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Candidatus Neoehrlichia mikurensis (CNM) and Hepatozoon spp. are important vector-borne parasites
of humans and animals. CNM is a relatively recently discovered pathogen of humans. Hepatozoon
are parasites of reptiles, amphibians and mammals, commonly found in rodents and carnivores
worldwide. The present study aimed to determine the prevalence of CNM and Hepatozoon spp. in
three species of Microtus and to assess the occurrence of vertical transmission in naturally-infected
voles. Molecular techniques were used to detect pathogen DNA in blood and tissue samples of
captured voles and their offspring. The prevalence of CNM in the vole community ranged 24-47%
depending on Microtus species. The DNA of CNM was detected in 21% of pups from three litters of
six infected Microtus dams (two Microtus arvalis and one M. oeconomus) and in 3/45 embryos (6.6%)
from two litters of eight CNM-infected pregnant females. We detected Hepatozoon infection in 14%
of M. arvalis and 9% of M. oeconomus voles. Hepatozoon sp. DNA was detected in 48.7% of pups from
seven litters (6 M. arvalis and 1 M. oeconomus) and in two embryos (14.3%) obtained from one M.
arvalis litter. The high prevalence of CNM infections in the Microtus spp. community may be a result
of a relatively high rate of vertical transmission among naturally infected voles. Vertical transmission
was also demonstrated for Hepatozoon sp. in M. arvalis and M. oeconomus. Our study underlines the
significance of alternative routes of transmission of important vector-borne pathogens.

Candidatus Neoehrlichia mikurensis (CNM) is a relatively recently discovered tick-borne pathogen from the
family Anaplasmataceae! =, one of the aetiological agents of so called ‘tick-borne fever>-°. Neoehrlichiosis affects
mainly immunocompromised individuals and has been diagnosed also in dogs®®. At least eight species of rodents
(Arvicola terrestris, Apodemus agrarius, Apodemus flavicollis, Apodemus sylvaticus, Myodes glareolus, Micromys
minutus, Microtus arvalis, Microtus agrestis) have been recognised as reservoir hosts of CNM in Europe’™"3, in
addition to Rattus norvegicus, the latter species in the first report of the competence of rodents as reservoir for
these bacteria'. In Central Europe, the main vector of CNM is Ixodes ricinus with reported prevalence ranging
between 0.1-24.3%'. In Poland, CNM has been detected in I. ricinus ticks from different habitats including city
parks/forests and natural forests with generally low prevalence (0.3-2.9%)'>!¢. Furthermore, CNM has been
identified in five immunocompetent asymptomatic foresters from North-Eastern Poland'’. However, data on
the reservoir hosts of CNM in the region of Poland is still fragmentary’®.

In addition to confirmed transmission by ticks"®, there is also evidence for efficient vertical transmission of
CNM in different species of rodents from Germany'’.
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Apicomplexan protists of the genus Hepatozoon are parasites of reptiles, amphibians and mammals, com-
monly found in rodents and carnivores worldwide'>"*~%%. As Hepatozoon does not affect livestock or humans,
the systematics and transmission routes of these parasites are not well recognised, with many novel species/
genotypes identified in rodent hosts still waiting for complete valid descriptions'®**?%. Only two main species
parasitising dogs, Hepatozoon americanum and Hepatzoozon canis, are well studied®?. Canine hepatozoonosis
caused by H. canis is a common infection in dogs, originally reported from the Mediterranean area of Europe,
and more recently also from Central Europe. The first cases of H. canis infection in Central Europe were recently
recorded in dogs in Hungary”’, Ukraine®, the Czech Republic®, Poland (Tolkacz, unpublished), and Germany™.
Imported H. canis cases were also recently diagnosed in the United Kingdom®'.

Hepatozoon spp. are vector-borne parasites, transmitted by the ingestion of different arthropods, including
fleas (for rodent species) and ticks, for example the brown dog tick Rhipicephalus sanguineus for H. canis**™*,
Other routes of transmission are also suspected, including intake of infected prey (i.e. infected rodents hunted
by snakes?*) and vertical transmission. Vertical transmission has been reported for H. canis in dogs in Japan®.
The high prevalence of H. canis in free-living carnivores in Central Europe, in absence of the tick vector, R.
sanguineus, has led to the conclusion of a possibly high efficiency of transplacental H. canis transmission in red
foxes, grey wolves, and golden jackals?*?¢-*. In Poland, high prevalence of Hepatozoon spp. has been recorded
in red foxes, but also in common woodland rodents, i.e. bank voles (Myodes (Clethrionomys) glareolus)***4.
Hepatozoon infection was detected also by microscopy in our previous study in common voles, Microtus arvalis*!.

The present study aimed 1) to determine the prevalence of CNM and Hepatozoon spp. in three species of
voles, based on molecular typing of parasites and 2) to assess the occurrence of vertical transmission of these
two vector-borne pathogens in naturally-infected voles.

Methods
Scheme of experiments. To investigate the occurrence of transplacental transmission, two field-based
experiments were carried out. In the first year, we determined the presence of pathogens in embryos dissected
from naturally infected females, since this should completely eliminate the possibility of vector-borne transmis-
sion to offspring.

In the second year, to eliminate any possibility of contamination of offspring with maternal blood, we sampled
pups obtained from captured, pregnant female voles that were ectoparasite free*>*.

Trapping and processing of voles. Voles were live-trapped in the summers of 2013 and 2014, in long-
term abandoned fields near Urwitalt (field station of the University of Warsaw), in the Mazury Lake District
of North-Eastern Poland (53°48'50.25"N, 21°39'7.17"E). Three species of voles (common vole Microtus arvalis,
root vole Microtus oeconomus, and field vole Microtus agrestis) were trapped in different microhabitats extending
up gentle hills (greatest elevation 5 m) from two small mid-field ponds. The local terrain provides a sufficient
difference in height for a gradation in physical conditions and vegetation: from marshland submerged during
rainy periods that are a suitable habitat for the root vole, M. oeconomus, to a dryer grassland habitat preferred by
M. arvalis. Individuals of M. agrestis were trapped mostly in the intermediate zones. Voles were trapped using
mixed bait comprising fruit (apple), vegetables (carrot and/or cucumber), and grain. Two traps were set every
10 m along transects at dusk for five consecutive nights, and were checked each morning. Unoccupied traps were
then closed after the morning inspection to prevent animals entering during daytime, when excessive heat from
exposure of traps to direct sunlight might have affected animals detrimentally, and were re-baited and re-set on
the following afternoon. Traps were closed also during periods of rainfall. All the captured animals were trans-
ported in their traps to the laboratory for inspection.

In 2013, necropsies were carried out following terminal isoflurane (Merck, Darmstadt, Germany)
anaesthesia*>*. Voles were assigned to three age classes (juveniles, young adults, and adults) based on body
weight and nose-to-anus length together with reproductive condition (scrotal, semi-scrotal or non-scrotal for
males; lactating, pregnant or receptive for females)*2. Two thin blood smears were prepared from blood sam-
ples taken by the cardiac puncture of each animal trapped in 2013; additionally, 200 1 of blood were placed
in 0.001 M EDTA and frozen for PCR examination *. Identification of the Microtus species was performed as
described previously*>**. Foetuses were isolated from the uteri, washed in sterile water, and frozen at a tempera-
ture of —20°C*.

In the summer of 2014, all voles were live-processed under temporary anaesthesia as described in Totkacz
et al.*?, during which all ectoparasites were removed. A blood sample for blood smears and PCR examination
was taken from the tail tip of each animal. Males, non-pregnant females, and juvenile voles were then released
near to their trapping points. Females suspected of being pregnant were transferred to the animal house to be
kept in vector-free conditions. Each female was placed in an individual clean sterile cage provided with sawdust,
nest material, food (fruit, vegetables, and grain), and water ad libitum, where they were kept until parturition
and then with their pups. No ectoparasites were noted on these captive voles at any time after initial caging. Pups
were kept together with their dams for one month. In the third week of life, the pups were weighed and blood
samples were collected from their tail tips. Pups and dams were then released at the trap lines near to where the
dams had been originally caught*>+.

Blood collection and DNA extraction. Embryos were isolated from uteri and individually autopsied fol-
lowing two washes in sterile water, to minimise contamination with maternal blood. We necropsied 111 embryos
from 20 litters (Figs. 1, 2). Hearts and lungs were removed from embryos with sterile dissecting instruments.
Genomic DNA was extracted from whole blood and organs using the DNAeasy Blood & Tissue kit (Qiagen,
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Figure 1. Experimental plan for the study. Hep+, voles infected with Hepatozoon ; Hep—, voles uninfected with

Hepatozoon.

NY, USA) and stored at a temperature of — 20 °C. The remaining 12 litters were too small to enable isolation of

specific internal organs®.

Microscopic examination. Two blood smears were prepared from trapped voles and pups. Smears were
air-dried, fixed in absolute methanol and stained with Diff Quick (Microptic, Barcelona, Spain) or Hemacolor

(Merck, Darmstadt, Germany) staining kits, according to the manufacturers’ instructions*.

Smears from all captured animals and pups were examined for Hepatozoon spp. under oil immersion
(x 1000 magnification). A sufficient number of fields of vision were examined to enable up to 50 leukocytes to

be inspected (no fewer than 200 fields of vision).

Molecular characterization. Specific amplification of CNM and Hepatozoon spp. DNA was used for the
identification of infections in all trapped voles (males and females), embryos and pups. The primers and thermal
profiles used in this study have been described previously*#**. The PCR amplification of the 470 bp fragment of
the 16S rRNA with species-specific primers enabled the detection of CNM'. PCR amplification and sequencing
were used for the detection and spe-
cies identification of CNM. As positive controls, we used the genomic DNA of CNM extracted from the tick L.

)15,45

of the 914 bp fragment of the heat-shock protein gene (groEL gene

ricinus®®.

The detection and genotyping of Hepatozoon spp. were performed by PCR amplification and sequencing of
the 660 bp gene fragment of the 18S rRNA, as described previously***. The DNA of Hepatozoon erhardovae
from a bank vole' was used as a positive control. Negative controls, consisting of sterile water, were included

in each set of PCRs.

PCR products were subjected to electrophoresis on a 1.5% agarose gel, and stained with Midori Green stain
(Nippon Genetics GmbH, Diiren, Germany). Samples that tested positive on two consecutive occasions were
considered to be positive. Selected positive products from the PCR reactions were subsequently sequenced

(Genomed, Warsaw, Poland).

Genotyping and phylogenetic analysis. Thirty six Hepatozoon-positive PCR products derived from 18
trapped voles, 16 products obtained from pups, and two products obtained from embryos were sequenced from

both directions (Genomed, Warsaw, Poland).

Eighty three CNM-positive PCR products (50 for 16S rRNA gene and 33 for groEL gene) from trapped voles

and their offspring were sequenced (Genomed, Warsaw, Poland).
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Figure 2. Experimental plan for the study. CNM+, voles infected with “Ca. Neoehrlichia mikurensis” CNM-,
uninfected voles.

All the sequences were aligned using Molecular Evolutionary Genetics Analysis (MEGA) v. 11.0 open access
software (https://www.megasoftware.net/). The evolutionary model was chosen according to the data and boot-
strapped over 1000 randomly generated sample trees. The Maximum Likelihood method was used for tree-
construction. Phylogenetic analyses encompassed the sequences obtained in the current study and sequences
of Hepatozoon sp. and CNM deposited in the GenBank database?®.

Statistical analysis. The statistical approach adopted has been documented comprehensively in our earlier
publications*>*>#7-%%, For the analysis of prevalence (percentage of animals infected) maximum likelihood tech-
niques based on log-linear analysis of contingency tables (in SPSS vs 21) was applied. The results are presented
as percentages with 95% confidence limits in parentheses (CL), calculated with bespoke software based on the
tables of Rohlf and Sokal (1995), by courtesy of ES. Gilbert and J. M. Behnke from the University of Nottingham,
UK. For analysis of the prevalence of infections in wild-caught voles, we fitted prevalence of infection as a binary
factor with host species (three levels: M. arvalis, M. oeconomus, M. agrestis), host sex (two levels: males and
females), host age (three levels: juvenile, young adult, adult), and year (two levels: 2013, 2014) used as factors®®43,
Subsequent analyses were carried out for each host species separately.

For analysis of the prevalence in pups, we implemented pup survival as a binary factor (dead =0 or alive=1
at the age of 3 weeks). In order to test the hypothesis that co-infection of Hepatozoon and CNM in females/dams
may facilitate congenital transmission to their embryos/pups, we fitted models with CNM infection of female/
dam and embryo/pup as an additional factor (coded as infected =1, uninfected =0). For each level of analysis
in turn, beginning with the most complex model, involving all possible main effects and interactions, those
combinations not contributing significantly to the explanation of variation in the data were eliminated stepwise,
beginning with the highest-level interaction, as applied in our earlier papers*>*’. A minimum sufficient model was
then obtained, for which the likelihood ratio of XZ was not significant, indicating that the model was sufficient in
explaining the data. The success of vertical transmission to each litter, calculated as the fraction of positive pups/
litter, was correlated with litter size using the Spearman rank correlation test (SPSS v. 21)**,

Ethical statement. All of the procedures were conducted with the approval of the First Warsaw Local Ethics
Committee for Animal Experimentation in Poland (ethical license numbers: 148/2011, 406/2013, and 517/2014)
according to the principles governing experimental conditions and care of laboratory animals required by the
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European Union and the Polish Law on Animal Protection*>**. All animal care in the current study was con-
ducted in accordance with ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines 2.0°.

Results

Prevalence of Hepatozoon in the community of voles. In total, 217 voles of three species were
trapped and sampled: 124 common voles, M. arvalis; 76 root voles, M. oeconomus and 17 field voles, M. agrestis.
Prevalence of Hepatozoon sp. infection, based on PCR results by year of study, host species, and sex is provided
in Table 1. In total, a positive product of the PCR reaction was obtained for 11.1% (95% CL: 8.5-14.3%) of voles
in the community. The highest prevalence of Hepatozoon was found in M. arvalis (13.7% [95% CL: 9.1-19.8%])
and 9.2% [95% CL: 4.1-18.7%)] of M. oeconomus tested positive, but no Hepatozoon infections were detected in
M. agrestis (Hepatozoon infection x host species: y>=5.60, df=2, P=0.06). Differences in prevalence of Hepato-
zoon between the two years of the study, between males and females (Table 1, NS), and between the three age
classes were not significant (Hepatozoon infection x age class: y*>=2.47, df=2, P=0.29). Gamonts of Hepatozoon
sp. were not observed in any of the inspected blood smears.

Prevalence of infection in pregnant females and dams. Altogether 117 female voles were trapped,
among which 43 were pregnant. Embryos were isolated from the uteri of thirty two gravid females. Embryos
from 12 litters (including one litter from a Hepatozoon-positive M. oeconomus female) were too small to enable
isolation (Fig. 1). Finally, 111 embryos from 20 female voles, including three Hepatozoon-positive M. arvalis
were examined (Fig. 1, Table 2). Eleven dams were kept in captivity until 3 weeks after pup delivery (Fig. 1; host
species and litter size are provided in Table 3).

The overall prevalence of Hepatozoon sp. infection in the pregnant females was 25.6% (95% CL: 13-42%).
Prevalence was 30% (95% CL: 16.3-48.3%) in pregnant M. arvalis and 20% (95% CL: 3.7-55.4%) in M. oecono-
mus females (Table 1, Fig. 1).

Detection of Hepatozoon in embryos (2013 and 2014). Hepatozoon DNA was detected in two
embryos obtained from one out of three Hepatozoon-positive M. arvalis females (14.3% (95% CL: 2.6-42.6%),
Table 2). We did not detect Hepatozoon DNA in 97 embryos of the 17 Hepatozoon-negative females (Fig. 1).

Detection of Hepatozoon in pups maintained under vector-free conditions (2014). The DNA
of Hepatozoon sp. was detected in pups from seven litters (6 M. arvalis, 1 M. oeconomus), however, none of the
seven dams tested positive for Hepatozoon.

Hepatozoon sp. DNA was detected in 48.7% (95% CL: 33.9-63.2%) of pups (Fig. 1, Table 3). In one litter, from
the M. oeconomus dam, 3 of 6 pups were positive (50% [95% CL: 15.3-84.7%]), in comparison to 48% (16/33
[95%CL: 33.9-63.2%]) of positive pups from six M. arvalis dams (Table 3) (NS).

M. arvalis M. agrestis M. oeconomus Microtus spp.
Year Infection I Q All e} Q All o) Q All 3 Q Total
NI 20 29 (17) 49 9 5(3) 14 10 6(4) 16 39 40 (24) 79
2013 I 0 6(3) 6 0 0(0) 0 2 1(1) 3 2 7 (4) 9
% infected 0.0% 17.1% (15%) 10.9% | 0.0% | 0.0% (0%) | 0.0% 16.7% 14.3% (20%) 15.8% | 4.9% 14.9% (14%) 10.2%
NI 29 29 (4) 58 1 2(0) 3 23 30 (4) 53 53 61 (8) 114
2014 I 4 7 (6) 11 0 0(0) 0 2 2(1) 4 6 9(7) 15
% infected 12.1% 19.4% (60%) 159% | 0.0% |0.0% (0%) |0.0% |8.0% 6.3% (20%) 7.0% 10.2% 12.9% (47%) 11.6%
NI 49 58 (21) 107 10 7(3) 17 33 36 (8) 69 92 101 (32) 193
2 I 4 13 (9) 17 0 0(0) 0 4 3(2) 7 8 16 (11) 24
% Hepatozoon infected | 7.5% 18.3% (30%) 13.7% | 0.0% | 0.0% (0%) | 0.0% 10.8% | 7.7% (20%) 9.2% 8.0% 13.7% (26%) 11.1%

Table 1. Prevalence of Hepatozoon spp. in three species of wild-caught Microtus voles. Numbers of pregnant
females and percentage (%) of pregnant infected females are shown in brackets. NI number of uninfected voles,
I number of infected voles.

No. of embryos infected with
ID of pregnant female | Host species | No. of embryos in litter | Hepatozoon in the litter % of infected embryos
2013/45 M. arvalis 6 0 0.0%
2013/47 M. arvalis 2 0 0.0%
2013/72 M. arvalis 6 2 33.3%
2 6x M. arvalis | 14 2 14.3%

Table 2. Evidence for vertical transmission of Hepatozoon sp. in embryos of female voles captured in 2013.
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No. of pups infected with

ID of pregnant female | Host species No. of pups in litter | Hepatozoon in the litter % of infected pups
2014/34 M. arvalis 5 2 40%
2014/59 M. arvalis 5 4 80%
2014/65 M. arvalis 6 4 67%
2014/77 M. oeconomus 6 3 50%
2014/126 M. arvalis 7 2 29%
2014/130 M. arvalis 4 3 75%
2014/131 M. arvalis 6 1 17%

(v
) ? i% Z;Zgg;mus gz M. arvalis+ }2 M. arvalis + igg ?1(61/2/3?)91)\/[ arvalis,

6 M. oeconomus 3 M. oeconomus 50.0% (3/6) M. oeconomus

Table 3. Evidence for vertical transmission of Hepatozoon sp. in pups delivered by female voles captured in
2014.

No correlation was found between the percentage of Hepatozoon-positive pups in a litter and litter size (NS,
Table 3). There was also no significant difference in the percentage of infected male and female pups born to
infected dams: 52.6% (10/19 [95% CL: 31.2-74.3%]) of males and 45.0% (9/20 [95% CL: 24.4-68.0%]) of females
were PCR-positive. There was no difference in body weight nor in survival of pups born with congenital infec-
tions, in comparison to the uninfected offspring of uninfected dams (mean body weight 15.63 +/-2.8 g for
infected and 15.74 +/—2.23 g for uninfected pups).

Genotyping of Hepatozoon sp. In the phylogenetic tree inferred from the 18S rRNA gene fragment
(=540 bp), our Hepatozoon sequences clustered within a large clade composed by many Hepatozoon genotypes
associated with rodents and reptiles from different parts of the world (Fig. 3). This clade was sister to another
large clade that contained Hepatozoon sequences associated with canids (i.e. H. canis) and felids (Hepatozoon
felis). The topology of the tree supported the closest similarity of Hepatozoon sp. from Microtus spp. to Hepato-
zoon erhardovae, originating from bank voles (M. glareolus) from the same location in NE Poland*'. However,
sequences from Microtus voles differed slightly from both main conserved genotypes of H. erhardovae in bank
voles across Europe®” and formed a separate branch. Sequences of Hepatozoon obtained in a mother and in the
offspring were identical. Representative sequence have been deposited in GenBank under accession number
ON994872.

Prevalence of CNM in the community of voles. Prevalence of CNM infection by year of study, host
species and sex is provided in Table 4. In total, a positive product of the PCR reaction was obtained for 35.5%
(95% CL: 31.2-39.9%) of Microtus voles in the community. The highest prevalence of CNM was detected in M.
agrestis (47.1% [95% CL: 25.3-71.3%]) and the lowest in M. oeconomus (23.7% [95% CL: 14.7-35.4%]) but the
difference in prevalence between the three host species was not significant (NS).

Opverall prevalence was almost twice as high in voles captured in 2013 compared to those sampled in 2014
(#*=9.05, df=1, P<0.05). There was a significant interaction of year of study and host age and prevalence of CNM
(age class x CNM infection x year of study: y*=11.05, df=2, P=0.004). In 2013 prevalence declined gradually
with increasing host age but in 2014, a year with generally low prevalence, this pattern was reversed (Fig. 4).
Prevalence was similar in males and females (no significant association; Table 4).

CNM infection in females and dams. One hundred and eleven embryos from 20 necropsied females
were examined. Among the females, five M. arvalis females, one M. oeconomus and two M. agrestis female tested
positive for CNM (Table 5).

Among eleven dams kept in captivity until pup delivery, 5 M. arvalis and 1 M. oeconomus females tested
positive for CNM (host species and litter size provided in Table 6).

The overall prevalence of CNM infection in the pregnant females was 41.9% (95% CL: 26.2-58.8%) (Table 4),
ranging 30-66% among pregnant females of the three host species (Fig. 2, Table 4).

Detection of CNM in embryos (2013 and 2014). The DNA of CNM was detected in 12 euthanised
pregnant females. Infection in four litter (3 M. arvalis, 1 M. oeconomus), could not be evaluated because of the
early stage of pregnancy, with embryos too small to enable reliable isolation of fetal tissues.

The DNA of CNM was detected in embryos from two out of five litters from CNM-positive M. arvalis females
(Table 5). No CNM DNA was detected among 17 embryos obtained from CNM-positive M. oeconomus and M.
agrestis females, nor in embryos from the CNM-negative females (Table 5, Fig. 2).

Detection of CNM in pups maintained under vector-free conditions (2014). The DNA of CNM
was detected in pups from two out of five litters from infected M. arvalis dams and in one litter from an infected
M. oeconomus dam. In total, CNM DNA was detected in 21.2% (95% CL: 11.2-35.7%) of pups (Fig. 2, Table 6).
Prevalence of congenital CNM infection was similar (19-33%) in M. arvalis and M. oeconomus pups (NS,
Table 6).
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(  2013.72 Hepatozoon sp. Microtus oeconomus. Poland \
© 2014.11 Hepatozoon sp. Microtus arvalis. Poland
© 2014.52 Hepatozoon sp. Microtus oeconomus. Poland
© 2013.40 Hepatozoon sp. Microtus oeconomus. Poland
© 2013.65 Hepatozoon sp. Microtus oeconomus. Poland
© 2013.45 Hepatozoon sp. Microtus arvalis. Poland
o ON994872 2013.68 Hepatozoon sp. Microtus oeconomus. Poland
© 2014.95 Hepatozoon sp. Microtus arvalis. Poland Hepatozoon erhardovae
KF418367 Hepatozoon erhardovae isolate UR2. Myodes glareolus. Poland
AY600625 Hepatozoon sp. BV2. Myodes glareolus. Spain
JX644996 Hepatozoon sp. KR-2012 isolate HEP2. Myodes glareolus. Hungary
KT274182 Hepatozoon sp. 58. Myodes glareolus. Croatia
KF418366 Hepatozoon erhardovae isolate UR1. Myodes glareolus. Poland
38 | AY600626 Hepatozoon sp. BV1. Myodes glareolus. Spain /
JX644998 Heeatuzuon Sp. KR-2012 isolate HEP8. Mzodes glareolus. Hunﬁary
[~ F1719818 Hepatozoon sp. AO5. Abrothrix olivaceus. Chile
[ KT337470 Hepatozoon sp. 1.274-2012-Itlah. Acomys russatus. Egypt
| — AB181504 Hepatozoon sp. HepBiCMO0O01. Bandicota indica (a wild rat). Thailand
o | KJ499516 Hepatozoon sp. JPM-2014 isolate 101jac. Jaculus jaculus. Mauritania
‘FEF157822" yorgbor. Lamprophis fuligi Ghana
31 ' KJ499527 Hepatozoon sp. JPM-2014 isolate 169jac. Jaculus orientalis. Morocco
— EF222259 Hepatozoon sp. squirrel 1. Sciurus vulgaris. Spain
HQ317910 Hepatozoon sp. V46Hep Th. Varanus salvator komaini. Thailand
KM234649 Hepatozoon domerguei isolate md67. Furcifer sp. Madagascar
HM585204 Hepatozoon sp. CCS-2010 isolate V9. Varanus salvator komaini. Thailand
KF246566 Hepatozoon seychellensis isolate DB6726. Grandisonia alternans. Seychelles

AF176837 | c Lithob c USA
KP119773 Hepatozoon theileri voucher NMB ZAF :P:255. Amietia quecketti. South Africa
JN181157 f sipedon QUBS-1994. Unknown host. Canada

FJ719813 Hepatozoon sp. DG1. Dromiciops gliroides. Chile

F1719814 Hepatozoon sp. DG2. Dromiciops gliroides. Chile

AY620232 Hepatozoon felis isolate Spain 1. Felis catus. Spain

I GQ377216 Hepatozoon felis isolate Korea-1. Prionailurus bengalensis. South Korea

HQ829437 Hepatozoon ursi isolate LaCONES. Melursus ursinus. India

AB771554 Hepatozoon felis isolate: CFM-20 20061109. Prionailurus bengalensis euptilurus. Japan

o L AF176836 Hepatozoon americanum. Canis familiaris. USA
KMA435071 Hepatozoon felis isolate Cuiaba Felis catus. Brazil

—— EF222257 Hepatozoon sp. Martes martes. Spain

HQ259589 Cryptosporidium parvum isolate C115-38. Bos taurus. Kenya

—
0.020
Figure 3. The phylogenetic tree of Hepatozoon based on a fragment of the 18S rRNA gene, was inferred using
the Maximum Likelihood method and a Tamura 3-parameter (I+G). The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches.
The analysis involved 38 nucleotide sequences. All positions containing gaps and missing data were eliminated.
The nucleotide sequence of Cryptosporidium parvum was used as an outgroup. Evolutionary analyses were
conducted in MEGA 11.0. Sequences obtained in the present study are marked with a black dot at the
beginning.
M. arvalis M. agrestis M. oeconomus Microtus spp.
Year Infection 3 Q All 3 Q All ) Q All 3 Q Total
NI 8 18 (12) 26 5 2(1) 7 8 4(3) 12 21 24(16) 45
2013 |1 12 17 (8) 29 4 3(2) 7 4 3(2) 7 20 23(12) 43
% infected 60.0% | 48.6% (40%) |52.7% | 44.4% | 60.0% (66%) |50.0% |333% | 42.9% (40%) |36.8% |48.8% |48.9% (42.9%) | 48.9%
NI 21 26 (5) 47 1 1(0) 2 19 27 (4) 46 41 54(9) 95
2014 |1 12 10 (5) 22 0 1(0) 1 6 5(1) 11 18 16 (6) 34
% infected 36.4% | 27.8% (50%) |31.9% |0.0% | 50.0% 33.3% | 24.0% | 15.6% (20%) [19.3% |30.5% | 22.9% (40%) | 26.4%
NI 29 44(17) 73 6 3(1) 9 27 31(7) 58 62 78 (25) 140
b I 24 27 (13) 51 4 4(2) 8 10 8(3) 18 38 39(18) 77
9% CNM-infected | 45.3% | 38.0 (43.3%) |41.1% |40.0% |57.1(66%) 47.1% [27.0% | 20.5% (30%) |23.7% |38.0% | 33.3% (41.9%) |35.5%

Table 4. Prevalence of “Ca. Neoehrlichia mikurensis“in three species of wild-caught Microtus voles. Numbers
of pregnant females and percentage (%) of pregnant infected females are shown in brackets. NI number of
uninfected voles, I number of infected voles.

There was no correlation between the percentage of CNM-positive pups in a litter and litter size (NS,
Table 6). No impact of CNM infection on pup survival, nor on body weight, was observed (mean body weight
14.92 g+/-3.13 for infected and 15.82 g+/—2.31 for uninfected pups).

All the pups born to CNM infected dams survived in comparison to two litters of non-infected dams that
died after delivery (1 M. oeconomus, 1 M. arvalis). There was also no significant difference in the percentage of
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Figure 4. Prevalence of “Ca. Neoehrlichia mikurensis” in three age classes of wild-caught voles sampled in

2013-2014.

2014

2013/3 M. arvalis 2/7 28.6%

2013/15 | M. arvalis 1/4 25.0%

2013/20 | M. arvalis 0/5 0.0%

2013/45 | M. arvalis 0/6 0.0%

2013/52 | M. arvalis 0/6 0.0%

2013/7 M. agrestis 0/4 0.0%

2013/24 | M. agrestis 0/7 0.0%

2013/70 M. oeconomus 0/6 0.0%
8 X Microtus sp.: 3/45 Microtus sp.: 6.6% Microtus sp.:

5 5% M. arvalis 3/28 M. arvalis + 10.7% M. arvalis+
2x M. agrestis 0/11 M. agrestis+ 0.0% M. agrestis+
1x M. oeconomus | 0/6 M. oeconomus 0.0% M. oeconomus

Table 5. Evidence for vertical transmission of “Ca. Neoehrlichia mikurensis” in embryos extracted from

pregnant female voles.

2014/25 M. arvalis 0/6 0%
2014/34 M. arvalis 2/5 40%
2014/59 M. arvalis 0/5 0%
2014/65 M. arvalis 3/6 50%
2014/112 M. arvalis 0/5 0%
2014/77 M. oeconomus 2/6 33%
6 x Microtus sp.: 7/33 Microtus sp.: 21.2% Microtus sp.:
¥ 5x M. arvalis 5/27 M. arvalis+ 18.5% M. arvalis+
1x M. oeconomus | 2/6 M. oeconomus 33.3% M. oeconomus

Table 6. Evidence for vertical transmission of “Ca. Neoehrlichia mikurensis” in pups delivered by female voles

captured in 2014.

congenital infections between male and female pups born to infected dams: 16% (3/19) of males and 29% (4/14)

of females were CNM-positive.

Genotyping of CNM.  Thirty three sequences of the CNM groEL gene fragment were obtained from PCR-
positive trapped voles and their offspring, representing three host species (24 from M. arvalis, 6 from M. agrestis
and 3 from M. oeconomus). There was almost no diversity among the obtained sequences displaying 99.8-100%
identity to CNM ‘MgUR isolate (KJ561570) derived from a bank vole, M. glareolus, from the same area in our
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earlier study (Welc-Faleciak et al., unpublished). A representative groEL sequence has been deposited in Gen-
Bank under accession number OP158204 (Suppl. File 1).

Fifty sequences of the CNM 168 rRNA gene fragment were obtained from PCR-positive trapped voles and
their offspring, representing all three host species (34 from M. arvalis, 5 from M. agrestis, and 11 from M. oecono-
mus). There was no diversity among the obtained sequences displaying 100% identity to CNM WAWS5 isolate
(KJ123754) derived from a asymptomatic patient in Warsaw'’, but also to isolate Omsk-41_Micagr (MN736126)
derived from M. agrestis in Syberia (Rar et al., unpublished). A representative 16S rRNA sequence has been
deposited in GenBank under accession number (0Q152532).

Co-infection of Hepatozoon sp. and CNM in dams and pups. Co-infections of Hepatozoon and
CNM were detected in four dams (vole ref nos. 2014/34, 2014/59, 2014/65, and 2014/77). The vertical transmis-
sion of both Hepatozoon and CNM had occurred in three out of those litters. Another two dams (2014/25 and
2014/112) were infected with CNM but not with Hepatozoon and in this case congenital CNM infection was
not detected in pups. Vertical transmission of Hepatozoon occurred in three litters of dams infected only with
Hepatozoon but not with CNM (vole ref nos. 2014/126, 2014/130 and 2014/131).

In a minimal sufficient model obtained from this analysis, only Hepatozoon infection in a dam was associated
with Hepatozoon infection in pups (y*=9.54, df=5, P<0.05). CNM infection in a dam was associated with CNM
infection in pups (y*=9.18, df=2, P<0.05). Hepatozoon infection in a dam was not associated with congenital
infection of CNM, while CNM infection in a dam was not associated with congenital infection of Hepatozoon
in pups (NS).

Furthermore, focusing on the infection status of offspring, we correlated the success of vertical transmission
of Hepatozoon in a litter (percentage of the litter with Hepatozoon) with the success of vertical transmission of
CNM in the litter (percentage of litter with CNM), for offspring of co-infected females/dams (n=4) but no cor-
relation was evident (NS).

Discussion

In the present study, we have reported on the relatively high prevalence of infection with the zoonotic bacterium
CNM in a sympatric Microtus vole community inhabiting a rural area in North-Eastern Poland. Moreover, we
have provided further evidence that this high prevalence is likely to have been maintained by a significant rate of
congenital infections (vertical transmission from naturally infected female voles to their offspring). Our study is
among the first to assess the prevalence of Hepatozoon sp. and to determine the genetic identity of this pathogen
in a Microtus spp. community, providing support also for the possibility of vertical transmission of Hepatozoon
among vole species.

We have identified CNM in three species of Microtus voles. Although CNM has been previously reported in
M. arvalis and M. agresti55’1°’53, this is the first report of CNM in M. oeconomus. Thus, we have expanded the list
of rodent species serving as reservoirs of these zoonotic bacteria. Our study has confirmed that rodents are the
main reservoir hosts for CNM because no CNM infections have been detected previously in insectivores'®** and
other Neoehrlichia species have been found only in carnivores™.

The prevalence of CNM in our vole community ranged 24-47% depending on Microtus species. This is a
moderate rate of prevalence, similar values having been reported in at least seven papers for the most commonly
studied rodent species in several countries in Europe®®1%13°355_In one study, much lower values (preva-
lence <2%) were reported’ and in two studies in Germany prevalence (>55%) was found to be slightly higher
compared to that in our work>'?. Hence, there is a some disparity in prevalence values for the most commonly
studied species, ranging 0.3-33% for A. agrarius”'>>, 1.7-65% for A. flavicollis>’~'121353657 11 1-589% for M.
glareolus>7~1012135355-57 ‘and 11-33% for A. sylvaticus>#1053%,

Microtus spp. have been less well studied than mice and bank voles, with reported CNM prevalences of 5-30%
for M. arvalis>'®"> and 8% for M. agrestis*>. The prevalence value reported in this study (overall 35.5% in Microtus
spp.) is in agreement with these studies. Importantly, high prevalence of zoonotic CNM in Microtus spp. may be
of greater significance than high prevalence in Apodemus spp. or M. glareolus, because Microtus spp. voles can
live in close proximity to humans, inhabiting any kind of open areas (abandoned areas, field margins, gardens,
petrol stations, grassy forecourts, etc.) Microtus spp. populations can reach high densities, thus constituting an
important wildlife reservoir of infection for ticks and humans. Low genetic diversity of these bacteria®?, derived
from human cases, ticks and rodents, supports a significant role of rodents as the source of infection for humans.
Interestingly, in two previous studies carried out in Poland, similar high prevalences of CNM were detected in
M. glareolus (18-30%) in the same region of the country (North-Eastern Poland)®’, in two murine species in
Warsaw (23% in A. flavicollis and 11% in A. agrarius) and in 24-50% of rodents (27-29% A. agrarius, 29-36%
A. flavicollis, 24-50% M. glareolus) from South-Western Poland, near Wroctaw!®*7.

The present study was planned to investigate the phenomenon of vertical transmission of vector-borne patho-
gens, bacteria and protists in naturally-infected rodent populations. In our previous papers we documented the
occurrence of vertical transmission for Bartonella spp.** and Babesia microti** among three species of voles. In
the present study we have extended this route of transmission to other pathogens, verifying that vertical trans-
mission is also a key feature of infections with CNM and Hepatozoon sp. The DNA of CNM was detected in
embryos and pups from infected Microtus females. In total, the DNA of CNM was detected in 21% of pups born
to CNM infected dams and in 7.3% of embryos obtained from infected female voles. Thus, we have confirmed
the occurrence of vertical transmission in two Microtus spp. Our findings support the previous report of vertical
transmission of CNM to embryos and neonates of three rodent species from Germany'? and the discovery of a
CNM-positive foetus in a litter of an A. flavicollis female from Slovakia’.
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Moreover, the successful detection of vertical transmission of CNM in our study supports results presented
by Obiegata et al. (2014)': congenitally infected offspring were identified in 60% (9 out of 15 ) of litters, with a
CNM prevalence of 34% (23 out of 67 individuals) in rodent foetuses and neonates from positive dams. Among
those 15 litters, congenitally infected offspring were found in: 7/12 litters of M. glareolus, 1/1 litter of A. flavicol-
lis, and 1/2 litters of M. arvalis'.

In the present study we observed also a declining prevalence of CNM infection with increasing age in the
free-living voles sampled in 2013. A similar pattern has been described for prevalence of Bartonella in this vole
community*. The highest prevalence in the youngest voles is consistent with vertical transmission of CNM in
vole populations. Furthermore, as stated earlier, a prevalence of CNM in rodents up to 10 times higher than in
tick populations supports the existence of transmission routes other than tick-borne and confirms the key role
of rodents as reservoir hosts!®!>16,

Infections of Hepatozoon spp. have been reported in at least nine rodent species in Europe®2*-2140:58-63 byt by
far the majority of studies concern M. glareolus (as the main host of Hepatozoon) and other host species have been
studied rarely. Also among the studied species, prevalence of Hepatoozoon sp./H. erhardowae has been reported
to be highest in M. glareolus in Europe, ranging 17-88%°2*"4061-64 In our long-term study on haemoparasites
in Masuria, North-Eastern Poland?, prevalence of H. erhardovae oscillated in the range 40-70% in bank voles
during an 11 year period. Interestingly, two main genotypes of H. erhardovae (BV1 and BV2) seem to be highly
conserved and distributed across distant regions of Europe- Spain, South Germany, Poland*"**2,

Prevalence of Hepatozoon is generally lower in Apodemus spp., ranging 5-28% for A. flavicollis and 18-30%
for A. sylavaticus®$%*. There are few studies of Hepatoozoon in Microtus spp. voles, and prevalence, determined
solely based on microscopy, has been reported mostly as zero®>** or as a single positive individual*. Prevalence
of Hepatoozoon sp./H. lavieri, with identification based on molecular techniques, has ranged 3-9% in M. arva-
lis*%1; 2-10% in M. agrestis®>%? and 7% in M. oeconomus from North-Eastern Poland®. In the current study, we
detected Hepatozoon infection only in two species of voles, in M. arvalis (14%) and M. oeconomus (9%), but with
slightly higher prevalence than reported previously.

In our study all the Hepatoozoon sequences that we obtained were very similar (95-100% homology), and
based on the topology of the phylogenetic tree, they are likely to constitute either a Microtus-adapted variant/
genotype of H. erhardovae or, less likely, a different species (H. lavieri?*®). However, based on 18S rRNA there is
apparently little diversity among Hepatozoon isolates obtained from various rodents, amphibians and reptiles**?.

One of the main findings of the present study is confirmation of vertical transmission of Hepatozoon in
rodents by the detection of DNA in embryos and pups. Success of vertical transmission was high for pups, close
to 50% both in six litters of M. arvalis and in one litter of M. oeconomus. However, no Hepatozoon infection was
detected in dams. The lack of detection of Hepatozoon in dams may have been due to the low burden of parasites,
confirmed also by a failure to detect Hepatozoon gamonts by microscopy in PCR-positive animals. Low burdens
of parasites are typical for chronic infections and it may be pertinent that we have recently described success-
ful vertical transmission of B. microti from chronically infected BALB/c mice to their offspring, while no such
transmission occurred during the acute phase of infection®*.

More than 60 years ago, vertical transmission of Hepatozoon griseisciuri was described in naturally-infected
grey squirrels kept until partitution in a laboratory, under ectoparasite-free conditions®”. Prevalence of infection
was 92% in free-living grey squirrels and different life stages of Hepatozoon were then observed in 19 out of 21
pups (90%) (36 h to 4 weeks in age) but no Hepatozoon stages were detected in histological sections of different
organs of a single two-week-old embryo®. Interestingly, similar high success of vertical transmission has been
observed for H. canis in Beagle dogs (23/29 [79%] of infected pups in six litters from 3 infected bitches*) and
in red foxes (2/3 positive foetuses [67%] from an infected vixen®’). Thus, vertical transmission appears to be
an established route of transmission for these vector-borne parasites in different host species and our study of
Hepatozoon in rodents is consistent with this idea. Vertical transmission is likely to significantly contribute to
the maintenance and spread of Hepatozoon spp., even in areas where competent vectors do not occur. Further
investigation is needed to examine the viability of the agents found in the offspring, and the exact route of trans-
mission (tranplacental, trans-uterine, through birth canal, etc.).

Conclusions

The high prevalence of CNM infection in our Microtus spp. community may be the result of a relatively high
rate of vertical transmission of CNM in three species of naturally infected voles. Vertical transmission was
demonstrated also for Hepatozoon sp. in M. arvalis and M. oeconomus. Our study underlines the significance of
alternative routes of transmission of important vector-borne pathogens.

Data availability

All relevant data are included in the article. Representative sequence of Hepatozoon sp. have been depos-
ited in GenBank under accession number ON994872 (https://www.ncbi.nlm.nih.gov/nuccore/ON994872.1?
report=GenBank). A representative sequences of CNM were deposited in GenBank under accession numbers
OP158204 (https://www.ncbi.nlm.nih.gov/nuccore/OP158204.1%report=GenBank), and OQ152532 (https://
www.ncbi.nlm.nih.gov/nuccore/0OQ152532).

Received: 16 August 2022; Accepted: 17 January 2023
Published online: 31 January 2023

Scientific Reports |

(2023) 13:1733 | https://doi.org/10.1038/s41598-023-28346-0 nature portfolio


https://www.ncbi.nlm.nih.gov/nuccore/ON994872.1?report=GenBank
https://www.ncbi.nlm.nih.gov/nuccore/ON994872.1?report=GenBank
https://www.ncbi.nlm.nih.gov/nuccore/OP158204.1?report=GenBank
https://www.ncbi.nlm.nih.gov/nuccore/OQ152532
https://www.ncbi.nlm.nih.gov/nuccore/OQ152532

www.nature.com/scientificreports/

References

1.

Kawahara, M. et al. Ultrastructure and phylogenetic analysis of ‘Candidatus Neoehrlichia mikurensis’; in the family Anaplasmata-
ceae, isolated from wild rats and found in Ixodes ovatus ticks. Int. J. Syst. Evol. Microbiol. 54, 1837-1843 (2004).

2. Rar, V. A, Epikhina, T. L, Livanova, N. N. & Panov, V. V. Genetic diversity of Babesia in Ixodes persulcatus and small mammals
from North Ural and West Siberia, Russia. Parasitology 138, 175-182 (2011).

3. Silaghi, C., Beck, R., Oteo, J. A., Martin, P. & Sprong, H. Neoehrlichiosis: an emerging tick-borne zoonosis caused by Candidatus
Neoehrlichia mikurensis. Exp. Appl. Acarol. 68, 279-297 (2016).

4. Fehr, J. S. et al. Septicemia caused by tick-borne bacterial pathogen Candidatus Neoehrlichia mikurensis. Emerg. Infect. Dis. 16,
1127-1129 (2010).

5. Jahfari, S. et al. Prevalence of Neoehrlichia mikurensis in ticks and rodents from North-west Europe. Parasites Vectors 5, 74 (2012).

6. Diniz, P. P. V. P, Schulz, B. S., Hartmann, K. & Breitschwerdt, E. B. Candidatus Neoehrlichia mikurensis” Infection in a Dog from
Germany. J. Clin. Microbiol. 49, 2059-2062 (2011).

7. Blanarovd, L. ef al. Presence of Candidatus Neoehrlichia mikurensis and Babesia microti in rodents and two tick species (Ixodes
ricinus and Ixodes trianguliceps) in Slovakia. Ticks Tick Borne Dis. 7, 319-326 (2016).

8. Burri, C., Schumann, O., Schumann, C. & Gern, L. Are Apodemus spp. mice and Myodes glareolus reservoirs for Borrelia miyamotoi,
Candidatus Neoehrlichia mikurensis, Rickettsia helvetica, R. monacensis and Anaplasma phagocytophilum? Ticks Tick Borne Dis.
5,245-251 (2014).

9. Galfsky, D., Krdl, N., Pfeffer, M. & Obiegala, A. Long-term trends of tick-borne pathogens in regard to small mammal and tick
populations from Saxony, Germany. Parasites Vectors 12, 131 (2019).

10. Obiegala, A. et al. Candidatus Neoehrlichia mikurensis and Anaplasma phagocytophilum: prevalences and investigations on a new
transmission path in small mammals and ixodid ticks. Parasites Vectors 7, 563 (2014).

11. Obiegala, A. et al. Highly prevalent bartonellae and other vector-borne pathogens in small mammal species from the Czech
Republic and Germany. Parasites Vectors 12, 332 (2019).

12. Silaghi, C., Woll, D., Mahling, M., Pfister, K. & Pfeffer, M. Candidatus Neoehrlichia mikurensis in rodents in an area with sympatric
existence of the hard ticks Ixodes ricinus and Dermacentor reticulatus, Germany. Parasites Vectors 5, 285 (2012).

13. Svitdlkovd, Z. H. et al. Candidatus Neoehrlichia mikurensis in ticks and rodents from urban and natural habitats of South-Western
Slovakia. Parasites Vectors 9, 2 (2016).

14. Portillo, A., Santibéfiez, P, Palomar, A. M., Santibaiez, S. & Oteo, J. A. Candidatus Neoehrlichia mikurensis, Europe. New Microbes
New Infect 22, 30-36 (2018).

15. Kowalec, M. et al. Rickettsiales occurrence and co-occurrence in Ixodes ricinus ticks in natural and urban areas. Microb. Ecol. 77,
890-904 (2019).

16. Welc-Faleciak, R. et al. Rickettsiaceae and Anaplasmataceae infections in Ixodes ricinus ticks from urban and natural forested areas
of Poland. Parasites Vectors 7, 1-13 (2014).

17. Welc-Faleciak, R., Sinski, E., Kowalec, M., Zajkowska, J. & Pancewicz, S. A. Asymptomatic, “Candidatus Neoehrlichia mikurensis”
infections in immunocompetent humans. J. Clin. Microbiol. 52, 3072-3074 (2014).

18. Gajda, E. Charakterystyka molekularna i ekologiczna Anaplasmataceae wystepujacych w populacjach dziko zyjacych gryzoni,
PhD Thesis. (University of Wroclaw, 2019).

19. Alsarraf, M. et al. Long-term spatiotemporal stability and dynamic changes in the haemoparasite community of spiny mice (Acomys
dimidiatus) in four montane wadis in the St. Katherine Protectorate, Sinai, Egypt. Parasites Vectors 9, 195 (2016).

20. Bajer, A., Pawelczyk, A., Behnke, J. M., Gilbert, E. S. & Sinski, E. Factors affecting the component community structure of hae-
moparasites in bank voles (Clethrionomys glareolus) from the Mazury Lake District region of Poland. Parasitology 122, 43-54
(2001).

21. Bajer, A. et al. Long-term spatiotemporal stability and dynamic changes in the haemoparasite community of bank voles (Myodes
glareolus) in NE Poland. Microb. Ecol. 68, 196-211 (2014).

22. Baneth, G. Perspectives on canine and feline hepatozoonosis. Vet. Parasitol. 181, 3-11 (2011).

23. Criado-Fornelio, A. et al. New molecular data on mammalian Hepatozoon species (Apicomplexa: Adeleorina) from Brazil and
Spain. J. Parasitol. 92, 93-99 (2006).

24. Maia, J. P. et al. Molecular assessment of Hepatozoon (Apicomplexa: Adeleorina) infections in wild canids and rodents from north
Africa, with implications for transmission dynamics across taxonomic groups. J. Wildl. Dis. 50, 837-848 (2014).

25. Smith, T. G. The genus Hepatozoon (Apicomplexa: Adeleina). J. Parasitol. 82, 565-585 (1996).

26. Weck, B. C. et al. Novel genotypes of Hepatozoon spp. in small mammals, Brazil. Parasites Vectors 15, 87 (2022).

27. Hornok, S. et al. High prevalence of Hepatozoon-infection among shepherd dogs in a region considered to be free of Rhipicephalus
sanguineus. Vet. Parasitol. 196, 189-193 (2013).

28. Hamel, D,, Silaghi, C., Zapadynska, S., Kudrin, A. & Pfister, K. Vector-borne pathogens in ticks and EDTA-blood samples collected
from client-owned dogs, Kiev, Ukraine. Ticks Tick Borne Dis. 4, 152-155 (2013).

29. Mitkova, B. et al. Autochthonous Babesia canis, Hepatozoon canis and imported Babesia gibsoni infection in dogs in the Czech
Republic. Vet. Med. (Praha) 62(2017), 138-146 (2017).

30. Helm, C.S. et al. Identical 18S rRNA haplotypes of Hepatozoon canis in dogs and foxes in Brandenburg, Germany. Ticks Tick Borne
Dis. 11, 101520 (2020).

31. Attipa, C. et al. Hepatozoon canis in three imported dogs: a new tickborne disease reaching the United Kingdom. Vet. Rec. 183,
716-716 (2018).

32. Baneth, G., Samish, M., Alekseev, E., Aroch, I. & Shkap, V. Transmission of Hepatozoon canis to dogs by naturally-fed or percuta-
neously-injected Rhipicephalus sanguineus ticks. J. Parasitol. 87, 606-611 (2001).

33. Baneth, G., Samish, M. & Shkap, V. Life cycle of Hepatozoon canis (Apicomplexa: Adeleorina: Hepatozoidae) in the tick Rhipi-
cephalus sanguineus and domestic dog (Canis familiaris). J. Parasitol. 93, 283-299 (2007).

34. Giannelli, A. et al. Transstadial transmission of Hepatozoon canis from larvae to nymphs of Rhipicephalus sanguineus. Vet. Parasitol.
196, 1-5 (2013).

35. Murata, T., Inoue, M., Tateyama, S., Taura, Y. & Nakama, S. Vertical transmission of Hepatozoon canis in dogs. J. Vet. Med. Sci. 55,
867-868 (1993).

36. Farkas, R. et al. First molecular evidence of Hepatozoon canis infection in red foxes and golden jackals from Hungary. Parasites
Vectors 7, 303 (2014).

37. Hodzi¢, A. et al. Occurrence and diversity of arthropod-transmitted pathogens in red foxes (Vulpes vulpes) in western Austria,
and possible vertical (transplacental) transmission of Hepatozoon canis. Parasitology 145, 335-344 (2018).

38. Hodzi¢, A. et al. Molecular survey of tick-borne pathogens reveals a high prevalence and low genetic variability of Hepatozoon
canis in free-ranging grey wolves (Canis lupus) in Germany. Ticks Tick Borne Dis. 11, 101389 (2020).

39. Mierzejewska, E. J. et al. The red fox (Vulpes vulpes), a possible reservoir of Babesia vulpes, B. canis and Hepatozoon canis and its
association with the tick Dermacentor reticulatus occurrence. Ticks Tick Borne Dis. 12, 101551 (2021).

40. Karbowiak, G., Rychlik, L., Nowakowski, W. & Wita, I. Natural infections of small mammals with blood parasites on the borderland
of boreal and temperate forest zones. Acta Theriol. 50, 31-42 (2005).

Scientific Reports | (2023) 13:1733 | https://doi.org/10.1038/s41598-023-28346-0 nature portfolio



www.nature.com/scientificreports/

41. Pawelczyk, A., Bajer, A., Behnke, J. M., Gilbert, E. S. & Sinski, E. Factors affecting the component community structure of hae-
moparasites in common voles (Microtus arvalis) from the Mazury Lake District region of Poland. Parasitol. Res. 92, 270-284 (2004).

42. Tolkacz, K. et al. Prevalence, genetic identity and vertical transmission of Babesia microti in three naturally infected species of
vole, Microtus spp. (Cricetidae). Parasites Vectors 10, 66 (2017).

43. Tolkacz, K. et al. Bartonella infections in three species of Microtus: prevalence and genetic diversity, vertical transmission and the
effect of concurrent Babesia microti infection on its success. Parasites Vectors 11, 491 (2018).

44. Inokuma, H., Okuda, M., Ohno, K., Shimoda, K. & Onishi, T. Analysis of the 18S rRNA gene sequence of a Hepatozoon detected
in two Japanese dogs. Vet. Parasitol. 106, 265-271 (2002).

45. Li, H. et al. Wide distribution and genetic diversity of “Candidatus Neoehrlichia mikurensis” in rodents from China. Appl. Environ.
Microbiol. 79, 1024-1027 (2013).

46. Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S. MEGA6: Molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 30, 2725-2729 (2013).

47. Grzybek, M. et al. Seroprevalence of Tick-Borne Encephalitis Virus in three species of voles (Microtus spp.) in Poland. J. Wildl.
Dis. 56, 492-494 (2019).

48. Grzybek, M. et al. Seroprevalence of Trichinella spp. infection in bank voles (Myodes glareolus)—A long term study. Int. J. Parasitol.
Parasites Wildl. 9, 144-148 (2019).

49. Grzybek, M. et al. Zoonotic viruses in three species of voles from Poland. Animals 10, (2020).

50. Grzybek, M. et al. Seroprevalence of Toxoplasma gondii among sylvatic rodents in Poland. Animals 11, 1048 (2021).

51. Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 18, €3000410
(2020).

52. Alsarraf, M. et al. Conserved genotypes of Hepatozoon erhardovae in bank voles in Europe. The 16th International Symposium
‘Parasitic and allergic arthropods- medical and sanitary significance’. 80-81 (2014).

53. Andersson, M. & Raberg, L. Wild rodents and novel human pathogen Candidatus Neoehrlichia mikurensis, Southern Sweden.
Emerg. Infect. Dis. 17,1716-1718 (2011).

54. André, M. R. Diversity of Anaplasma and Ehrlichia/Neoehrlichia agents in terrestrial wild carnivores worldwide: Implications for
human and domestic animal health and wildlife conservation. Front. Vet. Sci. 5, 1-24 (2018).

55. Azagi, T. et al. Assembly and comparison of Ca. Neoehrlichia mikurensis genomes. Microorganisms 10, 1134 (2022).

56. Vichovd, B. et al. Anaplasma infections in ticks and reservoir host from Slovakia. Infect. Genet. Evol. 22, 265-272 (2014).

57. Andruszewska, K. Candidatus Neoehrlichia mikurensis in rodents from areas with different levels of anthropopressure, Master’s
thesis. (University of Warsaw, 2016).

58. Cox, E. E. G. Protozoan parasites of British small rodents. Mamm. Rev. 17, 59-66 (1987).

59. Healing, T. D. Infections with blood parasites in the small British rodents Apodemus sylvaticus, Clethrionomys glareolus and
Microtus agrestis. Parasitology 83, 179-189 (1981).

60. Turner, C. M. Seasonal and age distributions of Babesia, Hepatozoon, Trypanosoma and Grahamella species in Clethrionomys
glareolus and Apodemus sylvaticus populations. Parasitology 93(Pt 2), 279-289 (1986).

61. Baltrunaité, L., Kitryté, N. & Krizanauskiené, A. Blood parasites (Babesia, Hepatozoon and Trypanosoma) of rodents, Lithuania:
part I. Molecular and traditional microscopy approach. Parasitol. Res. 119, 687-694 (2020).

62. Laakkonen, J., Sukura, A., Oksanen, A., Henttonen, H. & Soveri, T. Haemogregarines of the genus Hepatozoon (Apicomplexa:
Adeleina) in rodents from northern Europe. Folia Parasitol. (Praha) 48, 263-267 (2001).

63. Ferrari, G., Girardi, M., Cagnacci, F, Devineau, O. & Tagliapietra, V. First record of Hepatozoon spp. in alpine wild rodents: Impli-
cations and perspectives for transmission dynamics across the food web. Microorganisms 10, 712 (2022).

64. Rigo, K. et al. Identification of Hepatozoon erhardovae Krampitz, 1964 from bank voles (Myodes glareolus) and fleas in Southern
Hungary. Parasitol. Res. 115, 2409-2413 (2016).

65. Bednarska, M. et al. Vertical transmission of Babesia microti in BALB/c mice: preliminary report. PLoS ONE 10, e0137731 (2015).

66. Totkacz, K., Rodo, A., Wdowiarska, A., Bajer, A. & Bednarska, M. Impact of Babesia microti infection on the initiation and course
of pregnancy in BALB/c mice. Parasites Vectors 14, 132 (2021).

67. Clark, G. M. Hepatozoon griseisciuri n. sp.; A New Species of Hepatozoon from the Grey Squirrel (Sciurus carolinensis Gmelin,
1788), with Studies on the Life Cycle. J. Parasitol. 44, 52-63 (1958).

Acknowledgements

We thank our colleagues and students who provided insight and expertise that greatly assisted the research and
those who helped us in the field work. We thank Mgr Grzegorz Gérecki, Dr Jolanta Behnke-Borowczyk, mgr
Joanna Gabral, Dr Katarzyna Kisiel, and Dr Agnieszka Kloch for their help. Special thanks to ES. Gilbert from
the University of Nottingham, UK for sharing the statistical software.

Author contributions

K.T. and A.B. designed the study, performed laboratory and statistical analyses. K.T. and M.K. participated in
laboratory work. K.T., A.B., M.A., M.G., D.D., and J.M.B. participated in fieldwork. K.T. and A.B. drafted the
manuscript. All authors read and approved the final manuscript.

Funding
The study was financially supported by the National Science Centre, grant OPUS no. 2011/03/B/NZ8/02212.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-28346-0.

Correspondence and requests for materials should be addressed to K.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:1733 | https://doi.org/10.1038/s41598-023-28346-0 nature portfolio


https://doi.org/10.1038/s41598-023-28346-0
https://doi.org/10.1038/s41598-023-28346-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023)13:1733 | https://doi.org/10.1038/s41598-023-28346-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Candidatus Neoehrlichia mikurensis and Hepatozoon sp. in voles (Microtus spp.): occurrence and evidence for vertical transmission
	Methods
	Scheme of experiments. 
	Trapping and processing of voles. 
	Blood collection and DNA extraction. 
	Microscopic examination. 
	Molecular characterization. 
	Genotyping and phylogenetic analysis. 
	Statistical analysis. 
	Ethical statement. 

	Results
	Prevalence of Hepatozoon in the community of voles. 
	Prevalence of infection in pregnant females and dams. 
	Detection of Hepatozoon in embryos (2013 and 2014). 
	Detection of Hepatozoon in pups maintained under vector-free conditions (2014). 
	Genotyping of Hepatozoon sp. 
	Prevalence of CNM in the community of voles. 
	CNM infection in females and dams. 
	Detection of CNM in embryos (2013 and 2014). 
	Detection of CNM in pups maintained under vector-free conditions (2014). 
	Genotyping of CNM. 
	Co-infection of Hepatozoon sp. and CNM in dams and pups. 

	Discussion
	Conclusions
	References
	Acknowledgements


