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1 | INTRODUCTION

Neoehrlichia mikurensis is an emerging tick-borne pathogen. The bac-
terium's DNA was first discovered in 1999 in the Netherlands and
was inferred to belong to an Ehrlichia-like species (Schouls, Van De
Pol, Rijpkema, & Schot, 1999). In 2004, the bacterium was classified
as a member of the Anaplasmataceae family and named Candidatus
Neoehrlichia mikurensis (Kawahara et al., 2004). Isolation of the bac-
terium in pure culture has recently been reported, and the prefix
“Candidatus” is no longer necessary (Wass et al., 2019). Neoehrlichia
mikurensis has been found widespread in Ixodes ricinus ticks and
rodents in Europe and Asia (Burri, Schumann, Schumann, & Gern,
2014; Li et al., 2013; Michelet et al., 2014; Palomar, Garcia-Alvarez,
Santibanez, Portillo, & Oteo, 2014; Silaghi, Beck, Oteo, Pfeffer, &
Sprong, 2016; Szekeres et al., 2015; Tabara et al., 2007; Wass et al.,
2019). Although I. ricinus is the bacterium's main vector, questing
Ixodes persulcatus and other tick species collected from their hosts
have also been found infected (Blanarova et al., 2016; Kamani et al.,
2013; Krucken et al., 2013; Rar et al., 2010; Silaghi, Woll, Mahling,
Pfister, & Pfeffer, 2012). Rodents, such as bank voles (Myodes glareo-
lus), other voles (Microtus spp.) and field mice (Apodemus spp.), are
considered to be reservoirs for N. mikurensis and play an important
role in the maintenance of the bacterium (Andersson & Raberg,
2011; Burri et al., 2014; Obiegala et al., 2014).

Neoehrlichia mikurensis may cause neoehrlichiosis in humans,
primarily in immunocompromised individuals, although immuno-
competent individuals may be infected, with milder symptoms
(Quarsten et al., 2017; Wenneras, 2015). Symptoms of neoehrli-
chiosis include high and long-lasting fever, severe muscle and joint
pain and a risk of thromboembolic events (Wenneras, 2015). Cases
of neoehrlichiosis have been reported in several European coun-
tries, including Sweden, Germany, Czech Republic, Switzerland and
Norway (Dadgar, Grankvist, Wernbro, & Wenneras, 2017; Frivik,
Noraas, Grankvist, Wenneras, & Quarsten, 2017; von Loewenich
et al., 2010; Maurer et al., 2013; Pekova et al., 2011). Although only
one case of neoehrlichiosis has been so far reported in Norway
(Frivik et al., 2017), N. mikurensis is the second most frequent
pathogen in I. ricinus after Borrelia afzelii (Jenkins et al., 2019;
Kjelland et al., 2018).

Norway is a long country, covering several climatic zones, and
therefore has great variation in vegetation and animal life (Moen,
Lillethun, & Odland, 1999; Peel, Finlayson, & McMahon, 2007).
Ixodes ricinus is found in coastal regions from @stfold County in
south-eastern Norway to the southern part of Nordland County in
the north (Mehl, 1983; Soleng et al., 2018). Neoehrlichia mikurensis
was first found in south-eastern Norway in ticks collected in 1999
and 2000 (Jenkins & Kristiansen, 2013). Recently the bacterium
was detected in southern, eastern and northern Norway, but not in
the south-western part of Norway (Jenkins et al., 2019; Kjelland et
al., 2018; Larsson, Hvidsten, Stuen, Henningsson, & Wilhelmsson,
2018). This raises the question of whether there is a cold spot for
N. mikurensis on the west coast of the country. The aim of this
study was to further investigate the prevalence and distribution of

Impacts

e The western seaboard of Norway is a low-prevalence area
of Neoehrlichia mikurensis bordered by high-prevalence
areas to the North and South.

e Northernand Southern Norway are high-prevalence areas
and are expected to be risk areas for neoehrlichiosis.

e |nvestigating the cause of this prevalence variation may
cast light on the bacterium's infectious cycle.

N. mikurensis along the western coast of Norway in comparison to
more eastern and northern areas. Furthermore, we wanted to exam-
ine seasonal variation in prevalence of the bacteria at one specific
location in the south-eastern part of Norway.

2 | METHODS

2.1 | Study area and tick collection

Questing I. ricinus were collected by flagging (Hillyard, 1996) from 13
locations along the coast of Norway, from Brgnngysund in Nordland
County to theisland of Spjaergy in @stfold County (Figure 1). Flagging
was mainly conducted in moist deciduous forests with rich under-
growth, where traces of rodents and cervids were often observed
(Table 1). Each collection site was sampled once during May or June
in 2014, 2015 or 2016. From the location in Spaergy, ticks were col-
lected at 3- to 5-week intervals from May to October 2015. Nymphs
and adult ticks were included in the study. In total, 11,130 nymphs
and 718 adult ticks were investigated. Nymphs were analysed in
pools of ten, while adults were analysed individually. Collection and
storage of ticks, extraction of total RNA from nymphs and total nu-
cleic acid from adults and preparation of cDNA have been previously
described by Andreassen et al. (2012) and Paulsen et al. (2015).

2.2 | Detection of Neoehrlichia mikurensis

Reverse-transcribed total nucleic acid from individual adult ticks and
reverse-transcribed RNA from nymphs in pools of ten were analysed
with a N. mikurensis specific real-time PCR (Jenkins et al., 2019) using
SYBR Green PCR Master Mix on the StepOne PCR system (Applied
Biosystems). Samples from Spjeergy were analysed using PerfeCTa
SYBR Green FastMix (Quantabio) on the Rotor-Gene Q (QIAGEN).
A synthetic plasmid containing the target sequence cloned in vector
pUC57 (GenScript) was used as positive control and nuclease-free water
as negative control. Controls were included in each real-time PCR run.
SYBR Green gives stronger signals compared to probe, but
may bind unspecifically. Hence, all positive samples were rean-
alysed, using a specific probe targeting the groEL gene (Jenkins
et al., 2019). Only samples positive with both tests were consid-
ered true positives. Due to low sample volume, all samples were
diluted 1:2 in both PCR tests and two samples from Lote and one
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FIGURE 1 Map of Norway showing the 13 collection sites of Ixodes ricinus ticks from Spjeergy in south-east to Brgnngysund in north.
Ticks were analysed for Neoehrlichia mikurensis. The blue area of the pie charts indicates the proportion of positives at the collection site and
is the weighted mean of the prevalence in nymphs and adult ticks. Location number corresponds to location numbers in Tables 1 and 2. At
Spjeeray, ticks were collected with 3-5 week intervals from May to October 2015

sample from Brgnngysund were only analysed using the probe
test. Unfortunately, adult ticks collected from Spjaergy in early
June, as part of the seasonal study, were unavailable for analysis
and were not included in the study.

Nineteen samples were sequenced. The samples were randomly
chosen from samples positive by SYBR Green, before confirma-
tion by probe-based PCR. Sequencing on 3130x| Genetic Analyzer
(Applied Biosystems) was performed as previously described by
Jenkins et al. (2019).

2.3 | Statistics

The estimated pooled prevalence (EPP) with confidence intervals
for pooled nymphs was estimated using Epitools epidemiologi-

cal calculator (Sergeant, 2019). The 95% confidence intervals for

the prevalence in adult ticks were calculated using the following

formulae:

<2np+z§/2—1) ~Zy2 \/zi/z—{2+ (1/n)}+4p (ng+1)

P =
2(n+z§/2>
<2np+z§/2+1>+zm/2 . \/z§/2+{2— (1/n)}+4p (ng-1)
P, =

2 (n+z§/2>

P, and P are the lower and upper confidence limits, respectively,
n is the number of samples, p and g are the proportions of positive

and negative samples, and z, is the critical value of the normal
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TABLE 1 Description of collection sites of Ixodes ricinus

Collection Location Date of

number name County Coordinates sampling

1 Brgnngysund Nordland 65.4°N 12.1°E June 2015

2 Rarvik Trendelag 64.9°N 11.1°E June 2015

3 Fraya Trgndelag 63.8°N 8.8°E June 2014

4 Hitra Trgndelag 63.6°N 8.9°E June 2014

5 Kanestraum Mgre og 63.1°N 8.1°E May 2014
Romsdal

6 Sekken Mgre og 62.7°N 7.3°E May 2014
Romsdal

7 Lote Sogn og 61.9°N 6.1°E June 2016
Fjordane

8 Florg Sogn og 61.6°N 5.3°E June 2016
Fjordane

9 Einevika Hordaland ~ 60.7°N 5.6°E June 2016

10 Talgje Rogaland 59.1°N 5.8°E June 2016

11 Kjosavik Rogaland 58.9°N 5.9°E June 2015

12 Hille Vest-Agder  58.0°N 7.4°E May 2015

13 Spjeergy @stfold 59.1°N 10.9°E May-Oct

2015

distribution for a/2, in this case 1.96. If p or g < 5/n, the confidence
limits are not valid and were not reported (Fleiss, 1981; Jenkins et
al., 2019).

The chi-square test was performed to test for statistical monthly
variation of N. mikurensis at Spjeergy and differences in prevalence
between locations.

The weighted mean of the prevalence in nymphs and adult
ticks was calculated to indicate the proportion of positives used in
Figure 1.

3 | RESULTS
In total, 57 of 718 adult ticks (7.9%) and 333 of 1,113 nymph pools
(EPP 3.5%) were positive for N. mikurensis (Table 2). Further, five
adults and 17 nymph pools were positive by real-time PCR using
SYBR Green, but could not be confirmed by real-time PCR using
probe (data not shown). These samples were considered false
positives.

Seventeen of 19 samples were confirmed as N. mikurensis by
sequencing. The 72 base pair long sequence between the primers

showed no sequence differences between sampling locations and

Description of collection site
Small deciduous trees, grass, ferns and heather. Numerous rodent
burrows, bedding sites and tracks from roe deer

Small deciduous trees, grass, ferns and heather. Numerous rodent
burrows, bedding sites and tracks from roe deer and moose

Field with small bushes and grass. A combination of a planted pine
forest and some deciduous trees with an undergrowth of grass.
Many tracks from red deer

Birch forest, heather, grass, numerous rodent burrows and tracks
from red deer

Moist deciduous forest, mostly birch and alder. Grass, ferns and
heather

Birch forest at the edge of a field. Undergrowth consisting of
grass. Bedding sites and tracks from roe deer

Steep hillside with deciduous trees, grass, ferns and heather.
Numerous tracks from red deer

Deciduous trees with grass, ferns and heather. Some rodent bur-
rows and some tracks from cervids

Deciduous forest and undergrowth consisting of grass. Traces of
cervids

Deciduous forest and undergrowth consisting of grass and ferns.
Close to a grazing area for livestock

Deciduous forest and undergrowth consisting of grass

Deciduous trees, grass, herbs and shrubs. Numerous rodent bur-
rows and tracks from roe deer

Mixed forest, grass, ferns and heather. Some rodent burrows and
tracks from roe deer

shared 100% identity to several sequences submitted to GenBank
(e.g. MN151367). Samples negative by sequencing were also neg-
ative by real-time PCR using probe (false positives; see above).

The highest N. mikurensis prevalences were found in adults from
Hille in Vest-Agder County (location 12; 58.0°N) and Brgnngysund
in Nordland County (location 1; 65.4°N). At Hille, the prevalence
of N. mikurensis was 25.5% in adult ticks and 9.9% (EPP) in nymphs.
In Brgnngysund, the prevalence was 23.8% in adult ticks and 7.8%
(EPP) in nymphs. In the intervening region, ten localities, along the
coast from Kjosavik in Rogaland County (location 11; 58.9°N) to
Rarvik in Trgndelag County (location 2; 64.5°N), the prevalence in
adult ticks was <5%, with the exception of two locations, Florg (loca-
tion 8; 61.6°N; 6.5%) and Einevika (location 9; 60.7°N; 15.4%). The
EPP in nymphs was <5% at all 10 locations. At five of these locations,
the observed prevalence was zero in both adult ticks and nymphs
(Figure 1; Table 2).

In order to obtain more robust statistics for geographical com-
parison, results from the 13 locations were combined on the basis
of county (N = 8) before performing the chi-square test. The preva-
lence of N. mikurensis varied significantly between counties, both in
pooled nymphs (;(2 = 468.0; df = 7; p < .0001) and individual adults
(y? = 82.4; df = 7; p < .0001).
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TABLE 2 Prevalence of Neoehrlichia mikurensis in Ixodes ricinus ticks

Neoehrlichia mikurensis in adult ticks

WILEY-

Neoehrlichia mikurensis in nymphs

Positive ticks/total

Location number Location name adult ticks analysed
1 Brgnngysund 15/63
2 Rarvik 0/104
3 Fraya 0/47
4 Hitra 0/46
5 Kanestraum 2/61
6 Sekken 0/19
7 Lote 0/43
8 Florg 3/46
9 Einevika 2/13
10 Talgje 0/40
11 Kjosavik 0/34
12 Hille 13/51
13 Spjaergy 22/151

Total 57/718

Abbreviation: EPP, estimated pooled prevalence.
395% confidence interval in parentheses.
PEach pool consists of 10 nymphs.

Positive pools of nymphs/

Prevalence % total pools analysed” EPP %*
23.8 (14.6-37.0) 5/9 7.8 (2.4-18.0)
0/74 0
0/74 0
0/74 0
3.3¢ 4/74 0.6 (0.2-1.4)
0/74 0
0/74 0
6.5¢ 22/58 4.7 (2.9-7.0)
15.4¢ 15/56 3.1(1.7-5.0)
2/48 0.4 (0.1-1.5)
0/64 0
25.5(14.8-39.9) 31/48 9.9 (6.6-14.0)
14.6 (9.6-21.4) 254/386 10.2 (8.9-11.5)
7.9 (6.1-10.2) 333/1113 3.5(3.1-3.9)

“The proportion of positive samples is <5/n, and the confidence interval could not be calculated.
dAt Spjeeray, ticks were collected with 3-5 week intervals from May to October 2015.

3.1 | Seasonal variation of Neoehrlichia mikurensis
at Spjaergy

Seasonal variation of N. mikurensis prevalence was studied at Spjeergy
in @stfold County (location 13; 59.1°N) between May and October.
The mean prevalence in adult ticks was 14.6%, and the mean EPP
in nymphs was 10.2% (Table 3). The prevalence varied between
6.7% and 28.0% in adult ticks, and between 8.6% and 12.9% (EPP)
in nymph pools, but this was not statistically significant, neither in
pooled nymphs (;(2 = 3.76; df = 5; p = .59) nor in individual adults (y
2=6.77,df = 4;p = 15).

4 | DISCUSSION

This study confirms a previous report of low prevalence of N. mi-
kurensis on the south-west coast of Norway (Jenkins et al., 2019).
Our results indicate that the low-prevalence region extends along
the coast from 64.9°N (Rarvik) to 58.9°N (Kjosavik) and, on the basis
of the data of Jenkins et al. (2019), it may extend as far south as
58.2°N. Beyond this region, prevalence rises sharply both north-
ward (Brgnngysund, 65.4°N; 7.8%) and southward (Hille, 58.0°N;
9.9%). Within the low-prevalence region, there seems to be a pocket
of higher prevalence between Florg (61.6°N; 4.7%) and Einevika
(60.7°N; 3.1%). These prevalences are for nymphs, but the same
pattern is observed for adults. Although the prevalence of other

tick-borne pathogens in Norway is known to vary from place to

place (Kjelland et al., 2018; Paulsen et al., 2015; Soleng et al., 2018;
Soleng & Kjelland, 2013; Tveten, 2014a, 2014b), we are not aware
of any study showing such a clear and sharply delineated area of
reduced prevalence. Borrelia afzelii and N. mikurensis have been
found co-infecting ticks with a higher prevalence than is expected
by random chance (Andersson, Bartkova, Lindestad, & Raberg,
2013; Andersson, Scherman, & Raberg, 2014; Kjelland et al., 2018).
Because of this association, it would be particularly interesting to
investigate whether B. afzelii shows a similar distribution. The low
prevalence of N. mikurensis in western regions cannot at present be
compared with the incidence of neoehrlichiosis in humans, as only
one case has so far been reported in Norway and the disease is nei-
ther notifiable nor routinely diagnosed (Frivik et al., 2017). The low
incidence of neoehrlichiosis may be due to lack of diagnosing the
disease or low pathogenicity of the bacterium circulating in Norway.

Western Norway receives considerably more rain than the
rest of the country (Moen et al., 1999) and climate factors seem
a plausible explanation for the low prevalence of N. mikurensis.
Microclimatic conditions, such as temperature, saturation deficit
and relative humidity, are important for the tick activity and be-
haviour and may also affect the transmission of tick-borne patho-
gens (Andreassen et al., 2012; Burri, Bastic, Maeder, Patalas, &
Gern, 2011; Ostfeld, Levi, Keesing, Oggenfuss, & Canham, 2018).
A high relative humidity may cause the ticks to quest higher in the
vegetation and lead to their parasitizing different hosts (Randolph
& Storey, 1999). Small rodents are an important reservoir for

N. mikurensis, and if ticks quest higher in the vegetation, they may
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TABLE 3 Prevalence of Neoehrlichia mikurensis in Ixodes ricinus ticks at Spjeergy (@stfold County), 2015

Neoehrlichia mikurensis in adult ticks

Neoehrlichia mikurensis in nymphs

Positive ticks/ total adult

Positive pools of nymphs/total

Date of sampling ticks analysed Prevalence® pools analysed” % EPP?

8th May 2/30 6.7 46/74 3(6.7-12.3)
5th June = = 51/74 11.0(8.1-14.5)
29th June 4/22 18.2° 44/74 6(6.2-11.6)
6th August 2/29 6.9¢ 24/32 12.9 (8.0-19.5)
7th September 7/45 15.5(8.5-32.6) 47/72 10.0(7.3-13.3)
8th October 7/25 28.0(11.7-52.3) 42/60 11.3(8.0-15.4)
Total 22/151 14.5 (9.6-21.4) 254/386 10.2 (8.9-11.5)

Abbreviation: EPP, estimated pooled prevalence.
295% confidence interval in parentheses.
PEach pool consists of 10 nymphs.

“The proportion of positive samples are <5/n, and the confidence interval could not be calculated.

parasitize larger hosts that are not reservoirs for the bacterium.
Whether larger mammals are suitable reservoir hosts for N. miku-
rensis is not at present known. For Borrelia burgdorferi, it is shown
that some tick hosts’ immune systems kill the bacterium in the tick
gut (Belperron & Bockenstedt, 2001), but whether corresponding
mechanisms apply for N. mikurensis is not known. Alternatively, the
low prevalence observed might be due to a lack of reservoir-com-
petent small rodent hosts. Detailed information on the distribution
of small rodents in Norway is lacking and, in the light of our findings,
it would merit more study. Lastly, at the present stage, we cannot
entirely exclude the possibility that the observed low N. mikurensis
prevalence is the chance result of patchy distribution and year-to-
year variation (Grzeszczuk & Stanczak, 2006; Zeman, 1997). Hence,
further studies, investigating climatically comparable locations as
well as the reproducibility of our results, are needed.

The prevalence of N. mikurensis in adults at Hille (25.5%) and in
Brgnngysund (23.8%) was comparable to the highest prevalences
ever reported in Europe (Derdakova et al., 2014, Silaghi et al., 2016,
2012). The high prevalence in Brgnngysund is supported by findings
in Branngy area in Northern Norway by Larsson et al. (2018), where
the prevalence in questing nymphs and adults was 18%. Jenkins et
al. (2019) found no difference in prevalence of N. mikurensis between
nymphs and adults and inferred this to imply that N. mikurensis is ac-
quired during the first blood meal. We find a higher prevalence in
adults (7.9%) than in nymphs (3.5%), which calls that conclusion into
question. However, the difference we observed is not amenable to
statistical testing as the adult ticks were analysed individually and the
nymphs in pools. Because the precision of EPP declines at high prev-
alence, pooled sampling at the high-prevalence areas, Brenngysund,
Hille and Spjeeray, is not ideal (Ebert, Brlansky, & Rogers, 2010).
Hence, further studies of N. mikurensis, particularly when nymphs and
adult ticks are compared, should study individual nymphs.

This study also investigated seasonal variation of N. mikurensis
prevalence in ticks at one of the sites (Spjeergy, @stfold County).

A previous study from Norway found a significantly higher

prevalence of the bacterium in May than in June or July (Jenkins et
al., 2001), while a study from the Netherlands reported a peak of
N. mikurensis in ticks in October (Coipan et al., 2013). We collected
ticks with 3-5 weeks interval from May to October at Spjeergy,
and could also see a peak in October in adults, but the seasonal
variation was not significant. However, the number of adults col-
lected at each date of collection is low, resulting in low statistical
power. In addition, this study only investigated prevalence varia-
tion in 2015, and the seasonal variation might vary from year to
year. Further studies should look for seasonal variations at differ-
ent locations and year-to-year variations, considering changes in
climatic conditions and variations in population densities in host
animals.

Our data confirm that Norway is a high-prevalence area for
N. mikurensis, but that it includes a semi-continuous area of low
prevalence along the western seaboard from 58.9°N to 64.9°N.
Investigating the cause of this may cast light on the infectious cycle

of N. mikurensis.
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