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Abstract

The present study aimed to estimate the prevalence of zoonotic pathogens Giardia

duodenalis, Cryptosporidium spp., Toxoplasma gondii and Erysipelothrix in muskoxen (Ovi-

bos moschatus) and sheep (Ovis aries) from Greenland. In 2017 and 2018, faecal sam-

ples were collected from wild muskoxen from three distinct populations (Zackenberg,

Kangerlussuaq, and Ivittuut) and from domestic sheep from southwest Greenland.

Blood samples were collected from muskoxen from Kangerlussuaq and Ivittuut and

from sheep. Faecal samples were tested for specific DNA of G. duodenalis and Cryp-

tosporidium spp., and blood samples were tested for antibodies against T. gondii and

Erysipelothrix. The estimated prevalence ofG. duodenaliswas 0% (0/58), 17% (7/41) and

0% (0/55) inmuskoxen fromZackenberg, Kangerlussuaq and Ivittuut, respectively, and

37% (16/43) in sheep. The estimated prevalence of Cryptosporidiumwas 0% (0/58), 2%

(1/41), 7% (4/55) in muskoxen from Zackenberg, Kangerlussuaq, Ivittuut, respectively,

and 2% (1/43) in sheep. Neither Giardia nor Cryptosporidium were detected in winter

samples (0/78). Of the positive samples,Giardia from onemuskox sample onlywas suc-

cessfully typed asG. duodenalis assemblage A, andCryptosporidium from twomuskoxen

was successfully typed as C. parvum, subtype IIdA20G1e. The estimated T. gondii sero-

prevalence was 2% (1/44) and 0% (0/8) in muskoxen from Kangerlussuaq and Ivittuut,

respectively, and 1% (1/155) in sheep. The estimated Erysipelothrix seroprevalencewas

2% (1/45) and 13% (1/8) in muskoxen from Kangerlussuaq and Ivittuut, respectively,

and 7% (10/150) in sheep. The results of this study add to the scarce knowledge on

zoonotic pathogens in the Arctic.
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1 INTRODUCTION

Endemic and emerging zoonotic infectious diseases have received

increasing attention during the last few decades (Cunningham et al.,

2017). Climate warming and other environmental changes (AMAP,

2019) may alter the distribution and transmission patterns of a range

of zoonotic agents in the Arctic (Davidson et al., 2011; MacPhee &

Greenwood, 2013; Thompson et al., 2010), which in turn may impact

the health of Arctic animals and Arctic subsistence hunters (Hoberg

et al., 2012; Jenkins et al., 2013). However, data on the distribution

of zoonotic pathogens in Arctic key subsistence animals are limited

(AMAP, 2015), and studies on zoonotic agents in humans and terres-

trial mammals from Greenland are few and scattered (e.g. Carlsson

et al., 2019; Clausen &Hjort, 1986;Møller et al., 2010; Raundrup et al.,

2015; Sonne et al., 2018). Specifically, no data are available on the

prevalence ofGiardia duodenalis,Cryptosporidium spp. and Erysipelothrix

rhusiopathiae in muskoxen (Ovibos moschatus) and sheep (Ovis aries) in

Greenland, while a few serological surveys for T. gondii have been per-

formed (Bille, 1974; Clausen & Hjort, 1986). However, exposure to

or shedding of these pathogens have been reported in muskoxen and

sheep elsewhere within the Arctic and Subarctic range (Jenkins et al.,

2013; Kutz et al., 2000, 2008, 2012; Mavrot et al., 2020; Olsen et al.,

2019; Robertson et al., 2010).

The protozoan parasites Giardia and Cryptosporidium are transmit-

ted via the faecal–oral route, for example, through the intake of food or

water contaminatedwith faeces containing the cysts or oocysts (Smith

et al., 2007) and may cause diarrheal disease in humans and domes-

tic animals worldwide; however, their clinical impact on most wildlife

hosts is largely unknown (Appelbee et al., 2005; Jenkins et al., 2013;

Kutz et al., 2009; Savioli et al., 2006).

Toxoplasma gondii is a globally distributed protozoan parasite, with

wild and domestic felids as the only known definitive hosts, and with

a wide range of warm-blooded animals, including humans, as interme-

diate hosts (Dubey, 2010). Infection typically occurs through ingestion

of sporulated oocysts in the environment or viable tissue cysts in the

tissues of infected animals, but transplacental transmission also occurs

(Dubey, 2010). The infection is often subclinical in immunocompetent

individuals but it may result in severe disease, especially in immuno-

compromised hosts and offspring (Dubey, 2010).

Erysipelothrix rhusiopathiae is a zoonotic bacteriumwith a global dis-

tribution and a wide range of hosts (Forde et al., 2016; Wang et al.,

2010). It is commonly knownas anopportunistic pathogen inpigs, poul-

try andhumans, anda relatively commoncauseof polyarthritis in sheep

(Ersdal et al., 2015). Additionally, it has been associated with abortions

in ewes (Fthenakis et al., 2006). Transmission occurs through contact

with contaminated materials or soil (Wang et al., 2010). Erysipelothrix

rhusiopathiae can cause localised cutaneous infections and systemic

infections in humans (Wang et al., 2010). Furthermore, E. rhusiopathiae

has been associated with widespread mortality events in Arctic ungu-

lates (Forde et al., 2016; Kutz et al., 2015; Mavrot et al., 2020) and its

presence in Arctic wildlife has recently been recognised as a potential

public health concern (Groeschel et al., 2019).

Impacts

∙ We estimated the prevalence of four zoonotic agents—

Giardia duodenalis, Cryptosporidium, Toxoplasma gondii, and

Erysipelothrix—in muskoxen (Ovibos moschatus) and sheep

(Ovis aries) in Greenland.

∙ We report the first molecular detection of G. duodenalis

and C. parvum in Greenland.

∙ The results add to the scarce knowledge on zoonotic

pathogens in the Arctic.

Muskoxen and sheep are known hosts to several zoonotic agents.

In the 1960s, muskoxen were translocated from their native range in

northeast Greenland (NEG) to mid-west Greenland (MWG) (Cuyler

et al., 2020). Subsequent translocations have distributed muskoxen

along thewest coast of Greenland, and there are nownine populations,

some ofwhich overlap the sheep-farming area in southwest Greenland

(SWG) (Cuyler et al., 2020). Themajority of themuskox populations are

regulated annually, andmuskoxmeat is consumedwithout prior veteri-

nary inspection or control (Naalakkersuisut, 2020).

The present study aimed to estimate the prevalence ofG. duodenalis,

Cryptosporidium spp., T. gondii and Erysipelothrix in wild muskoxen and

domestic sheep in Greenland.

2 MATERIALS AND METHODS

2.1 Locations and animal host populations

The study included muskox samples from three regions in Green-

land, collected during two seasons (Figure 1): Samples collected dur-

ing summer from Zackenberg (NEG), Kangerlussuaq (MWG) and Ivit-

tuut (SWG), and winter samples from Kangerlussuaq. Muskoxen were

divided into the following age groups: calves (<1 year), subadults (≥1

and <3 years) and adults (≥3 years). Calves are usually born in May

or June; thus, they were 1–3 and 8–10 months old during summer

and winter sampling, respectively. Sheep samples were collected in

SWG during the autumn, the sheep were divided into two age groups:

Lambs (<1 year) and adults (≥1).

Northeast Greenland, where Zackenberg (74◦28′N) is located, has
been populated by muskoxen for at least 4500 years (Campos et al.,

2010). Human activity in this part of Greenland is limited.

The Kangerlussuaq (67◦01′N)muskox population on the west coast

was introduced from NEG in the 1960s and is the largest in Green-

land (Cuyler et al., 2020). The area around Kangerlussuaq is used by

tourists and locals for recreational activities and commercial hunting

of muskoxen and caribou (Rangifer tarandus).

The Ivittuut muskox population was introduced from Kanger-

lussuaq in the 1980s (Cuyler et al., 2020) and is found around

the Arsuk fiord (61◦14′N), where it shares its range with caribou.
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F IGURE 1 Map of Greenland showing the sampling locations and seasons for the study of zoonotic pathogens inmuskoxen (Ovibos moschatus)
and domestic sheep (Ovis aries). Themapwas created in QGIS software version 2.18 (QGIS.org, 2019)

Approximately 130 km south of Arsuk lies Greenland’s northern-

most sheep farms. The sheep, belonging to the 37 separate sheep

farms in SWG (Grønlands Statistik, 2020), are typically free-roaming

in the mountain grazing areas until the slaughtering period in Septem-

ber/October. The area is used for commercial hunting, farming, and

recreational activities.

2.2 Faecal sampling

Faecal samples were collected from wild muskoxen (NEG, MWG and

SWG) and sheep (SWG) in 2017 and 2018 (Table 1). Faecal consistency

was not recorded. Neither was weight or other indication of body con-

dition of the sampled animals.

Sampledmuskoxenwere identified and their sex andagegroupwere

determined from a distance by telescope or binoculars based on the

field guide by Olesen and Thing (1989). Faecal samples not assigned to

specific individuals were marked as ‘unknown’. To minimise the risk of

re-sampling, samplingwas attempted to include different groups in dif-

ferent areas; however, because transportation was on foot, the reach-

able area was limited. Faecal samples were collected directly from the

rectum of harvested muskoxen in MWG in winter 2017 and in SWG in

summer 2018. Ages and sexes of the sampled animals were estimated

and recorded by hunters.

Samples from sheep were collected in the autumn of 2017 at the

abattoir inNarsaq from the distal colon or rectumof slaughtered sheep

from at least 16 farms.

Each faecal sample consisted of approximately 25 g faeces and was

immediately transferred to a 50-ml tube containing 30ml 96%ethanol,

with theexceptionof sheep samples,whichwere storedat5◦Cforup to

three days before adding of ethanol. The Zackenberg samples and the

Kangerlussuaqwinter samples were stored at –18◦C for up to 3weeks

and 1.5 years, respectively, prior to shipping. Samples were drained

and storedwet in polystyrene boxes during transport to the University

of Copenhagen, Denmark. Muskox samples collected during the sum-

mer in Kangerlussuaq and Ivittuut were stored cool under field con-

ditions and sheep samples were stored at 5◦C for up to 5 weeks until

transport. Upon arrival at the University of Copenhagen all samples

were stored in 96% ethanol at 5◦C for up to 3 months until further

processing.
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TABLE 1 The number of samples included in the study of selected zoonotic organisms in wild muskoxen (Ovibos moschatus) and free-roaming
domestic sheep (Ovis aries) in Greenland by location, age group,a samplingmethod and year of sampling. Samples were collected in three regions of
Greenland: northeast (Zackenberg), mid-west (Kangerlussuaq) and southwest (Ivittuut andNarsaq)

Species/season/

location/age group

No. of faecal

samples

Samplingmethod

(D/R)b
No. of serology

samples

Sampling

method (ST/FP)c Year of sampling

Muskox

Summer

Zackenberg

Calf 10 10/0 0 NAd 2017

Subadult 2 2/0 0 NA

Adult 44 44/0 0 NA

Unknown 3 3/0 0 NA

Total 59 59/0 0 NA

Kangerlussuaq

Calf 5 5/0 0 2018

Subadult 11 11/0 1 0/1

Adult 23 22/1 1 0/1

Unknown 2 2/0 0 NA

Total 41 40/1 2 0/2

Ivittuut

Calf 2 2/0 0 NA 2018

Subadult 12 12/0 0 NA

Adult 33 25/5 8 5/3

Unknown 8 8/0 0 NA

Total 55 50/5 8 5/3

Winter

Kangerlussuaq

Calf 4 0/4 4 4/0 2017

Subadult 17 0/24 16 16/0

Adult 39 0/32 17 17/0

Unknown 18 0/18 6 6/0

Total 78 0/78 43 43/0

Total 233 149/84 53 48/5

Sheep

Autumn

Narsaq

Lamb 29 0/29 30 30/0 2017

Adult 15 0/15 20 20/0

Total 44 0/44 50 50/0

Narsaq

Lamb 0 NA 79 79/0 2018

Adult 0 NA 26 26/0

Total 0 NA 105 105/0

Total 44 0/44 155 155/0

aMuskox: calf< 1 year, subadult≥ 1 and< 3, adult≥ 3; sheep: lamb:< 1, adult≥ 1.
bDropping/rectal.
cSerum tube/filter paper.
dNot applicable.
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2.3 Samples for serology

Samples for serology were collected frommuskoxen (MWG and SWG)

and sheep (SWG) in 2017 and 2018 (Table 1). Blood samples from

the Kangerlussuaq population were collected at bleeding from the

jugular vessels directly into 9-ml serum tubes (VACUETTE, Serum

Clot Activator, Greiner Bio-One, Austria) 15–30 min after the animals

were shot. Some of the samples collected during winter in MWGwere

obtained from carcasses 4–6 h post-mortem, directly in a serum tube

from the heart (if available), the thoracic cavity, or from the femoral

blood vessels.

Blood samples were collected from harvested muskoxen in SWG

and MWG during the summer of 2018. Samples were collected at

bleeding in serum tubes or on Nobutu filter paper strips (Toyo Roshi

Kaisha, Ltd., Tokyo, Japan) as described by Curry et al. (2011). The elu-

ate retrieved from the filter paper samples were estimated to be 1:10

dilution of serum and serology protocols were adjusted accordingly

(Curry et al., 2011).

At the abattoir in Narsaq, blood samples were collected from

domestic sheep from at least 30 separate farms during the autumn

of 2017 and 2018. All samples were collected in serum tubes from

the jugular vessels during bleeding. Information on sex and age was

noted.

All samples were kept from freezing during transport and stored at

5◦C overnight or at room temperature for 2 h before centrifugation

at approximately 1400 × g for 10 min. Filter paper samples were kept

frozen for up to 4 months until further processing. All samples were

stored at –18◦C for up to 3.5 years before analysis.

2.4 PCR detection of Giardia and Cryptosporidium

A subsample of each faecal sample was transferred to a 2-ml Eppen-

dorf tube andwashed three times to remove residual ethanol by adding

of phosphate-buffered saline (PBS) and subsequent centrifugation at

2000 × g for 5 min. The samples were subsequently subjected to

DNA extraction. Briefly, approximately 100 mg of each washed sam-

ple was mixed with 260 μl Lysis Buffer in tubes containing 1.4-mm Zir-

conium beads (OPS Diagnostics LLC, Lebanon, USA) and bead-beaten

in a TissueLyser II (QIAGEN, Germany) for 2 min at 30 Hz, followed

by 8 min of incubation at room temperature, to release DNA from

cysts and oocysts. Samples were then centrifuged at 1000 × g for

a few seconds, and the entire supernatant was transferred with a

1000 μl pipette to a new Eppendorf tube and centrifuged for 5 min

at 16,000 × g to sediment large particles. Subsequently, 100 μl of
the supernatant from each sample was processed by the automated

NucliSENS easyMAG (bioMérieux, France) platform according to the

manufacturer’s protocol. No inhibition controls were included in the

DNA extraction. Extracted DNA was stored at -20◦C until further

processing.

For detection of G. duodenalis and Cryptosporidium spp. DNA, we

used the diagnostic duplex real-time PCR in place at Statens Serum

Institut, Copehagen, Denmark (Thomas-Lopez et al., 2020). Primers

and probes used are listed in Table 2. The 25 μl reaction mixture

contained 0.2 μl IMMOLASE™ DNA Polymerase (Bioline), 5 μl 10 ×

ImmoBuffer (Bioline), 1.25 μl (1 μM) of each primer, 0.125 μl (0.075
μM) of each probe, 5 μl of DNA eluate andwater sufficient to reach the

total volume of 25 μl. Negative (water) and positive (G. duodenalis and

C. parvumDNA), controls and inhibition controls were included in each

run on the Applied Biosystems 7500 Fast Real-Time PCR Thermocy-

cler (Thermo Fisher Scientific, Denmark). PCR cycling conditions were

as follows: 10 min at 95◦C (initial denaturation), 50 cycles of 15 s at

95◦C, and60sat60◦C.PCRproductswereanalysedwith theSequence

Detection Software v.2.3 (ThermoFisher Scientific). Sampleswere con-

sidered positive if they exhibited a sigmoid growth curvewith a thresh-

old cycle value (Ct value) ≤ 37. Samples with a Ct value > 37 and ≤ 42

(read atΔRn= 0.1) were considered borderline-positive.

2.5 Subtyping of giardia and cryptosporidium

DNA samples identified as positive for Cryptosporidium by real-time

PCR were subjected to species identification and genotyping. Species

identification was performed by nested PCR targeting the SSU rRNA

gene with outer primers SSU-F2 and SSU-R2 and the inner primers

SSU-F3 and SSU-R3 after Xiao et al. (2019). Genotyping relied on

the protocol originally described by 2003 targeting the gp60 gene.

Briefly, the nested PCRusedAL3531 andAL3535 as outer primers and

AL3532 and AL3534 as inner primers.

DNA samples identified as positive for Giardia were subjected to

species identification and assemblage typing ofGiardia by PCR of three

loci: SSU rRNA, 𝛽-giardin and tpi. Briefly, species identification (SSU

rDNA analysis) was performed by single PCR with primers RH 11 and

RH 4, while assemblage typing was conducted by nested PCR of the 𝛽-

giardin genewith the outer primersBG-G7-F andBG-G759-R and inner

primers BF-G376-F and BG-G759-R according to Cacciò et al (2002).

Likewise, a nested PCRof the tpi genewas conductedwith AL3543 and

AL3546 as outer primers and AL3544 and AL3545 as inner primers

(Sulaiman et al., 2003).

If no samples were successfully genotyped based on the originally

extracted DNA further isolation of cysts/oocysts was attempted using

a sucrose gradient protocol modified from Faridi et al. (2020) and Leb-

bad et al. (2008) and subsequent subtyping. In short, 3 g of faeces were

homogenised with 8 ml PBS, and the solution was filtered through a

double layer of gauze into a 50-ml tube. The tube was centrifuged at

400 × g for 5 min, and the supernatant was discarded. The sediment

was washed in 10 ml PBS with centrifugation at 1500 × g for 5 min

and the supernatantwas discarded. After addition of 7ml PBS, the sus-

pension was vortexed, and slowly—drop by drop—added on top of a

5◦C sucrose solution (1 M) in a 15-ml tube so that two distinct phases

were formed. The tubewas centrifuged at 600× g for 5min. The cloudy

cyst-containing layer between the sucrose and the faecal solution was

transferred to anew15-ml tubewith aPasteur pipette. The transferred

material was washed four times in PBS with centrifugation at 1500 ×

g for 5 min in order to remove the sucrose from the cysts. The super-

natant was removed, and the remaining 1ml sediment was transferred
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TABLE 2 Primers and probes used for real-time PCR forGiardia duodenalis and Cryptosporidium spp

Target organism/oligo name Sequences (5′–3′ direction) Reference

Giardia duodenalis

Giardia-80F GACGGCTCAGGACAACGGTT Verweij et al. (2004)

Giardia-127R TTGCCAGCGGTGTCCG Verweij et al. (2004)

Probe Giardia-105T FAM-CCCGCGGCGGTCCCTGCTAG-BHQ-1 Verweij et al. (2004)

Cryptosporidium spp.

CRY F3 CTACACTGATGCATCCATCRAGT This study

CRY R3 CCCATCACGATGCATAYTCAAAA This study

Probe CRY P VIC-TCCTGTTTCGAAGGAAATGGGTAATC-MGB This study

to a 2-ml Eppendorf tube and stored at –20◦C until DNA extraction, as

previously described.

Sequences were obtained by bidirectional Sanger sequencing

(Eurofins Genomics, Germany) and submitted to GenBank with the

following accession numbers: MW980720–MW980724. Forward and

reverse sequences were assembled using Staden Package (https:

//sourceforge.net/projects/staden/), manually edited and consensus

sequences compared with reference sequences in the GenBank

database using the Basic Local Alignment Search Tool (BLAST). All

chromatograms were manually inspected for the presence of dou-

ble peaks indicating mixed species/subtypes. For Cryptosporidium, the

CryptoGenotyper (Yanta et al., 2021), available on theweb-based plat-

form Galaxy (Jalili et al., 2021), was used for initial Cryptosporidium

genotyping and gp60 subtypewere confirmed bymanual identification

of trinucleotide repeats as previously described (Chalmers et al., 2019).

If sequencing ofDNAextracted fromoriginal faecalmaterial or from

cysts/oocysts isolatedby the sucrosegradientmethodwasnot success-

ful, no further attempts for characterisation were performed.

2.6 Serology for Toxoplasma gondii

The sera were screened for T. gondii-specific IgG antibodies using a

commercially available modified direct agglutination test (DAT; Toxo-

Screen DA, bioMérieux, France), following the manufacturer’s instruc-

tions, except that only 1:40 dilutions were used. Animals that tested

positive at the 1:40 dilution were considered seropositive and tested

further at 12 threefold dilutions, from 1:6 to 1:162,000, to determine

the antibody titres. Positive and negative controls provided in the kit

were includedoneachplate, and the antigenwas controlled for autoag-

glutination.

2.7 Serology for Erysipelothrix

Samples were screened for antibodies against Erysipelothrix accord-

ing to Mavrot et al. (2020). We used a conservative cut-off value with

only samples above the upper limit of the cut-off confidence inter-

vals (CI) considered positive. For muskox samples we used the cut-off

values of 0.25% positivity (95% CI: 0.23%–0.28%) and 0.49% positiv-

ity (CI: 0.36%–0.59%) for serum and filter paper samples, respectively

(Mavrot et al., 2020). For sheep samples, we used a cut-off value of

0.087% positivity (CI: 0.056%–0.162%) of a pig positive control. The

cut-off values for sheep were established by a mixture-distribution

modelling approach (see Mavrot et al., 2020), using the sheep sam-

ples included in this study. All plates included high-, medium-, and low-

positive controls and a negative control.

2.8 Statistical analyses

The open-source software for epidemiological statistics OpenEpi

(Dean et al., 2013)was used to calculate prevalence estimates andWil-

son score 95% CI for binomial data (Wallis, 2013). Fisher’s exact test

(Kim, 2017) implemented in the statistical programming software R (v.

4.0.0) (R Core Team, 2019) was used to compare prevalence estimates

by location, season and age groups. pValues< 0.05were considered to

indicate statistical significance.

3 RESULTS

3.1 Copro-prevalence of Giardia duodenalis and
Cryptosporidium spp

The overall prevalence estimate of G. duodenalis was 3.0% (CI: 1.5%–

6.1%) in muskoxen and 37.2% (CI: 24.4%–52.1%) in sheep. Two

samples—an adult muskox from Zackenberg and a lamb—were incon-

clusive due to inhibition in the real-time PCR assay and were excluded

from further analyses. For muskoxen, DNA specific for G. duodenalis

was identified in summer samples from Kangerlussuaq, but not in

samples from Zackenberg, Ivittuut or winter samples (Table 3). Among

the summer samples from Kangerlussuaq, seven tested positive for

G. duodenalis, resulting in an estimated prevalence of 17.1%. Four

samples tested borderline-positive for G. duodenalis. There was a sig-

nificantly higher prevalence of G. duodenalis in summer than in winter

(p < 0.001). Considering summer samples, the estimated prevalence

of G. duodenalis in Kangerlussuaq was significantly higher than in

https://sourceforge.net/projects/staden/
https://sourceforge.net/projects/staden/
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TABLE 3 Prevalence ofGiardia duodenalis and Cryptosporidium spp. in muskoxen (Ovibos moschatus) and sheep (Ovis aries) fromGreenland by
location, season and age groupa

Giardia duodenalis Cryptosporidium spp.

Species/season/

location/age group

No. of animals

tested

No.

positive

% positive

(CIb)

No.

positive % positive (CI)

Muskox

Summer

Zackenberg

Calf 10 0 0.0 (0.0–25.9) 0 0.0 (0.0–25.9)

Subadult 2 0 0.0 (0.0–77.6) 0 0.0 (0.0–77.6)

Adult 43 0 0.0 (0.0–8.2) 0 0.0 (0.0–8.2)

Unknown 3 0 0.0 (0.0–56.2) 0 0.0 (0.0–56.2)

Total 58 0 0.0 (0.0–6.2) 0 0.0 (0.0–6.2)

Kangerlussuaq

Calf 5 1 20.0 (3.6–62.4) 1 20.0 (3.6–62.4)

Subadult 11 3 27.3 (9.7–56.6) 0 0.0 (0.0–25.9)

Adult 23 2 26.1 (12.6–46.5) 0 0.0 (0.0–14.3)

Unknown 2 1 50.0 (9.5–90.6) 0 0.0 (0.0–65.8)

Total 41 7 26.8 (15.7–41.9) 1 2.4 (0.4–12.6)

Ivittuut

Calf 2 0 0.0 (0.0–65.8) 1 50.0 (9.5–90.6)

Subadult 12 0 0.0 (0.0–24.3) 0 0.0 (0.0–24.3)

Adult 33 0 0.0 (0.0–10.4) 3 9.1 (3.1–23.6)

Unknown 8 0 0.0 (0.0–32.4) 0 0.0 (0.0–32.4)

Total 55 0 0.0 (0.0–6.5) 4 7.3 (2.9–17.3)

Winter

Kangerlussuaq

Calf 4 0 0.0 (0.0–49.0) 0 0.0 (0.0–49.0)

Subadult 17 0 0.0 (0.0–18.4) 0 0.0 (0.0–18.4)

Adult 39 0 0.0 (0.0–9.0) 0 0.0 (0.0–9.0)

Unknown 18 0 0.0 (0.0–17.6) 0 0.0 (0.0–17.6)

Total 78 0 0.0 (0–4.7) 0 0.0 (0–4.7)

Sheep

Autumn

Narsaq

Lamb 28 16 57.1 (39.1–73.5) 1 3.6 (0.6–17.7)

Adult 15 0 0.0 (0.0–20.4) 0 0.0 (0.0–20.4)

Total 43 16 37.2 (24.4–52.1) 1 2.3 (0.4–12.1)

aMuskox: calf< 1 year, subadult≥ 1 and< 3, adult≥ 3; sheep: lamb:< 1, adult≥ 1.
b95% confidence interval.

Zackenberg (p = 0.002) and Ivittuut (p = 0.002). Giardia duodenalis-

positive muskoxen were found across all age groups.

For sheep, 16 samples were positive for G. duodenalis-specific DNA

(all positive samples were from lambs, Table 3) and one lamb was

borderline-positive. The prevalence in lambs was significantly higher

than in adults (p< 0.001).

The attempt to genotype the Giardia parasites from the original

faecal DNA extraction failed. Therefore, the four samples with low-

est Ct-values (Ct-value < 30; two muskoxen from Kangerlussuaq and

two sheep) were subjected to the sucrose gradient protocol and sub-

sequent DNA extraction. The parasites in one of these samples (a

muskox from Kangerlussuaq) were successfully genotyped as Giardia

duodenalis assemblage A based on results for all three loci (GenBank

accession no.: MW980722–MW980724). However, no information on

sub-assemblage was available for the identical sequences in GenBank.

The 𝛽-giardin PCR of the remaining samples was negative, and the tpi
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TABLE 4 Toxoplasma gondii seroprevalence and Erysipelothrix seroprevalence inmuskoxen (Ovibos moschatus) and sheep (Ovis aries) from
Greenland by location and age groupa

Toxoplasma gondii Erysipelothrix

Species/location /age

group

No. of animals

tested (ST/FP)b Positive (titre) % positive (CIc)

No. of animals

tested (ST/FP) Positive % positive (CI)

Muskox

Total 52 (47/5) 1 1.9 (0.3–10.1) 53 (48/5) 2 3.8 (1.0–12.8)

Kangerlussuaq

Calf 4 (4/0) 0 0.0 (0.0–49.0) 4 (4/0) 0 0.0 (0.0–49.0)

Subadult 17 (16/1) 1 (180) 5.9 (1.0–27.0) 17 (16/1) 0 0.0 (0.0–18.4)

Adult 18 (17/1) 0 0.0 (0.0–17.6) 18 (17/1) 1 5.6 (1.0–25.8)

Unknown 5 (5/0) 0 0.0 (0.0–43.5) 6 (6/0) 0 0.0 (0.0–39)

Total 44 (42/2) 1 2.3 (0.4–11.8) 45 (43/2) 1 2.2 (0.4–11.6)

Ivittuut

Calf 0 NAd NA 0 NA NA

Subadult 0 NA NA 0 NA NA

Adult 8 (5/3) 0 0.0 (0.0–32.4) 8 (5/3) 1 12.5 (2.2–47.1)

Unknown 0 NA NA 0 NA NA

Total 8 (5/3) 0 0.0 (0.0–32.4) 8 (5/3) 1 12.5 (2.2–47.1)

Sheep

Total 155 (155/0) 1 0.6 (0.1–3.6) 150 (150/0) 10 6.7 (3.7–11.8)

Narsaq

Lamb 109 (109/0) 1 (162) 0.9 (0.2–5.0) 107 (107/0) 5 4.7 (2.0–10.5)

Adult 46 (46/0) 0 0.0 (0.0–7.7) 43 (43/0) 5 11.6 (5.1–24.5)

aMuskox: calf< 1 year, subadult≥ 1 and< 3, adult≥ 3; sheep: lamb:< 1, adult≥ 1.
bSamplingmethod (serum tube/filter paper).
c95% confidence interval.
dNot applicable.

sequencing results were of mixed quality. We were not able to charac-

terise the three remaining samples using either gene.

The estimated prevalence of Cryptosporidium spp. was 2.2% (CI:

0.9%–4.9%) in muskoxen and 2.3% (CI: 0.4%–12.1%) in sheep. In addi-

tion, two samples—an adult muskox from Ivittuut and a lamb—were

borderline-positive. For muskoxen, Cryptosporidium-specific DNA was

detected in samples collected during summer in Kangerlussuaq (2.4%)

and Ivittuut (7.3%), but not in samples from Zackenberg nor in win-

ter samples (Table 3). Within samples from Kangerlussuaq, there was

no statistically significant difference between the prevalence in sum-

mer and winter (p= 0.34). Considering summer samples, no significant

difference in the prevalence of Cryptosporidium was observed among

the three populations; however, the prevalence tended to be higher in

the Ivittuut population than in the Zackenberg population (p = 0.05).

Cryptosporidium-positive samples were found in two calves and three

adults, but not in subadult animals.

For sheep, one lamb was positive for Cryptosporidium DNA. There

was no significant statistical difference between the prevalence of

Cryptosporidium in adults and lambs (p= 1).

The parasites in two of the eight Cryptosporidium-positive sam-

ples, both from the Ivittuut muskox population, were identified as

C. parvum IIdA20G1 by use of the CryptoGenotyper followed by

manual analysis of the repeat region. Manual evaluation of chro-

matograms and analysis successfully identified the parasites in both

samples as C. parvum IIdA20G1 (GenBank accession no.: MW980720–

MW980721). Following BLAST, the sequences were found identical

to C. parvum IIdA20G1e reference sequences (GenBank accession

no.: KU852714 and FJ917375). We were not able to identify the

species or genotype of the remaining samples positive by real-time

PCR.

3.2 Seroprevalence of Toxoplasma gondii

The overall seroprevalence of T. gondii was 1.9% (CI: 0.3%–10.1%) in

muskoxen and 0.6% (CI: 0.1%–3.6%) in sheep (Table 4). In total, we

found one antibody-positive muskox (a yearling from Kangerlussuaq

that was sampled in 2017), and one seropositive sheep (a lamb from

SWG that was sampled in 2018) (Table 4). Both of these samples had

been collected in serum tubes during bleeding of the animals. We did

not detect antibodies against T. gondii in any of the tested samples from

the Ivittuut muskox population (Table 4).
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3.3 Seroprevalence of Erysipelothrix

The overall seroprevalence of Erysipelothrixwas 3.8% (1.0%–12.8%) in

muskoxen and 6.7% (3.7%–11.8%) in sheep (Table 4). A total of two

adult muskoxen were seropositive—one from Kangerlussuaq sampled

in a serum tube in winter 2017, and one from Ivittuut sampled on fil-

ter paper in summer 2018. Among the sheep samples, no statistically

significant difference between the estimated prevalence in adults and

lambs was observed (p= 0.1).

4 DISCUSSION

Our study demonstrated that Cryptosporidium and Giardia duodenalis

are circulating in muskox and sheep populations in west Greenland

and that potentially zoonotic strains of G. duodenalis and C. parvum are

present in muskoxen.

Several species and genotypes of Giardia and Cryptosporidium have

been recognised, but only some, as G. duodenalis assemblage A and C.

parvum, appear to have zoonotic potential (Monis & Thompson, 2003;

Ryan & Zahedi, 2019; Sprong et al., 2009; Thompson et al., 2008). The

clinical impact of Giardia and Cryptosporidium on free-ranging muskox

populations is unknown (Kutz et al., 2012), but infections in domes-

tic sheep have been associated with diarrhoea and reduced slaughter

weight (Ryan & Zahedi, 2019; Sweeny et al., 2011). During sample col-

lection, the body condition of the animals was not recorded, and the

potential health effect of infections to the host animal could, therefore,

not be investigated in this study.

Our difficulties related to genotyping may be related to the way

in which the samples were handled and stored. The use of ethanol

as a fixative for long-time storage of incompletely homogenised rumi-

nant faecal pellets may have been insufficient for preventing the DNA

from degrading (Kuk et al., 2012), leaving the DNA of sufficient qual-

ity for real-time PCR (< 100 base pair [bp] products) but unsuitable

for longer PCR products used for genotyping (e.g. 700 bp). Another

reason for the challenges in the genotyping work may be the high Ct-

values observed for many of the samples, indicating low levels of DNA

present. However, genotyping failed even for some of the sampleswith

Ct-values< 25.

The finding of G. duodenalis assemblage A in one Greenland muskox

is consistent with typing studies of G. duodenalis in muskoxen from

Canada and Norway (Davidson et al., 2014; Kutz et al., 2008). Babbott

et al. (1961)microscopically identifiedG. duodenalis (cited asG. lamblia)

in humans from Aasiaat in west Greenland, which indicates that it may

have been circulating there at least since the 1950s.

Cryptosporidium appears to be relatively uncommon in Arctic

wildlife, though reported in low prevalence in caribou from Canada

(Jenkins et al., 2013; Johnson et al., 2010; Kutz et al., 2012) and Nor-

wegian muskoxen (Davidson et al., 2014). Reports on C. parvum in

free-ranging wild ungulates are limited (Sturdee et al., 1999; Duszyn-

ski & Upton, 2001) and the IIdA20G1e subtype was hitherto only

reported from Sweden in young cattle and in a food-borne outbreak

of cryptosporidiosis (Gherasim et al., 2012; Silverlås et al., 2010; SVA,

2019). Our DNA sequences were identical to reference sequences

fromSweden (Silverlås et al., 2010),while differingbyonebp fromDNA

sequences obtained from, for example humans from Israel (GenBank

accession no.: MK095329,MK095314) and Egypt (GenBank accession

no.: KX397563, KX443783), and from Chinese cattle (GenBank acces-

sion no.: KU248815).

The prevalence of anti-T. gondii antibodies observed in this study

was relatively low comparedwith prevalence estimates fromCanadian

muskoxen (6%) (Kutz et al., 2000) andpooled seroprevalence estimates

from sheep from the Nordic-Baltic region (23%) (Olsen et al., 2019).

Earlier seroepidemiological studies on T. gondii in wild ungulates from

Greenland failed to document seropositive animals (Carlsson et al.,

2019; Clausen & Hjort, 1986; Kutz et al., 2012). For sheep, the only

available reference is a conference abstract (Bille, 1974) mentioning

the possible findings of antibodies against T. gondii in sheep from SWG,

however, a later source (Clausen &Hjort, 1986) states that the animals

were seronegative. Themethodused in this studyhas beenwidely used

for different animal species (Dubey 2010); however, the use of a confir-

matorymethod could have reduced the risk of generating false positive

results. Still, the cut-off for seropositivity we used can be considered

relatively high, while the determination of titres supported the posi-

tive findings. To reduce the risk of false negatives due to the prozone

phenomenon, a 1:4000 dilution of serum could have been included in

addition to the 1:40 dilution used.

Adding to the findings of T. gondii seropositive polar bears (Ursus

maritimus) from NEG (Oksanen et al., 2009), our results suggest that

animals in Greenland are exposed to T. gondii, albeit at a relatively

low rate. However, the source of the exposure remains unclear. In the

absence of wild felids and because of the low number of domestic cats

(Felis catus domesticus),migratory birds andmarinemammals havebeen

suggested as plausible reservoirs and sources of T. gondii in the Arctic

(Jenkins et al., 2013; Kutz et al., 2012; Prestrud et al., 2008). Domestic

cats are used for rodent control on sheep farms in SWG, but the cur-

rent number of cats and the T. gondii prevalence in the cat population in

Greenland is unknown.

Toxoplasma gondii can cause clinical disease and abortions in domes-

tic sheep (Dubey, 2009). Furthermore, T. gondii has been isolated from

the placenta of a captive muskox following abortion (Crawford et al.,

2000), and T. gondii has, therefore, been considered a potential factor

contributing to population declines in North Americanmuskox popula-

tions (Kutz et al., 2000). However, the low prevalence observed in this

study indicates that the population health impact of T. gondii in ungu-

lates fromGreenland is presently not a concern.

In recent years, E. rhusiopathiae has been associated with mass mor-

tality events inNorthAmericanmuskoxpopulations (Forde et al., 2016;

Kutz et al., 2015; Mavrot et al., 2020). The seroprevalence study by

Mavrot et al. (2020) indicates that E. rhusiopathiae has been circu-

lating in the North American muskox populations, with fluctuating

seroprevalence, at least since the 1970s. The importance of E. rhu-

siopathiae tomuskoxpopulationhealth inGreenland remains unknown,

although the observed prevalence of Erysipelothrix is low compared to

that observed during years of highmuskoxmortality in North America.

This suggests that Erysipelothrixmay not currently be a health concern
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for the muskox population, but that it should be monitored, as stud-

ies in North America have shown considerable inter-annual variabil-

ity. Erysipelothrix sp. has previously been reported in faecalmicrobiome

studies from NEG and the Canadian Arctic (Andersen-Ranberg et al.,

2018; Bird et al., 2019).

In sheep, especially lambs, E. rhusiopathiae can lead to significant dis-

ease with impact on animal welfare and economic loss from abortions,

reduced growth rate, and condemnation of products at the abattoir

(Ersdal et al., 2015; Fthenakis et al., 2006).

Our study demonstrates that muskoxen and sheep from Green-

land are infected with or exposed to several zoonotic pathogens

with possible seasonal, geographical, and interspecies differences. The

observed relatively low prevalence of the selected zoonotic pathogens

in muskoxen and sheep is reassuring but their presence in Greenland

may have relevance to animal health and public health.

The limitations of this study include the limited sample size and that

part of the samples were collected from hunted and slaughtered ani-

mals and may be biased by age, sex, and fitness. Regarding the sheep

samples, the findings may not be representative for all sheep farms in

Greenland, because samples from only a limited number of farms were

included.

Our results expand our knowledge of the diversity of zoonotic

pathogens in wildlife and domestic sheep in Greenland. Muskoxen are

known to be susceptible to pathogens mainly recognised in other host

species (Kutz et al., 2004, 2008; Samuelsson et al., 2013; Tomaselli

et al., 2016) and are relatively sedentary animals (Schmidt et al.,

2016). Muskoxen could serve as an indicator of the presence of

zoonotic pathogens in the environment in Greenland. Muskoxen are

hunted annually and samples from the harvested individuals could be

tested tomonitor the emergence, presence and prevalence of zoonotic

pathogens that can infect both animals and humans.

We identified potential geographic and seasonal differences that

may inform future monitoring and research efforts that seek to fur-

ther define the circulation of these pathogens in wildlife and domes-

tic animals in the Greenland environment and characterise the risks of

pathogen exchange among people, wildlife, and domestic animals. The

relative simplicity of the Arctic ecosystem allows the study of separate

aspects of pathogen epidemiology and could thereby be a useful model

for understanding the transmission patterns also in other, more com-

plex, regions.
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