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Abstract
Heterosporis sutherlandae is an invasive microsporidian parasite in the Great Lakes region of North America that

infects the skeletal muscle of numerous fish species, rendering the fillet unfit for human consumption. Although H.
sutherlandae has been identified as a pathogen of concern by state management agencies, there is little information to
inform regulation and intervention. We sampled fishes over 1 year from three lakes in northern Minnesota with known
infected populations to determine the importance of host demographic and environmental variables for influencing H.
sutherlandae infection prevalence. Heterosporis sutherlandae was present during all sampling periods, ranging in
prevalence from 1% to 11%. The prevalence of H. sutherlandae among Yellow Perch Perca flavescens varied signifi-
cantly according to season, with winter having the lowest prevalence (1%) and summer having the highest prevalence
(11%). For other fish species, the prevalence of H. sutherlandae also varied significantly with season: the lowest preva-
lence occurred during spring (1%) and the highest prevalence occurred in fall (9%). Rates of pathogen transmission
were estimated by exposing Fathead Minnows Pimephales promelas in the laboratory. Transmission rates were 23%
when naïve fish were fed infected tissues and only 2% when naïve fish were held in cohabitation with tissue-fed fish.
Exposure method and exposure duration (d) increased the probability that a fish was infected with H. sutherlandae.
These findings suggest that H. sutherlandae transmission is greater when a susceptible host consumes infected tissue
than when the fish is exposed to spores present in the water column. The current rates of infection in wild fishes are
in stark contrast to the prevalence documented in 2004 (28%), suggesting a reduction in H. sutherlandae prevalence
within at least one Yellow Perch population in the Laurentian Great Lakes region since the early 2000s.

Microsporidians are spore-forming, unicellular, intracel-
lular parasites that infect a wide range of both vertebrate
and invertebrate hosts. More than 100 species of
microsporidian are known to infect fish, many of which
have a significant impact on fish health (Canning and

Lom 1986; Shaw and Kent 1999; Lom and Nilsen 2003).
Microsporidiosis is one of the most prominent diseases in
laboratory fish (Sanders et al. 2012) and can contribute to
mass mortality events in wild and hatchery-raised fish
(Nepszy and Dechtiar 1972; Hedrick 1998). Chronic
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infections are also common, resulting in muscle, gill, or
reproductive tissue destruction that may ultimately reduce
growth (Figueras et al. 1992), impact swimming ability
(Sprengel and Luchtenberg 1991), or cause sterilization
(Summerfelt 1964).

Heterosporis sutherlandae is a microsporidian parasite
that was first encountered in 2000 by D. Sutherland and
D. Cloutman in Wisconsin and Minnesota lakes, respec-
tively (D. Sutherland, S. Marcquenski, J. Marcino, J. Lom,
I. Dykova, and H. M. Hsu, paper presented at the 62nd
Midwest Fish and Wildlife Conference, 2000). It has since
been detected in over 32 water bodies in the Laurentian
Great Lakes region of the United States (Phelps et al.
2015) and is categorized as a regulated or managed patho-
gen in Wisconsin, Minnesota, and Michigan (respective
Departments of Natural Resources, personal communica-
tions) and as a disease of concern by the Great Lakes
Fishery Commission (Noyes 2006). The pathology of H.
sutherlandae is characterized by the formation of spores
and sporophorous vesicles within the skeletal muscle cells
of fish hosts, ultimately rupturing the cells and destroying
healthy tissue (Phelps et al. 2015). Damage to the skeletal
muscle can be extensive, giving the fillet a freezer-burned
appearance and rendering it unfit for human consumption
(Lom et al. 2000; Tsai et al. 2002; Miller 2009; Sutherland
and colleagues, unpublished).

Previous research and anecdotal reports have justified
the concern about H. sutherlandae in the Laurentian Great
Lakes region and have highlighted the need for further
research. A survey in Leech Lake (Cass County, Min-
nesota) during 2004 revealed (1) a high proportion of
infected Yellow Perch Perca flavescens (28%), (2) that
infection prevalence and severity increased with weight
and age, and (3) that a larger proportion of male fish were
infected than females (Tomamichel et al. 2018). That
study also predicted a 30% reduction in Yellow Perch
yield when modeled H. sutherlandae-induced mortality
was increased by 10%. Laboratory exposures found a high
rate of infectivity for many species (up to 100% in Rain-
bow Trout Oncorhynchus mykiss) and a wide range of sus-
ceptible species, including economically important game
fishes such as Walleye Sander vitreus and Yellow Perch
(Miller 2009; Sutherland and colleagues, unpublished).
Although extensive tissue damage from related Hetero-
sporis species can result in the direct mortality of fish
(Al-Quraishy et al. 2012), direct mortality has not been
evaluated for H. sutherlandae. Infected fish may also suffer
reduced fitness and indirect mortality through reductions
in food consumption, immune function, predator avoid-
ance, and reproduction (Phelps et al. 2015).

Our current understanding of H. sutherlandae makes it
difficult to predict the population-level impacts of the par-
asite and evaluate the risk that the parasite poses to fresh-
water fisheries—information that is critical to informing

evidence-based management. In this study, we estimated
(1) the prevalence of H. sutherlandae infection based on
host demographics and seasonality in wild fish populations
and (2) H. sutherlandae transmission rates, spore load,
and mortality effects in experimentally exposed fish popu-
lations. Addressing these key knowledge gaps is critical to
understanding the epidemiology and population-level
impacts of this disease.

METHODS
Field collection.—A subsample of fish collected from

three large, economically important lakes in Minnesota
(Cass and Leech lakes in Cass County; Lake Win-
nibigoshish in Cass and Itasca counties) as part of the
Minnesota Department of Natural Resources’ (MNDNR)
annual gill-net survey was used to detect the prevalence of
H. sutherlandae infection in fall 2015 (Table 1). Tempera-
tures in these lakes range from 4°C to 24°C (Ward 2016).
Heterosporis sutherlandae is considered endemic in each of
these lakes, with initial confirmed reports of infected fish
in 2000 for Leech Lake and 2003 for Lake Win-
nibigoshish. The initial report of H. sutherlandae in Cass
Lake is unknown. Gill nets used in the MNDNR annual
survey were 250 m long (mesh size = 1.27–6.35 cm) and
were set for 24 h. The MNDNR staff sampled locations in
each lake that were likely to yield large numbers of Yel-
low Perch. We focused on Yellow Perch in order to com-
pare contemporary H. sutherlandae prevalence to the 2004
survey on the same species (Tomamichel et al. 2018). In
winter, spring, and summer 2016, we used a combination
of methods to sample fish in two bays within Leech Lake
(Table 1). The winter hook-and-line method utilized baited
hooks, while summer hook and line consisted of baited
hooks and artificial lures. Spring trap nets were 6.096 m
with 9.625-mm mesh and were set for 24 h in water no
deeper than 2m. Our target sample size was 200 Yellow
Perch and 200 individuals of other species, such as Walleye,
Northern Pike Esox lucius, and Cisco Coregonus artedi.
Fish were measured for length and weight at the time of
capture. Sex was determined by visual inspection of the
gonads during necropsy. Fish were filleted on the left side
and visually inspected for characteristic H. sutherlandae
lesions. If the fillet contained lesions, then it was stored in
a plastic bag and refrigerated at 6°C for use in experimen-
tal parasite exposures. All other fillets were frozen at
−4°C for storage and to prevent accidental disease spread
(Miller 2009).

Fish husbandry.—All experimental animals were housed
at the Minnesota Aquatic Invasive Species Research Cen-
ter's Containment Laboratory. One-thousand Fathead
Minnows Pimephales promelas (49–79mm FL; 0.50–4.54 g
weight; unknown age) were acquired from an aquaculture
facility that was free of H. sutherlandae infection; the fish
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were held in a continuous-flow holding tank (1.8 m diame-
ter; 1.0 m height; 12°C water temperature; unchlorinated
well water) for 1 week. Fish were then netted and trans-
ported into the experimental laboratory in insulated, 56-L
coolers that contained water from the holding tank and
were continuously supplied with oxygen via battery-oper-
ated aerators. Room-temperature water (16°C) was added
periodically over a period of 4 h to allow fish to acclimate
to room temperature. Fish were then randomly distributed
into 16 static, 114-L glass aquaria (30 fish/aquarium). Each
aquarium was assigned its own set of equipment (e.g., dip
nets and gloves) to prevent cross contamination. This
equipment was sterilized for 5 min with a 2,200-μL/L solu-
tion of bleach and then rinsed thoroughly prior to use
(Miller 2009). A 25% water change was performed every 4
d, and fish were fed with commercial aquaculture pellets
(Ziegler Aquaculture) to satiation every other day. Fish
were allowed to acclimate to laboratory conditions for 48 h
prior to parasite exposure. Fathead Minnows were chosen
because of their ubiquity in and suitability for laboratory
conditions and because they are known to be susceptible to
H. sutherlandae infection (Phelps 2015).

Parasite exposure.— Fish were exposed to H. sutherlan-
dae via two methods: 120 fish were fed H. sutherlandae-
positive tissue, and 240 fish were held in cohabitation with
tissue-fed fish. Lesioned tissue collected from the field was
confirmed positive for H. sutherlandae spores (procedure
described below) and then was cut into 1–2-mm3 pieces
(2.75–3.25-g wet weight; 1,500± 100 spores/g) 10 d after
collection. Tissue (5.00 ± 0.25 g) was then poured into four
aquaria, and all 120 Fathead Minnows were observed
consuming the tissue. No tissue remained in the tanks
after 24 h. After 6 weeks, 48 of these tissue-fed fish were

fin-clipped and arbitrarily distributed among eight unex-
posed aquaria (six tissue-fed fish per aquarium; ratio of
tissue-fed fish : naïve fish= 1:5). The naïve fish in these
tanks became the 240 cohabitation-exposed fish. The
remaining 72 tissue-fed fish were left in their original
aquaria for the duration of the experiment. Four aquaria
(120 fish) were left unexposed as controls; however, six
fish from each aquarium were fin clipped and re-dis-
tributed among the control tanks to replicate the introduc-
tion of the fin-clipped fish (i.e., procedural blanks). Dead
fish were removed from the tanks daily. All remaining fish
were euthanized 8 weeks after the cohabitation exposure
by using an overdose of tricaine methanesulfonate (3 g/L)
buffered with equal parts sodium bicarbonate. The length
of the entire experiment was 98 d; however, if an animal
died during the experiment, the number of days for which
the animal was held under experimental conditions was
considered the exposure period for purposes of statistical
analysis. All dead fish were stored in plastic bags at− 4°C
until microscopic analysis. Laboratory experiments and
field collections were approved by the Institutional Animal
Care and Use Committee (Protocol 1506-32646A) at the
University of Minnesota.

Parasite detection.— Frozen fillets or whole fish were
thawed using warm water until malleable. Lesioned tissue
collected from the field was examined without the
warmwater bath treatment because this tissue was never
frozen. Fathead Minnows that were stored whole were dis-
sected and filleted using a scalpel. A 1- × 2-mm tissue
sample was removed with forceps from above the rib cage
of fillets, prepared as a wet mount on a glass slide, and
analyzed under 200×magnification (Tomamichel et al.
2018). If the fillet was visually identified to contain lesions,

TABLE 1. A summary of field sampling efforts and Heterosporis sutherlandae prevalence in three Minnesota lakes: Cass Lake (47.3794°, 94.6043°),
Leech Lake (47.1487°, 94.4207°), and Lake Winnibigoshish (47.4110°, 94.2155°). Gill nets were 250m long (mesh size= 1.27–6.35 cm) and were set for
24 h. Minnesota Department of Natural Resources staff sampled locations in each lake that were likely to yield large numbers of Yellow Perch. Trap
nets were 6.096m (9.625-mm mesh) and were set for 24 h along the shore of Steamboat and Walker bays on Leech Lake. Hook and line consisted of
baited hooks and artificial lures. Values represent the number of fish unless otherwise indicated. The percentages of infected Yellow Perch and infected
individuals of other species are shown in parentheses.

Location
Season
and year Collection method

Yellow Perch
collected

Other species
collected

Yellow Perch
infected

Other species
infected

Cass Lake Fall 2015 Gill nets (n= 4) 92 104 8 (9) 3 (3)
Lake
Winnibigoshish

Fall 2015 Gill nets (n= 6) 205 112 9 (4) 4 (4)

Leech Lake Fall 2015 Gill nets (n= 4) 183 140 16 (9) 12 (9)
Winter
2016

Gill nets (n= 5)/
hook and line

202 29 2 (1) 1 (3)

Spring
2016

Trap nets (n= 20) 31 286 2 (6) 4 (1)

Summer
2016

Hook and line 169 14 18 (11) 1 (7)
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then a second sample was prepared from the lesioned tis-
sue and examined at the same magnification. Microscopy
was performed by viewing three arbitrary areas of each
slide. The sample was deemed positive if at least one spore
was detected in any field of view. The number of spores
was enumerated in each field of view for unfrozen lesioned
tissue collected in the field and for laboratory samples. In
the case of a severe infection (>200 spores), the number of
spores was estimated by counting the spores in a user-de-
fined subsection and then multiplying by the number of
subsections that were covered by spores.

Data analysis.—All statistical analyses were performed
in R version 4.0.0 (R Core Team 2020). A series of logis-
tic regressions was used to estimate the extent to which
the number of H. sutherlandae-positive individuals (preva-
lence) among our field-collected fish was associated with
demographic or seasonal factors. Logistic regressions uti-
lize binomial error distributions, which are reflective of
the binomial nature of infection prevalence (i.e., a fish is
positive [1] or negative [0] for H. sutherlandae infection).
We divided our data to allow for the analysis of trends
between lakes within one season (fall) and between sea-
sons within Leech Lake. Because Yellow Perch constituted
a large proportion of our sample (>50%), we separated
the data for Yellow Perch from the data for other fish spe-
cies to prevent H. sutherlandae infection trends that were
only present in the Yellow Perch population from obscur-
ing trends among the other fish species. Therefore, the
data were analyzed in four groups: (1) Yellow Perch col-
lected from Leech Lake during all seasons (n= 585), (2)
Yellow Perch collected in fall from all lakes (n= 477), (3)
other fish species (non-Yellow Perch) collected from Leech
Lake during all seasons (n= 469), and (4) other fish spe-
cies collected in fall from all lakes (n= 356). Predictor
variables for groups 1 and 3 were season, standard weight
(Willis et al. 1991) for Yellow Perch or Fulton's condition
factor (Nash et al. 2006) for other species, sex, and all
first-order interactions. Predictor variables for groups 2
and 4 were lake of origin, standard weight or Fulton's
condition factor, sex, and all first-order interactions. Spe-
cies was not used as a predictor variable for groups 3 and
4 because the low numbers of fish harvested for several
species generated unacceptably low statistical power.
Logistic regressions were also used to investigate variables
related to H. sutherlandae prevalence in our laboratory
fish. Predictor variables for this analysis were exposure
method, number of days alive in the experiment, and the
interaction between these two variables. Control fish were
excluded from this analysis because no spores were
detected in control animals.

The relationship between the number of H. sutherlandae
spores that were detected (spore load) during laboratory
experiments and the predictor variables was explored via
(1) linear models with and without common logarithmic

transformations of predictor and response variables and (2)
generalized linear models with Poisson, negative binomial
(MASS package; Venables and Ripley 2002), and zero-in-
flated negative binomial (pscl package; Jackman 2020) dis-
tributions. Predictor variables were exposure method,
number of days under experimental conditions, and the
interaction between the two variables. We performed Sha-
piro–Wilk tests on residuals and inspected normal quan-
tile–quantile plots from models with normal error
distributions to ensure that the assumption of normality
was met when applicable. We visually inspected the residu-
als versus fitted and scale-location plots to ensure that the
homogeneity of variance assumption was met when appli-
cable (Supplementary Materials available in the online ver-
sion of this article). Only Fathead Minnows in which at
least one spore had been detected were included in this
analysis. Mixed-effect models with aquarium treated as a
random effect were not applied to laboratory data because
the nature of the experimental design (i.e., an entire aquar-
ium received one treatment) meant that it was impossible
to distinguish between the variance caused by the treatment
and the variance caused by the aquaria.

We used backward elimination within a stepwise model
selection procedure to generate model candidates for each
subset of our data (groups 1–4, H. sutherlandae preva-
lence; H. sutherlandae spore load in experimental fish).
Prior to model selection, we first confirmed that collinear-
ity among factors within data groups was small by calcu-
lating the variance inflation factor values and excluding
variables with values greater than 4.0 (car package; Fox
et al. 2020). We began with models that included all appli-
cable predictor variables and first-order interactions and
then removed variables with the highest P-value until a
model containing only predictor variables with P < 0.05
was obtained. We used Akaike's information criterion
(AIC; Akaike 1974) to compare the statistical models that
used the same data set. The model with the lowest AIC
value was considered the most appropriate, and models
within 2 AIC points of each other were considered equiva-
lent (Burnham and Anderson 2002). McFadden's pseudo-
R2 values were calculated using the rms package (Harrell
2019). Overfitting was not a concern for our model selec-
tion procedure due to the high ratio of sample sizes to
predictor variables (>10 in all cases).

RESULTS

Field Prevalence
We collected 925 Yellow Perch and 907 fish of other

species across all sampling seasons and lakes. Heterosporis
sutherlandae spores were found in 55 (6%) of the Yellow
Perch and 27 (3%) individuals of other species. Prevalence
of H. sutherlandae in Yellow Perch from Leech Lake was
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highest in summer (11%) and lowest in winter (1%; Table
1). Prevalence in other species from Leech Lake was high-
est in fall (9%) and lowest in spring (1%; Table 1).

Season was important for the prevalence of H. suther-
landae in Yellow Perch and fish of other species from
Leech Lake (groups 1 and 3; Table 2). The best-fit model
for group 1 only included season as a predictor variable
(Table 2, model 1). The prevalence of H. sutherlandae in
Yellow Perch was lower in the winter sample compared to
other seasons (winter effect = −2.26, Z = −2.984, P=
0.003; Table 2, model 1; Figure 1). There were no signifi-
cant effects for group 2 (i.e., Yellow Perch collected in the
fall; Table 2). The best-fit model for group 3 included sea-
son, condition, and the season × condition interaction
(Table 2, model 6). Spring had lower H. sutherlandae
prevalence compared to fall (spring effect =−7.72, Z
=−3.307, P= 0.001), and condition was negatively corre-
lated with H. sutherlandae prevalence in fall (condition
estimate −4.614, Z=−2.295, P= 0.022) but positively

associated with prevalence in spring (condition × spring
interaction estimate = 6.26, Z= 2.767, P= 0.005) and sum-
mer (condition × summer interaction estimate= 5.76, Z=
2.316, P= 0.021). Condition affected the prevalence of H.
sutherlandae in fish of other species collected during fall
2014 (group 4; Table 2, models 7 and 8). Final best-fit
models for group 4 indicated that there was a negative
relationship between condition and the probability of H.
sutherlandae infection (condition estimate = −2.528, Z
=−2.07, P= 0.038; Table 2). There may have also been an
effect of lake on H. sutherlandae prevalence in group 4,
but the trend was not significant.

Laboratory Prevalence and Spore Load
Of the 359 Fathead Minnows that were exposed to H.

sutherlandae, 32 tested positive for the infection (9%).
Twenty-seven (23%) of the Fathead Minnows that were
fed infected tissue tested positive, and five (2%) of the
minnows that were exposed via cohabitation with tissue-

TABLE 2. Results from best-supported models of factors related to field prevalence of Heterosporis sutherlandae (AIC=Akaike's information crite-
rion). Group refers to the data group used in the analysis (group 1=Yellow Perch from Leech Lake; group 2=Yellow Perch collected in fall 2015;
group 3= species other than Yellow Perch collected in fall 2015). Values in bold indicate a significant P-value (P< 0.05).

Group
Model
number Predictor variable Predictor factor level Estimate Z P AIC

1 1 Season Spring −0.329 −0.423 0.672 268
Summer 0.218 0.604 0.546
Winter −2.260 −2.984 0.003

2 2 Lake Leech 7.562 1.208 0.227 244
Winnibigoshish 12.253 1.648 0.099

Standard weight 0.060 0.949 0.343
Lake × Standard weight
interaction

Leech × Standard weight −0.088 −1.214 0.225

Winnibigoshish × Standard
weight

−0.153 −1.747 0.081

3 Lake Leech 0.083 0.181 0.857 243
Winnibigoshish −0.684 −1.356 0.175

Standard weight −0.027 −1.028 0.304
4 Standard weight −0.026 −1.002 0.316 243
5 Lake Leech 0.006 0.013 0.989 243

Winnibigoshish −0.730 −1.450 0.147
3 6 Condition −4.614 −2.295 0.022 145

Season Spring −7.724 −3.307 0.001
Summer −5.527 −1.556 0.120
Winter −2.905 −0.715 0.475

Condition × Season interaction Condition× Spring 6.293 2.767 0.006
Condition× Summer 5.767 2.316 0.021
Condition ×Winter 3.153 0.643 0.521

4 7 Condition −2.844 −2.360 0.018 145
Lake Leech 0.975 1.460 0.144

Winnibigoshish 0.221 0.283 0.777
4 8 Condition −2.528 −2.070 0.038 146
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fed minnows tested positive. Fifty-six percent (198 fish) of
exposed Fathead Minnows died before the end of the
experiment, while 78% (94 fish) of control minnows died
before the end of the experiment. No clinical signs of dis-
ease or gross pathology were noted during the experiment.
The number of days under experimental conditions and
the interaction between this variable and exposure method
increased the probability of detecting H. sutherlandae in
laboratory Fathead Minnows (days exposed estimate =
0.02, Z = 3.379, P= 0.001; cohabitation × days exposed
interaction estimate =−0.066, Z=−2.094, P= 0.036;
Table 3, model 9; Figure 2). On average, 676 spores were
detected in H. sutherlandae-positive Fathead Minnows

(median = 53.5 spores; range= 1–4,550 spores). The best-
fit models to describe H. sutherlandae spore load were lin-
ear models with log10 transformed spore load and had a
positive relationship with log10 transformed days exposed
(Table 3, models 10 and 11; Figure 3; Supplementary
Materials). One model indicated a negative relationship
between spore load and cohabitation exposure (cohabita-
tion estimate =−2.157, Z=−0.661, P= 0.514), although
this variable was nonsignificant and had the opposite sign
in the other equivalent model (cohabitation estimate=
1.6416, Z= 3.3433, P= 0.0023). One of the final models
also indicated a non-significant, positive interaction
between exposure method and log10 transformed days
exposed (interaction estimate = 2.5275, Z = 1.177, P=
0.249).

DISCUSSION
Field sampling and laboratory experiments suggested

that H. sutherlandae has low to moderate transmission
rates (cohabitation treatment: 2%; tissue-fed treatment:
23%) and overall low prevalence in wild fish once estab-
lished (1%–11%). Field collections indicated a relationship
between season and infection prevalence, with winter hav-
ing lower prevalence than the other seasons (1% in Yellow
Perch; 3% in other species). The relationship between
prevalence and condition was unclear and varied with sea-
son. The relationship was negative in both Yellow Perch
and other fish in winter but was positive in spring and
summer relative to the fall. Although H. sutherlandae
infection is thought to be a chronic condition (Phelps
et al. 2015), the fact that prevalence varies with season
may complicate this hypothesis. It is possible that fish con-
tract the infection in the spring or summer and then are
able to clear the infection by the winter (McVicar 1975;
Rodriguez-Tovar et al. 2011; Kent et al. 2014). Alterna-
tively, it is possible that the density of spores falls below

FIGURE 1. Seasonal prevalence of Heterosporis sutherlandae in Yellow
Perch collected from Leech Lake, Minnesota, in 2015.

TABLE 3. Results from best-supported models describing Heterosporis sutherlandae infection (binary variable [0 or 1]) and spore load (number of H.
sutherlandae spores detected) in laboratory Fathead Minnows (AIC=Akaike's information criterion). Values in bold indicate a significant P-value (P
< 0.05).

Model
number Response variable Predictor variable Estimate Z P AIC

9 H. sutherlandae infection Cohabitation treatment 0.414 0.346 0.729 170
Days exposed 0.024 3.379 0.001
Cohabitation treatment×Days exposed −0.066 −2.094 0.036

10 Log10(H. sutherlandae spore
load)

Cohabitation treatment −2.157 −0.661 0.514 85
Log10(Days exposed) 3.410 4.517 0.001
Cohabitation treatment × Log10(Days
exposed)

2.528 1.177 0.249

11 Log10(H. sutherlandae spore
load)

Cohabitation treatment 1.642 3.343 0.002 85
Log10(Days exposed) 3.722 5.232 0.001

PREVALENCE OF HETEROSPORIS SUTHERLANDAE 89



FIGURE 2. Probability of Heterosporis sutherlandae infection in laboratory Fathead Minnows that were fed infected tissue at the beginning of the
transmission experiment (circles, solid line) or that were held in cohabitation with tissue-fed minnows (triangles, dashed line) 6 weeks after the
beginning of the transmission experiment. Lines are predictions from the best-supported model (Table 3, model 9).

FIGURE 3. Common logarithmic (log10) transformation of the number of Heterosporis sutherlandae spores detected and the number of days for
which Fathead Minnows were exposed to transmission experiment treatments. Line and point types indicate Fathead Minnows that were fed infected
tissue at the beginning of the transmission experiment (circles, solid line) or that were held in cohabitation with tissue-fed minnows (triangles, dashed
line) 6 weeks after the beginning of the transmission experiment. Lines are predictions from the best-supported model (Table 3, model 10).
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the limit of detection, while the prevalence remains the
same (Karvonen et al. 2010; Cohen et al. 2017). The evi-
dence for these possible relationships is tempered because
the relationship between prevalence and season is not
identical between Yellow Perch and other species of fish,
for which the lowest prevalence was observed during
spring (Table 1). Nevertheless, these observations highlight
the need to better understand the role of temperature as a
driver of disease presence and severity.

Our results from Leech Lake were somewhat consistent
with those from Tomamichel et al. (2018), who analyzed
Leech Lake samples that were collected in 2004. Both
studies found that host age or maturity did not predict H.
sutherlandae infection, which is evidence that the parasite
is not spread solely by a gape-limiting food source or
spawning-induced stress. However, unlike the Tomamichel
et al. (2018) study, we did not find that sex was associated
with infection prevalence or severity. The most striking
difference between Yellow Perch samples from 2004 and
those from 2015–2016 was a reduction in fall prevalence
from 28% to 9%. This reduction could be explained by the
development of an adaptive immune response after expo-
sure to a pathogen in a naïve population (Rodriguez-
Tovar et al. 2011). Conversely, the innate immune system
of Yellow Perch might have been suppressed in the early
2000s by a stressor, such as weather (Hedrick 1998), pollu-
tion (Doublet et al. 2015), or a simultaneous disease out-
break (Bromenshenk et al. 2010). Any of these factors
could have caused a greater impact and transmission of
H. sutherlandae in 2004 versus 2016 (Stentiford et al.
2017).

It is important to consider whether the sampling
method for a disease survey introduced bias. We used
hook-and-line sampling in winter and summer—a method
that tends to attract hungry fish (Lennox et al. 2017).
However, it is unclear whether or how hook-and-line sam-
pling biased our estimations of seasonal prevalence. Het-
erosporis sutherlandae infection is a metabolic tax that can
make a fish hungrier and therefore more susceptible to
hook-and-line sampling. However, infection can also result
in tissue damage and sickness behaviors (e.g., anorexia)
that make fish less vulnerable to hook-and-line sampling
methods (Adelman and Martin 2009).

The number of days for which laboratory fish were
exposed to H. sutherlandae was an important predictor for
both H. sutherlandae infection and the number of spores
detected in the sample. The importance of exposure dura-
tion supports the hypothesis that H. sutherlandae causes
chronic and slow-growing infections (Sanders et al. 2012;
Vávra and Lukeš 2013). Because H. sutherlandae spores
multiply within infected hosts, the longer a fish was
exposed to the parasite, the more apparent the infection
became. This characteristic allowed the parasite to be
detectable with the microscope and, under natural

conditions, allows its spread to other hosts (Antonio and
Hedrick 1995; Ebert 1995; Vizoso and Ebert 2005).

Although the tissue exposure treatment had a moder-
ately high transmission rate (23%), it is unlikely that H.
sutherlandae is primarily spread between hosts through
piscivorous predation. Our exposure method macerated
the fish tissue prior to feeding it to laboratory fish; we
used tissue from one animal to expose several more,
which is unlikely to occur in the wild because piscivorous
fish in the Laurentian Great Lakes region ingest the entire
animal. Thus, it would be impossible for more than one
fish to be exposed to H. sutherlandae through the con-
sumption of an infected individual. Shared consumption
of a prey item must occur for a parasite to be spread hor-
izontally through ingestion within one parasite life stage
(i.e., not as part of a trophically transmitted parasite life
cycle; Rudolf and Antonovics 2007). Given the low trans-
mission rate that we observed for fish in the cohabitation
treatment (2%), future work should test the hypothesis
that this disease is primarily spread via a different trans-
mission route, such as vertical transmission (Phelps and
Goodwin 2007), an arthropod vector (Kent et al. 2014),
or environmental spore reservoirs (Mota et al. 2000).
Microsporidian species in arthropods often transmit verti-
cally (Terry et al. 2004), and vertical transmission has
been previously documented in fish (Phelps and Goodwin
2007). Vertically transmitted microsporidia are associated
with low virulence and a high degree of underdetection
(Dunn and Smith 2001). It may be that fish primarily
acquire H. sutherlandae infection at hatch and that only a
small fraction of these fish develop severe infections—per-
haps in response to a stressor. Future work can also
determine the extent to which transmission occurs via the
disturbance of environmental spore reservoirs. Similar to
anthrax (Gates et al. 1995), there may be living, infectious
spore pockets (Mota et al. 2000) in the lake substrate
that, when disturbed and encountered, trigger a spike in
infection.

Our laboratory experiments may have generated biased
estimates of the H. sutherlandae transmission rate,
although the direction of that bias is uncertain. Labora-
tory fish used in this study experienced a high level of
care, stable environmental conditions, and abundant food.
The disease may be more readily transmitted or severe
under stressful conditions (McVicar 1975; Pickering and
Pottinger 1989). Although high rearing densities should
amplify the rate of cohabitation transmission, we found
that the transmission rate under cohabitation was low
(2%). It may be that more fish were infected through this
transmission route but by so few spores that we were
unable to detect the infection with a microscope. Although
there is a published DNA sequence for H. sutherlandae,
there is currently no molecular detection method to test
for H. sutherlandae infections (Phelps et al. 2015).
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Transmission was demonstrated for fish that were fed
infected tissue, but the infectious dose likely varies widely
in wild populations, with some infected fish having orders
of magnitude more spores than the experimental dose.
Lastly, the relatively short time frame of this study could
have also led to underestimation of the effects of this
potentially chronic disease; that is, the effects of infection
could have been greater if the experiments had extended
for months rather than weeks.

Increased H. sutherlandae prevalence or severity
could impact freshwater fisheries due to fish health con-
sequences and yield loss because of angler discards
and/or avoidance, even in the absence of long-term
effects on the fish population (Tomamichel 2018). We
recommend the implementation of programs to inform
the public about the proper identification and disposal
of infected fish (by freezing prior to disposal) to limit
the potential transfer of live spores (Sharma et al.
2003; Miller 2009). Additionally, those who rear fish in
aquaculture or laboratory settings may wish to submit
tissue samples for detection of H. sutherlandae prior to
introducing potentially infected fish to naïve popula-
tions. The high rearing densities of fish under the
stressful conditions found in aquaculture are likely to
promote disease transfer and severity (Barton and
Iwama 1991). Lastly, our results could inform the
development of a predictive, population-level impact
model for elucidating the importance of disease vari-
ables and prioritizing future laboratory and field work.
Changes to our estimated transmission and severity fac-
tors could alter our conclusions regarding the risk that
H. sutherlandae poses to Yellow Perch and could
inform predictions of future impacts.
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<A> Supplementary Materials 

We evaluated three distributions (Poisson, negative binomial, normal distribution) to test what 

factors influenced the severity of infection (number of H. sutherlandae spores) in laboratory fish. 

We only used Fathead Minnows that tested positive for this analysis. 

Because the standard deviation is much larger than the mean, the data are over-dispersed. 

Therefore, the Poisson distribution is not appropriate to use to evaluate these data. 

##  
## Call: 
## glm.nb(formula = NumberSpores ~ TrueExposure + DaysExposed +  
##     TrueExposure * DaysExposed, data = MNCPos, init.theta = 0.5647714048,  
##     link = log) 
##  
## Deviance Residuals:  
##     Min       1Q   Median       3Q      Max   
## -2.5133  -1.0471  -0.6142   0.3496   2.2051   
##  
## Coefficients: 
##                              Estimate Std. Error z value Pr(>|z|)     
## (Intercept)                  0.439152   0.640130   0.686  0.49269     
## TrueExposureNDC             -1.897561   1.931438  -0.982  0.32587     
## DaysExposed                  0.063269   0.007571   8.356  < 2e-16 *** 
## TrueExposureNDC:DaysExposed  0.146398   0.055210   2.652  0.00801 **  
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for Negative Binomial(0.5648) family taken to be 1) 
##  
##     Null deviance: 83.672  on 31  degrees of freedom 
## Residual deviance: 38.671  on 28  degrees of freedom 
## AIC: 403.52 
##  
## Number of Fisher Scoring iterations: 1 
##  
##  
##               Theta:  0.565  
##           Std. Err.:  0.121  
##  
##  2 x log-likelihood:  -393.525 

##  
## Call: 
## glm.nb(formula = NumberSpores ~ TrueExposure + DaysExposed, data = MNCPos,  
##     init.theta = 0.5099578908, link = log) 
##  
## Deviance Residuals:  



##     Min       1Q   Median       3Q      Max   
## -2.4076  -1.2230  -0.5686   0.1983   2.0525   
##  
## Coefficients: 
##                 Estimate Std. Error z value Pr(>|z|)     
## (Intercept)     0.278900   0.667829   0.418    0.676     
## TrueExposureNDC 3.594135   0.774711   4.639  3.5e-06 *** 
## DaysExposed     0.065363   0.007887   8.288  < 2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## (Dispersion parameter for Negative Binomial(0.51) family taken to be 1) 
##  
##     Null deviance: 75.658  on 31  degrees of freedom 
## Residual deviance: 39.387  on 29  degrees of freedom 
## AIC: 406.14 
##  
## Number of Fisher Scoring iterations: 1 
##  
##  
##               Theta:  0.510  
##           Std. Err.:  0.108  
##  
##  2 x log-likelihood:  -398.139 

Non-zero estimates of the over dispersion parameter Theta indicate that the negative binomial 

model is an appropriate distribution to use to evaluate the data. These models will be compared 

to further models using AIC. 

##  
## Call: 
## lm(formula = NumberSpores ~ TrueExposure + DaysExposed + TrueExposure *  
##     DaysExposed, data = MNCPos) 
##  
## Residuals: 
##     Min      1Q  Median      3Q     Max  
## -1344.7  -522.9   -17.8    41.3  3236.9  
##  
## Coefficients: 
##                             Estimate Std. Error t value Pr(>|t|)   
## (Intercept)                 -664.171    539.560  -1.231   0.2286   
## TrueExposureNDC             -451.042   1588.523  -0.284   0.7785   
## DaysExposed                   17.344      6.413   2.705   0.0115 * 
## TrueExposureNDC:DaysExposed   41.372     45.777   0.904   0.3738   
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 1136 on 28 degrees of freedom 
## Multiple R-squared:  0.2432, Adjusted R-squared:  0.1621  
## F-statistic: 2.999 on 3 and 28 DF,  p-value: 0.04735 



shapiro.test(residuals(lin.mod)) ## not normally distributed 

##  
##  Shapiro-Wilk normality test 
##  
## data:  residuals(lin.mod) 
## W = 0.85037, p-value = 0.0004225 

par(mfrow = c(2,2)) 
plot(lin.mod) 

  

The Shapiro-Wilk normality test indicates that the residuals from these data are not normally 

distributed, and the Residuals vs. Fitted and Scale-Location plots indicate that the data violate the 

homogeneity of variance assumption. Therefore this model will not be considered in the final 

suite of models. 

##  
## Call: 
## lm(formula = log10(NumberSpores) ~ TrueExposure + DaysExposed +  
##     TrueExposure * DaysExposed, data = MNCPos) 
##  
## Residuals: 
##      Min       1Q   Median       3Q      Max  
## -2.09425 -0.32744 -0.07036  0.60982  1.48637  
##  
## Coefficients: 
##                              Estimate Std. Error t value Pr(>|t|)     



## (Intercept)                  0.202250   0.409901   0.493  0.62557     
## TrueExposureNDC             -1.214488   1.206794  -1.006  0.32285     
## DaysExposed                  0.020423   0.004872   4.192  0.00025 *** 
## TrueExposureNDC:DaysExposed  0.076626   0.034776   2.203  0.03596 *   
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 0.8629 on 28 degrees of freedom 
## Multiple R-squared:  0.4796, Adjusted R-squared:  0.4238  
## F-statistic:   8.6 on 3 and 28 DF,  p-value: 0.0003322 

 

 
##  Shapiro-Wilk normality test 
##  
## data:  residuals(lin.mod.2) 
## W = 0.95796, p-value = 0.2413 

The Shapiro-Wilk normality test indicates that the residuals from these data are normally 

distributed, the Residuals vs. Fitted and Scale-Location plots indicate that the data do not violate 

the homogeneity of variance assumption. Therefore this model will be considered in the final 

suite of models. 

##  
## Call: 
## lm(formula = log10(NumberSpores) ~ TrueExposure + log10(DaysExposed) +  
##     TrueExposure * log10(DaysExposed), data = MNCPos) 
##  



## Residuals: 
##     Min      1Q  Median      3Q     Max  
## -2.0720 -0.3382 -0.0938  0.5408  1.3535  
##  
## Coefficients: 
##                                    Estimate Std. Error t value Pr(>|t|)     
## (Intercept)                         -4.4903     1.3961  -3.216 0.003267 **  
## TrueExposureNDC                     -2.1571     3.2640  -0.661 0.514102     
## log10(DaysExposed)                   3.4098     0.7549   4.517 0.000104 **
* 
## TrueExposureNDC:log10(DaysExposed)   2.5275     2.1474   1.177 0.249099     
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 0.8352 on 28 degrees of freedom 
## Multiple R-squared:  0.5124, Adjusted R-squared:  0.4601  
## F-statistic: 9.808 on 3 and 28 DF,  p-value: 0.0001374 

 
##  Shapiro-Wilk normality test 
##  
## data:  residuals(lin.mod.3) 
## W = 0.95327, p-value = 0.1783 

The Shapiro-Wilk normality test indicates that the residuals from these data are normally 

distributed, and the Residuals vs. Fitted and Scale-Location plots indicate that the data do not 

violate the homogeneity of variance assumption. Therefore this model will be considered in the 

final suite of models. 



##  
## Call: 
## lm(formula = log10(NumberSpores) ~ TrueExposure + log10(DaysExposed),  
##     data = MNCPos) 
##  
## Residuals: 
##      Min       1Q   Median       3Q      Max  
## -2.14304 -0.34920  0.06366  0.58426  1.31681  
##  
## Coefficients: 
##                    Estimate Std. Error t value Pr(>|t|)     
## (Intercept)         -5.0642     1.3168  -3.846 0.000607 *** 
## TrueExposureNDC      1.6416     0.4910   3.343 0.002295 **  
## log10(DaysExposed)   3.7222     0.7114   5.232 1.33e-05 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 0.8408 on 29 degrees of freedom 
## Multiple R-squared:  0.4883, Adjusted R-squared:  0.453  
## F-statistic: 13.84 on 2 and 29 DF,  p-value: 6.041e-05 

 
##  Shapiro-Wilk normality test 
##  
## data:  residuals(lin.mod.4) 
## W = 0.94731, p-value = 0.1208 

The Shapiro-Wilk normality test indicates that the residuals from these data are normally 

distributed, and the Residuals vs. Fitted and Scale-Location plots indicate that the data do not 



violate the homogeneity of variance assumption. Therefore this model will be considered in the 

final suite of models. 

##  
## Call: 
## lm(formula = log10(NumberSpores) ~ log10(DaysExposed), data = MNCPos) 
##  
## Residuals: 
##      Min       1Q   Median       3Q      Max  
## -2.02248 -0.56701 -0.01119  0.73904  2.01028  
##  
## Coefficients: 
##                    Estimate Std. Error t value Pr(>|t|)    
## (Intercept)         -2.4730     1.2321  -2.007  0.05381 .  
## log10(DaysExposed)   2.4087     0.6864   3.509  0.00144 ** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 0.973 on 30 degrees of freedom 
## Multiple R-squared:  0.291,  Adjusted R-squared:  0.2674  
## F-statistic: 12.31 on 1 and 30 DF,  p-value: 0.001441 

 
##  Shapiro-Wilk normality test 
##  
## data:  residuals(lin.mod.5) 
## W = 0.98593, p-value = 0.9419 



The Shapiro-Wilk normality test indicates that the residuals from these data are normally 

distributed, and the Residuals vs. Fitted and Scale-Location plots indicate that the data do not 

violate the homogeneity of variance assumption. Therefore this model will be considered in the 

final suite of models. 

##  
## Call: 
## lm(formula = log10(NumberSpores) ~ TrueExposure + DaysExposed +  
##     TrueExposure * DaysExposed, data = MNCPos) 
##  
## Residuals: 
##      Min       1Q   Median       3Q      Max  
## -2.09425 -0.32744 -0.07036  0.60982  1.48637  
##  
## Coefficients: 
##                              Estimate Std. Error t value Pr(>|t|)     
## (Intercept)                  0.202250   0.409901   0.493  0.62557     
## TrueExposureNDC             -1.214488   1.206794  -1.006  0.32285     
## DaysExposed                  0.020423   0.004872   4.192  0.00025 *** 
## TrueExposureNDC:DaysExposed  0.076626   0.034776   2.203  0.03596 *   
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Residual standard error: 0.8629 on 28 degrees of freedom 
## Multiple R-squared:  0.4796, Adjusted R-squared:  0.4238  
## F-statistic:   8.6 on 3 and 28 DF,  p-value: 0.0003322 



 
##  Shapiro-Wilk normality test 
##  
## data:  residuals(lin.mod.6) 
## W = 0.95796, p-value = 0.2413 

##                df       AIC 
## neg.binom.mod   5 403.52494 
## neg.binom.mod2  4 406.13856 
## lin.mod.2       5  87.10166 
## lin.mod.3       5  85.01649 
## lin.mod.4       4  84.56184 
## lin.mod.5       3  92.99466 
## lin.mod.6       5  87.10166 

Linear Models 3 and 4 are the best fit models and will be used to interpret these data. 


