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Closely related populations often differ in resistance to a given parasite, as measured by infection success or failure. Yet, the
immunological mechanisms of these evolved differences are rarely specified. Does resistance evolve via changes to the host’s abil-
ity to recognize that an infection exists, actuate an effective immune response, or attenuate that response? We tested whether
each of these phases of the host response contributed to threespine sticklebacks’ recently evolved resistance to their tapeworm
Schistocephalus solidus. Although marine stickleback and some susceptible lake fish permit fast-growing tapeworms, other lake
populations are resistant and suppress tapeworm growth via a fibrosis response. We subjected lab-raised fish from three popula-
tions (susceptible marine “ancestors,” a susceptible lake population, and a resistant lake population) to a novel immune challenge
using an injection of (1) a saline control, (2) alum, a generalized pro-inflammatory adjuvant that causes fibrosis, (3) a tapeworm
protein extract, or (4) a combination of alum and tapeworm protein. With enough time, all three populations generated a robust
fibrosis response to the alum treatments. Yet, only the resistant population exhibited a fibrosis response to the tapeworm protein
alone. Thus, these populations differed in their ability to respond to the tapeworm protein but shared an intact fibrosis pathway.
The resistant population also initiated fibrosis faster in response to alum, and was able to attenuate fibrosis, unlike the susceptible
populations’ slow but longer lasting response to alum. As fibrosis has pathological side effects that reduce fecundity, the faster
recovery by the resistant population may reflect an adaptation to mitigate the costs of immunity. Broadly, our results confirm that
parasite detection and immune initiation, activation speed, and immune attenuation simultaneously contribute to the evolution

of parasite resistance and adaptations to infection in natural populations.
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Impact Summary response (initiation, actuation, attenuation) to evaluate which
Dramatic variation in resistance to parasites is common within stage(s) underly the evolution of host resistance to infection.
and among populations of hosts. Yet the mechanisms underly- This study compares three populations of threespine stickle-
ing these evolved differences remain unclear. Many evolution back that naturally differ in their ability to resist infections and
studies focus on the broad outcomes of infection (infected or suppress the growth of a freshwater tapeworm. These include
not) when studying resistance, without specifying what part a “resistant” lake population, a “susceptible” lake population,
of the immune response has evolved. Here, we experimen- and an “ancestral” marine population that is rarely exposed
tally partition different sequential stages in the host immune to the tapeworm in nature but is susceptible when exposed in
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the lab. The resistant population exhibits a fibrosis immune
response to infection, which has been linked to suppressed
tapeworm growth and viability. We injected different immune
challenges directly into the site of infection (peritoneal cav-
ity) and measured the subsequent fibrosis response through
time. We found that all populations were capable of produc-
ing fibrosis in response to a general immune stimulant (alum).
But only the resistant population was able to recognize and
respond to tapeworm protein alone. This population also re-
sponded faster than the others, within 24 hours, and attenuated
its fibrosis by 90 days post injections, whereas the other pop-
ulations exhibited a slower response that did not attenuate in
the study timeframe. We concluded that, in this system, rapid
evolution of parasite resistance entails changes in initiation of
an immune response, rather than gain or loss of the ability to
perform that response.

The co-evolutionary arms race between hosts and parasites
can shift rapidly across space and time (Karvonen and Seehausen
2012; Fernandes et al. 2019), generating stochastic or deter-
ministic variation between isolated populations (Papkou et al.
2016). Indeed, many closely related populations vary in their
ability to resist infection, even to the same parasite (Roy and
Kirchner 2000; Boots et al. 2009; Vale et al. 2011). Although
this is a common pattern, our understanding of the underlying
mechanisms that drive such rapid evolution of parasite resistance
is still limited.

Most evolutionary studies in wild populations focus on
the broad outcomes of infection, such as infection rates, resis-
tant/susceptible phenotypes, or parasite load. However, infection
outcomes depend on a series of sequential and stepwise interac-
tions between hosts and parasites (Hall et al. 2017). Understand-
ing where in this chain of events variation occurs is essential to
understanding what selective pressures are shaping host-parasite
evolution. For example, ecological or behavioral factors can in-
fluence the degree to which hosts are exposed to parasites (Stutz
et al. 2014; Barron et al. 2015). Once infected, resistance de-
pends on the host’s ability to (1) detect the presence of a parasite,
(2) initiate a suitable immune response, (3) actuate that response
at a level that will eliminate or control the parasite, then (4) at-
tenuate that response (Hall et al. 2017). Each of these steps can
be costly, such as the energetic cost of initiating and maintain-
ing an activated state (Ganeshan and Chawla 2014), the risk of
auto-immune responses (recognition), oxidative stress from the
effector response (Viney et al. 2005), or the risk of continued
infection. Therefore, hosts should avoid initiating immune re-
sponses unnecessarily, and when activated, must be able to mod-
ulate this response at the appropriate time, not prematurely, but
also not too late as to impose excess cost once the danger has

passed (Khan et al. 2017; Armour et al. 2020). Variation at any
of these steps can lead to differences in infection outcomes and
immunopathology side effects. Indeed, each step influences se-
lection on subsequent steps and likely entails different genes, se-
lective pressures, costs, and opportunities for parasite counter-
adaptation. Thus, breaking down and isolating different steps of
the infection cycle is crucial for understanding the evolution of
parasite resistance (Hall et al. 2017, 2019). By experimentally
partitioning different components of the host response to infec-
tion through time, we provide a detailed look at the evolution of
resistance in populations of threespine stickleback that vary in
their response to the tapeworm, Schistocephalus solidus.

The threespine stickleback has become a model for study-
ing local adaptation because of their repeated colonization of
freshwater lakes from the ancestral marine population (~11,000
years ago in British Columbia) (Bell and Foster 1994). Marine
populations persist largely unchanged (Bell and Foster 1994;
Roberts Kingman et al. 2021; Kirch et al. 2021), allowing us to
infer the ancestral character state, and genotypes, of the initial
freshwater colonists. Because S. solidus eggs do not hatch in
brackish water (Simmonds and Barber 2016), marine fish are
rarely exposed, and S. solidus represented a new challenge for
fish invading freshwater lakes. Infections of S. solidus can be
quite costly for fish: decreasing antipredator responses (Giles
1983; Milinski 1985), swimming ability (Blake et al. 2006), body
condition and energy reserves (Tierney et al. 1996; Barber and
Svensson 2003), and investment in reproduction (Schultz et al.
2006), although these effects can vary by population (MacNab
et al. 2009). These costs favored the parallel evolution of partial
resistance to S. solidus in numerous freshwater populations
(Weber et al. 2017b), despite some immune suppression by the
tapeworm (Scharsack et al. 2004).

Some lake populations exhibit a particularly effective
form of resistance, involving tapeworm-induced formation of
extensive fibrotic tissue throughout the peritoneal cavity where
infections occur (Lohman et al. 2017; Weber et al. 2017b, 2021;
De Lisle and Bolnick 2021). Other lake populations do not
exhibit fibrosis when infected and are both more readily infected
and permit faster tapeworm growth. Quantitative Trait Locus
(QTL) mapping of tapeworm-exposed lab-raised F2 hybrids
between high- and low-infection lakes confirms that fibrosis
contributes to tapeworm growth suppression, and the formation
of granulomas around small tapeworms that frequently kill the
parasite (Weber et al. 2017b, 2021). Field surveys on Vancouver
Island confirm these lab results: both within and among lakes,
fibrosis is associated with reduced tapeworm infections, smaller
tapeworms, and more encysted dead tapeworms (Weber et al.
2021). Fibrosis rarely occurs spontaneously in naive laboratory
stickleback without an immune challenge (pers. obs.). Fibrosis is
also not observed in response to other peritoneal tissue-encysting
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parasites such as the nematode Eustrongylides sp. (Weber et al.
2021). Thus, multiple lines of evidence point to fibrosis as an
adaptation, in some lakes, to suppress tapeworm survival or
growth. However, fibrosis is also a pathology: both females and
males are less likely to reproduce when they have fibrosis (con-
trolling for infection status) and fibrotic females produce fewer
eggs (De Lisle and Bolnick 2021; Weber et al. 2021). Given
this mix of costs and benefits, evolution should act to minimize
unnecessary initiation of fibrosis, while also maximizing the
rapid onset of fibrosis against infection, and the rate of clearance
after the infection has passed.

To understand how selection on and variation in differ-
ent aspects of the fibrosis response may be generating among-
population differences in parasite resistance, we need to tease
apart where in the infection cycle variation is arising. To do this,
we focused on three populations: (1) a “resistant” lake popula-
tion with common and severe fibrosis and small tapeworms, (2) a
“susceptible” lake population with abundant large tapeworms and
negligible fibrosis, and (3) an “ancestral” marine population with
negligible exposure to the tapeworm in nature, high susceptibil-
ity to laboratory infections, and negligible fibrosis (Weber et al.
2017a). We first performed a survey in both lake populations to
confirm population-level differences in the presence of fibrosis.
We then performed a laboratory experiment that isolated differ-
ent stages of the host response using different injected immune
challenges. Our experimental design allows us to test several hy-
potheses for why parasite resistance varied among these popula-
tions: (H1) variation in resistance is driven by ecological factors
(i.e., lake differences) and all populations will mount similar re-
sponses to immune challenges in a common garden laboratory
setting, (H2) populations differ in their ability to initiate fibro-
sis following exposure to tapeworm antigens (either because of
differences in detection or early regulatory triggers), and (H3)
populations differ in their capacity to actuate a robust peritoneal
fibrosis response in general.

If H2 were to be supported (populations differ in whether
they initiate a shared fibrosis trait), we were also interested in
testing whether there was variation in the timing of initiating or
resolving that response. We predicted that the resistant popula-
tion may have evolved the ability to respond rapidly, to limit the
growth of the tapeworm early in infection. The resistant popula-
tion may also be faster to recover from fibrosis, to mitigate im-
munopathological costs.

Methods
STUDY SYSTEM
Schistocephalus solidus has a complex life cycle where it is

trophically transmitted from copepods to threespine sticklebacks
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to birds (Orr et al. 1969; Barber and Scharsack 2010). When a fish
consumes an infected copepod, the tapeworm penetrates the in-
testinal wall and enters the peritoneal cavity. It then grows rapidly
and becomes capable of reproducing within its definitive host
when it crosses a threshold of ~50 mg (Tierney and Crompton
1992; Barber et al. 2004). This size threshold corresponds with
an increase in the costs associated with tapeworm infections, in-
cluding behavioral manipulation that likely increases the prob-
ability of bird predation (Barber and Scharsack 2010). Growth
suppression by the host thus will serve to both prevent para-
site reproduction and mitigate infection symptoms, although the
infection itself usually persists, presenting a gray area between
resistance and tolerance. Phylogeographic studies of S. solidus
suggest isolation by distance and relatively fine-scale population
structure that is influenced by both lake and year (Stefka et al.
2009; Sprehn et al. 2015).

FIELD SURVEY AND BREEDING
The following field collections were approved by the Ministry of
Forests, Lands, Natural Resource Operations and Rural Develop-
ment (Collection Permit NA19-457335). The sites were all within
the historical tribal region of the Kwakwaka’wakw First Nation.
Methods were approved by the University of Connecticut IACUC
(protocol A18-008).

Sayward Estuary (ancestral 50°22'46"N,
125°56'43"W) is a breeding location for the anadromous

population,

marine stickleback (see map, Fig. S1). Sayward fish spend the
majority of their life at sea and have very little natural exposure
to S. solidus. They are highly susceptible in laboratory infec-
tion experiments, consistently producing large tapeworms with
negligible fibrosis (Weber et al. 2017a).

Fish in Gosling Lake (susceptible population, 50°03'47"N,
125°30'07"W) are also rarely found to have fibrosis in nature,
despite a high prevalence of infection with large tapeworms (50—
80% in field surveys from 2004 to present [Weber et al. 2017b,
2021]). In laboratory infections, Gosling fish are less susceptible
compared to marine fish, but exhibit no fibrosis and permit rapid
tapeworm growth when infected (Weber et al. 2021). Gosling fish
may have evolved a tolerance strategy, judging by a genomic ev-
idence of positive selection favoring loss-of-function deletions in
pro-fibrosis genes (Weber et al. 2021).

Roselle Lake (resistant  population, 50°31'13"N,
126°59'12"W) has a high incidence of fibrosis in nature with
small tapeworms. The presence of granulomas (often containing
small dead tapeworms) indicates that these fish can successfully
clear some infections and suppress tapeworm growth when
they do establish. Roselle has a low to intermediate infection
prevalence, with 7-40% of fish infected during field surveys
depending on the year (De Lisle and Bolnick 2021; Weber et al.
2021). The fibrosis, small tapeworms, and granulomas that we
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observe in Roselle are consistent with a “resistance” phenotype
seen in other lake populations and experimentally confirmed with
laboratory infections (Weber et al. 2021). Roselle and Gosling
lakes are in separate watersheds (~150 km away) and contain
isolated stickleback populations with no access to the ocean and
limited capacity for gene flow due to inhospitable outlet and inlet
streams. Past research on Vancouver Island has indicated clear
genomic differentiation between watersheds (Stuart et al. 2017),
and even between different lakes within the same watershed
(Caldera and Bolnick 2008).

In the spring of 2018, we sampled 31 uninfected and 31 in-
fected fish from Gosling Lake and 30 uninfected and 32 infected
fish from Roselle Lake using minnow traps to quantify average
tapeworm size and the frequency and severity of fibrosis. Fish
were sampled as part of a larger study where we sampled the
first 30 uninfected fish and then continued sampling until we had
found 30 infected fish for each population. Fish were categorized
as uninfected if we did not find a living tapeworm. We scored
fibrosis in the peritoneal cavity visually using a dissecting mi-
croscope as 0 (no fibrosis), 1 (some fibrosis, organs do not move
freely), 2 (fibrosis adhering organs together), 3 (organs adhered
together and to the peritoneal wall), and 4 (severe fibrosis, diffi-
cult to open peritoneal cavity) (see fibrosis scoring video in the
Supporting Information).

We weighed tapeworms on a digital scale; tapeworms weigh-
ing less than 0.01 g were recorded as <0.01 g (limit of our field
scale) and were entered as 0.009 g for summary statistics. If fish
were infected with multiple tapeworms, we weighed all tape-
worms together to get average parasite mass. We compared in-
fection intensity between lakes using a general linear model (glm)
with a Poisson distribution, and average tapeworm mass using a
glm with a gamma distribution and inverse link function. We also
compared the number of tapeworms above and below the thresh-
old of our field scale per lake using a chi-square test. We com-
pared the fibrosis scores of uninfected and infected fish between
lakes using Mann-Whitney U tests. To get an additional estimate
of infection prevalence for Roselle, we euthanized and preserved
169 randomly selected fish in ethanol, which were later dissected
and scored as infected or uninfected (ethanol preservation is not
conducive to scoring fibrosis).

In June 2018, we collected fish from our three populations
for breeding. Using standard in vitro fertilization methods, we
created full-sibling families from each population and transported
fertilized eggs to the lab for rearing (Divino and Schultz 2014).
Fish were in two rooms at the animal care facility of the Uni-
versity of Connecticut. Families were often, although not always,
split across multiple tanks located in both rooms. All fish were
~11 months old when they were injected with different immune
challenges in May 2019.

LABORATORY INJECTION EXPERIMENT

We injected four different inoculants directly into the peritoneal
cavity. These included (1) 20 pL of 1 x phosphate-buffered saline
(PBS, control treatment), (2) 10 pL of homogenized tapeworm
protein solution + 10 wL PBS (tapeworm treatment), (3) 10 pL.
of Alum (2% Alumax Phosphate, OZ Bioscience) + 10 wL PBS
(alum treatment), and (4) 10 pL tapeworm protein + 10 WL Alum
(tapeworm + alum treatment). Alum is an immune adjuvant that
causes the recruitment of leukocytes that initiate an immune re-
sponse (Kool et al. 2012). Pilot studies demonstrated that alum in-
jections could induce a fibrosis response in the peritoneal cavity
of stickleback (Dr. Natalie Steinel, per. comm.). The tapeworm
protein solution was used to test if fish could recognize and re-
spond to tapeworm antigens. By using homogenized tapeworms,
our experimental design mitigates active interference by the tape-
worm, which are well known to secrete a suite of immunomod-
ulatory molecules that suppress and shift host immune responses
(Coakley et al. 2016; Maizels et al. 2018; Motran et al. 2018),
including in stickleback (Scharsack et al. 2013).

To create this solution, we used tapeworms collected from
Farwell Lake (50°11'60"N, 125°3527"W) in 2008 that were flash
frozen and stored at —80°C. We chose tapeworms from a differ-
ent lake, watershed, and year to minimize any localized genetic
structure of the parasite that may influence population level re-
sponses. Tapeworms were dipped in deionized water and placed
in chilled 0.9 x PBS. Each tapeworm was sonified on ice twice for
1 min (Branson 150 Ultrasonic Cell Disruptor, level 5). Between
sonification rounds, samples were chilled on ice (5 min). The ho-
mogenized solutions were centrifuged (4°C, 4000 rpm, 20 min)
and the supernatant was collected and pooled. We measured the
protein concentration using a Red 660 kit (G-Biosciences), di-
luted the solution to 1 mg/mL using 0.9x PBS, and stored it at
—20°C.

Before injection, fish were lightly anesthetized using a
neutral-buffered MS-222 (50-75 mg/L). We used ultrafine sy-
ringes (BD 31G 8 mm) to inject 20 L into the lower left side
of the peritoneal cavity, slightly above where the end of ventral
spine rests. Injections were shallow and at an angle parallel to the
body to avoid injuring organs. We watched for visual distention
of the peritoneal cavity to ensure solutions were being injected
correctly. Solutions were prepared and syringes were loaded in
a sterile culture hood. Fish were also given a small colored elas-
tomer mark (Northwest Marine Technologies) corresponding to
their treatment group injected subcutaneously just posterior to the
neurocranium. Although injecting elastomers can impact immune
responses (Henrich et al. 2014), all fish received the same amount
of elastomer in the same location across treatment groups. Dur-
ing the injection procedure, fish were placed on a wet sponge and
had their gills covered with a wet paper towel. In total, the pro-
cedure lasted less than 1 min, and fish were immediately placed
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Table 1. Sample sizes of fish that were scored for fibrosis across populations, timepoints, and treatments in our laboratory injection

experiment. The number of families is indicated in parentheses.

Population Timepoint PBS Tapeworm Alum Tapeworm-+Alum
Susceptible (Gosling) (14) 1 Day 11 (9) 10 (9) 10 (7) 10 (8)
10 Days 10 (7) 10 (9) 10 (8) 10 (8)
42 Days 11 (8) 10 (8) 10 (8) 10 (8)
90 Days 32 2(1) 8(3) 4(2)
Resistant (Roselle) (12) 1 Day 10 (8) 10 (7) 10 (8) 10 (7)
10 Days 11 (8) 10 (7) 10 (8) 10 (7)
42 Days 10 (7) 11 (7) 10 (7) 10 (8)
90 Days 32 8 (1) 3(1) 6 (1)
Ancestral (Sayward) (9) 1 Day 10 (6) 10 (6) 11(5) 11 (7)
10 Days 10 (7) 11.(7) 10 (6) 10 (5)
42 Days 10 (5) 11(5) 11 (5) 10 (6)
90 Days 2(1) 4(1) 3Q2) 3(1)

in an aerated recovery tank before being returned to their home
tank with negligible mortality and no noticeable adverse effects.

We euthanized fish to measure fibrosis post injection at four
timepoints: 1, 10, 42, and 90 days. These timepoints were cho-
sen to see (1) if fish could respond within 24 hours to an im-
mune challenge, which is when the tapeworm penetrates the gut
(Hammerschmidt and Kurtz 2007) and (2) how their response
changed through time as the tapeworm would be growing within
the peritoneal cavity (10 and 42 days). The 10- and 42-day time-
points also correspond to timepoints used in previous experi-
ments (Scharsack et al. 2007; Weber et al. 2017a,b; Fuess et al.
2021). And (3) how this response might change within the time-
frame of a breeding season, around 90 days. We used the 04 fi-
brosis scale described above. Two people (AKH and LEF) blind
to treatment and population scored fibrosis (each fish was scored
once). We also recorded fish mass, length, and sex. To the best
of our ability, we spread treatments and timepoints across fami-
lies within each population; sample sizes are provided in Table 1.
Sample sizes are small for the 90-day timepoint as this was added
to take advantage of excess surviving fish. Throughout the exper-
iment, there was a mortality rate of 11% (48 out of 418 fish),
which did not appear to be driven by treatment. Mortality typi-
cally occurred days to weeks after injection.

ANALYSIS OF LABORATORY INJECTION EXPERIMENT
We built mixed effects models using Imer (Bates et al. 2015)
and performed permutation tests using predictmeans (Luo et al.
2021). We first built models testing whether fibrosis score de-
pends on the main effects of, and two- and three-way interactions
between, population, treatment, and time and assessed the impor-
tance of these interactions to model fit through permutations us-
ing the permlmer function from predictmeans (Luo et al. 2021).
Given that the three-way and two-way interactions were signifi-
cant and improved model fit, we next ran a series of smaller mod-
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els on subsets of the data to test hypotheses concerning specific
contrasts. These models tested: (1) Within a population, does fi-
brosis differ between treatments at a given timepoint? (2) Does
the fibrosis response to a particular treatment vary between pop-
ulations at a given timepoint? And (3) Within a population, does
the fibrosis response to a given treatment change through time?
For each of these questions, we looked at the main effect of
treatment, population, or time and used permutation tests with
10,000 simulations using the permmodels function (Luo et al.
2021) to calculate parameter values and nonparametric permu-
tation P-values. If the main effect was significant, we then used
pairwise contrasts (permuted z-tests) to compare between groups
using predictmeans (Luo et al. 2021). All models included room
as a fixed effect. Family was included as a random effect, except
for some models at 90 days where there was not enough vari-
ation. Denominator degrees of freedom for mixed models were
estimated using /merTest (Kuznetsova et al. 2017), which com-
putes Kenward-Roger approximations (Luke 2017). We ran all
statistics using R version 4.0.3 (R Team 2021).

We explored several alternative analytical approaches. Given
that fibrosis score is ordinal, we attempted to use cumulative link
mixed models (clmms) using Ordinal (Christensen 2019). How-
ever, there was not enough variation in many of our comparisons
for these models to run (complete separation). In cases where
we could get clmms to run, we found very similar results. Even
with our permutation approach, there were still some compar-
isons with little variation that generated an overfitted model. In
these cases, we report results from a Kruskal-Wallis test instead,
or simply report the clear pattern. In our original data exploration,
we found that fish size and sex did not influence fibrosis and that
models were a better fit without them. We thus excluded these
factors from subsequent analyses. This is consistent with labo-
ratory findings that size and sex had no effect on fibrosis in re-
sponse to tapeworm infections (Weber et al. 2021).
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Figure 1. Fibrosis scores for S. solidus tapeworm infected (panel A) and currently uninfected (panel B) wild-caught fish from Gosling and

Roselle Lakes from 2018 field data. Raw data are represented as jittered points on the boxplot. Fish from Roselle had significantly more

fibrosis in both the infected and uninfected groups relative to fish from Gosling.

Results

FIELD SURVEY

From the 169 preserved fish collected from Roselle lake, we
found six infected fish, giving an infection prevalence of 3.55%,
which was lower than previous estimates for Roselle (7—40%)
and Gosling lake (50-80%) (Weber et al. 2017b, 2021; De Lisle
and Bolnick 2021).

Comparing the infected fish that we collected from each
population, Gosling had a significantly higher infection in-
tensity (GOS: mean = 3.87 tapeworms, SD = 5.75; RSL:
mean = 2.31 tapeworms, SD = 1.82, GLM: b(Roselle) = —0.51,
SE = 0.15, P < 0.001) and higher average tapeworm mass
(GOS: mean = 52.61 mg, SD = 84.47; RSL: mean = 32.47 mg,
SD = 55.03, b(Roselle) = 0.01, SE = 0.01, P = 0.27), although
this was not statistically significant, likely because many infec-
tions fell below the 0.01 g limit of our field scale. When we
compared the number of tapeworms above and below this thresh-
old per lake, we found that Gosling had more large worms com-
pared to Roselle (x> = 13.19, df = 1, P < 0.001). In infected
fish, the degree of fibrosis was significantly higher in Roselle
compared to Gosling (GOS: mean = 0.06, SD = 0.25; RSL:
mean = 1.72, SD = 1.08; W = 132, P < 0.001; Fig. 1A). It is
also of note that in seven of the fish from Roselle, we found small
dead tapeworms encased in fibrosis, which we never observed in
Gosling fish. When we compared uninfected fish across lakes,
fibrosis scores were also significantly higher for Roselle (GOS:
mean = 0, SD = 0; RSL: mean = 1.17, SD = 1.46; W = 263.5,
P < 0.001; Fig. 1B). As we show below, the presence of fibrosis
in “uninfected” Roselle fish may be a legacy of cleared infec-

tions. This supports other work demonstrating that across lakes
(and in laboratory infection experiments), populations of stick-
leback with more fibrosis tend to have lower infection rates and
smaller tapeworms, likely due to growth suppression. This has
been confirmed for other resistant populations using laboratory
infection experiments (Weber et al. 2021).

LABORATORY INJECTION EXPERIMENT

When examining the fibrosis response to injection, we
found a significant three-way interaction between treatment,
timepoint, and population (Fs 379 = 5.10, P < 0.001).
Once we broke this apart, all pairwise interactions were
also significant (treatment*timepoint: F3 33, = 16.49,
P < 0.001; treatment*population: Fg 39; = 2.81, P = 0.01;
timepoint*population: F, 00 = 16.23, P < 0.001). The three-
way interaction model was a better fit relative to both the
pairwise model and a model with no interactions (three-way:
AAIC = 0, pairwise: AAIC = 19.1, no interactions: AAIC =
89.6). To interpret these results, we used contrasts among subsets
of data to address the three questions outlined in the methods.
Figure 2 presents the full set of results, and subsequent figures
focus attention on defined contrasts.

QUESTION (1) WITHIN A POPULATION, DOES
FIBROSIS DIFFER BETWEEN TREATMENTS AT A
GIVEN TIMEPOINT?

For both the ancestral (Sayward) and the susceptible population
(Gosling), fibrosis did not differ among treatments 1 day post in-
jection, but did differ at 10, 42, and 90 days (Fig. 2A, B). For
both populations, there was negligible fibrosis in the control and
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Figure 2. Fibrosis scores from the laboratory injection experiment for each injection treatment (Control, Tapeworm, Alum, and
Tapeworm+Alum) at each timepoint (1, 10, 42, and 90 days point injection) for each population (Question 1 in the main text): (A) ancestral
population, (B) susceptible population, and (C) resistant population. Letters denote significant differences between treatments within a

timepoint (comparisons within gray dotted lines) using pairwise permutation t-tests (Ps < 0.05); raw data are shown as jittered points.
All populations generated a strong fibrosis to the Alum and Tapeworm+Alum treatments by day 10. Roselle was the only population to
respond within 24 hours and was also the only population to generate respond to the tapeworm treatment. Note that Figures 2-4 are
replotted with the same data, each with a different focus and to illustrate results from different pairwise comparisons.

tapeworm treatments throughout and a strong fibrosis response to
the alum and tapeworm+-alum treatments starting at 10 days. The
resistant population (Roselle) produced a different pattern, where
fibrosis was significantly different between treatment groups at
all four timepoints (Fig. 2C). The resistant population was the
only one to show fibrosis at the first timepoint (to both alum treat-
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ments) and to develop fibrosis to the tapeworm treatment, which
was lower than the response to both alum treatments. The model
results are presented in Table 2, results of pairwise comparisons
between treatments are summarized in Figure 2, and the least-
squared means and confidence intervals for these comparisons

are reported in Table S1.
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Table 2. Statistical results from mixed models and permutation tests (10,000 simulations) comparing fibrosis scores between treatments for a given timepoint for each population
(Question 1). For comparisons marked with an asterisk, we had complete separation, or no response, so models would not run; when possible, we ran a Kruskal-Wallis test instead.

Results of pairwise comparisons between treatments are displayed in Figure 2A-C.

Permutation P value

F value

Timepoint Degrees of Freedom

Comparison

Population

*no response

<0.001
<0.001

0.002
0.07

*no response

78.86
401.21

*no response

36
37

1 Day

Fibrosis ~ Treatment

Ancestral (Sayward)

10 Days

42 Days

177.00
1.32

90 Days
1 Day

33

Fibrosis ~ Treatment

Susceptible (Gosling)

<0.001
<0.001

0.004

75.45
33.84
9.33
6.00

30
36
12
30
34
34
16

10 Days

42 Days

90 Days
1 Day

0.004

Fibrosis ~ Treatment

Resistant (Roselle)

<0.001
<0.001

0.004

41.40
30.36

10 Days
42 Days
90 Days

7.88

QUESTION (2) DOES THE FIBROSIS RESPONSE TO A
TREATMENT VARY BETWEEN POPULATIONS AT A
GIVEN TIMEPOINT?

For the control treatment, there was little fibrosis and populations
did not differ at any timepoint. For the tapeworm treatment, pop-
ulations differed in their fibrosis response at both 1 and 10 days,
but not at 42 and 90 days, with the resistant population being the
only one to produce fibrosis to this treatment (Fig. 3A). For the
alum treatment, fibrosis was significantly different between pop-
ulations for the first timepoint only (Fig. 3B). Specifically, the
resistant population was the only one to produce fibrosis within
24 hours, but the other populations caught up to produce simi-
lar levels of fibrosis for the middle timepoints. At 90 days, there
was a trend for the alum treatment, with a decreasing response
for the resistant population, although small sample sizes limited
our statistical power. For the tapeworm+-alum treatment, fibrosis
was significantly different between populations for 1 and 42 days,
with the resistant population being the only one to respond on day
1 with a decreased response at 42 days relative to the other two
populations (Fig. 3C). Again, for 90 days there was a decreasing
response for the resistant population, although small sample sizes
limited our statistical power. The model results are presented in
Table 3, and results of pairwise comparisons are summarized in
Figure 3.

QUESTION (3) WITHIN A POPULATION, DOES THE
FIBROSIS RESPONSE TO A GIVEN TREATMENT
CHANGE THROUGH TIME?

For both the ancestral and susceptible populations, fibrosis to the
control and tapeworm treatments did not differ through time (neg-
ligible fibrosis at all timepoints); however, fibrosis did change
through time for both the alum and the tapeworm-alum treat-
ments (Fig. 4A-D). For both populations, there was little re-
sponse on day 1, an increase in fibrosis from 10 to 42 days, and
a continuation of high fibrosis at 90 days, showing little evidence
of attenuation, except for a slight decrease from 42 to 90 days for
the susceptible population in the tapeworm-+alum treatment. For
the resistant population, there was again no significant effect of
time for the control and tapeworm treatments, although we note
for the tapeworm treatment that there was a trend where fibrosis
appeared to peak at 10 days and then decrease at 42 and 90 days.
Fibrosis did significantly change through time for the other treat-
ments, where fibrosis was detected at the first timepoint, peaked
at 10 days, and by 90 days had decreased, showing clear attenua-
tion of the response (Fig. 4E, F). The model results are presented
in Table 4, and results of pairwise comparisons between popula-
tions are summarized in Figure 4.
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Table 3. Statistical results from mixed models and permutation tests (10,000 simulations) comparing fibrosis scores between populations for a given timepoint and treatment
(Question 2). For comparisons marked with an asterisk we had complete separation, or no response, so models would not run; when possible, we ran a Kruskal-Wallis test instead.

Pairwise comparisons between populations are presented in Figure 2D-F.

Treatment Comparison Timepoint Degrees of Freedom F value Permutation P value
Control (PBS) Fibrosis ~ Population 1 Day *no response df =2 *no response x> = 2.1 *no response P = 0.35
10 Days 27 1.71 0.31
42 Days 27 0.03 0.98
90 Days *no response *no response *no response
Tapeworm protein Fibrosis ~ Population 1 Day 20 3.63 0.042
10 Days 27 11.60 0.001
42 Days 16 1.75 0.24
90 Days 11 0.79 0.66
Alum Fibrosis ~ Population 1 Day *only Roselle df =2 *only Roselle x> = 14.96 *only Roselle P < 0.001
10 Days 16 3.37 0.10
42 Days 16 1.95 0.22
90 Days 10 3.81 0.11
Tapeworm + Alum Fibrosis ~ Population 1 Day 15 10.71 0.008
10 Days 26 1.34 0.32
42 Days 16 11.07 0.005
90 Days 2 0.99 0.47
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Figure 3. Fibrosis scores from the laboratory injection experiment for each population (Sayward, Gosling, and Roselle) at each timepoint
(1, 10, 42, and 90 days post injection) for each injection treatment (Question 2 in the main text): (A) tapeworm protein, (B) alum, and
(C) tapeworm + alum. The control treatment (PBS) is not pictured as there was little response in any of the populations. Letters denote

significant differences between populations within a timepoint (comparisons within gray dotted lines) using pairwise permutation t-
tests (Ps < 0.05); raw data are shown as jittered points. An asterisk denotes reduced statistical power due to small sample sizes at the
90-day timepoint. The responses from the susceptible and ancestral populations were indistinguishable, whereas the resistant population
followed a different pattern in all three treatments. Note that Figures 2-4 are replotted with the same data, each with a different focus

and to illustrate results from different pairwise comparisons.

D / SCUSS /.O n that generate this important variation. Although many evolution-

Striking differences in parasite resistance between related groups,
even to the same parasite, are common in nature, and yet, we
often lack an understanding of the immunological mechanisms

ary studies emphasize the broad outcomes of infection (e.g., suc-
cess/failure or parasite load), we instead take a stepwise approach
that breaks up different components of the host response through

time to better understand resistance evolution in populations of
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Figure 4. Fibrosis scores from alum and tapeworm + alum injection treatments (control and tapeworm treatments not pictured) through
time (1, 10, 41, and 90 days post injection) for each population (Question 3 in the main text): (A) ancestral population, alum treatment;
(B) ancestral population, tapeworm + alum treatment; (C) susceptible population, alum treatment; (D) susceptible population, tapeworm
+ alum treatment; (E) resistant population, alum treatment; and (F) resistant population, tapeworm + alum treatment. Letters denote
significant differences between timepoints using pairwise permutation t-tests (Ps < 0.05), raw data are shown as jittered points. The
resistant population initiated fibrosis earlier, within 24 hours, and then showed evidence of a decreased response (attenuation) in the
last timepoint(s) of the experiment, unlike the susceptible or ancestral populations, both of which either increased or maintained a high
level of fibrosis after day 10. Note that Figures 2-4 are replotted with the same data, each with a different focus and to illustrate results

from different pairwise comparisons.

threespine stickleback. We compared an ancestral marine popu-
lation and two lake populations that differ in their resistance to a
freshwater tapeworm. Using naive fish raised in a common envi-
ronment and a novel immune challenge assay, we set out to test
if (H1) variation in a resistance phenotype (fibrosis) observed in
nature was being driven only by the environment, (H2) variation
was due to population-level differences in the ability to detect
and initiate a respond to tapeworm antigens, or (H3) variation
was due to population-level differences in the ability to actuate
a strong fibrosis response in the peritoneal cavity. We also tested
for variation in the rate of initiation and resolution of fibrosis,
with the prediction that selection in the resistant population may
have favored rapid initiation (to control still-small tapeworms)
and quicker resolution (to mitigate long-term costs of fibrotic
pathology) (De Lisle and Bolnick 2021; Weber et al. 2021).
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We found that populations differed in their response to the
injected immune challenges despite being raised in a common en-
vironment. This suggests that variation in resistance phenotypes
across populations is heritable and thus evolved, rather than be-
ing due solely to environmental effects (rejecting H1). We also
rejected H3, because, given enough time, all populations pro-
duced a robust fibrosis response in their peritoneal cavity to a
general immune adjuvant (alum). This result is consistent with a
follow-up study that used our alum injection protocol on a phylo-
genetically diverse sample of 17 fishes, showing a deep ancestral
ability to actuate peritoneal fibrosis (Vrtilek and Bolnick 2021).
Instead, we found that our data support H2: only the resistant
population exhibited a fibrosis response to the tapeworm antigen
alone, suggesting that population-level differences in resistance
reflect variation in the earliest stages of immune activation. As
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Table 4. Statistical results from mixed models and permutation tests (10,000 simulations) comparing fibrosis scores for a given treatment through time for each population

(Question 3). For comparisons marked with an asterisk, we had complete separation, or no response, so models would not run; when possible, we ran a Kruskal-Wallis test instead.

Pairwise comparisons between timepoints are displayed in Figure 2G-L.

Permutation P value

F value

Degrees of Freedom

Comparison Treatment

Population

*no response

0.74

*no response

0.71

*no response

29
29
29
30
27
21

Control

Fibrosis ~ Timepoint

Ancestral (Sayward)

Tapeworm
Alum

<0.001

0.001
0.52
0.30

178.24

106.30
0.78
1.41

Tapeworm + Alum

Control

Fibrosis ~ Timepoint

Susceptible (Gosling)

Tapeworm
Alum

<0.001
<0.001
0.93
0.13

13.80
55.47
0.26
2.07

25

Tapeworm + Alum

Control

29
29
27

31

Fibrosis ~ Timepoint

Resistant (Roselle)

Tapeworm
Alum

<0.001
0.02

12.24
4.45

Tapeworm + Alum

predicted, the resistant population also differed in the timing of
fibrosis. Although all three populations actuated fibrosis in re-
sponse to alum, the resistant population produced fibrosis faster,
within 24 hours, and then attenuated fibrosis at later timepoints,
which was not the case for the other populations. From these re-
sults, we conclude that the capacity to actuate peritoneal fibro-
sis is an ancient trait conserved by all three genotypes, but the
propensity to initiate fibrosis in response to tapeworm antigens is
recently evolved, following the colonization of freshwater lakes
by marine stickleback (judging by the modern marine sample).
Parasite resistance in certain freshwater populations appears to
be driven by the ability of hosts to recognize and rapidly initiate
arespond to S. solidus infections.

The immunological and genetic mechanisms underlying fi-
brosis evolution are unclear at present, but we can draw some
strong preliminary inferences. Our observation that all three pop-
ulations were capable of actuating strong peritoneal fibrosis indi-
cates that core fibroblast activation pathways to produce collagen
and fibronectin are intact. The difference must therefore proceed
the actual production of fibrosis, either involving parasite recog-
nition or response initiation. These are notoriously difficult to
separate, but we present two lines of evidence that the difference
entails initiation rather than recognition. First, the gene family
most commonly associated with macroparasite recognition, in-
cluding helminths, is the Major Histocompatibility Complex IIf
(MHC IIB) (Kurtz et al. 2004; Eizaguirre et al. 2010; Radwan
et al. 2020), but two studies found no MHC II alleles associated
with S. solidus prevalence (Stutz and Bolnick 2017; Peng et al.
2021). Experimental infections of lab-reared hybrids between
Gosling Lake and another resistant population (Roberts lake) re-
vealed QTL for fibrosis and tapeworm growth, but no QTL con-
tained known pattern-recognition proteins such as MHC (Weber
etal. 2021). Then, there is the consideration that adaptive immune
responses (of which MHC 1If is a part) typically take many days
to initiate (especially in naive fish that lack prior immune mem-
ory, and in ectotherms in cold water) (Wegner et al. 2007). In
contrast, we see the start of a fibrotic response to tapeworm pro-
tein within 24 hours for the resistant population. Second, tran-
scriptomic data reveal that susceptible and resistant populations
exhibit mostly similar gene expression changes in response to S.
solidus infection (Lohman et al. 2017; Fuess et al. 2021), with
few genotype by infection interactions. These shared responses
suggest that the susceptible population is recognizing S. solidus
infections. These observations lead us to infer that evolved pop-
ulation differences in resistance likely entail activation switches
that act after initial parasite recognition.

At first glance, the most parsimonious evolutionary model
to explain our results is that the colonizing marine fish gained
an anti-tapeworm fibrosis response in some lakes, but not others.

Gosling fish (susceptible population) resemble the ancestor-like
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marine outgroup in that they permit rapid tapeworm growth (We-
ber et al. 2017a) and lack fibrosis in the wild and in the lab (after
either infection or injection with tapeworm antigens). However, it
is also possible that freshwater colonists typically evolve fibrosis
in response to S. solidus infections, but that the costs of fibro-
sis (De Lisle and Bolnick 2021; Weber et al. 2021) favored sec-
ondary loss of fibrosis with infection in some populations. This
loss would constitute a tolerance strategy, resulting in renewed
susceptibility to fast-growing tapeworms. This less-parsimonious
hypothesis is supported by other recent studies that provide ev-
idence for strong selection in Gosling Lake favoring fixation of
several partial gene deletions (Weber et al. 2021), and upregula-
tion of a fibrosis-suppression pathway (Fuess et al. 2021).

Our results also suggest that within the resistant population,
there has been selection on the timing of both initiating and re-
solving the fibrosis response. Biologically, this makes sense be-
cause if fish can respond early, when tapeworms are small, they
are likely to be more successful in clearing the infection. This
could explain what we witnessed in the field, where small dead
tapeworms were encased in fibrosis. Even if fibrosis does not
successfully kill tapeworms, early initiation could still limit their
growth, allowing fish to avoid many of the negative consequences
imposed by large tapeworms. Interestingly, fibrosis and other in-
jury repair pathways have also been implicated in helminth sup-
pression in mice and humans (Allen and Sutherland 2014). If fish
can successfully clear infection, resolving the fibrosis response
is likely adaptative as we known that fibrosis negatively impacts
swimming ability (Matthews et al. unpubl. ms.) and reproduc-
tion (De Lisle and Bolnick 2021; Weber et al. 2021). It is clear
from work in other systems that variation in the timing, and not
necessarily the magnitude, of the immune response can lead to
striking differences in infection outcomes (Duneau et al. 2017).
In all three populations, however, significant fibrosis persisted to
90 days after a single immune challenge (alum treatments). This
highlights the potential long-term cost of mounting such a re-
sponse, particularly in a short-lived fish, and supports the idea
that susceptible lake populations may be using a tolerance strat-
egy for dealing with S. solidus. It also explains why we observe
fibrotic individuals without S. solidus in the wild for Roselle.

Our results are in line with other studies in stickleback that
have found consistent population-level variation in S. solidus sus-
ceptibility and growth suppression, which remains when fish are
experimentally infected in the lab and reciprocally exposed to
tapeworms from different populations (Kalbe et al. 2016; Weber
etal. 2017b; Piecyk et al. 2019b). It is worth noting that tapeworm
populations also consistently vary in virulence, for which size is
a good proxy (Kalbe et al. 2016; Ritter et al. 2017). Although
few studies have examined fibrosis as a response to tapeworms,
our work does fit into other immunological studies that examine
the timing of the host response. This work suggests that initial
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recognition of the parasite is followed by early mobilization of
immune cells (within 7 days post exposure) and that S. solidus
can only be successfully cleared during the early phase of the in-
fection when the tapeworm is small (Hammerschmidt and Kurtz
2007; Scharsack et al. 2007; Barber and Scharsack 2010). Fol-
lowing this early period, rapid parasite growth, active immune
suppression, and changing of surface antigens allow the tape-
worm to evade subsequent fish immunity (Scharsack et al. 2004,
2013; Hammerschmidt and Kurtz 2005), and antibody-mediated
adaptive immunity is not found to be upregulated with tapeworm
infections, even at later stages (Scharsack et al. 2007; Barber and
Scharsack 2010). This suggests that early detection and initiation
of rapid innate responses that clear infection or suppress tape-
worm growth are key characteristics of host resistance, whereas
susceptible or tolerant populations likely react more slowly, if at
all, and allow tapeworms to grow to a large size, which is re-
quired for successful reproduction in the definitive host (Barber
et al. 2004).

Our study worked to isolate the genetic contribution to vari-
ation in the response to infection across populations, by raising
all fish in the same laboratory conditions and injecting them with
different immune challenges (removing, e.g., variation in expo-
sure or resources). This approach can be informative, as it allows
for the isolation of genes from ecology, but translating our results
back to wild populations must be done with some caution. It is
clear that ecology can interact with genetics to play an important
role in shaping host responses to infection and generating varia-
tion between populations (Hawley and Altizer 2011; Leung et al.
2018). Additionally, using the same tapeworm extract allows us
to easily compare across populations, but does not address how a
live tapeworm might interfere with the fibrosis response (Steinel
and Bolnick 2018; Piecyk et al. 2019a; Fuess et al. 2021), and
beyond that, how variation in the tapeworms themselves might
further shape host responses (e.g., local adaptation, gene-for-gene
epistasis between species). We also acknowledge that our study is
limited to only three populations, and it will be informative to de-
termine if the same patterns exist between other susceptible and
resistant lake populations. Ongoing gene expression work using
samples collected from this experiment will also provide more in-
sights into the genetic mechanisms and immunological pathways
underlying these patterns and will give more detail about other
aspects of the immune response beyond the visual fibrosis score
used here.

By taking a stepwise approach to isolate different stages of
the host response to infection, we were able to uncover clear ev-
idence that differences arising at key stages of the immune re-
sponse are likely driving variation in parasite resistance between
closely related host populations. Applying this approach, of parti-
tioning variance across infection stages, in a variety of wild sys-
tems is likely to provide a more nuanced understanding of the
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mechanisms generating variation in parasite resistance and in-
sight into host-parasite coevolution.
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