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1.  INTRODUCTION

Arctic char Salvelinus alpinus, teleosts from the
family Salmonidae, are found in lakes, rivers and
coas tal saltwater across northern North America,

where they occur as both anadromous and resident
freshwater (landlocked) populations (Fisheries and
Oceans Canada 2014, Kuhnlein & Humphries 2017,
Martyniuk et al. 2020). This fish species is an impor-
tant part of the traditional Inuit diet and is consumed
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ABSTRACT: Arctic char Salvelinus alpinus is an important cultural and subsistence resource for
Inuit communities. Muscular infections by microsporidia were diagnosed for the first time in
 Arctic char originating from 2 different lakes in Nunavik (Quebec, Canada). The consumption of
these infected fish was associated with digestive tract disorders in people. To better characterize
microsporidiosis in these char populations, a cross-sectional study was conducted on 91 fish. The
microsporidium was classified as a member of the Microsporidium collective genus by morpholog-
ical evaluation and phylogenetic analysis using small subunit ribosomal DNA sequence data. The
presence and severity of infection were determined histologically. Microsporidian infection
occurred in 61% of the fish (56/91) and was significantly associated with an increase in their age,
length and weight. The severity of infection (percentage of muscle area affected by microsporidia)
was mild in most cases (<1% of the total muscle area). Based on multiple linear regression mod-
eling, the severity of infection was significantly greater in females and negatively correlated with
the body condition. Despite a high prevalence, the low pathogenicity of the infection suggests that
microsporidiosis has little impact on these char populations. Moreover, since digestive-tract dis -
orders following ingestion of fish infected by microsporidia have never been reported in humans,
it seems unlikely that it was responsible for the reported clinical signs. Anisakid larvae are
 occasionally observed in these char populations. Digestive-tract infection associated with inges-
tion of these larvae should thus be considered as a potential differential diagnosis in these Inuit
communities.
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raw, boiled, dried or fermented in local communities
(Kuhnlein & Humphries 2017). Muscular infections
by microsporidia (microsporidiosis) have been oppor-
tunistically documented in Arctic char from Lake
Duquet located near Salluit, Nunavik, Quebec, Can-
ada (Wildlife Health Intelligence Platform, Canadian
Wildlife Health Cooperative). These fish, which were
harvested by fishermen from local communities,
were submitted in response to the occurrence of var-
ious symptoms including vomiting and oral-tingling
sensations, following consumption of raw char flesh.
Similar symptoms have also been reported in people
fishing in the nearby Lake Françoys-Malherbe. These
occurrences took place in spring (April) or summer
(September). The prevalence of the parasite, its sig-
nificance for the health of this population of fish and
its zoonotic potential are unknown.

Microsporidia are obligate sporulating intracellular
parasites related to Fungi. This group includes over
1000 species able to infect a broad spectrum of hosts,
from unicellular organisms to vertebrates, including
humans (Lom 2002, Stentiford et al. 2016). Although
infections by these organisms are relatively common
in fish, most species are poorly described and new
species are regularly discovered. Species in the gen-
era Heterosporis, Pleistophora, Kabatana, Tetrami-
cra, Myosporidium and in the collective group Micro -
sporidium are known to infect the skeletal muscles of
susceptible teleost fish hosts (Kent et al. 1999, 2014,
Lom 2002, Ahonen 2017). It is believed that most fish
microsporidia complete their life cycle within a sin-
gle host, through horizontal transmission by inges-
tion of infected tissues or spores in the water. In addi-
tion, some species of microsporidia include vertical
(intraovum) transmission in their life cycles (e.g.
Pseu doloma neurophilia: Sanders & Kent 2013; Ovi -
pleistophora ovariae: Kent et al. 2014). With horizon-
tal transmission, microsporidia that infect muscle
enter the intestinal wall and reach the muscles where
they multiply (merogony) and produce new spores
(sporogony) that will be released into the tissues or
the external environment (Lom 2002, Miller 2009,
Kent et al. 2014). The infection may cause significant
muscle damage and contribute to indirect fish mor-
tality due to debilitation or increased susceptibility to
predation (Sprengel & Lüchtenberg 1991, Figueras et
al. 1992, Miller 2009, Kent et al. 2014, Phelps et al.
2015). In addition, heavy infections of the muscle
often cause macroscopic changes that diminish the
value of the fish for human consumption (Toma -
michel et al. 2018).

Here we describe a microsporidian infection in Arc-
tic char in 2 lakes in Nunavik. The objectives of this

study were to (1) determine the prevalence of mi-
crosporidiosis in Arctic char populations from Lakes
Duquet and Françoys-Malherbe, (2) characterize the
lesions caused by this organism, (3) evaluate the as-
sociation between the infection and fish characteris-
tics such as body condition and (4) elucidate the taxo-
nomic status of this novel infection. Potential causes
of the symptoms reported by Inuit following the con-
sumption of raw fish will also be discussed.

2.  MATERIALS AND METHODS

2.1.  Study area and sampling

This project was realized from 1−7 May 2018, in
collaboration with regional stakeholders including
the Makivik Corporation, the Ministère des Forêts,
de la Faune et des Parc (MFFP) and Raglan Mine.
Fish were obtained from Lake Duquet (Tasialujjuaq)
(62° 03’ 18’’ N, 74° 31’ 51’’ W) and Lake Françoys-
 Malherbe (Pangaligiak) (62° 00’ 06’’ N, 74° 15’ 25’’ W).
These lakes, which are 7.7 × 1 km and 25 × 1−1.5 km
in size, respectively, are located in proximity to the
community of Salluit, Nunavik (Quebec, Canada)
and used by the local fishermen. Both freshwater
lakes outflow into Deception Bay (Hudson Strait) via
the Deception River. Even if anadromous and land-
locked char populations inhabit these lakes, the
present study involves char from the anadromous
population only. Anadromous Arctic char at Decep-
tion Bay only feed out at sea, where they prey oppor-
tunistically on zooplankton and pelagic and benthic
fishes (Martyniuk et al. 2020). 

For this study, sampling took place in the spring
when anadromous Arctic char are fasting (Martyniuk
et al. 2020). A total of 91 Arctic char, 61 from Lake
Duquet and 30 from Lake Françoys-Malherbe, were
captured respectively by gill nets and fishing lines
set under the ice cover as part of planned subsistence
fishing by local elders. Once captured, the fish were
stunned, pithed and stored in an isolated cooler to
prevent them from freezing. Morphological meas-
urements and macroscopic examination were per-
formed on the day of capture. Sex, age (otolith analy-
sis; Campana & Thorrold 2001), fork length, weight,
and Fulton’s condition factor K were determined for
each fish. Fulton’s condition factor was defined by
K = 100 × total weight / (fork length)3 with the weight
in grams and the fork length in centimeters (Ricker
1975). Characteristics of the sampled fish are pre-
sented in Table 1. A complete post-mortem examina-
tion, including thorough inspections of filleted mus-
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cles to detect areas of discoloration or texture varia-
tion, was done on each fish. To measure the micro -
sporidia spore, wet mount preparations were made
from frozen muscular tissue of 1 specimen with gross
lesions. The presence of external parasites (gill cope-
pods morphologically characteristic of Salmincola
sp.) and internal parasites (Anisakidae larvae, adult
Philonema sp., plerocercoids of cestodes morpholog-
ically suggestive of Diphyllobothrium sp. and adult
intestinal cestodes) was noted for each fish as a
binary variable, i.e. ‘presence’ or ‘absence’ (Table 1).

2.2.  Histologic evaluation

A systematic sampling of muscles, composed of
4 muscle sections of 1 cm × 1 cm × 0.5 cm thick sam-
pled along the midline of each fillet, was conducted
on each fish for histological examination (total of
8 muscle sections per fish). The muscle sections col-
lected were fixed in ExCell Plus®, embedded in
paraffin, cut with a microtome in 3 µm sections and
stained with hematoxylin phloxine saffron for light
microscopy. The presence of microsporidia was as-
sessed for each specimen. A diagnosis of micro spo -
ridiosis was given when microsporidia were de tected
in at least one of the examined muscle sections, re-
gardless of the presence of associated inflammation.
For each fish infected by microsporidia, the severity
of the infection was defined as the mean percentage
of the examined muscle area affected by the parasite
(mean of the 8 muscle sections). To do this, the con-

trast between affected and non-affected areas was
enhanced using Adobe Photoshop on nu merized im-
ages of each histological slide (Aperio ImageScope
software, version 12.4.0, Leica Biosystems Imaging).
The percentage of affected areas was then deter-
mined using the color threshold tool in ImageJ soft-
ware (Schneider et al. 2012). For each image, the
threshold set in ImageJ was set at the discretion of
the operator to optimally cover the affected areas
without covering the non-affected muscle. Histologic
evaluation (detection of microsporidia and determi-
nation of the severity of the infection) was performed
by the same investigator (M.J.).

2.3.  Microsporidia characterization

Muscle tissue from macroscopic lesions of 2 speci-
mens was preserved in 4% formaldehyde and 1%
glutaraldehyde in 0.1 M phosphate buffer (PB)
(pH 7.4) and processed for transmission electron
microscopy (TEM). Tissues were post-fixed in 1%
(w/v) osmium tetroxide in 0.2 M sodium cacodylate
buffer for 1 h prior to embedding in epoxy resin.
Thick sections were cut (0.5 µm) and stained with
toluidine blue. Ultrathin sections (30−40 µm) were
cut and stained for 1.5 h in 5% (w/v) aqueous uranyl
acetate solution followed by lead citrate. TEM was
performed using an FEI Titan 80-200 TEM/STEM,
and images were captured using an UltraScan
1000XP model 994 camera at the Oregon State Uni-
versity Electron Microscopy Center.
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Duquet (n = 61) Françoys-Malherbe (n = 30) Total (n = 91)

Sex
Female 36 22 58 (64%)
Male 25 8 33 (36%)

Age (yr)a 10 ± 1 (7−15) 9 ± 2 (5−14) 10 ± 2 (5−15)
Fork length (cm)a 46.1 ± 12.9 (42.9−66.3) 51.6 ± 6.3 (19.5−70.4) 49.8 ± 9.3 (19.5−70.4)
Total weight (g)a 1449 ± 583 (786−3108) 1125 ± 763 (63−2522) 1341 ± 662 (63−3108)
Fulton’s Ka 1.01 ± 0.10 (0.67−1.22) 0.93 ± 0.13 (0.61−1.10) 0.98 ± 0.12 (0.61−1.22)
Presence of internal helminths 32 (52%) 16 (53%) 48 (53%)

Coelomic helminthsb 32 (52%) 13 (43%) 45 (49%)
Intestinal cestodes 2 (3%) 4 (13%) 6 (7%)

Presence of copepods 14 (23%) 6 (20%) 20 (22%)

aMean ± SD (minimum−maximum)
bPresence of Anisakidae larvae, adult Philonema sp. or plerocercoids of cestodes encysted in the coelomic cavity, visceral
serosa or muscles

Table 1. Characteristics of the Arctic char Salvelinus alpinus sampled in this study. Arctic char were captured respectively by
gill nets and jig fishing lines set under the ice cover from Lake Duquet and Lake Françoys-Malherbe, located near the com-
munity of Salluit, Nunavik, Canada. Fulton’s condition factor defined as: K = 100 × total weight / (fork length)3, with total 

weight in grams and fork length in centimeters



DNA was extracted from frozen muscle tissues
stored in 95% ethanol from 7 infected fish (4 females,
3 males; diagnosed by histology) using the Qiagen
Blood and Tissue Extraction kit following the manu-
facturer’s protocol. PCR was performed using the
general microsporidian ribosomal gene primers 18F
(5’-CAC CAG GTT GAT TCT GCC-3’) and 580R
(5’-GGT CCG TGT TTC AAG ACG G-3’) to amplify
the 5’ region of the small subunit ribosomal DNA
(SSU rDNA) gene. All reactions were performed in
50 µl volumes using the Platinum PCR Supermix (In -
vitrogen), 0.9 mmol each forward and reverse primer
and 5 µl of DNA template. Amplifications were per-
formed on a VeritiPro thermal cycler (ThermoFisher),
with the following protocol: initial denaturation at
94°C followed by 35 cycles of 94°C for 30 s, annealing
at 55°C for 30 s and extension at 72°C for 1 min. The
re sulting PCR products were purified using the QIA -
quick PCR Purification Kit (Qiagen), and Sanger se-
quencing was performed using the primers used for
PCR with the addition of 530F (5’-GTG CCA GCM
GCC GCG-3’) and 1061F (5’-GGT GGT GCA TGG
CCG-3’). The overlapping sequence reads were ma -
nu ally assembled using BioEdit, and the re sulting con-
sensus sequence was searched against the Natio nal
Center for Biotechnology Information non- redundant
nucleotide database using the BLASTn interface. Se-
quences with high similarity were selected and
aligned using MUSCLE (Edgar 2004). Phylo genetic
reconstruction was performed using MrBayes v.3.2.6
(Huelsenbeck et al. 2001) as implemented in Geneious
Prime (v.2021.0.3) with a general time-reversible
 substitution model with inverse gamma rate variation,
a chain length of 1100 000 and a 100 000 burn-in.
Nucleo spora salmonis (GenBank accession number
NSU78176) was selected as the outgroup taxon.

2.4.  Statistical analysis

The statistical analysis was performed using SAS
software, version 9.4 (SAS Institute) and R version
4.0.0 (R Core Team 2020). Univariate logistic regres-
sions were used to evaluate the association between
the presence of microsporidia and each of the follow-
ing independent variables: age (yr), sex, Fulton’s con-
dition factor (K), lake of capture, fork length (cm) and
weight (g) of the fish, presence of internal parasites
and presence of external parasites. The infection
severity data were normalized using log base 10 trans-
formation. Pearson’s correlation coefficient was used
in order to evaluate the associations between the log-
transformed infection severity data and each quanti-

tative variable, i.e. age, weight, fork length and K.
Univariate linear models were used to explore associ-
ations between log-transformed infection severity and
each qualitative variable, i.e. sex, lake of capture,
presence of internal parasites and presence of external
parasites, taking into account unequal variances
where needed. Independent variables with p-values <
0.15 in the above univariate linear models or Pearson’s
correlation coefficient analyses were retained in a
multiple linear model with log-transformed in fection
severity as the dependent variable. The level of statis-
tical  significance was set at 5%.

3.  RESULTS

3.1.  Microsporidian infection

Out of 91 fish examined, 4 (4.3%) presented muscle
anomalies detectable during the macroscopic exami-
nation. These muscular changes were cha racterized
by focal or multifocal discoloration and fibrous aspect
of the flesh (Fig. 1). Wet mount pre paration exhibited
a large quantity of spores (>100 spores per field
at 400× magnification). Spores were oval with a pos-
terior vacuole and measured (mean ± SD) 2.28 ±
0.08 µm × 1.02 ± 0.09 µm. Occasionally, spores were
inside sporophorous vesicles, containing more than
20 spores (Fig. 2A). On histological examination, the
microsporidia detected in fish muscle appeared mostly
as free spores or less frequently as sporo pho rous vesi-
cles in the muscle in 93 and 41% of the affected fish,
respectively (Fig. 2B,C). The sporo pho rous vesicles
were round to irregular in shape and were composed
of a thin eosinophilic membrane surrounding numer-
ous de velopmental stages. The vesicles were located
within the sarcoplasm, repelling myofibrils on both
sides, but rarely distended the myocytes. These
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Fig. 1. Severe muscular damage caused by microsporidian
infection in an Arctic char Salvelinus alpinus from Nunavik,
Canada. Note the multifocal discoloration and the fibrous 

appearance of the affected flesh
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sporo phorous vesicles were usually not associated
with an inflammatory response or histological evi-
dence of destruction of the fibers. In contrast, free
mature spores were present in fragmented muscular
fiber and in adjacent connective tissues. These free
spores were associated with destruction of myocytes
and mild to extensive infiltration by macrophages
(Fig. 2B,C).

Microsporidian infections were diagnosed by mi -
cro scopy in 56 out of 91 collected fish (61%). Results
of univariate logistic regression with odds ratio (OR),
95% confidence interval (CI) and p-value of each
independent variable are summarized in Table 2. We
detected no statistical difference in the presence of
microsporidia between the 2 lakes, with 66% (40/ 61)
and 53% (16/30) of the sampled fish affected in Lake
Duquet and Lake Françoys-Malherbe, respectively
(p = 0.26). A positive association was observed be -
tween the presence of microsporidia and age, length
and weight of the fish. No association was detected
between the presence of mi cro sporidia and sex, Ful-
ton’s condition factor (K) or the presence of internal
or ex ternal parasites (p > 0.05).

The severity of the infection (mean percentage of
the muscle area affected by the infection) ranged
from 0.01 to 48.6% of the total surface of muscle exa -
mined. It was very low (<1%) in 75% (42/56) of the
infected cases (Figs. 3 & 4). For 21.4% of the infected
individuals (12/56), lesions represented 1 to 7% of the
total surface of muscle examined. Two individuals
(3.6%) presented lesions involving large portions of
the area examined (37.2 and 48.6%). Multif ocal dis-
colorations of the flesh were visible macro scopically
in both specimens (Fig. 1). Based on univariate linear
models, the severity of the infection was significantly
higher in females than in males (p = 0.001) and in fish
infected by internal parasites (p = 0.023). The sever-
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Fig. 2. Microscopic characteristics of microsporidia infecting
the muscle of Arctic char Salvelinus alpinus from Nunavik,
Canada. (A) Wet mount preparation made from frozen mus-
cular tissue of 1 specimen with gross lesions. Several free
spores (arrowheads) and 1 sporophorous vesicle (arrow) con-
taining spores (arrowheads) are visible. Scale bar = 5 µm. (B)
Histological section of micro spo ridia-infected muscle show-
ing intracytoplasmic sporo pho rous vesicles (arrows) contain-
ing spores in formation. Scale bar = 50 µm. (C) Histological
section of microsporidia-infected muscle showing mature
spores in tissue. The free spores are associated with severe
destruction of muscular fibers and massive histiocytic infil-
tration within the muscular fiber and in connective tissue.
Asterisk: fragmented and infiltrated muscle fiber with
sporophorous vesicles releasing mature spores. Scale bar =
100 µm. Inset: higher magnification of these sporophorous 

vesicles (arrow) and mature spores
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ity of the infection was also negatively correlated
with Fulton’s K (r = −0.32; p = 0.014). There was no
significant association between the severity of the in -
fection and the other variables (p > 0.05). In the
multi variable linear model including sex, condition
factor, presence of internal parasites and presence of
external parasites, Fulton’s K re mained negatively

correlated with the severity of the lesion (p = 0.028),
and the effect of the sex remained significant as
above (p = 0.046). Back-transformed means of the
severity of infection with 95% confidence intervals
were 0.217% (95% CI: 0.091− 0.517%) and 0.040%
(95% CI: 0.019−0.086%) for females and males,
respectively.

3.2.  Electron microscopy

Transmission electron microscopy (TEM) of the mus-
cle lesions showed dense mature spores (Fig. 5) either
free in the matrix of the lesion (Fig. 5A) or enclosed
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Factor OR (95% CI) p

Age (yr) 1.513 (1.129−2.028) 0.0056
Fork length (cm) 1.092 (1.035−1.166) 0.0031
Total weight (g) 1.001 (1.000−1.002) 0.0080
Fulton’s K 25.8 (0.62−1423.53) 0.0946

Lake
Françoys-Malherbe Reference
Duquet 1.667 (0.684−4.062) 0.2610

Sex
Male Reference
Female 1.064 (0.443−2.557) 0.8901

Internal parasites
Absence Reference
Presence 0.904 (0.385−2.110) 0.8163

External parasites
Absence Reference
Presence 3.100 (0.941−10.208) 0.0628

Table 2. Assessment of the association between the presence
of microsporidian infection in Arctic char Salvelinus alpinus
(Nunavik, Canada) and several variables, i.e. age, sex, Ful-
ton’s condition factor (K), lake of capture, fork length and to-
tal weight of the fish, and presence of internal and ex ternal
parasites, using univariate logistic regressions. Odds ratios
(ORs; ‘Reference’: reference parameter for the analysis, with
OR = 1), 95% confidence intervals (CIs) and p-values are 

given for each independent variable

Fig. 3. Muscular sections of Arctic char Salvelinus alpinus from Nunavik, Canada, showing different severities of microsporid-
ian infections. The affected areas (black) were enhanced using Photoshop. (A) Minimal and focal lesion (<1% of the surface
area) (arrow), (B) mild and multifocal lesions (1−10% of the surface area) and (C) marked and multifocal to coalescent lesions 

(>30% of the surface area). Scale bars = 2 mm

Fig. 4. Severity of the microsporidian infection affecting
Arc tic char Salvelinus alpinus females (n = 36) and males
(n = 20) from Nunavik, Canada. Severity of infection is de -
fined as the average percentage of muscle area affected by 

microsporidia



within a sporophorous vesicle containing numerous
spores (Fig. 5B). Spores were characterized by the ap-
pearance of a thick endospore wall surrounded by an
exospore (Fig. 5A,E) and contained a prominent pos -
terior vacuole (Fig. 5D,E), a single  nucleus (Fig. 5B−E)
and 16−17 turns of the polar tubule that appeared to

be uni form in diameter (i.e. isofilar) (Fig. 5D−F). The
lamellar polaroplast was visible in cross section
tightly packed in the anterior portion of the spore ad-
jacent to the tubular polaroplast, beginning approxi-
mately at the midpoint. The polaroplast comprised
well-defined lamellar membranes, which occupied
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Fig. 5. Transmission electron microscopy of mature spores of Microsporidium sp. from skeletal muscle of Arctic char Salvelinus
alpinus. (A) Free mature spores of Microsporidium sp. surrounded by myonecrotic material. Scale bar = 20 µm. (B)
Sporophorous vesicle (SPOV) containing numerous mature spores. Scale bar = 20 µm. (C) Single nucleus (Nu) visible in a
transverse section of mature spore near the margin of a sporophorous vesicle (SPOV). Scale bar = 5 µm. (D) Longitudinal sec-
tion of a mature spore with a thick endospore wall (En), single nucleus (Nu) and characteristic posterior vacuole (Pv). Trans-
verse sections of the isofilar polar filament structure (Pf) are visible. Scale bar = 3 µm. (E) Longitudinal section of mature spore
with thick endospore wall (En), single nucleus (Nu) and posterior vacuole (Pv) at increased magnification. Scale bar = 3 µm. 

(F) Manubroid portion of the polar filament (arrow) visible in a mature spore. Scale bar = 5 µm
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about 40% of the spore. The endo spore was distinct,
about 0.061 µm, whereas the electron dense exospore
is thin, about 0.0068 µm. No presporogonic develop-
mental stages were observed.

3.3.  Molecular analysis

Identical partial sequences (1564 bp) of the SSU
rDNA gene were ob  tained from 2 individuals. The
partial sequen ces were identical to those of an isolate
identified as Heterosporis sp. (GenBank accession
number KC 13 7554) and closely related to several
 se quences identified as be longing to Microsporidium
and Myo sporidium. Phylogenetic analysis perfor med
on an alignment of an approxi mately 1300 bp region
with several fish-infecting micro spo ri dian sequences
obtained from GenBank placed the sequences within
the clade of members of the collective group genus
Micro  sporidium (Fig. 6). Both se quences are available
from GenBank under accession numbers MW429835
and MW 429836.

4.  DISCUSSION

Microsporidian infections are relatively common in
fish. Several species of microsporidia have already
been reported to infect muscle of salmonids (Lom
2002, Kent et al. 2014), but to our knowledge, muscu-
lar microsporidiosis has not been described in Arctic
char.

We provisionally assigned the mi cro sporidium
described here to the ge nus Micro sporidium. The
generic name Microsporidium is a collective group
name used for ‘identifiable species of which generic
positions for the time being are uncertain’ (Sprague
1977, p. 26). Several members of this clade have been
placed in the genus Myo sporidium, such as M. spra -
guei (Jones et al. 2017) and M. merluccius (Ba que ro
et al. 2005), and all are myotropic microsporidian
parasites of fishes. The SSU rDNA gene obtained in
the present study was identical to that of an organism
identified as a Heterosporis sp. (KC137554) isolated
from a cisco (Coregonus sp.) in the Great Lakes
(Phelps et al. 2015). However, there is little sequence
variation in region of the SSU rDNA genes that are
available for members of this clade, suggesting that
further sequencing, perhaps of a different gene, is
needed to resolve the taxonomy of this group.

While microsporidian infections are well studied in
farmed fish (Figueras et al. 1992, Kent et al. 2014,
Ahonen 2017) and in captive reared fish (Chow et al.
2016), there are few detailed studies on the preva-
lence of this organism in wild fish populations. The
present study shows an apparent prevalence of
microsporidian infection of 61% in a wild population
of Arctic char in Nunavik. Because the sensitivity of
the detection by the method used (histology) is
unknown, but is obviously not 100%, the prevalence
documented in this study is likely an underestima-
tion of the real prevalence in this population. The
similarity be tween samples from the 2 lakes in terms
of the observed prevalence and severity of micro -
sporidia infections is not unexpected, because these
2 lakes are part of the same hydrographic system and
hold similar biological communities. The apparent
prevalence ob served in this population is similar to
prevalences reported for micro sporidia in other pop-
ulations of wild fish, in which prevalence could reach
up to 80% (Miller 2009, Ryan & Kohler 2016, Ahonen
2017, Toma michel et al. 2018). In the present study,
only a small proportion of specimens examined
showed severe infections (3.6%), which is similar to
that reported for freshwater sculpins Cottus spp.
(<5%) (Ryan & Kohler 2016), but lower than in pike-
perch Sander lucioperca (10%), burbot Lota lota
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Fig. 6. Phylogenetic tree of small subunit ribosomal RNA
gene sequences of microsporidian species infecting fish as
inferred by Bayesian analysis. Bold font highlights 2 Micro -
sporidium sp. isolates from Arctic char skeletal muscle le-
sions. Numbers at nodes represent Bayesian posterior proba-
bility support. GenBank accession numbers are also shown
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(14%) (Ahonen 2017) and yellow perch Perca fla -
vescens (25%) (Toma michel et al. 2018). Thus, the
level of infection by microsporidia in this population
of fish from the Salluit region does not seem unusual
compared to other populations of wild fish. Never-
theless, it is unknown if the micro sporidian species
found in these char populations is an emerging pa -
tho gen or a native pathogen to the re gion previously
undetected.

The infection by microsporidia was associated with
macroscopic changes in only 7.1% (4/56) of the fish
for which the infection was confirmed by histology.
This shows that the gross examination of the fillets
has a very low sensitivity of detection for this condi-
tion. Nevertheless, the presence of areas of discol-
oration and fibrosis is suggestive of extensive infec-
tion by this organism in this population of char.

Older (larger) fish were more often infected than
younger (smaller) ones, which might be explained by
an in crease of the opportunities of exposure to the
organism either through the water column or via pre-
dation of infected prey consumed out at sea, as
anadromous Arctic char are fasting at Deception Bay
(Martyniuk et al. 2020). The positive association be -
tween the presence and the size of the fish may sup-
port exposure via predation since the size of fish is
directly correlated to total food intake. This in crease
in occurrence with age could also be caused by dif-
ferences in food preferences between young (small)
and older fish. Because cannibalism is known to oc -
cur in this species (Amundsen 1994), larger and older
fish may be more exposed to mi crosporidiosis by
cumulative predation of infected younger fish. The
absence of correlation between age and the severity
of infection suggests that infections are not cumula-
tive, implying remissions be tween successive infec-
tions. Recovery and development of immunity to
microsporidian infection have been reported in some
salmonids (Kent & Speare 2005). This association
between age and presence, but not with severity of
infection, contrasts with infections of yellow perch
by the microsporidium Heterosporis sutherlandae in
Minnesota (USA), where the severity of infections
increases with age (Tomamichel et al. 2018). The
authors of that report suggested that either the infec-
tion is cumulative (implying no remission) or that by
consuming fish already infected with H. suther -
landae, older fish re ceive a higher dose of the organ-
ism, causing a more severe infection (Tomamichel et
al. 2018).

The reason why female Arctic char are more
severely affected than males remains unclear. Gen-
der predisposition in microsporidian infection varies

greatly among studies, with no clear explanation
(Chow et al. 2016, Ryan & Kohler 2016, Ahonen 2017,
Tomamichel et al. 2018). Differences in response to
stress may be a plausible explanation, for example
hierarchy structures between males and females as
proposed by Chow et al. (2016) to explain a male sex
bias in zebrafish Danio rerio in the prevalence of
Pseudoloma neurophilia.

Infections by several microsporidian species are
known to increase mortality or decrease body condi-
tion of the host. Muscular infections by microsporidia
have been associated with reduced growth, muscle
destruction and impaired swimming capacity, which
may increase indirect mortality due to failure to cap-
ture prey or escape predation (Sprengel & Lüchten-
berg 1991, Figueras et al. 1992, Miller 2009, Kent et
al. 2014, Phelps et al. 2015). However, microsporid-
ian infections in pike-perch and burbot were not as -
sociated with a decrease in body condition (Ahonen
2017), whereas the severity of these infections in yel-
low perch increased with body condition (Toma -
michel et al. 2018). In the present study, most of the
fish were in good body condition, with a Fulton’s con-
dition factor (K) of 0.98 ± 0.12 (mean ± SD), similar to
that reported for both lakes during the post- winter
2017 sampling season (K = 0.91 ± 0.11) (Martyniuk et
al. 2020). In addition, K was not correlated with the
presence of the microsporidia. However, among the
infected Arctic char, the multivariable linear regres-
sion showed a negative correlation be tween the
severity of infection and K. This negative relationship
suggests that muscular changes associated with
microsporidian infection could decrease the capacity
of heavily affected fish in capturing prey. The infec-
tion may also be associated with additional energy
expenditures to mount inflammatory and repair pro-
cesses. No association was found between internal
(nematodes, cestodes) or external (copepods) para-
sitism and the presence or severity of microsporidian
infection in the present study, whereas some mi cro -
sporidian infections have been associated with host
immunosuppression in previous studies (Figueras et
al. 1992, Kent et al. 2014).

Although the impact of infection by microsporidia
at the population level remains unclear, the high pre -
v alence associated with a low rate of high- severity
infection suggests that microsporidia have little im -
pact on the Arctic char populations in Lake Duquet
and Lake Françoys-Malherbe. Alternatively, a higher
mortality rate in fish with a high level of infection,
following either starvation or increased risk of preda-
tion, could also result in a similar pattern of the infec-
tion severity in this population.
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One of the reasons why this project was conducted
was to investigate potential links between this or ga -
nism and the occurrence of upper digestive tract
symptoms reported in humans following the con-
sumption of raw meat from Arctic char caught in
these lakes. Although some species of microsporidia,
such as Encephalitozoon cuniculi (McInnes & Stew-
art 1991) and Enterocytozoon bieneusi (Cama et al.
2007), are known to be zoonotic, there is currently no
clear evidence for the transmission of microsporidia
between fish and humans. Because species of Plei -
sto phora spp. are found in the muscle of many spe-
cies of fish (Lom 2002), some authors have suggested
a possible fish−human transmission route for cases of
skeletal muscle infections by Plei sto phora ronneafiei
(Cali et al. 2005) and the closely related Trachi pleis -
to phora ho minis (Cheney et al. 2000, Curry et al.
2005) in people. However, since human infection by
ingestion of poorly cooked infected meat from fish
has not been confirmed to date, this potential link
remains speculative (Fayer & Santin-Duran 2014).

In addition, most of the known human-pathogenic
species of microsporidia infect the lower gastrointes -
tinal tract (intestines) and cause chronic diarrhea and
wasting syndrome (Weiss 2014), but not acute vomit-
ing and tingling sensations in the mouth as reported
in Salluimiut following the consumption of Arctic
char. Moreover, clinical manifestations of micro  spo ri -
dian infections in people remain rare and usually
 affect immunocompromised individuals (Fayer &
Santin-Duran 2014, Weiss 2014). Consequently, it is
un likely that the symptoms reported by Inuit fisher-
men are caused by the ingestion of microsporidia.
Nevertheless, we still recommend avoiding the con-
sumption of flesh presenting areas of discoloration or
abnormal texture as shown in Fig. 1. Even if freezing
the meat might potentially inactivate the micro -
sporidia, thermotolerance varies greatly among spe-
cies of micro sporidia. Several species of fish micro -
sporidia seem to be inactivated by freezing at −20°C
for 24 to 48 h (Li & Fayer 2006, Miller 2009, Leiro
et al. 2012), but others, such as spores of Glugea
stephani from flatfish, held at −19°C for 24 h were
considered viable based on a filament extrusion test
(Amigó et al. 1996), and P. neurophilia spores can
survive cryopreservation (even if survival is reduced)
(Norris et al. 2018). As spores may be more resistant
to low temperatures, given that the host fish lives in
northern cold waters, further studies are needed to
determine if microsporidia spores isolated from these
Arctic char are inactivated by freezing.

In addition to the microsporidia, the examination of
the fish revealed the presence of nematode larvae of

the family Anisakidae at the surface of the organs.
Anisakid parasites are widely distributed in the mar-
ine environment, infecting invertebrates, fish, birds
and marine mammals. Humans are considered a
dead end or accidental host for this parasite. How-
ever, cases of anisakiasis associated with consump-
tion of undercooked meat (raw, smoked, salted) from
fish infected with Anisakidae are re ported on a regu-
lar basis (Jenkins et al. 2013, Bao et al. 2019, Centers
for Disease Control and Prevention 2019). Anisakidae
larvae can penetrate the gastro-intestinal mu co sa
and cause tingling in the eso phagus, nausea, vomiting,
abdominal pain, diarrhea and/ or fatigue (Jen kins et
al. 2013). However, cases associated with Arctic char
are quite rare. One case of anisakiasis has been re -
ported in an Inuk woman who had eaten raw Arctic
char in Nunavik (Bhat & Cleland 2010). The potential
link between anisakid larvae in fish and the symp-
toms observed in Inuit warrants further investiga-
tions. Arctic char are also parasitized by plerocer-
coids of cestodes, most likely Diphyllobothrium sp.
Likewise, some species of diphyllobothriid cestodes
(e.g. D. latum and D. dendriticum) are zoonotic, and
contamination in people occurs by consumption of
undercooked meat. Most human infections are asymp -
tomatic, but symptoms can include abdominal dis-
comfort, diarrhea, vomiting and weight loss (Jen kins
et al. 2013, Centers for Disease Control and  Prevention
2012). Anisakid larvae and plerocercoid cestodes are
both destroyed by freezing at −20°C for at least 7 d
(US Food and Drug Administration 2017). Manual
removal of larvae is also recommended but is not suf-
ficient, since these larvae are not always easy to de -
tect in the flesh. Other causes of food poisoning (bac-
teria, virus contamination) cannot be ruled out in our
study, and may also explain the digestive signs re -
ported in Salluimiut.

5.  CONCLUSION

This study documented a high prevalence of mi -
cro sporidiosis in Arctic char from 2 lakes in Nuna vik,
Canada. The severity of infection was low in most
cases and similar to what has been reported in other
populations of wild fish. Although the impact of in -
fection by microsporidia at the population level re -
mains unclear, the pattern of this infection suggests
that microsporidia have little impact on these Arctic
char populations. At the individual level, however,
the negative correlation observed be tween the sever-
ity of infection and body condition suggests a poten-
tial impact of this organism on fish health. Even if the
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link between microsporidia and the symptoms de -
scribed by Inuit fishermen remains un likely, we still
re commend to avoid eating meat presenting ma -
croscopic anomalies. Nevertheless, since the impor-
tance of Arctic char in the traditional Inuit subsis-
tence diet is fully recognized, the consumption of this
food source should be encouraged. The link between
the symptoms reported by Inuit fisherman and other
potential causes, such as the presence of Anisakidae
larvae, warrants further in vestigation. Freezing of
the fish at −20°C for at least 1 wk might decrease the
risk of transmission of helminth parasites and mi -
crosporidia. Finally, this study provides baseline data
that could be used in the future to access the impact
of environmental changes on the relationship be -
tween this parasite and its host.
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