.dama
GQ162213 Anaplasma sp. V.vulpes
KC335224 A.marginale C.hircus

AF033101 A.phagocytophilum H.sapiens Slovenia
b 94
AY529490 A.phagocytophilum E.caballus Sweden

96735 A.phagocytophilum E.caballus Switzerland

EU381161 A phagocytophilum C lupus familiaris Slovenia

78
AF478563 A phagocytophilum C.elaphus Slovenia

95
AF548386 A.phagocytophilum O.aries Norway

HM057224 A phagocytophilum C.elaphus Spain

AY220468 A.phagocytophilum C.capreolus Czech Republic
99 |, AF478551 A.phagocytophilum C.capreolus Slovenia

68 L DQ779568 A.phagocytophilum C.capreolus Poland
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Fig. 2. The phylogenetic trees of different A. phagocytophilum strains chosen from GenBank and origin from Central
European countries, with associations to mammal hosts

a — based on the fragment of the 16sRNA gene; b — based on the fragments of groESL heat shock operon; ¢ — based on
the fragments of ankA gene
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msp4 genes belonging to the OMP-1/MSP-2/P44
superfamily, characteristic of Anaplasmataceae
[66,67]. In the genome of A. phagocytophilum three
omp-1, one msp-2, two msp-2-homologs, one msp4,
and 113 p44 loci were found within this super-
family. The high variability of msp2, which includes
intra-species variability, with consequent protein
polymorphism and the generation of antigenic
variations facilitate bacterial survival in diverse
hosts. The correlation of different variants of the
MSP2 protein with geographical localization has
also been observed [66,78]. Another recent study
indicated that variants which infect ruminants in
Europe could be differentiated from variants which
infect dogs, horses, and humans by sequencing
msp4 [79], and follow sequences of A. phagocyto-
philum isolate from a dog and from a horse showed
an identity of 100% [60].

The ankA gene encodes a protein antigen of
molecular weight between 150-160 kDa and which
has repeated ankyrin motifs at the amino terminus.
Analysis of the ankA protein indicates localization
in the bacterial cytoplasm and not in the membrane
[64,67]. PCR and subsequent sequencing allowed a
structural comparison of this genomic region in
Anaplasma originating from various geographical
locations and different hosts; moreover, the AnkA
protein sequences showed multiple mutations [80].
Hartwig et al. [60] demonstrated, that isolates from
foxes were identical to variants AF36712 and
U02521 known from human and animal infections.
Scharf et al. [80] noted the 100% identity of ankA
gene sequences of strains isolated from dog an
horses in Germany, meanwhile, isolates from roe
deer are different and group into two separate
clusters; other ruminants, as from European bisons,
can be ranked to all clusters. Michalik et al. [57,81]
isolated strains from wild boar and deer,
corresponded to A. phagocytophilum strains caused
human disease. Majazki et al. [82] described new,
separate cluster with sequences restricted to voles
and shrews.

The great problem in the interpretation of A.
phagocytophilum strains diversity is simultaneous
differentiation associated with hosts preferences and
geographic location. To confirm the particular
strains preferences to mammal hosts without local
influences, Authors made analysis of strains
deposited in GenBank and origin from Central
European countries only, if possible. The deposited
sequences were analyzed using GenDoc 2.7.0.
software [83] and compared using NCBI BLAST

[84]. The phylogenetic analysis was performed
using the neighbor-joining (NJ) and maximum
parsimony (MP) methods in PAUP [85]. Molecular
distances for neighbor-joining tree were evaluated
using Kimura two-parameter model and followed
by 1000 bootstrap replications. Whereas for the
maximum parsimony followed by 1000 bootstrap
replications using the Tree-Bisection-Reconnection
algorithm were used. The available sequences of
16S rRNA gene groups into three lines, associated
with different cervids and fox, human and several
mammal hosts from every group, and separate from
C. capreolus respectively (Fig. 2a). Sequences of
groESL operon group into one separate line
associated with C. capreolus, and second, diverse
into groups associated with human and horse, C.
elaphus, Canis lupus, Ovis aries respectively (Fig.
2b). The available sequences of ankA gene present
the separate lines associated with rodents and
insectivores, C. elaphus and B. bonasus, C.
capreolus, and group of related strains from horse,
carnivores and O. aries (Fig. 2c¢).

The high genetic variability of A. phagocyto -
philum strains shortly described above exclude a
simple scheme of enzootic HGA foci, composed
from competent vector, animal reservoir and
amplifier. Due to the hosts preferences of different
strains, some of wild animals can serve as reservoir
hosts for granulocytic anaplasmosis in humans,
some of them not. Moreover, the strains divergence
made on the basis of different genetic markers and
some Authors analysis covered partially only. The
attempt to sum up the genetic variability is made by
Huhn et al. [64], using method of multilocus
sequence typing (MLST) to analysis of 400 strains
from human and animals mostly from Europe and
USA. The advantage of the analysis is independent
of the sequences as it takes into account only the
allelic profiles. Authors identified eight clonal
complexes, and among them three contained more
than 10 variable strains. These are complex 1,
containing typeable strains from human, dogs,
horses, hedgehogs, wild boars, cats, red foxes;
complex 2, containing typeable strains from voles
and shrews; complex 3, containing human and
canine strains origin from USA. Other smaller
complexes contained variable strains from cattle,
European bison and goat; two variable lines from
sheep, and strains from roe and red deer, sheep and
cattle. The phylogenetic analysis revealed that
strains from human, horses, dogs, hedgehogs and
wild boars are uniform, but strains from sheep,



276

G. Karbowiak et al.

animal reservoir g o

animal reservoir

il ticks developmental cyele

;

== e pathogen transmission  se—fe-  foraging association

Fig. 3. The enzootic cycle of Anaplasma phagocytophilum variants pathogenic for human

Ixodes ricinus tick is the vector which makes possible the maintenance and the circulation of A. phagocytophilum
variants pathogenic for human in environment. The animal reservoir are hedgehogs and wild boars, possibly carnivores.
Small rodents are not hosts of human affected strains, so they play the role of amplifiers, as hosts of ticks larvae and
nymphs, and maintain their occurrence. Transstadial transmission enable the presence of the agent in adult ticks, but the
lack of transovarial mode result, that the circulation goes mainly between immature ticks, adults and their hosts.
Hedgehogs, as hosts for every . ricinus developmental stages can be the source of infection for larvae, and be also
infected by nymphs and adults. The tick stages able to effectively infect human are nymphs and adult females, males

do not participate in the follow transmission.

TS — transstadial transmission; L — larva; N — nymph; A — adult; AM — adult male; O — eggs

cattle, European bison, roe deer, red deer show a
higher degree of heterogenity. In total, among the
complexes three major clusters can be
distinguished. Cluster 1 contains strains according
to the strains distinguished in complex 1. The
strains from human, horses, hedgehogs, wild boars
cluster together in the ankA gene and groESL
operon sequences. Moreover, human, canine and
equine strains Cluster 2, containing strains from roe
deer and part of strains from red deer. The strains

are not as uniform as those from humans and
domestic animals and show a higher diversity;
similarly, a higher degree of strain diversity was
found for A. phagocytophilum strains from cattle,
red deer and European bison. Cluster 3 contains
strains from voles and shrews. These are distantly
related to all other strains. It is significant, that the
association of variable A. phagocytophilum strains
with different hosts group is supported by other
Authors remarks. Majazki et al. [82] revealed, that
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Fig. 4. The enzootic cycle of Anaplasma phagocytophilum variants pathogenic for ruminants

Ixodes ricinus tick is the vector which makes possible the maintenance and the circulation of A. phagocytophilum
variants pathogenic for ruminants in the environment. The animal reservoir are red deer and roe deer, possibly European
bison. Small rodents are not hosts of A. phagocytophilum strains affecting ruminants, so they play the role of amplifiers,
as hosts of ticks larvae and nymphs and mainaining their occurrence. Transstadial transmission enable the presence of
the agent in adult ticks, but the lack of transovarial mode result, that the circulation goes mainly between nymphs, adult
females and their hosts. The tick stages able to effectively infect cattle are adult females. Due to the lack of transovarial
transmission, there is no possibility for larvae to aquire the infection. By the route the source of infection for nymphs
are mammal hosts only, so they are able to infect next hosts as adult stages only. Resuming, pathogen circulates primarily
in the cycle the nymph — adult female tick — the ruminant — the nymph. Adult males are blind alley for pathogen. The
co-feeding transmission is not documented. Human is not affected by this A. phagocytophilum variant.

TS — transstadial transmission; L — larva; N — nymph; A — adult; AM — adult male; O — eggs

strains from small mammals belong to a distinct
ankA gene cluster; on the separate character of
rodent’s strains of A. phagocytophilum show also
the analysis of Vichova et al. [17] — the sequences of
strain isolated from voles and Apodemus mice in
Slovakia were identical in overlapped regions of
16S rRNA and groEL genes, and clustered together.

The summary of available data of different A.

phagocytophilum strains associations with different
hosts revealed at least few distinct enzootic cycle,
concern the same ticks species and different
mammal hosts. Bown et al. [39] suggest the
occurrence of a few co-existing yet distinct enzootic
cycles, involving deer as hosts and another with
voles as hosts. They notified that A. phagocyto-
philum strains associated with rodents circulate in
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Fig. 5. The enzootic cycle of Anaplasma phagocytophilum variants affecting rodents and shrews

Ixodes ricinus tick is the vector which makes possible the maintenance and the circulation of A. phagocytophilum
variants pathogenic for rodents in the environment. The only hosts are small mammals, whereas ruminants and
insectivores are not hosts of this A. phagocytophilum strains, so they play the role of amplifiers, as hosts of adult ticks
and nymphs and maintaining their occurrence. Transstadial transmission enable the presence of the agent in adult ticks,
but the lack of transovarial mode result, that the circulation goes mainly between larvae, nymphs and their hosts.
Resuming, pathogen circulates primarily in the cycle small mammal — tick’s larva — nymph — small mammal. The co-
feeding transmission is not documented. The adult ticks become infected by the transstadial route, however this
development stage stands for the patogen a blind alley, because hosts of adult ticks are not susceptible for infection, and
the transovarial transmission is not there. In the case of I. trianguliceps, all developmental stages participate in the A.
phagocytophilum circulation, as well, both small rodents and shrews are engaged [89,91]. Human and domestic animals
are not affected by this A. phagocytophilum variant.

TS — transstadial transmission; L — larva; N — nymph; A — adult; AM — adult male; O — eggs

enzootic cycles separately from non-rodent among rodents; however does not explain the

associated strains and that they are transmitted by /.
trianguliceps but not I. ricinus ticks. Myodes
glareolus, A. flavicollis and A. agrarius were
infected with the same genotype of A.
phagocytophilum those areas where 1. trianguliceps
were present. On that base authors suggest, that
rodents strains are transmitted by I. trianguliceps,
not I. ricinus; this hypothese is able to explain the
high variability of A. phagocytophilum infections

presence of infections in rodents in localities in
Eastern Europe, where 1. trianguliceps ticks is rare
or absent. Such situation has place in north-eastern
Poland, were A. phagocytophilum has been detected
in rodents but I. trianguliceps was not found at the
same time and localization [61]. This hypothesis can
be supported by observation of Liz et al. [86] as well
Blanarov4 et al. [4] who demonstrated the presence
of A. phagocytophilum in rodents and collected
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from these animals ticks larvae. The partial 16S r
RNA gene sequences of bacteria from rodents and
ticks showed a high degree of homology, in
contrast, groESL sequence analysis showed a strong
divergence, between samples derived from rodents
and those from questing ticks. Woldehiwet [3]
suggest that free-living rodents harbour TBF variant
(tick-borne fever) of A. phagocytophilum, infecting
for domestic and free-living ruminants. Jahfari et al.
[15] describe four ecotypes, created on the basis of
the groEL-gene sequences and ecological factors.
Ecotype I concerns human isolates from Genbank
and the published papers. Ecotype II is present in
roe deer, I. ricinus, and deer keds. Ecotype Il may
circulate between roe deer via I. ricinus, or deer
keds, or both. Ecotype IlI is represented by strains
isolated from rodents. Two variants of this ecotype
were found in two different tick species, I
trianguliceps and I. ricinus, feeding on wood
mouse. Ecotype III was not found in questing 1.
ricinus or in any other wildlife, except rodents.
Ecotype IV is associated with one or more bird
species, but not with other vertebrates. Ecotype IV
was not found or in any other animal species. As
ecotype IV was not found in questing I. ricinus
either, it might be adapted to a life cycle involving
exclusively birds and a bird-specific vector, such as
L. frontalis.

Conclusions

Summary the above, it is possible to reveal in
Central Europe the existence of at least three
different epidemiological transmission cycles of A.
phagocytophilum, associated with the genetic
diversity of these bacteria and variable hosts
preferences of different strains.

The first cycle may involve A. phagocytophilum
strains pathogenic for human and identical strains
from horses, dogs, cats, wild boars, hedgehogs,
possibly red foxes. According to many authors
[48,64,77] wild strains from boars and hedgehogs
are equally part of this same clonal complex that
human, this suggest that these animals may serve as
reservoir hosts for HGA in humans and domestic
animals. Strasek Smrdel et al. [77] and Michalik et
al. [57] accent the potential role of wild boar as
animal reservoir of HGE.

The proposed scheme and detailed description of
enzootic cycle of variant of A. phagocytophilum
pathogenic for human is presented in Fig. 3.

The second cycle might involve roe deer, red

deer, European bison and possibly domestic
ruminants, as either accidental hosts. These strains
are distinctly related to strains from human and
small domestic animals. Therefore deer and
Bovinae are unlikely to serve as reservoir hosts for
granulocytic anaplasmosis in humans. The scheme
of enzootic cycle of variant of A. phagocytophilum
affecting ruminants is presented in Fig. 4.

The third cycle contains strains from voles,
shrew and possibly Apodemus mice. These are
distantly related to other strains, and therefore small
mammals are unlikely to serve as reservoir hosts for
granulocytic anaplasmosis in humans, domestic and
farm animals. In Western Europe voles and shrews
might be involved in separate enzootic cycle with
Ixodes trianguliceps as the vector [87]. It suggests
also Blanarova et al. [4] in Slovakia, who
demonstrates that at sites where 1. trianguliceps was
absent, they did not detect A. phagocytophilum in
rodents. In the light of the biological features of
Ixodes trianguliceps tick, it is possible that in the
circulation of the rodent’s A. phagocytophilum
strains are engaged small rodents and shrews both.
Larve and nymphs of I trianguliceps are hosts
specific and prefer shrews, whilst adult ticks prefer
rodents [88]. Although it is no evidence of A.
phagocytophilum in shrew in central Europe, Bown
et al. [89] demonstrate the 18.7% infection rate in
England.

On the other hand, in many part of central
Europe L. trianguliceps is not such common, or their
occurrence is restrained to specific habitats and thus
absent in many localities [88,90].

The scheme of enzootic cycle of variant of A.
phagocytophilum circulating among rodents and
shrews is presented in Fig. 5.
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