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1  |  INTRODUC TION

Parasitic infections undermine host health, and ultimately re-
duce host fitness (Chomicz et al., 2016; Thompson et al., 2009). 
Consequently, there are many examples of parasites driving evolu-
tion of host resistance or tolerance (Duffy & Forde, 2009; Maze- 
Guilmo et al., 2014; Paterson et al., 1998; Van Valen, 1973). In 

spatially structured host metapopulations (subdivided into isolated 
populations), this process of immune adaptation may lead to dispa-
rate phenotypic solutions, and population divergence (Brunner et al., 
2013; Meihls et al., 2013; Weber, Kalbe, et al., 2017). Two popu-
lations may evolve to recognize different parasite antigens (e.g., a 
geographic mosaic of coevolution; Dodds & Thrall, 2009), use dif-
ferent facets of the immune system to achieve the same form of 
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Abstract
Vertebrate immunity is a complex system consisting of a mix of constitutive and in-
ducible defences. Furthermore, host immunity is subject to selective pressure from a 
range of parasites and pathogens which can produce variation in these defences across 
populations. As populations evolve immune responses to parasites, they may adapt 
via a combination of (1) constitutive differences, (2) shared inducible responses, or 
(3) divergent inducible responses. Here, we leverage a powerful natural host- parasite 
model system (Gasterosteus aculeatus and Schistochephalus solidus) to tease apart the 
relative contributions of these three types of adaptations to among- population diver-
gence in response to parasites. Gene expression analyses revealed limited evidence of 
significant divergence in constitutive expression of immune defence, and strong signa-
tures of conserved inducible responses to the parasite. Furthermore, our results high-
light a handful of immune- related genes which show divergent inducible responses 
which may contribute disproportionately to functional differences in infection suc-
cess or failure. In addition to investigating variation in evolutionary adaptation to 
parasite selection, we also leverage this unique data set to improve understanding of 
cellular mechanisms underlying a putative resistance phenotype (fibrosis). Combined, 
our results provide a case study in evolutionary immunology showing that a very small 
number of genes may contribute to genotype differences in infection response.
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resistance (Brunner et al., 2013; Zhang et al., 2019), or might adopt 
entirely different strategies (e.g., resistance vs. tolerance; Sagonas 
et al., 2016). Thus, host populations often evolve divergent immune 
traits, whether they are faced with geographically varying parasite 
communities, or even a single widespread parasite.

Vertebrate immunity is a highly derived system consisting of a 
complex mix of defences and responses adapted to defend hosts 
against diverse pathogens and parasites (Boehm, 2012). These in-
clude constitutively expressed defences (i.e., physical barriers, an-
timicrobial peptides, phagocytosis, etc Paludan et al., 2021), as well 
as inducible responses, which are only initiated upon exposure to 
a potential pathogen (Frost, 1999; Paludan et al., 2021). Inducible 
responses can further be split into two somewhat overlapping cat-
egories: innate responses, which rapidly target broad pathogen cat-
egories (e.g., Toll- like receptor signalling; Kumar et al., 2011), and 
adaptive responses, which are slower to start but more fine- tuned 
to specific pathogens and involve retained pathogen memory (e.g., 
T and B cell mediated immunity; Mirzaei, 2020). All of these com-
plex responses are potential targets of selection as a result of host- 
parasite interactions.

As populations evolve to adapt to a given parasite, to what ex-
tent does this evolution lead to between- population differences in 
constitutive defences, versus infection- induced responses? A simple 
strategy to study this question is to rear different host populations 
in a common garden environment, then experimentally infect some 
individuals and measure the resulting phenotypic variation. In par-
ticular, transcriptomic measures of gene relative expression are an 
increasingly common method to evaluate highly multivariate im-
mune traits (Dheilly et al., 2014). One can then statistically partition 
the resulting variation in gene expression into relative contributions 
of genotype (G), environment (E, in particular, infection state), and 
genotype × environment interaction (G × E), to address the above 
question.

If the populations differ in heritable constitutive defences, then 
different genotypes raised in a common garden setting may exhibit 
fixed differences in expression (a genotype effect, G), insensitive to 
infection. This can happen, for instance, if one population consis-
tently has higher numbers of certain types of immune cells, leading 
to higher tissue- level expression of genes unique to that cell type. 
Numerous studies have documented variation in constitutive immu-
nity as a driver of variation in response to parasites or pathogens (Ali 
et al., 2012; Evison et al., 2016; Kamiya et al., 2016; Schmitt et al., 
2013). For example, genotypes of potato with higher resistance to 
the pathogen Phytophthora are characterized by increased consti-
tutive expression of immune defences (Ali et al., 2012).

In contrast to constitutive variation, an environmental effect, 
in this case parasite infection, may trigger consistent inducible im-
mune responses involving a cascade of changes in cell population 
abundance, signalling, and activation state (i.e., E). For example, 
social immune responses to mites in honeybees are conserved 
across multiple independent populations (Oddie et al., 2018). 
Often these changes can be observed via gene expression (Ingham 
et al., 2008).

Induced responses to parasite infections may also be variable 
across populations (genotype by infection interaction, a particular 
case of more general G × E interactions). In such cases infection may 
change gene expression more strongly in one population than in an-
other, or even in opposing directions. Plastic or induced responses 
are known to contribute to variation in parasite resistance (Reeson 
et al., 1998; Wakelin & Donachie, 1983). In Drosophila melanogaster, 
strains of flies resistant to a pathogenic bacteria are able to induce 
stronger and quicker innate immune responses than their suscepti-
ble counterparts (Okado et al., 2009).

Here, we present an estimate of the relative contributions 
of genotype, infection, and genotype × infection interactions to 
between- population differences in an immune organ's transcrip-
tome, in threespine stickleback, Gasterosteus aculeatus. Sticklebacks’ 
evolutionary history has yielded extensive natural variation in host- 
parasite interactions (Bolnick et al., 2020a,2020b; Poulin et al., 
2011; Young & Maccoll, 2017). Ancestral marine stickleback repeat-
edly colonized freshwater environments during the Pleistocene de-
glaciation. These new freshwater populations are exposed to a novel 
helminth cestode parasite, Schistocephalus solidus, which is absent 
in marine environments (McKinnon & Rundle, 2002; Simmonds & 
Barber, 2016) and rare in anadromous stickleback. Consequently, 
numerous genetically isolated freshwater populations of stickleback 
have been independently evolving in response to this freshwater- 
associated parasite for thousands of generations (Weber, Kalbe, 
et al., 2017). The resulting replicated adaptation to S. solidus re-
sulted in replicated evolution of greater resistance compared to ma-
rine fish (Weber, Kalbe, et al., 2017). But adaptation has not been 
entirely parallel: some populations evolved to drastically suppress 
cestode growth whereas others evolved to be relatively tolerant, 
reproducing despite the presence of large cestodes (Weber et al., 
2017). Preliminary findings indicate that the growth suppression in 
these lakes is caused, in part, by the formation of peritoneal fibrotic 
scar tissue that traps the parasite (Lohman et al., 2017; Weber et al., 
2021), and can sometimes kill the parasite. This among- lake variation 
in parasite resistance and fibrosis presents a powerful system for 
investigating relative contributions of G, E, and G × E, adaptations 
in driving between- population differences in immune phenotypes 
(e.g., resistance vs. tolerance).

Specifically, we bred F2 and backcross hybrids between a resis-
tant population (Roberts Lake) and a tolerant population (Gosling 
Lake) in the laboratory, and experimentally exposed them to S. sol-
idus. We then assayed infection outcome and stickleback gene ex-
pression in an immune organ (pronephros, a.k.a. head kidney). The 
head kidney is an important site of hematopoiesis and immune cell 
development in stickleback (Kum & Sekki, 2011). Transcriptomic 
analyses reveal a mix of G, E, and G × E effects, but expression vari-
ation was dominated by constitutive genetic variation (G) with very 
few G × E interactions. Furthermore, we highlight the transcriptomic 
signatures and putative immunological mechanisms which underly 
the putative resistance phenotype, fibrosis peritoneal fibrosis (De 
Lisle & Bolnick, 2020; Hund et al., 2020; Lohman et al., 2017; Weber 
et al., 2021). Combining these avenues of research, we provide new 
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evidence suggesting diverse roles of dynamic adaptative responses 
of hosts to parasites, contributing to improved understanding of 
host- parasite evolutionary dynamics.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental design

We used minnow traps to capture reproductively mature stickleback 
from Roberts Lake and Gosling Lake, on Vancouver Island in British 
Columbia. These populations represent two ends of the natural 
spectrum of parasite prevalence: high parasite load in Gosling, low 
in Roberts (Weber, Steinel, et al., 2017). Furthermore, data suggest 
that Roberts Lake fish have evolved a fibrosis-  based immune re-
sponse to suppress parasite growth, which is not present in Gosling 
Lake fish (Hund et al., 2020; Lohman et al., 2017; Weber et al., 2021). 
Wild- caught gravid females were stripped of eggs, which we ferti-
lized using sperm obtained from macerated testes of males from the 
same lake (within- population crosses, denoted ROB or GOS) or the 
other lake (F1 hybrids, RG or GR depending on cross direction). Fish 
were collected with permission from the Ministry of Forests, Lands, 
and Natural Resource Operations of British Columbia (Scientific 
Fish Collection permit NA12- 77018 and NA12- 84188). The result-
ing eggs were shipped back to Austin, Texas, hatched, and reared to 
maturity. A subset of these first- generation laboratory- raised adults 
were experimentally infected with Schistocephalus solidus cestodes, 
or sham- exposed as a control. The resulting infection rates, ces-
tode growth rates, and host immune traits are reported in Weber, 
Kalbe, et al., 2017, and host immune gene expression is described 
in Lohman et al. (2017). The remaining laboratory- reared F1 adults 
were artificially crossed among families (outbred) to generate F2 hy-
brids, including both intercrosses (F1 × F1 hybrids), and reciprocal 
backcrosses (ROB × F1 or GOS × F1). In contrast to Lohman et al. 
(2017), the fish examined here are second generation laboratory- 
raised individuals, allowing us to more confidently exclude maternal 
effects from wild- caught parents.

We experimentally exposed 711 one- year- old F2 hybrids to 
S. solidus cestodes, following standard procedures (Weber, Kalbe, 
et al., 2017; Weber, Steinel, et al., 2017). Briefly, we obtained ma-
ture cestodes from wild- caught stickleback from Gosling Lake or 
Echo Lake (Roberts Lake fish do not carry mature cestodes). We 
obtained the cestodes by dissecting freshly euthanized fish, then 
paired the cestodes by mass to mate them in nylon biopsy bags in 
artificial media, mimicking bird intestines where the cestodes typi-
cally mate (Wedekind et al., 1998). We collected the resulting eggs, 
and stored these at 4°C for up to one year. We hatched the eggs 
and fed them to Macrocyclops albidus copepods. The copepods were 
screened for successful infections after 14 days; then 5 infected co-
pepods were fed to individually- isolated stickleback, as described in 
(Weber, Kalbe, et al., 2017; Weber, Steinel, et al., 2017). We filtered 
the water after the exposure trial to ensure the copepods had been 
consumed. All F2 hybrid stickleback used in this trial were exposed 

to S. solidus (no sham exposures), to maximize infection rate for 
QTL mapping that has been described elsewhere (Ling et al., 2020). 
However, only a subset of fish were successfully infected, providing 
a contrast between infected versus uninfected fish. Prior transcrip-
tomic and flow cytometry data suggest that at the chosen time point 
(42 days post- exposure), fish with failed infections are phenotypi-
cally similar to sham exposed fish (Lohman et al., 2017). The exper-
imentally infected fish were maintained for 42 days post- exposure, 
then euthanized with MS- 222 and dissected to obtain (1) one head 
kidney (pronephros) for flow cytometry; (2) one head kidney for 
gene expression analysis, preserved in RNAlater at – 80°C; (3) fish 
mass and length and sex; (4) the mass and number of successfully 
established cestodes, and (5) the presence or absence of fibrosis. 
All fish handling was approved by the University of Texas IACUC 
(AUP- 2010- 00024).

2.2  |  Flow cytometry

Flow cytometry data on head kidney cell population ratios (granu-
locytes versus lymphocytes) and activity (baseline ROS and oxida-
tive burst) were generated following methods described by Weber, 
Kalbe, et al. (2017)), Weber, Steinel, et al. (2017)). Data were ana-
lysed using flowjo software (Treestar). Populations of granulocytes 
and lymphocytes were separated by linear forward scatter (FSC) 
and side scatter (SSC), providing counts of the relative abundance 
of each cell type. ROS production by granulocytes was measured 
following protocols for PMA stimulation described in Weber, Kalbe, 
et al. (2017) and Weber, Steinel, et al. (2017).

2.3  |  RNA extraction and 
transcriptome sequencing

We extracted RNA from one head kidney using the Ambion 
MagMAX- 96 Total RNA Isolation Kit, following a modified version 
of the manufacturer's protocol (see Supporting Information). Each 
head kidney (hereafter “sample”) was separately placed in lysis/bind-
ing solution and homogenized using a motorized pestle. After ini-
tial purification using magnetic beads provided by the kit, DNA was 
removed by adding TURBO DNAse and a second purification with 
Serapure magnetic beads, leaving only RNA. The RNA yield of each 
sample was quantified using a Tecan NanoQuant Plate.

RNAseq libraries were constructed using TagSeq methodologies 
detailed in Lohman et al. (2016) with modifications. After fragmen-
tation of the RNA in a magnesium buffer (NEB Next RNA fragmen-
tation buffer), the RNA fragments were purified using Agencourt 
RNAClean XP beads. A poly- dT primer (3ILL- 30TV) was annealed to 
the poly- A tail of mRNAs, after which the first cDNA strand was 
synthesized, which was amplified in a second PCR reaction. The 
PCR products were purified with Serapure magnetic beads, quan-
tified (Quant- IT PicoGreen) and normalized (1 ng/µl), after which 
all libraries were PCR- barcoded using Illumina i5 and i7 indexes. 
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Fragment size selection occurred via automated gel extraction and 
final quantification was performed using qubit 2.0. The libraries 
were sequenced using a hiseq 2500 at the Genomics Sequencing and 
Analysis Facility of the University of Texas at Austin.

2.4  |  Bioinformatic analyses

We processed TagSeq reads (PCR duplicates removed, adaptors 
trimmed, low quality reads removed) using the iRNAseq pipeline (Dixon 
et al., 2015). Reads were aligned to version 95 of the stickleback tran-
scriptome from Ensembl with Bowtie 2 (Langmead & Salzberg, 2012). 
Samples with less than 500,000 mapped reads were removed from 
subsequent analyses, resulting in a final n = 390. Finally, we annotated 
transcripts with a blastx comparison to the uniprotkb database (http://
www.unipr ot.org/help/unipr otkb) with the parameters: max target 
seqs = 10; evalue = 1e−5. Results were filtered to obtain the match 
with the highest evalue and bit score for each transcript.

2.5  |  Analysis with DESeq2

Raw data, including read count matrixes and metadata, as well as 
code for all of the following analyses can be found on GitHub (https://
github.com/lfues s/TagSeqMS). To test for differential expression, we 
used the r package DESeq2. Transcripts were filtered to remove those 
that were not expressed in more than 195 samples (approximately 
half of the sample set). The remaining 15,354 sequences were tested 
for differential expression using the following model:

where Yij is the count of transcript I in individual j, βRoom is a fixed effect 
with two levels corresponding to the room in which fish were reared, 
βCross is a fixed effect with three levels: F2, GBC, and RBC, βInfection is 
a fixed effect with two levels: infected or uninfected, βFibrosis is a fixed 
effect with two levels: fibrotic or nonfibrotic, βROS is a continuous factor 
corresponding to measure reactive oxygen production per sample, and 
βSex is a fixed effect with three levels: male, female, or unknown (for the 
few samples where sex could not be identified with confidence). βBatch 
is a random effect corresponding to the lane of sequence sampling. 
Fibrosis and infection effects were tested independently from one an-
other (i.e., not all fibrotic fish were labelled infected). All p- values were 
multiple test corrected using a 10% FDR (Benjamini & Hochberg, 1995).

2.6  |  Expression pathway and upstream 
regulator analyses

Differentially activated biological pathways and upstream regulators 
were assessed for model factors of interest using the ingenuity path-
way analysis software (IPA; Qiagen Inc., https://www.qiage nbioi nform 
atics.com/produ cts/ingen uity- pathw ay- analysis). For each factor of 

interest, logfold change, unadjusted p- value, and annotation (spID) 
per transcript was input into the software. Transcripts were then fil-
tered to retain only those with unadjusted p- values < .05. Transcripts 
with duplicated IDs were averaged for analysis. Pathway analyses 
were used to identify pathways significantly affected by each factor, 
and generate corresponding p- values and activation scores (z- scores). 
Factors tested using IPA were infection, fibrosis, and cross.

3  |  RESULTS

3.1  |  Experimental infection outcomes

Of the 711 fish exposed to cestodes, 268 were infected with S. soli-
dus after 42 days. Additionally, peritoneal fibrosis was observed in 
180 of these fish, 123 of which also had detectable S. solidus infec-
tions. Fibrosis was limited to F2 and RBC fish; no peritoneal fibrosis 
was observed in any GBC fish. For the random subset of fish used in 
gene expression analysis: 158 out of 390 were infected with S. soli-
dus. Moreover, 97 of the fish used in gene expression analyses had 
peritoneal fibrosis, 70 of which also had detectable S. solidus infec-
tions. Detailed analyses of the infection rates, multivariate immune 
phenotypes, and genetic mapping of these traits, are presented at 
length elsewhere (Weber et al., 2021).

3.2  |  Constitutive variation among populations (G)

To test for signatures of variation in constitutive immune defences 

among our populations, we considered baseline variation in gene ex-
pression among our three crosses (main effect of host genotype, G, 
irrespective of infection status). Constitutive gene expression varied 
considerably. Of the 15,354 genes tested, 11,321 varied constitu-
tively between at least two given cross types: 7745, 10,601, and 
1202 transcripts were differentially expressed between F2 versus 
GBC, F2 versus RBC, and RBC versus GBC, respectively (padj < .10, 
10% FDR; Figure 1; Supporting Information S1). A total of 1,216 of 
these differentially expressed genes have immunological functions 
(Table 1). However this is not more immune- related genes than ex-
pected from chance (chi- squared test; p = .2627, χ2 = 1.2543, df = 1).

In addition to broad variation among cross- types in gene ex-
pression, numerous pathways and upstream regulators, including 
many involved in immunity, were also significantly differentially ex-
pressed between crosses (padj < .10, 10% FDR), independent of in-
fection status. A total of 240, 313, and 94 pathways, representative 
of many different immune components, varied in activation state 
when comparing F2 versus GBC, F2 versus RBC, and RBC versus 
GBC respectively (Table 2; Figure S1; Supporting Information S2). 
Additionally, 105, 164, and 22 upstream regulators were predicted 
to have differential activity between cross comparisons F2 versus 

Yij ∼ �Batch + �Room + �Cross + � Infection + �Fibrosis + �ROS + �Sex + �Cross*Infection + �Cross∗Fibrosis + �ij.

http://www.uniprot.org/help/uniprotkb
http://www.uniprot.org/help/uniprotkb
https://github.com/lfuess/TagSeqMS
https://github.com/lfuess/TagSeqMS
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
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GBC, F2 versus RBC, and RBC versus GBC, respectively (Supporting 
Information S3).

3.3  |  General response to infection (E)

Host response to infection by a common cestode parasite, S. soli-
dus, involved multiple genes and pathways. Comparing 158 infected 
versus 232 uninfected fish (all three cross types), we found 2,369 
differentially expressed transcripts (padj < .10, 10% FDR; Supporting 
Information S1), 2,223 of which were annotated. Of these, 341 

transcripts were annotated to encode for proteins involved in im-
munity. Biological pathway and upstream regulator analyses also 
indicated broad effects of infection on hosts. A total of 169 path-
ways were significantly activated as a result of infection (padj < .10, 
Supporting Information S2). Thirty- one of these pathways were 
linked to immunity (Figure 2). All of these significant immune path-
ways were suppressed (lower relative transcript abundance) in in-
fected fish relative to uninfected fish. Upstream regulator analysis 
identified 121 regulators which were differentially activated as a 
result of infection, 27 of which had roles in immunity (Figure S2, 
Supporting Information S3). Similar to pathway results, regulators 
displayed broad patterns of immune suppression.

A large fraction of the infection- responsive genes (1,812 of the 
2,369 differentially expressed genes associated with infection, or 
76%) also varied in expression between two or more cross types 
(e.g., genes that exhibit both G and E effects). However, the overlap 
between the infection- responsive and constitutively- different genes 
was no greater than random expectations (p = .2821, χ2 = 1.1569, 
df = 1). A particularly noteworthy result is that genes with higher av-
erage expression in GBC versus RBC (G effect) are more likely to ex-
hibit a negative response to infection (decreased expression) in both 
genotypes. Specifically, we found an inverse correlation between 
directional effect sizes of genotype versus infection main effects 
for the subset of genes significantly differentially expressed both 
in infected fish and between RBC versus GBC fish (p = .0005439, 
df = 145, cor = – 0.2818).

Our results showed little overlap with those from previous tran-
scriptomic study of the response to S. solidus infection in pure- cross 
families (as opposed to hybrids) of these same stickleback populations 
(Lohman et al., 2017). Fourteen genes were shared between the stud-
ies; all but four responded in similar directions (Table 3). Additionally, 
76 of the genes that were differentially expressed here were also 

F I G U R E  1  Venn diagram of overlap in significantly differentially 
expressed genes among all three cross type comparisons

TA B L E  1  Example list of genes differentially expressed among cross types with putative functions in immunity. A full list of differentially 
expressed genes for each contrast can be found in Supporting Information S1

Transcript ID Annotation

F2 vs. GBC F2 vs. RBC RBC vs. GBC

LFC padj LFC padj LFC padj

ENSGACT00000002677.1 B- cell receptor CD22 0.718 .00504 1.189 1.81E−8 −0.472 .0702

ENSGACT00000008607.1 Carboxypeptidase N catalytic chain −0.335 .0551 −0.654 4.93E−6 0.319 .0848

ENSGACT00000021611.1 Complement component C8 alpha 
chain

0.755 .0863 1.558 1.16E−5 −0.803 .0639

ENSGACT00000012995.1 C- type lectin domain family 4 member 
E

1.207 .0379 2.348 5.21E−7 −1.141 .0364

ENSGACT00000024032.1 Gelsolin 1.784 3.05E−9 −0.856 2.16E−4 −0.927 .0974

ENSGACT00000005722.1 Granulins 0.671 3.01E−4 0.331 .0164 0.340 .0562

ENSGACT00000012867.1 H−2 class I histocompatibility antigen, 
L- D alpha chain

3.775 3.62E−4 2.026 .0113 1.748 .0798

ENSGACT00000010258.1 Histone acetyltransferase p300 −0.477 .0473 −0.905 4.06E−6 0.428 .0915

ENSGACT00000001096.1 Macrosialin −0.506 .0168 −0.888 4.44E−7 0.382 .0849

ENSGACT00000002730.1 Transforming growth factor beta 
activator LRRC33

−0.616 .00347 −1.000 1.21E−8 0.383 .0747

ENSGACT00000024916.1 Ubiquitin- conjugating enzyme E2 N 0.256 .0927 −0.319 .00785 0.575 5.25E−6



6796  |    FUESS et al.

differentially expressed in a study of liver transcriptome response 
to S. solidus infection by stickleback in Germany (Haase et al., 2016). 
The majority of these genes (~68%; p = .001954, χ2 = 9.5921, df = 1) 
responded in similar directions (Supporting Information S4). Finally, 
there was appreciable overlap between the infection- induced path-
ways, and the pathways that diverge constitutively between popula-
tions. Of the 169 pathways significantly differentially activated as a 
result of infection, 158 were also differentially activated among two 
or more cross types (p < .001, χ2 = 21.528, df = 1).

3.4  |  Variation in induced immune responses 
between genotypes (G × E)

A total of 569 genes exhibited interactions between cross type 
and infection; however, the vast majority of these were only 

significant when considering differences in response to infec-
tion between F2 fish and GBC fish (559/569). Sixty- four of 
these genes which responded differentially to infection in F2 
versus GBC fish have potential roles in immunity or fibrosis 
(Supporting Information S1). In contrast, few genes responded 
differentially to infection when comparing F2 versus RBC and 
RBC versus GBC fish. Thirteen transcripts responded differen-
tially to infection in F2 versus RBC fish, most of which did not 
have function in immunity/fibrosis. Finally, examination of dif-
ferences in response to infection between the two most dispa-
rate crosses (RBC/GBC) identified four genes which responded 
differentially to infection between these crosses, two of which 
had roles in immunity (Figure 3; Table 4). We were unable to 
detect significant variation in plasticity in expression of these 
genes in GBC versus RBC fish alone (one- tailed Fisher's exact 
test p = .07143).

TA B L E  2  Example list of pathways that were differentially activated among cross types and have putative functions in immunity. A full list 
of differentially activated pathways for each contrast can be found in Supporting Information S2

Pathway

F2 vs. GBC F2 vs. RBC RBC vs. GBC

z- score padj z- score padj z- score padj

B cell receptor signalling 2.945 .00204 1.889 3.00E−6 0.816 .0398

FLT3 signalling in hematopoietic progenitor cells 2.921 .00398 2.214 3.50E−5 – 0.535 .0324

Hepatic fibrosis signalling pathway 5.031 .00138 5.261 4.00E−6 – 1.677 .0871

IGF−1 signalling 2.121 .00407 1.852 4.70E−5 0 .0912

IL−2 signalling 1.414 .0589 0.816 .00372 – 0.378 .0871

IL−6 signalling 1.761 .0275 1.387 .00105 – 0.728 .0776

Leucocyte extravasation signalling 3.960 .0186 3.761 4.00E−6 0.200 .0537

Lymphotoxin β receptor signalling 2.668 .00708 1.225 9.80E−5 – 0.378 .0537

NF- κB activation by viruses 2.600 .0832 2.03 3.10E−5 – 0.277 .0479

NF- κB signalling 3.501 .0427 3.064 3.39E−4 – 1.091 .0977

P2Y purigenic receptor signalling pathway 3.317 1.62E−4 2.994 2.24E−7 – 1.213 .0324

F I G U R E  2  Summary of biological 
pathways involved in immunity that were 
significantly activated/inactivated as a 
result of infection

IL-15 Production
P2Y Purigenic Receptor Signaling Pathway

IL-8 Signaling
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LPS-stimulated MAPK Signaling
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3.5  |  Transcriptomic signatures of fibrosis

We also leveraged these data to identify changes in expression asso-
ciated with a putative resistance phenotype: fibrosis. We identified 
strong transcriptomic signatures of fibrosis: 5826 genes were differ-
entially expressed in fibrotic fish compared to those not displaying 
the fibrosis phenotype, 840 of which have putative roles in immu-
nity and fibrosis. Similar to the effects of infection, the majority 

of these genes were downregulated in fibrotic fish. Pathway and 
upstream regulator analyses also revealed significant downregula-
tion of immune- related processes in fibrotic fish (Figure 4; Figure 
S2). Many (257) biological pathways were significantly differentially 
activated in fibrotic fish, 53 of which are related to immunity, de-
fence, or fibrosis responses. Most of these immune- related path-
ways were also significantly differentially activated in fish infected 
with S. solidus. However, these shared pathways were almost always 

TA B L E  3  Comparison of infection- associated significantly differentially expressed genes to results from a previous study (Lohman et al., 
2017) using the same two source populations

Transcript ID Annotation

Current study Lohman et al.

LFC padj LFC padj Factor

ENSGACT00000014173.1 Annexin A2- A 0.811 .00350 1.265 .0730 Infection

ENSGACT00000015567.1 Chromobox protein homologue 8 −0.367 .0210 −0.961 .00699 Infection

ENSGACT00000023042.1 Dopamine beta- hydroxylase −0.466 .0698 −2.170 .0662 Infection

ENSGACT00000020041.1 Fibronectin 1.060 3.01E−12 0.887 .0662 Infection

ENSGACT00000004524.1 Glycine- - tRNA ligase 0.235 .0205 0.592 .0638 Infection

ENSGACT00000013702.1 Guanine nucleotide- binding 
protein- like 3- like protein

−0.337 .0637 −0.393 .0929 Infection

ENSGACT00000025278.1 Interleukin−8 0.462 5.64E−4 1.169 .0582 Interaction

ENSGACT00000015612.1 Protein cornichon homologue 1 0.256 .0119 0.455 .0662 Infection

ENSGACT00000008095.1 SID1 transmembrane family 
member 2

0.262 .0736 −0.557 .0662 Infection

ENSGACT00000018426.1 Sodium channel protein type 
2 subunit alpha

−0.299 .0938 −1.104 .0862 Infection

ENSGACT00000011810.1 Sorting nexin−3 0.326 .00612 0.425 .0662 Infection

ENSGACT00000008510.1 Tubulin alpha chain 0.275 .0377 0.978 .0953 Interaction

ENSGACT00000026489.1 Unannotated −0.441 .0617 −0.823 .0638 Infection

ENSGACT00000008169.1 Unannotated 1.415 2.05E−4 3.239 .0662 Infection

F I G U R E  3  Interaction plot displaying 
changes in expression of the four genes 
that responded differentially to infection 
in RBC vs. GBC fish
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downregulated to a greater degree in infected fish, compared to fi-
brotic fish (Figure 5).

4  |  DISCUSSION

4.1  |  Variation in constitutive expression of 
immune defences across genotypes (G)

Here we document significant variation in gene expression as a re-
sult of both genetic variation between two populations, and cestode 
infection (an environmental effect), and their interaction. By far the 
dominant source of variation in gene expression arose from heritable 
differences between genotypes (Roberts Lake backcrosses, F2 hy-
brids, and Gosling Lake backcrosses), irrespective of infection status. 
Given the large number of heritable differences in gene expression 
between the populations, it is challenging to interpret these differ-
ences in a functional framework. The expression differences may be 

adaptive or neutral. If adaptive they may serve any of a vast number 
of functions given the many phenotypes that differ between these 
lakes including skeletal morphology, size, behaviour, male breed-
ing colours, diet, microbiota, diverse species of parasites besides 
S. solidus (Bolnick et al., 2020b; Ling et al., 2020; Snowberg et al., 
2015). Constitutive expression differences do contain many immune 
genes (Table 2), but these are not significantly overrepresented. 
Consequently, we cannot confidently claim that these differences in 
constitutive gene expression have a role in adaptation to S. solidus or 
differences in immunity between the fish populations.

Despite the lack of significant enrichment of immune traits 
among the many genes showing heritable constitutive divergence in 
expression, there were several notable trends in variation in immune 
gene expression among our crosses. For example, eight genes related 
to the complement cascade varied significantly between RBC and 
GBC fish; these genes were almost exclusively expressed higher in 
RBC fish. Similarly, 17 and 34 complement genes were differentially 
expressed between F2 versus GBC and F2 versus RBC respectively, 

F I G U R E  4  Summary of biological 
pathways involved in immunity that were 
significantly activated/inactivated as a 
result of fibrosis

Transcript ID Annotation

RBC vs. GBC

LFC padj

ENSGACT00000015170.1 CCN family member 3 4.866 1.45E−6

ENSGACT00000018024.1 Unannotated – 2.159 .0986

ENSGACT00000024555.1 SH2 domain- containing protein 1A – 1.202 .0473

ENSGACT00000003040.1 U7 snRNA- associated Sm- like protein 
LSm10

1.157 .0473

TA B L E  4  List of genes that were 
significantly differentially expressed as 
a result of the interaction between cross 
type (RBC vs. GBC) and infection
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though with mixed patterns of expression. Complement cascade 
proteins have been shown to contribute to parasite defences in 
other species of fish (Duan et al., 2021; Xie et al., 2021). When con-
sidering pathways and upstream regulators, B cell receptor signalling 
was activated in GBC compared to RBC fish whereas RBC fish acti-
vated both IL- 7 and IL- 3 signalling pathways compared to GBC fish. 
B cells are an essential component of fish immunity (Sunyer, 2012), 
including serving roles in the defence against parasite- induced pro-
liferative kidney disease in salmonids (Abos et al., 2018; Bailey et al., 
2017). Additionally, localized expression of interleukins is known to 
play a role in fish- parasite interactions (Perez- Cordon et al., 2014). 
In vertebrates, IL- 3 specifically plays roles in development of es-
sential antiparasitic immune cells such as mast cells and basophils 
(Lantz et al., 1998). Finally, RBC fish had higher activation of up-
stream regulator TGF- beta 1 compared to GBC fish. TGF- beta 1 is 
an important regulator of fibrosis (Gressner et al., 2002), which is 
an important parasite resistance phenotype in stickleback (see later 
sections; Weber et al., 2021). Consequently, while not statistically 
overrepresented as a gene ontology category, some of the observed 
differences in constitutive expression of immune genes may indeed 
contribute to divergence in parasite responses.

4.2  |  Conserved responses to a cestode parasite (E)

The next most important factor in our data was a main effect of 
infection (an environmental effect) irrespective of genotype. These 

genes represent a multigenic and multipathway response to infec-
tion representative of a diversity of immune components. This 
type of multifaceted response is common across systems: host re-
sponse to parasite infection often involves multiple arms of the im-
mune system (Anthony et al., 2007; McRae et al., 2015; Medzhitov, 
2007; Nakada- Tsukui & Nozaki, 2016). Genes involved in antiviral 
responses (zinc finger CCCH- type antiviral protein 1; Zhang et al., 
2020), T cell functioning (C- type lectin domain family 4 member E; 
Lu et al., 2018), and Toll- like receptor signalling (Toll- like receptor 8; 
Cervantes et al., 2012) were characteristic of this shared response. 
Pathway analyses corroborated individual gene results, identifying 
a diversity of immune pathways which were differentially activated 
in response to infection regardless of host population. Furthermore, 
these analyses revealed clear patterns of suppression of these di-
verse immune pathways at the time point of sampling. Pathways 
involved in inflammation and chemotaxis such as IL- 8 signalling 
(Kany et al., 2019), PPARα/RXRα activation pathway (Bougarne 
et al., 2018), and CXCR4 signalling (Pawig et al., 2015) were com-
monly suppressed. A number of pathways related to phagocytosis 
were also suppressed including Fcy receptor- mediated phagocytosis 
in macrophages and monocytes, phagosome formation, and phago-
some maturation. Upstream regulator pathway analysis confirmed 
these patterns of broadscale reduction in immunity in infected fish. 
Antifibrotic regulator hepatic nuclear factor 4- alpha, HNF4A (Ji 
et al., 2018; Yue et al., 2010) was significantly activated as a result of 
infection. Intriguingly, HNF4A is also a major target of natural selec-
tion driven differences between Roberts and Gosling Lake, falling 
within the quantitative trait locus for production of granulomas that 
encase and frequently kill the cestode (Weber et al., 2021). Several 
important adaptive immune components such as interleukin- 4 (IL4; 
(Heeb et al., 2020) and IgE complex (Galli & Tsai, 2012) were also 
suppressed in infected fish. Together, gene expression and path-
way analyses reveal wide patterns of immune suppression associ-
ated with infection of G. aculeatus with S. solidus. This suppression 
in infected fish could arise from three processes: initially immune- 
suppressed fish might have been more vulnerable to infection, fish 
observed to be infected might be those that have adapted toler-
ance rather than resistance strategies, or successfully established 
parasites may be actively suppressing host immunity. Time- series 
analyses of individual host expression could distinguish these alter-
natives, but is not practical because fish must be euthanized to ob-
tain head kidney samples.

Comparison of the results of our study to previous transcrip-
tomic analyses of stickleback response to S. solidus revealed limited 
overlap in infection- responsive genes. When comparing our results 
to those from a previous study of fish from pure- cross families gen-
erated from the same populations (Lohman et al., 2017) we found 
limited shared genes, though the patterns of expression within this 
small group were mostly congruent (Table 3). Two shared genes of 
particular interest were interleukin 8 and fibronectin (also a genomic 
target of selection within one of the resistance QTL mapped by 
Weber et al. (2021). Infection was associated with higher expression 

F I G U R E  5  Comparison of activation (z- score) of immune- 
related pathways that were significantly activated/inactivated 
as a result of both fibrosis and infection. Dotted line represents 
equivalent activation as a result of both factors; points in blue are 
more activated in fibrotic fish; points in red are more activated in 
infected fish
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of the extracellular matrix glycoprotein, fibronectin, in both stud-
ies. This is potentially indicative of induction of fibrotic resistance 
phenotypes, as fibronectin production is associated with increased 
fibrosis (Bochaton- Piallat et al., 2016; Duffield et al., 2013; Valiente- 
Alandi et al., 2018), which can encapsulate the parasite in a web of 
scar tissue that limits its growth (Weber et al., 2021) possibly by 
constraining movement and foraging. In contrast, interleukin 8, an 
important immune chemokine, showed slightly disparate patterns 
of expression across the two studies. This transcript increased in 
expression in infected fish in our study, regardless of cross type, 
but in the previous study, responded differently to infection across 
populations (G × E interaction). Increased expression of IL8 was as-
sociated with infection in fibrosis- prone pure Roberts fish, while in 
nonfibrotic Gosling fish IL8 expression was lower in infected individ-
uals (Lohman et al., 2017). The contrast between this previous G × E 
interaction, and our present E effect, may simply be a matter of im-
perfect statistical power, or may be an outcome of epistatic interac-
tions that impact pure parental genotypes differently than hybrids. 
Comparing our results more broadly to studies of stickleback from 
distant populations (Germany: Haase et al., 2016) revealed a small 
group of conserved response genes, the majority of which responded 
in similar directions. However, these two studies used G. aculeatus 
and S. solidus from different continents and different tissue types, 
potentially explaining the lack of signatures of conservation of infec-
tion response. Increasing study of host- parasite dynamics across the 
circum- polar range of stickleback will aid in identifying any shared 
mechanisms of infection response in this system.

4.3  |  Variation in response to inducible responses 
across genotypes (G × E)

A third potential source of variation in response to parasite expo-
sure is divergence in inducible immune responses across genotypes 
(genotype × infection interactions). Consequently, we searched for 
genes which responded differentially to infection among our three 
cross types. Previous analysis of pure F1 ROB versus GOS fish 
showed that transcripts with main effects of infection (shared across 
all genotypes) vastly outnumbered transcripts with genotype- 
specific responses to infection (Lohman et al., 2017). Here, we 
report similar results. Only four genes responded differently to 

infection between the two most disparate crosses (RBC/GBC). Still, 
these four genes provide some insight regarding mechanisms of re-
sistance, particularity a subset of two which have roles in immunity: 
CCN family member 3 (CCN3) and SH2 domain- containing protein 
1A (SH2D1A). CCN3 expression suppresses fibrosis responses 
through the modification of expression of other CCN family proteins 
(Abd El Kader et al., 2013). CCN3 decreased more significantly in 
response to infection in resistant (RBC) fish, perhaps contributing to 
observed fibrosis phenotypes. SH2D1A is an important mediator of 
humoral immunity, particularly long- term immune memory, largely 
through regulation of CD4+ T cell functioning (Crotty, 2011; Crotty 
et al., 2003). Furthermore, SH2D1A may affect NKT cell processes 
(Nichols et al., 2005; Wu et al., 2016) and differentiation of TH2 cells 
(Wu et al., 2001). Interestingly, expression of this key component 
of adaptive immunity was maintained in resistant fish (RBC) in re-
sponse to infection, but significantly decreased in the susceptible 
cross (GBC), highlighting the importance of adaptive immunity, and 
potentially long- term immune memory, in resistance to cestode in-
fection in G. aculeatus. Thus, while we identified limited signatures 
of divergent inducible responses to infection among our cross types, 
those gene which we did identify may be significant contributors to 
the mechanisms of resistance.

4.4  |  Expression changes associated with fibrosis

In addition to evaluating the roles of variation in G, E, G × E responses 
in divergent parasite responses, our findings also shed light on a 
putative resistance phenotype in this system: fibrosis. Fibrosis is a 
common immune pathology across vertebrates (Sgalla et al., 2016; 
Vrtílek & Bolnick, 2020; Wick et al., 2010), frequently associated 
with parasitic infections (Kamdem et al., 2018; Niu et al., 2019; 
Wilson et al., 2007). Often excessive fibrotic responses can cause 
health issues, including in humans (Henderson et al., 2020; Todd 
et al., 2012; Wynn, 2008). In G. aculeatus, recent study has demon-
strated that peritoneal fibrosis is an induced response to S. solidus in 
some stickleback populations (Hund et al., 2020), and is associated 
with reduced cestode growth (Weber et al., 2021). More broadly, 
teleost fish in general are almost all susceptible to peritoneal fibro-
sis in response to an immune challenge, however little mechanistic 
knowledge exists regarding the cellular processes controlling these 

F I G U R E  6  Summary of major changes in gene expression, pathways, and upstream regulators that may affect the resistance phenotype, 
fibrosis. Lines above each box demonstrate up or down regulation of each component in fibrotic (blue) or infected (red) fish. Lines from each 
box show the predicted relationship between a given component and the fibrosis phenotype (based on existing literature). In each case 
arrows indicate upregulation/activation whereas blunt end lines indicate downregulation/inhibition
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responses (Vrtílek & Bolnick, 2020). Indeed, while the mechanisms 
connecting fibrosis to systemic immunity in fish remain unclear, 
our data provides novel insight regarding the broadscale cellular 
processes linked to the generation of fibrotic tissue. We identified 
strong transcriptomic signatures of fibrosis. Because we are docu-
menting changes gene expression in the head kidney, an important 
haematopoietic organ (Kum & Sekki, 2011), rather than the perito-
neal tissue itself, it can be assumed these changes are indicative of 
systemic immunological signatures associated with fibrosis. Many 
of the genes differentially expressed in fibrotic fish have putative 
roles in immunity and fibrosis, including 22 genes involved in com-
plement activation. Numerous previous studies have indicated po-
tential cross- talk between components of the complement cascade 
and fibrosis responses (Liu et al., 2018; Xavier et al., 2017). Similar to 
the effects of infection, the majority of these genes were downregu-
lated in fibrotic fish. We also observed 36 collagen genes that were 
differentially expressed in fibrotic fish, almost all of which were also 
downregulated. Fibrotic tissue is formed via the deposition of col-
lagen and other extracellular matrix components (Henderson et al., 
2020; Wynn, 2008). The large- scale downregulation of these com-
plement and collagen genes, as well as other immune and fibrosis- 
related transcripts, in fibrotic fish may be an artefact of the time 
of sampling: 42 days after exposure. It is possible that these genes 
are activated earlier on in the infection time course, but have since 
been downregulated, potentially as a mechanism for attenuation of 
fibrosis (Hund et al., 2020). Future time- course expression studies 
are needed to clarify the temporal dynamics of gene expression dur-
ing fibrosis.

Pathway and upstream regulator analysis also revealed down-
regulation of immune- related process in fibrotic fish, however this 
downregulation was substantially less than downregulation of the 
same pathways in infected fish. Many of these pathways differen-
tially expressed in both fibrotic and infected fish have potential ties 
to fibrotic processes, including hepatic fibrosis signalling pathway 
and IGF- 1 signalling. IGF- 1 stimulates the differentiation of fibro-
blasts to promote a potent fibrosis response (Hung et al., 2013). 
Other pathways uniquely activated in fibrotic fish include the key 
innate immune component, Toll- like receptor signalling, which was 
activated in fibrotic fish. Numerous TLR receptors can bind to para-
site antigens to activate an immune response (Ashour, 2015; Coban 
et al., 2005; Mukherjee et al., 2016), though their links to fibrotic 
responses are unclear. Finally, pathways related to NFAT regulation 
of immune response were significantly downregulated in fibrotic 
fish. NFAT contributes to the regulation of T cell development, di-
versification, and activation and affect T cell lineage differentiation 
(i.e., TH1 vs. TH2; (Lee et al., 2018; Macian, 2005). Downregulation 
of this pathway suggests fibrotic fish may have reduced regulation 
of T cell activity, allowing for more potent responses to S. solidus. 
In summary, pathway analyses suggest that, compared to infected 
fish without fibrosis, fibrotic fish have reduced downregulation of 
immune pathways, and activation of unique prodefence pathways, 
which may allow for the induction of these putative resistance re-
sponses. Upstream regulators show similar patterns. While several 

key immune regulators were downregulated in both infected and 
fibrotic fish, fibrotic fish also demonstrated unique signatures of im-
mune response. For example, negative regulator of immunity such as 
HDAC4 (Yang et al., 2019) was uniquely suppressed in fibrotic fish. 
Furthermore, antifibrotic regulator hepatic nuclear factor 4- alpha, 
HNF4A (Ji et al., 2018; Yue et al., 2010) was significantly activated as 
a result of infection, but suppressed in fibrotic fish. Combined these 
results suggest that while infection is marked by a general reduction 
in immune pathways, this suppression is weaker or absent in fibrotic 
fish that more effectively reduce cestode growth (Figure 6).

The association between infection and immunosuppression is 
particularly interesting as immunosuppression is widely known in 
helminths in general (Maizels et al., 2004, 2018; Maizels & McSorley, 
2016), and has been documented for S. solidus in particular (Scharsack 
et al., 2004). It is possible the described patterns are indicative of 
cestode suppression of host immune response during infection. In 
contrast, fibrotic fish show weaker signatures of immune reduction, 
and in some instances demonstrate patterns of expression opposite 
to those displayed by infected, nonfibrotic fish. Furthermore, these 
specific pathways and genes that demonstrate disparate patterns 
between fibrotic and infected- but- nonfibrotic fish (e.x. HNF4A), are 
also highly variable among cross- types. Combined, these analyses 
suggest that cestodes may act to suppress immune responses in 
their host, but that this immunosuppression differs between host 
genotypes, and between fibrotic and nonfibrotic fish. These findings 
suggest that evolution of resistance may also be dependent on the 
acquisition of traits to overcome or avoid parasite manipulation of 
host immunity.

5  |  CONCLUSIONS

Vertebrate immunity is a highly derived, complex system of con-
stitutive and inducible immune responses. Consequently, the ef-
fects of selection induced by novel parasites and pathogens can be 
stochastic and difficult to quantify. Here we provide evidence that 
divergence in response to parasite selection is a mix of conserved 
responses and variable inducible responses to the parasite. While we 
document strong variation in general constitutive expression among 
cross types, immune defence genes are not statistically overrepre-
sented among these constitutive genetic differences. In contrast we 
observe a small number of genes closely linked to parasite resist-
ance and immunity which vary in expression in response to infection 
among our cross types (G × E). The ratio of significantly differentially 
expressed genes with G, E, and G × E effects is 11,321:2369:569, 
showing that constitutive genetic divergence is the dominant con-
tribution to expression variation in this system. However, when 
considering only genes with documented immunological roles 
(i.e., genes with immune annotations), the ratio is 1216:342:65. 
Comparing this ratio to the G:E:G × E ratios for all gene annotations, 
inducible responses (while still a minority) are statistically overrep-
resented. From this observation we conclude that, at least in this 
system, inducible responses, as opposed to constitutive defences, 
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contributes disproportionately to variation in immune gene expres-
sion. Genotype- specific immune responses affected a very small mi-
nority of genes, though these may nevertheless be functionally quite 
important. In addition to providing further clarification regarding 
mechanisms of divergent adaptation to parasites, we also identify 
transcriptomic signatures contributing to a putative resistance phe-
notype, fibrosis. Not only do we identify key genes and pathways 
associated with this response, but we also provide evidence that 
fibrotic (i.e., resistant) fish apparently are refractory to immune sup-
pression associated with infection in other fish. This suggests host 
evolution of counter mechanisms may also be key in the evolution 
of resistance.

ACKNOWLEDG EMENTS
This work was supported by funding from HHMI (Early Career Grant 
to DIB), the University of Connecticut (Startup to DIB), NIH NIAID 
(1R01AI123659- 01A1 to DIB) and an American Association of 
Immunologists Intersect Postdoctoral Fellowship to LEF.

AUTHOR CONTRIBUTIONS
D.I.B., N.C.S. and J.N.W. conceived of and planned the experi-
ments. S.D.H., K.C.S., N.C.S. and J.N.W. conducted the experi-
ments and collected and processed associated samples. L.E.F. 
analysed gene expression data, conducted correlative analy-
ses and wrote the manuscript. All authors approved of the final 
manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Raw data, including read count matrixes and metadata, and code can 
be found on GitHub (https://github.com/lfues s/TagSeqMS).

ORCID
Lauren E. Fuess  https://orcid.org/0000-0003-0197-7326 

R E FE R E N C E S
Abd El Kader, T., Kubota, S., Janune, D., Nishida, T., Hattori, T., Aoyama, 

E., Perbal, B., Kuboki, T., & Takigawa, M. (2013). Anti- fibrotic effect 
of CCN3 accompanied by altered gene expression profile of the 
CCN family. Journal of Cell Communication and Signaling, 7(1), 11– 18. 
https://doi.org/10.1007/s1207 9- 012- 0180- 4

Abos, B., Estensoro, I., Perdiguero, P., Faber, M., Hu, Y., Díaz Rosales, P., 
Granja, A. G., Secombes, C. J., Holland, J. W., & Tafalla, C. (2018). 
Dysregulation of B cell activity during proliferative kidney disease 
in rainbow trout. Frontiers in Immunology, 9, 1203. https://doi.
org/10.3389/fimmu.2018.01203

Ali, A., Moushib, L. I., Lenman, M., Levander, F., Olsson, K., Carlson- 
Nilson, U., Zoteyeva, N., Liljeroth, E., & Andreasson, E. (2012). 
Paranoid potato: phytophthora- resistant genotype shows constitu-
tively activated defense. Plant Signaling & Behavior, 7(3), 400– 408. 
https://doi.org/10.4161/psb.19149

Anthony, R. M., Rutitzky, L. I., Urban, J. F. Jr, Stadecker, M. J., & Gause, 
W. C. (2007). Protective immune mechanisms in helminth in-
fection. Nature Reviews Immunology, 7(12), 975– 987. https://doi.
org/10.1038/nri2199

Ashour, D. S. (2015). Toll- like receptor signaling in parasitic infections. 
Expert Review of Clinical Immunology, 11(6), 771– 780. https://doi.
org/10.1586/17446 66X.2015.1037286

Bailey, C., Segner, H., & Wahli, T. (2017). What goes around comes 
around: an investigation of resistance to proliferative kidney dis-
ease in rainbow trout Oncorhynchus mykiss (Walbaum) following 
experimental re- exposure. Journal of Fish Diseases, 40(11), 1599– 
1612. https://doi.org/10.1111/jfd.12628

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: 
a practical and powerful approach to multiple testing. Journal of the 
Royal Statistical Society. Series B (Methodological), 57(1), 289– 300. 
https://doi.org/10.1111/j.2517- 6161.1995.tb020 31.x

Bochaton- Piallat, M. L., Gabbiani, G., & Hinz, B. (2016). The myofibro-
blast in wound healing and fibrosis: answered and unanswered 
questions. F1000Research, 5, 752. https://doi.org/10.12688/ f1000 
resea rch.8190.1

Boehm, T. (2012). Evolution of vertebrate immunity. Current Biology, 
22(17), R722– R732. https://doi.org/10.1016/j.cub.2012.07.003

Bolnick, D. I., Resetarits, E. J., Ballare, K., Stuart, Y. E., & Stutz, W. E. 
(2020a). Host patch traits have scale- dependent effects on diver-
sity in a stickleback parasite metacommunity. Ecography, 43(7), 
990– 1002. https://doi.org/10.1111/ecog.04994

Bolnick, D. I., Resetarits, E. J., Ballare, K., Stuart, Y. E., & Stutz, W. E. 
(2020b). Scale- dependent effects of host patch traits on species 
composition in a stickleback parasite metacommunity. Ecology, 
101(12), e03181. https://doi.org/10.1002/ecy.3181

Bougarne, N., Weyers, B., Desmet, S. J., Deckers, J., Ray, D. W., Staels, B., 
& De Bosscher, K. (2018). Molecular actions of PPARalpha in lipid 
metabolism and inflammation. Endocrine Reviews, 39(5), 760– 802. 
https://doi.org/10.1210/er.2018- 00064

Brunner, F. S., Schmid- Hempel, P., & Barribeau, S. M. (2013). Immune 
gene expression in Bombus terrestris: signatures of infection de-
spite strong variation among populations, colonies, and sister 
workers. PLoS One, 8(7), e68181. https://doi.org/10.1371/journ 
al.pone.0068181

Cervantes, J. L., Weinerman, B., Basole, C., & Salazar, J. C. (2012). TLR8: 
the forgotten relative revindicated. Cellular & Molecular Immunology, 
9(6), 434– 438. https://doi.org/10.1038/cmi.2012.38

Chomicz, L., Conn, D. B., Szaflik, J. P., & Szostakowska, B. (2016). Newly 
emerging parasitic threats for human health: national and inter-
national trends. BioMed Research International, 2016, 4283270. 
https://doi.org/10.1155/2016/4283270

Coban, C., Ishii, K. J., Kawai, T., Hemmi, H., Sato, S., Uematsu, S., 
Yamamoto, M., Takeuchi, O., Itagaki, S., Kumar, N., Horii, T., & Akira, 
S. (2005). Toll- like receptor 9 mediates innate immune activation 
by the malaria pigment hemozoin. Journal of Experimental Medicine, 
201(1), 19– 25. https://doi.org/10.1084/jem.20041836

Crotty, S. (2011). Follicular helper CD4 T cells (TFH). Annual Review of 
Immunology, 29, 621– 663.

Crotty, S., Kersh, E. N., Cannons, J., Schwartzberg, P. L., & Ahmed, R. 
(2003). SAP is required for generating long- term humoral immunity. 
Nature, 421(6920), 282. https://doi.org/10.1038/natur e01318

De Lisle, S. P., & Bolnick, D. I. (2020). Male and female reproductive fit-
ness costs of an immune response in natural populations. bioRxiv. 
https://doi.org/10.1101/2020.07.10.197210

Dheilly, N. M., Adema, C., Raftos, D. A., Gourbal, B., Grunau, C., & 
Du Pasquier, L. (2014). No more non- model species: the prom-
ise of next generation sequencing for comparative immunology. 
Developmental and Comparative Immunology, 45(1), 56– 66. https://
doi.org/10.1016/j.dci.2014.01.022

Dixon, G. B., Davies, S. W., Aglyamova, G. A., Meyer, E., Bay, L. K., & Matz, 
M. V. (2015). Genomic determinants of coral heat tolerance across 
latitudes. Science, 348(6242), 1460– 1462. https://doi.org/10.1126/
scien ce.1261224

Dodds, P., & Thrall, P. (2009). Recognition events and host- pathogen co- 
evolution in gene- for- gene resistance to flax rust. Functional Plant 
Biology, 36(5), 395– 408. https://doi.org/10.1071/FP08320

Duan, C., Ma, Z., Wu, S., Ding, X., Tu, X., & Ye, J. (2021). Functional 
characterization of complement factor D on the defense against 

https://github.com/lfuess/TagSeqMS
https://orcid.org/0000-0003-0197-7326
https://orcid.org/0000-0003-0197-7326
https://doi.org/10.1007/s12079-012-0180-4
https://doi.org/10.3389/fimmu.2018.01203
https://doi.org/10.3389/fimmu.2018.01203
https://doi.org/10.4161/psb.19149
https://doi.org/10.1038/nri2199
https://doi.org/10.1038/nri2199
https://doi.org/10.1586/1744666X.2015.1037286
https://doi.org/10.1586/1744666X.2015.1037286
https://doi.org/10.1111/jfd.12628
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.12688/f1000research.8190.1
https://doi.org/10.12688/f1000research.8190.1
https://doi.org/10.1016/j.cub.2012.07.003
https://doi.org/10.1111/ecog.04994
https://doi.org/10.1002/ecy.3181
https://doi.org/10.1210/er.2018-00064
https://doi.org/10.1371/journal.pone.0068181
https://doi.org/10.1371/journal.pone.0068181
https://doi.org/10.1038/cmi.2012.38
https://doi.org/10.1155/2016/4283270
https://doi.org/10.1084/jem.20041836
https://doi.org/10.1038/nature01318
https://doi.org/10.1101/2020.07.10.197210
https://doi.org/10.1016/j.dci.2014.01.022
https://doi.org/10.1016/j.dci.2014.01.022
https://doi.org/10.1126/science.1261224
https://doi.org/10.1126/science.1261224
https://doi.org/10.1071/FP08320


    |  6803FUESS et al.

Gyrodactylus kobayashii (Monogenea) infection in goldfish (Carassius 
auratus). Aquaculture, 545, 737214. https://doi.org/10.1016/j.aquac 
ulture.2021.737214

Duffield, J. S., Lupher, M., Thannickal, V. J., & Wynn, T. A. (2013). Host 
responses in tissue repair and fibrosis. Annual Review of Pathology: 
Mechanisms of Disease, 8, 241– 276. https://doi.org/10.1146/annur 
ev- patho l- 02071 2- 163930

Duffy, M. A., & Forde, S. E. (2009). Ecological feedbacks and the evo-
lution of resistance. Journal of Animal Ecology, 78(6), 1106– 1112. 
https://doi.org/10.1111/j.1365- 2656.2009.01568.x

Evison, S. E. F., Fazio, G., Chappell, P., Foley, K., Jensen, A. B., & Hughes, 
W. O. H. (2016). Innate expression of antimicrobial peptides does 
not explain genotypic diversity in resistance to fungal brood par-
asites in the honey bee. Apidologie, 47(2), 206– 215. https://doi.
org/10.1007/s1359 2- 015- 0388- 4

Frost, S. D. W. (1999). The immune system as an inducible defense. In R. 
Tollrian & C. Drew Harvell (Eds.), The ecology and evolution of induc-
ible defenses (pp. 104– 126). Princeton University Press.

Galli, S. J., & Tsai, M. (2012). IgE and mast cells in allergic dis-
ease. Nature Medicine, 18(5), 693– 704. https://doi.org/10.1038/
nm.2755

Gressner, A. M., Weiskirchen, R., Breitkopf, K., & Dooley, S. (2002). Roles 
of TGF- beta in hepatic fibrosis. Frontiers in Bioscience, 7, d793– d807. 
https://doi.org/10.2741/A812

Haase, D., Rieger, J. K., Witten, A., Stoll, M., Bornberg- Bauer, E., Kalbe, 
M., Schmidt- Drewello, A., Scharsack, J. P., & Reusch, T. B. H. (2016). 
Comparative transcriptomics of stickleback immune gene re-
sponses upon infection by two helminth parasites. Diplostomum 
Pseudospathaceum and Schistocephalus Solidus. Zoology, 119(4), 
307– 313. https://doi.org/10.1016/j.zool.2016.05.005

Heeb, L. E. M., Egholm, C., & Boyman, O. (2020). Evolution and func-
tion of interleukin- 4 receptor signaling in adaptive immunity and 
neutrophils. Genes and Immunity, 21(3), 143– 149. https://doi.
org/10.1038/s4143 5- 020- 0095- 7

Henderson, N. C., Rieder, F., & Wynn, T. A. (2020). Fibrosis: from mech-
anisms to medicines. Nature, 587(7835), 555– 566. https://doi.
org/10.1038/s4158 6- 020- 2938- 9

Hund, A. K., Fuess, L. E., Kenney, M. L., Maciejewski, M. F., Marini, J. 
M., Shim, K. C., & Bolnick, D. I. (2020). Rapid evolution of parasite 
resistance via improved recognition and accelerated immune acti-
vation and deactivation. bioRxiv, 2020.2007.2003.186569. https://
doi.org/10.1101/2020.07.03.186569

Hung, C. F., Rohani, M. G., Lee, S. S., Chen, P., & Schnapp, L. 
M. (2013). Role of IGF- 1 pathway in lung fibroblast ac-
tivation. Respiratory Research, 14, 102. https://doi.
org/10.1186/1465- 9921- 14- 102

Ingham, A., Reverter, A., Windon, R., Hunt, P., & Menzies, M. (2008). 
Gastrointestinal nematode challenge induces some conserved 
gene expression changes in the gut mucosa of genetically resis-
tant sheep. International Journal for Parasitology, 38(3– 4), 431– 442. 
https://doi.org/10.1016/j.ijpara.2007.07.012

Ji, D., Chen, G., Wang, J., Cao, L., Lu, F., Mu, X., & Lu, X. (2018). 
Identification of TAF1, HNF4A, and CALM2 as potential therapeu-
tic target genes for liver fibrosis. Cellular Physiology, 234(6), 9045– 
9051. https://doi.org/10.1002/jcp.27579.

Kamdem, S. D., Moyou- Somo, R., Brombacher, F., & Nono, J. K. (2018). 
Host regulators of liver fibrosis during human schistosomia-
sis. Frontiers in Immunology, 9, 2781. https://doi.org/10.3389/
fimmu.2018.02781

Kamiya, T., Ona, L., Wertheim, B., & van Doorn, G. S. (2016). 
Coevolutionary feedback elevates constitutive immune defence: A 
protein network model. BMC Evolutionary Biology, 16, 92. https://
doi.org/10.1186/s1286 2- 016- 0667- 3

Kany, S., Vollrath, J. T., & Relja, B. (2019). Cytokines in Inflammatory 
Disease. International Journal of Molecular Sciences, 20(23), 6008. 
https://doi.org/10.3390/ijms2 0236008

Kum, C., & Sekki, S. (2011). The Immune System Drugs in Fish: Immune 
Function, Immunoassay, Drugs. In F. Aral, & Z. Do (Eds.), Recent ad-
vances in fish farms (pp. 169– 216). IntechOpen.

Kumar, H., Kawai, T., & Akira, S. (2011). Pathogen recognition by the in-
nate immune system. International Reviews of Immunology, 30(1), 
16– 34. https://doi.org/10.3109/08830 185.2010.529976

Langmead, B., & Salzberg, S. L. (2012). Fast gapped- read alignment with 
Bowtie 2. Nature Methods, 9(4), 357– 359. https://doi.org/10.1038/
nmeth.1923.

Lantz, C. S., Boesiger, J., Song, C. H., Mach, N., Kobayashi, T., Mulligan, R. 
C., Nawa, Y., Dranoff, G., & Galli, S. J. (1998). Role for interleukin- 3 
in mast- cell and basophil development and in immunity to parasites. 
Nature, 392(6671), 90– 93. https://doi.org/10.1038/32190

Lee, J. U., Kim, L. K., & Choi, J. M. (2018). Revisiting the concept of 
targeting NFAT to control t cell immunity and autoimmune dis-
eases. Frontiers in Immunology, 9, 2747. https://doi.org/10.3389/
fimmu.2018.02747

Ling, F., Steinel, N., Weber, J., Ma, L., Smith, C., Correa, D., Zhu, B., 
Bolnick, D., & Wang, G. (2020). The gut microbiota response to hel-
minth infection depends on host sex and genotype. ISME Journal, 
14(5), 1141– 1153. https://doi.org/10.1038/s4139 6- 020- 0589- 3

Liu, Y., Wang, K., Liang, X., Li, Y., Zhang, Y., Zhang, C., Wei, H., Luo, R., Ge, 
S., & Xu, G. (2018). Complement C3 produced by macrophages pro-
motes renal fibrosis via IL- 17A secretion. Frontiers in Immunology, 9, 
2385. https://doi.org/10.3389/fimmu.2018.02385

Lohman, B. K., Steinel, N. C., Weber, J. N., & Bolnick, D. I. (2017). Gene 
expression contributes to the recent evolution of host resistance 
in a model host parasite system. Frontiers in Immunology, 8, 1071. 
https://doi.org/10.3389/fimmu.2017.01071

Lohman, B. K., Weber, J. N., & Bolnick, D. I. (2016). Evaluation of TagSeq, a re-
liable low- cost alternative for RNAseq. Molecular Ecology Resources, 
16(6), 1315– 1321. https://doi.org/10.1111/1755- 0998.12529

Lu, X., Nagata, M., & Yamasaki, S. (2018). Mincle: 20 years of a versatile 
sensor of insults. International Immunology, 30(6), 233– 239. https://
doi.org/10.1093/intim m/dxy028

Macian, F. (2005). NFAT proteins: key regulators of T- cell development 
and function. Nature Reviews Immunology, 5(6), 472– 484. https://
doi.org/10.1038/nri1632

Maizels, R. M., Balic, A., Gomez- Escobar, N., Nair, M., Taylor, M. 
D., & Allen, J. E. (2004). Helminth parasites– masters of reg-
ulation. Immunological Reviews, 201, 89– 116. https://doi.
org/10.1111/j.0105- 2896.2004.00191.x

Maizels, R. M., & McSorley, H. J. (2016). Regulation of the host im-
mune system by helminth parasites. The Journal of Allergy and 
Clinical Immunology, 138(3), 666– 675. https://doi.org/10.1016/j.
jaci.2016.07.007

Maizels, R. M., Smits, H. H., & McSorley, H. J. (2018). Modulation of host 
immunity by Helminths: The expanding repertoire of parasite effec-
tor molecules. Immunity, 49(5), 801– 818. https://doi.org/10.1016/j.
immuni.2018.10.016

Maze- Guilmo, E., Loot, G., Paez, D. J., Lefevre, T., & Blanchet, S. (2014). 
Heritable variation in host tolerance and resistance inferred from 
a wild host- parasite system. Proceedings of the Royal Society B: 
Biological Sciences, 281(1779), 20132567. https://doi.org/10.1098/
rspb.2013.2567

McKinnon, J. S., & Rundle, H. D. (2002). Speciation in nature: The 
threespine stickleback model systems. Trends in Ecology 
& Evolution, 17, 480– 488. https://doi.org/10.1016/S0169 
- 5347(02)02579 - X

McRae, K. M., Stear, M. J., Good, B., & Keane, O. M. (2015). The host 
immune response to gastrointestinal nematode infection in sheep. 
Parasite Immunology, 37(12), 605– 613. https://doi.org/10.1111/
pim.12290

Medzhitov, R. (2007). Recognition of microorganisms and activation of 
the immune response. Nature, 449(7164), 819– 826. https://doi.
org/10.1038/natur e06246

https://doi.org/10.1016/j.aquaculture.2021.737214
https://doi.org/10.1016/j.aquaculture.2021.737214
https://doi.org/10.1146/annurev-pathol-020712-163930
https://doi.org/10.1146/annurev-pathol-020712-163930
https://doi.org/10.1111/j.1365-2656.2009.01568.x
https://doi.org/10.1007/s13592-015-0388-4
https://doi.org/10.1007/s13592-015-0388-4
https://doi.org/10.1038/nm.2755
https://doi.org/10.1038/nm.2755
https://doi.org/10.2741/A812
https://doi.org/10.1016/j.zool.2016.05.005
https://doi.org/10.1038/s41435-020-0095-7
https://doi.org/10.1038/s41435-020-0095-7
https://doi.org/10.1038/s41586-020-2938-9
https://doi.org/10.1038/s41586-020-2938-9
https://doi.org/10.1101/2020.07.03.186569
https://doi.org/10.1101/2020.07.03.186569
https://doi.org/10.1186/1465-9921-14-102
https://doi.org/10.1186/1465-9921-14-102
https://doi.org/10.1016/j.ijpara.2007.07.012
https://doi.org/10.1002/jcp.27579
https://doi.org/10.3389/fimmu.2018.02781
https://doi.org/10.3389/fimmu.2018.02781
https://doi.org/10.1186/s12862-016-0667-3
https://doi.org/10.1186/s12862-016-0667-3
https://doi.org/10.3390/ijms20236008
https://doi.org/10.3109/08830185.2010.529976
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/32190
https://doi.org/10.3389/fimmu.2018.02747
https://doi.org/10.3389/fimmu.2018.02747
https://doi.org/10.1038/s41396-020-0589-3
https://doi.org/10.3389/fimmu.2018.02385
https://doi.org/10.3389/fimmu.2017.01071
https://doi.org/10.1111/1755-0998.12529
https://doi.org/10.1093/intimm/dxy028
https://doi.org/10.1093/intimm/dxy028
https://doi.org/10.1038/nri1632
https://doi.org/10.1038/nri1632
https://doi.org/10.1111/j.0105-2896.2004.00191.x
https://doi.org/10.1111/j.0105-2896.2004.00191.x
https://doi.org/10.1016/j.jaci.2016.07.007
https://doi.org/10.1016/j.jaci.2016.07.007
https://doi.org/10.1016/j.immuni.2018.10.016
https://doi.org/10.1016/j.immuni.2018.10.016
https://doi.org/10.1098/rspb.2013.2567
https://doi.org/10.1098/rspb.2013.2567
https://doi.org/10.1016/S0169-5347(02)02579-X
https://doi.org/10.1016/S0169-5347(02)02579-X
https://doi.org/10.1111/pim.12290
https://doi.org/10.1111/pim.12290
https://doi.org/10.1038/nature06246
https://doi.org/10.1038/nature06246


6804  |    FUESS et al.

Meihls, L. N., Handrick, V., Glauser, G., Barbier, H., Kaur, H., Haribal, M. 
M., Lipka, A. E., Gershenzon, J., Buckler, E. S., Erb, M., Köllner, T. 
G., & Jander, G. (2013). Natural variation in maize aphid resistance 
is associated with 2,4- dihydroxy- 7- methoxy- 1,4- benzoxazin- 3- one 
glucoside methyltransferase activity. The Plant Cell, 25(6), 2341– 
2355. https://doi.org/10.1105/tpc.113.112409

Mirzaei, H. R. (2020). Adaptive Immunity. In Reference Module in 
Biomedical Sciences. Elsevier. http://144.76.89.142:8081/scien ce/
artic le/pii/B9780 12818 73190 00288

Mukherjee, S., Karmakar, S., & Babu, S. P. (2016). TLR2 and TLR4 medi-
ated host immune responses in major infectious diseases: a review. 
The Brazilian Journal of Infectious Diseases, 20(2), 193– 204. https://
doi.org/10.1016/j.bjid.2015.10.011

Nakada- Tsukui, K., & Nozaki, T. (2016). Immune response of amebi-
asis and immune evasion by Entamoeba histolytica. Frontiers in 
Immunology, 7, 175. https://doi.org/10.3389/fimmu.2016.00175

Nichols, K. E., Hom, J., Gong, S.- Y., Ganguly, A., Ma, C. S., Cannons, J. 
L., Tangye, S. G., Schwartzberg, P. L., Koretzky, G. A., & Stein, P. 
L. (2005). Regulation of NKT cell development by SAP, the pro-
tein defective in XLP. Nature Medicine, 11(3), 340– 345. https://doi.
org/10.1038/nm1189

Niu, F., Chong, S., Qin, M., Li, S., Wei, R., & Zhao, Y. (2019). Mechanism of 
fibrosis induced by Echinococcus spp. Diseases, 7(3), 51. https://doi.
org/10.3390/disea ses70 30051

Oddie, M., Büchler, R., Dahle, B., Kovacic, M., Le Conte, Y., Locke, B., 
de Miranda, J. R., Mondet, F., & Neumann, P. (2018). Rapid parallel 
evolution overcomes global honey bee parasite. Scientific Reports, 
8(1), 7704. https://doi.org/10.1038/s4159 8- 018- 26001 - 7

Okado, K., Shinzawa, N., Aonuma, H., Nelson, B., Fukumoto, S., Fujisaki, 
K., Kawazu, S.- I., & Kanuka, H. (2009). Rapid recruitment of innate 
immunity regulates variation of intracellular pathogen resistance in 
Drosophila. Biochemical and Biophysical Research Communications, 
379(1), 6– 10. https://doi.org/10.1016/j.bbrc.2008.11.097

Paludan, S. R., Pradeu, T., Masters, S. L., & Mogensen, T. H. (2021). 
Constitutive immune mechanisms: mediators of host defence and 
immune regulation. Nature Reviews Immunology, 21(3), 137– 150. 
https://doi.org/10.1038/s4157 7- 020- 0391- 5

Paterson, S., Wilson, K., & Pemberton, J. M. (1998). Major histocompatibil-
ity complex variation associated with juvenile survival and parasite 
resistance in a large unmanaged ungulate population. Proceedings 
of the National Academy of Sciences of the United States of America, 
95(7), 3714– 3719. https://doi.org/10.1073/pnas.95.7.3714

Pawig, L., Klasen, C., Weber, C., Bernhagen, J., & Noels, H. (2015). 
Diversity and inter- connections in the CXCR4 chemokine receptor/
ligand family: Molecular perspectives. Frontiers in Immunology, 6, 
429. https://doi.org/10.3389/fimmu.2015.00429

Perez- Cordon, G., Estensoro, I., Benedito- Palos, L., Calduch- Giner, J. A., 
Sitja- Bobadilla, A., & Perez- Sanchez, J. (2014). Interleukin gene ex-
pression is strongly modulated at the local level in a fish- parasite 
model. Fish & Shellfish Immunology, 37(2), 201– 208. https://doi.
org/10.1016/j.fsi.2014.01.022

Poulin, R., Blanar, C. A., Thieltges, D. W., & Marcogliese, D. J. 
(2011). The biogeography of parasitism in sticklebacks: dis-
tance, habitat differences and the similarity in parasite occur-
rence and abundance. Ecography, 34(4), 540– 551. https://doi.
org/10.1111/j.1600- 0587.2010.06826.x

Reeson, A. F., Wilson, K., Gunn, A., Hails, R. S., & Goulson, D. (1998). 
Baculovirus resistance in the noctuid Spodoptera exempta is phe-
notypically plastic and responds to population density. Proceedings 
of the Royal Society of London. Series B: Biological Sciences, 265(1407), 
1787– 1791. https://doi.org/10.1098/rspb.1998.0503

Sagonas, K., Rota, I. A., Tsitsilonis, O. E., Pafilis, P., & Valakos, E. D. (2016). 
Infection risk dictates immunological divergence among popula-
tions in a Mediterranean lizard. Journal of Evolutionary Biology, 29(9), 
1680– 1688. https://doi.org/10.1111/jeb.12903

Scharsack, J. P., Kalbe, M., Derner, R., Kurtz, J., & Milinski, M. (2004). 
Modulation of granulocyte responses in three- spined sticklebacks 
Gasterosteus aculeatus infected with the tapeworm Schistocephalus 
solidus. Diseases of Aquatic Organisms, 59(2), 141– 150. https://doi.
org/10.3354/dao05 9141

Schmitt, P., Santini, A., Vergnes, A., Degremont, L., & de Lorgeril, J. 
(2013). Sequence polymorphism and expression variability of 
Crassostrea gigas immune related genes discriminate two oyster 
lines contrasted in term of resistance to summer mortalities. PLoS 
One, 8(9), e75900. https://doi.org/10.1371/journ al.pone.0075900

Sgalla, G., Biffi, A., & Richeldi, L. (2016). Idiopathic pulmonary fibrosis: 
Diagnosis, epidemiology and natural history. Respirology, 21(3), 
427– 437. https://doi.org/10.1111/resp.12683

Simmonds, N. E., & Barber, I. (2016). The effect of salinity on egg de-
velopment and viability of Schistocephalus solidus (Cestoda: 
Diphyllobothriidea). Journal of Parasitology, 102(1), 42– 46. https://
doi.org/10.1645/14- 701

Snowberg, L. K., Hendrix, K. M., & Bolnick, D. I. (2015). Covarying vari-
ances: more morphologically variable populations also exhibit more 
diet variation. Oecologia, 178(1), 89– 101. https://doi.org/10.1007/
s0044 2- 014- 3200- 7

Sunyer, J. O. (2012). Evolutionary and functional relationships of B cells 
from fish and mammals: insights into their novel roles in phagocy-
tosis and presentation of particulate antigen. Infectious Disorders: 
Drug Targets, 12(3), 200– 212. https://doi.org/10.2174/18715 
26128 00564419

Thompson, R. C., Kutz, S. J., & Smith, A. (2009). Parasite zoonoses and 
wildlife: emerging issues. International Journal of Environmental 
Research and Public Health, 6(2), 678– 693. https://doi.org/10.3390/
ijerp h6020678

Todd, N. W., Luzina, I. G., & Atamas, S. P. (2012). Molecular and cellular 
mechanisms of pulmonary fibrosis. Fibrogenesis & Tissue Repair, 5(1), 
11. https://doi.org/10.1186/1755- 1536- 5- 11

Valiente- Alandi, I., Potter, S. J., Salvador, A. M., Schafer, A. E., Schips, 
T., Carrillo- Salinas, F., Gibson, A. M., Nieman, M. L., Perkins, C., 
Sargent, M. A., Huo, J., Lorenz, J. N., DeFalco, T., Molkentin, J. D., 
Alcaide, P., & Blaxall, B. C. (2018). Inhibiting fibronectin attenuates 
fibrosis and improves cardiac function in a model of heart failure. 
Circulation, 138(12), 1236– 1252. https://doi.org/10.1161/CIRCU 
LATIO NAHA.118.034609

Van Valen, L. (1973). A new evolutionary law. Evolutionary Theory, 1, 
1– 30.

Vrtílek, M., & Bolnick, D. I. (2020). Phylogenetically conserved peritoneal 
fibrosis response to an immunologic adjuvant in ray- finned fishes. 
bioRxiv.

Wakelin, D., & Donachie, A. M. (1983). Genetic control of eosinophilia. 
Mouse strain variation in response to antigens of parasite origin. 
Clinical and Experimental Immunology, 51(2), 239– 246.

Weber, J. N., Kalbe, M., Shim, K. C., Erin, N. I., Steinel, N. C., Ma, L., & 
Bolnick, D. I. (2017). Resist globally, infect locally: A transcontinen-
tal test of adaptation by stickleback and their tapeworm parasite. 
American Naturalist, 189(1), 43– 57. https://doi.org/10.1086/689597

Weber, J. N., Steinel, N. C., Peng, F., Shim, K. C., Lohman, B. K., Fuess, 
L., Paul De Lisle, S. & Bolnick, D. I. (2021). Evolution of a costly 
immunity to cestode parasites is a pyrrhic victory. https://doi.
org/10.1101/2021.08.04.455160

Weber, J. N., Steinel, N. C., Shim, K. C., & Bolnick, D. I. (2017). Recent 
evolution of extreme cestode growth suppression by a vertebrate 
host. Proceedings of the National Academy of Sciences, 114(25), 
6575– 6580. https://doi.org/10.1073/pnas.16200 95114

Wedekind, C., Strahm, D., & Scharer, L. (1998). Evidence for strategic 
egg production in a hermaphroditic cestode. Parasitology, 117(Pt 4), 
373– 382. https://doi.org/10.1017/S0031 18209 8003114

Wick, G., Backovic, A., Rabensteiner, E., Plank, N., Schwentner, C., 
& Sgonc, R. (2010). The immunology of fibrosis: innate and 

https://doi.org/10.1105/tpc.113.112409
http://144.76.89.142:8081/science/article/pii/B9780128187319000288
http://144.76.89.142:8081/science/article/pii/B9780128187319000288
https://doi.org/10.1016/j.bjid.2015.10.011
https://doi.org/10.1016/j.bjid.2015.10.011
https://doi.org/10.3389/fimmu.2016.00175
https://doi.org/10.1038/nm1189
https://doi.org/10.1038/nm1189
https://doi.org/10.3390/diseases7030051
https://doi.org/10.3390/diseases7030051
https://doi.org/10.1038/s41598-018-26001-7
https://doi.org/10.1016/j.bbrc.2008.11.097
https://doi.org/10.1038/s41577-020-0391-5
https://doi.org/10.1073/pnas.95.7.3714
https://doi.org/10.3389/fimmu.2015.00429
https://doi.org/10.1016/j.fsi.2014.01.022
https://doi.org/10.1016/j.fsi.2014.01.022
https://doi.org/10.1111/j.1600-0587.2010.06826.x
https://doi.org/10.1111/j.1600-0587.2010.06826.x
https://doi.org/10.1098/rspb.1998.0503
https://doi.org/10.1111/jeb.12903
https://doi.org/10.3354/dao059141
https://doi.org/10.3354/dao059141
https://doi.org/10.1371/journal.pone.0075900
https://doi.org/10.1111/resp.12683
https://doi.org/10.1645/14-701
https://doi.org/10.1645/14-701
https://doi.org/10.1007/s00442-014-3200-7
https://doi.org/10.1007/s00442-014-3200-7
https://doi.org/10.2174/187152612800564419
https://doi.org/10.2174/187152612800564419
https://doi.org/10.3390/ijerph6020678
https://doi.org/10.3390/ijerph6020678
https://doi.org/10.1186/1755-1536-5-11
https://doi.org/10.1161/CIRCULATIONAHA.118.034609
https://doi.org/10.1161/CIRCULATIONAHA.118.034609
https://doi.org/10.1086/689597
https://doi.org/10.1101/2021.08.04.455160
https://doi.org/10.1101/2021.08.04.455160
https://doi.org/10.1073/pnas.1620095114
https://doi.org/10.1017/S0031182098003114


    |  6805FUESS et al.

adaptive responses. Trends in Immunology, 31(3), 110– 119. https://
doi.org/10.1016/j.it.2009.12.001

Wilson, M. S., Mentink- Kane, M. M., Pesce, J. T., Ramalingam, T. R., 
Thompson, R., & Wynn, T. A. (2007). Immunopathology of schis-
tosomiasis. Immunology & Cell Biology, 85(2), 148– 154. https://doi.
org/10.1038/sj.icb.7100014

Wu, C., Nguyen, K. B., Pien, G. C., Wang, N., Gullo, C., Howie, D., Sosa, M. 
R., Edwards, M. J., Borrow, P., Satoskar, A. R., Sharpe, A. H., Biron, 
C. A., & Terhorst, C. (2001). SAP controls T cell responses to virus 
and terminal differentiation of TH2 cells. Nature Immunology, 2(5), 
410– 414. https://doi.org/10.1038/87713

Wu, N., Zhong, M.- C., Roncagalli, R., Pérez- Quintero, L.- A., Guo, H., 
Zhang, Z., Lenoir, C., Dong, Z., Latour, S., & Veillette, A. (2016). A 
hematopoietic cell- driven mechanism involving SLAMF6 receptor, 
SAP adaptors and SHP- 1 phosphatase regulates NK cell educa-
tion. Nature Immunology, 17(4), 387– 396. https://doi.org/10.1038/
ni.3369

Wynn, T. A. (2008). Cellular and molecular mechanisms of fibrosis. 
Journal of Pathology, 214(2), 199– 210.

Xavier, S., Sahu, R. K., Landes, S. G., Yu, J., Taylor, R. P., Ayyadevara, S., 
Megyesi, J., Stallcup, W. B., Duffield, J. S., Reis, E. S., Lambris, J. 
D., & Portilla, D. (2017). Pericytes and immune cells contribute 
to complement activation in tubulointerstitial fibrosis. American 
Journal of Physiology. Renal Physiology, 312(3), F516– F532. https://
doi.org/10.1152/ajpre nal.00604.2016

Xie, X., Jiang, Y., Miao, R., Huang, J., Zhou, L., Kong, J., & Yin, F. (2021). The 
gill transcriptome reveals unique antimicrobial features that pro-
tect Nibea albiflora from Cryptocaryon irritans infection. Journal of 
Fish Diseases, 44(8), 1215– 1227. https://doi.org/10.1111/jfd.13382

Yang, Q. I., Tang, J., Pei, R., Gao, X. X., Guo, J., Xu, C., Wang, Y., Wang, Q., 
Wu, C., Zhou, Y., Hu, X., Zhao, H. E., Wang, Y., Chen, X., & Chen, J. 
(2019). Host HDAC4 regulates the antiviral response by inhibiting 
the phosphorylation of IRF3. Journal of Molecular Cell Biology, 11(2), 
158– 169. https://doi.org/10.1093/jmcb/mjy035

Young, R. E., & Maccoll, A. D. (2017). Spatial and temporal varia-
tion in macroparasite communities of three- spined stickleback. 
Parasitology, 144(4), 436– 449. https://doi.org/10.1017/S0031 
18201 6001815

Yue, H. Y., Yin, C., Hou, J. L., Zeng, X., Chen, Y. X., Zhong, W., & Xie, 
W. F. (2010). Hepatocyte nuclear factor 4alpha attenuates he-
patic fibrosis in rats. Gut, 59(2), 236– 246. https://doi.org/10.1136/
gut.2008.174904

Zhang, B., Goraya, M. U., Chen, N., Xu, L., Hong, Y., Zhu, M., & Chen, J. 
L. (2020). Zinc finger CCCH- type antiviral protein 1 restricts the 
viral replication by positively regulating type i interferon response. 
Frontiers in Microbiology, 11, 1912. https://doi.org/10.3389/
fmicb.2020.01912

Zhang, R., Liu, F., Hunt, P., Li, C., Zhang, L., Ingham, A., & Li, R. W. (2019). 
Transcriptome analysis unraveled potential mechanisms of resis-
tance to Haemonchus contortus infection in Merino sheep popu-
lations bred for parasite resistance. Veterinary Research, 50(1), 7. 
https://doi.org/10.1186/s1356 7- 019- 0622- 6

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Fuess, L. E., Weber, J. N., den Haan, 
S., Steinel, N. C., Shim, K. C., & Bolnick, D. I. (2021). Between- 
population differences in constitutive and infection- induced 
gene expression in threespine stickleback. Molecular Ecology, 
30, 6791– 6805. https://doi.org/10.1111/mec.16197

https://doi.org/10.1016/j.it.2009.12.001
https://doi.org/10.1016/j.it.2009.12.001
https://doi.org/10.1038/sj.icb.7100014
https://doi.org/10.1038/sj.icb.7100014
https://doi.org/10.1038/87713
https://doi.org/10.1038/ni.3369
https://doi.org/10.1038/ni.3369
https://doi.org/10.1152/ajprenal.00604.2016
https://doi.org/10.1152/ajprenal.00604.2016
https://doi.org/10.1111/jfd.13382
https://doi.org/10.1093/jmcb/mjy035
https://doi.org/10.1017/S0031182016001815
https://doi.org/10.1017/S0031182016001815
https://doi.org/10.1136/gut.2008.174904
https://doi.org/10.1136/gut.2008.174904
https://doi.org/10.3389/fmicb.2020.01912
https://doi.org/10.3389/fmicb.2020.01912
https://doi.org/10.1186/s13567-019-0622-6
https://doi.org/10.1111/mec.16197

