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Disentangling specific and
unspecific components of innate
Immune memory in a copepod-—
tapeworm system

Tze Hann Ng*', Mark C. Harrison, Jérn P. Scharsack’
and Joachim Kurtz*

Institute for Evolution and Biodiversity, University of Munster, Minster, Germany

Evidence that the innate immune system can respond with forms of memory
upon reinfection has been accumulating over the past few years. These
phenomena of “immune priming” in invertebrates, and “trained immunity” in
vertebrates, are contrary to previous belief that immune memory and specificity
are restricted to the adaptive immune system. However, while trained immunity
is usually a response with rather low specificity, immune priming has shown
highly specific responses in certain species. To date, it is largely unknown how
specificity in innate immune memory can be achieved in response to different
parasite types. Here, we revisited a system where an exceptionally high degree of
innate immune specificity had been demonstrated for the first time, consisting of
the copepod Macrocyclops albidus and its natural parasite, the tapeworm
Schistocephalus solidus. Using homologous (same family) vs. heterologous
(different family) priming-challenge experiments, we first confirm that
copepods exposed to the same parasite family benefit from reduced
secondary infections. We further focused on exposed-but-not-infected
copepods in primary exposure to employ a transcriptomic approach,
distinguishing between immunity that was either specific or unspecific
regarding the discrimination between tapeworm types. A weighted gene co
—expression network (WGCN) revealed differences between specific and
unspecific immunity; while both involved histone modification regulation,
specific immunity involved gene-splicing factors, whereas unspecific immunity
was primarily involved in metabolic shift. We found a functional enrichment in
spliceosome in specific immunity, whereas oxidative phosphorylation and
carbon metabolism were enriched in unspecific immunity. Our findings allow
discrimination of specific and unspecific components of an innate immune
memory, based on gene expression networks, and deepen our understanding
of basic aspects of immune systems.
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1 Introduction

Immunological memory was long believed to be a characteristic
exclusively present in adaptive immune systems. In vertebrates,
antigen-specific adaptive immunity is driven by T cells, B cells, and
dendritic cells and has a long-lasting immunological memory (1, 2).
However, it has been questioned whether the adaptive immune
system is the only one capable of immunological memory (3-5).
There is growing evidence that innate immune systems, in both
humans and other vertebrates, enable enhanced responses after
reinfection (6, 7). This response in the vertebrate immune system is
known as innate immune memory or “trained immunity,” which is
also relevant for non-specific protection against COVID-19 (8-10).
In recent studies, live Bacillus Calmette-Guérin (BCG) vaccines
protected against unrelated diseases by trained immunity triggering
non-specific protection (9, 11). Trained immunity may not be antigen
specific but rather mediated via epigenetic reprogramming, metabolic
and/or functional alterations showing broad protection (12).

Invertebrates and plants were both reported to have forms of
immune memory (13, 14). Systemic acquired resistance (SAR) is a
reaction that confers immunological memory in plants by altering
the host defense mechanisms epigenetically (14). In invertebrates,
line-specific memory was first reported in a copepod-tapeworm
system, in Macrocyclops albidus, by repeated exposures to related
Schistocephalus solidus tapeworms versus unrelated tapeworm
families (15). Among insects, Bombus terrestris and Tribolium
castaneum show specific protection in response to homologous
(i.e., same species) bacterial exposure (16, 17). The model organism
Drosophila melanogaster shows immune priming (18) that may
include tolerance rather than resistance (19). Moreover, a
mosquito-Plasmodium system shows hemocyte differentiation for
non-specific memory induced by gut microbiota during penetration
of Plasmodium ookinetes across the gut barrier (20).

Evidence of immune priming has now been reported in
arthropods, ctenophores, mollusks, cnidarians, and nematodes (21,
22). Priming varies in specificity, ie., the ability to distinguish
between parasites. However, the molecular basis of such specificity
in immune priming is unclear. Recent transcriptome analyses suggest
possible mechanisms involved in immune priming. For example,
phagocytes are involved in priming in D. melanogaster (18); snail
Biomphalaria glabrata innate immune memory reveals a shift from a
cellular immune response (encapsulation) to a humoral immune
response (biophalysin) (23) and regulates a diverse set of pattern
recognition molecules and effector repertoires in response to different
strains of Schistosoma parasites (24); priming of T. castaneum
induces expression of a diverse set of immune genes upon
challenge with the same bacteria (25); and the involvement of
immune genes and lysosomes during priming using gut bacterial
symbionts has been shown in Anopheles gambiae (26). Increased
immune priming specificity with different gene expression profiles
related to immune, metabolic and transcription-modifying genes can
rapidly evolve in T. castaneum through experimental selection (27).
In another study of the freshwater platyhelminth Schmidtea
mediterranea, it was demonstrated that Staphylococcus aureus—
primed worms induced epigenetic reprogramming involving
peptidoglycan receptor and histone methyltransferase genes, which
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in turn enhanced bacterial clearance much earlier upon second
infection (28). Immune priming in invertebrates partially
resembled trained immunity that undergoes metabolic and
epigenetic changes, indicating that mechanisms for innate immune
memory are to some extent evolutionarily conserved (28-30).

Such accumulating evidence has led to considerable recent debates
as to what is needed to define immunological memory. While some
authors focus on the aspect of specificity to define memory (4), others
have put more emphasis on the aspect of extinction, ie., that the
original immune activation vanishes before re-exposure (31). Pradeu
and Du Pasquier (32) make the important point that “the most fruitful
way of dealing with immunological memory nowadays was to adopt a
multidimensional and gradual conception of immunological
memory.” They consider the five key dimensions strength, speed,
extinction, duration, and specificity. Realizations of memory in the
animal kingdom may fulfill these five criteria more or less clearly. We
here focus on the aspect of specificity, because the copepod-tapeworm
system used in the present study was the first to show that highly
specific innate immune memory is present in invertebrates, using
homologous and heterologous challenges (15). Here, we hypothesized
that the specificity of innate immune memory is mediated by
molecular mechanisms that are distinguishable from more general,
unspecific induced immune responses. We thus followed a similar
experimental design and additionally employed a transcriptomic
approach to infer the molecular basis of the induced immune
priming with specificity against antigenic characteristics of this
parasite. For a combination of homologous versus heterologous
priming-challenge experiments, adult male copepods were primed
with tapeworm larvae, followed by a second exposure to parasites
derived from either the same tapeworm family or a different family.
Immunological specificity was determined by the infection status after
primary and secondary exposure. Consequently, fluorescently labeled
tapeworms were used for secondary exposure to facilitate
distinguishing them from primary exposure. The molecular basis
induced by immune priming was tested by weighted gene co
—expression network analysis of the transcriptomic data. Our
approach enabled us to decompose immune priming reactions into
specific and unspecific components, each of which involved different
gene regulatory networks.

2 Materials and methods
2.1 Experimental copepods

Experimental copepods (M. albidus) were initiated with 32
mated female copepods randomly collected from laboratory
cultures, originally collected in Northern Germany, as described
in (33). Cultures were maintained under laboratory conditions at
20°C with a 16:8 light:dark cycle, as described in (34).

2.2 Experimental parasites

The tapeworm S. solidus has a complex life cycle, where
cyclopoid copepods and three-spined stickleback fish serve as
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intermediate hosts, while warm-blooded vertebrates, mostly fish-
eating birds, are suitable definitive hosts (35). S. solidus can be kept
in the laboratory, where the definitive host is replaced by in vitro
breeding, thereby enabling experimental infections of the
intermediate hosts (36-38). The S. solidus larvae used here were
F; oftspring of wild-caught parasites from three-spined sticklebacks
collected in April and October 2019 from the brook Ibbenbiirener
Aa (Germany, 52°17'33.51"'N, 7°36'45.46"'E). The tapeworms were
bred in vitro in size-matched pairs by outcrossing. Briefly, in vitro
breeding was done as described (36, 37), and parasite eggs were
stored in sterilized tap water at 4°C in darkness. For experiments,
parasite eggs were incubated for 3 weeks at 20°C in the dark and
subsequently exposed to light to induce hatching.

2.3 Labeling of parasites

Fluorescent tracer dye CMAC (Molecular Probes) was used to
label S. solidus coracidia (parasite larvae), as described previously
(39). Briefly, coracidia were immersed in 20 pM CMAC in 2 mL
sterile tap water at 20°C for 1 h in the dark. Before infection, 8 mL
sterile tap water was added to dilute surplus dye.

2.4 Experimental infection

The infection protocol was modified from a previous report
(34). Laboratory-bred adult male copepods were individualized in
wells of 24-well plates with 2 mL tap water and exposed to one
hatched live S. solidus larva. Seven S. solidus larva families were used
for infection of copepods. The S. solidus larvae from the same two
parasite parents are here referred to as a family. All copepods were

A Experimental design and outcomes
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fasted for 2 days before infection and fed three artemia every other
day after infection.

2.5 Experimental design

The experimental design closely followed a previous study (15) and
added a follow-up host transcriptomic analysis (see Figure 1 for an
overview of the experimental design). In the present study, each
individual copepod was exposed to one S. solidus parasite larva
(called coracidium at this stage) for primary exposure and, 4 days
later, to another coracidium for secondary exposure. For the secondary
exposure, either a coracidium derived from the same parasite sibship
(i.e., full-sib family) as the one that had been used for primary exposure
was used (the treatment was denoted “homologous”), or a coracidium
derived from a different family was used (“heterologous”); see Figure 1.
To create these combinations, we made use of seven parasite families
that had been experimentally bred in the laboratory from worm pairs
(ie, outcrossed, full-sib families; see Section 2.2). For primary and
secondary exposure, we combined coracidia derived from these
families to form eight combinations of homologous or heterologous
exposures (as we had only seven parasite families, and one parasite
family was used twice; see Table 1 for details). Fluorescently labeled
parasites were used exclusively for the secondary exposure, which
allowed us to discriminate labeled parasites resulting from the
secondary exposure from the unlabeled ones resulting from primary
exposure. For this, copepods were screened alive, using bright-field and
epifluorescence microscopy (absorption/emission of 354 nm/466 nm),
at 6 days post-primary exposure. At this age, both labeled and
unlabeled parasites (which are called plerocercoids at this stage) are
easy to spot inside the copepod. Copepods were sacrificed after
screening and stored in RNA later for subsequent RNA sequencing
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Homologous exposure using larvae from the same parasite family reduced reinfection compared to heterologous exposure using larvae from
different parasite families. (A) Experimental design and outcomes. As an example, two parasite families are shown (red and pink coracidia,
respectively), whereas eight such combinations were used in the experiment. Copepods were exposed to one parasite coracidium and subsequently
exposed to the same or a different parasite family at 4 days post-primary exposure. All coracidia used for secondary exposure were fluorescently
labeled to distinguish them from the coracidia used for primary exposure. The reinfection proportion was recorded at 6 days post-primary exposure.
According to the resulting infections, copepod samples were categorized into the following outcome groups: Specific Immunity (i.e., copepods
resisting homologous reinfection), Unspecific Immunity (i.e., copepods resisting heterologous reinfection), Homologous Infected and Heterologous
Infected (i.e., copepods that did not resist reinfection), and Untreated Control (i.e., sham exposed). Only copepods that cleared the primary infection
were used for a transcriptomic analysis (shown as RNA-Seq) at 6 days post-primary exposure, to examine gene regulations in each of these groups.
(B) Proportion of copepod reinfections between homologous exposure (left box) or heterologous exposure (right box). N = 7 parasite families for

experiments. Means and standard errors are indicated.
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TABLE 1 Proportion of infections with or without a primary parasite in secondary exposure.

Proportion of infections in secondary exposure

Number
Parasite = Experimental of With a Without a
Combination family group Treatment copepods primary parasite primary parasite
1 IBB1 IBBIxXIBBI Homologous 160 0.41 0.56
IBB4xIBB1 Heterologous 131 0.76 0.62
1BB4 IBB4xIBB4 Homologous 150 0.67 0.56
IBB1xIBB4 Heterologous 145 0.67 0.63
2 1BB17 IBB17xIBB17 Homologous 100 0.54 0.38
IBB18xIBB17 Heterologous 93 0.72 0.62
IBB18 IBB18xIBB18 Homologous 94 0.57 0.59
IBB17xIBB18 Heterologous 96 0.73 0.67
3 IBB7 IBB7xIBB7 Homologous 259 0.65 0.68
IBB8xIBB7 Heterologous 249 0.72 0.70
IBB8 IBB8xIBB8 Homologous 252 0.70 0.62
IBB7xIBB8 Heterologous 263 0.76 0.73
4 IBB18 IBB18xIBB18 Homologous 44 0.51 0.48
IBB20xIBB18 Heterologous 43 0.73 0.63
1BB20 IBB20xIBB20 Homologous 40 0.65 0.56
IBB18xIBB20 Heterologous 39 0.88 0.64

(see Section 2.6). Although we did not screen the copepods after each
parasite exposure (to minimize stress), we did check for the presence of
coracidium in the 24-well plates after each exposure and the absence of
coracidium after 1 h of exposure, which confirms that the copepods
had ingested the coracidium.

To determine the proportion of infections resulting from
primary and secondary exposure, the number of copepods with
unlabeled parasites (primary infection) and with labeled parasites
(secondary infection) were recorded for each experimental group.
The proportion was determined by dividing the number of infected
copepods by the number of exposed copepods in each experimental
group (Table 1; Supplementary Table 1).

For transcriptomic analyses, to minimize the potential effects of
a resident primary infection in our samples, only copepods exposed
but not infected in primary exposure were included. The time point
6 days post-primary exposure (i.e., 2 days post-secondary exposure)
was chosen because we were interested in differences in
transcriptomic responses to the secondary exposure regarding
successful clearance of either homologous or heterologous
primary exposure, taking into account that it needs some time for
the parasite to enter the body cavity. The copepod samples were
categorized into the following outcome groups (Figure 1): Specific
Immunity (homologous exposed but not infected); Unspecific
Immunity (heterologous exposed but not infected), Homologous
Infected (homologous exposed and infected), Heterologous Infected
(heterologous exposed and infected), and Untreated Control (sham
exposed). The categories “Specific Immunity” and “Unspecific
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Immunity” are expected to differ regarding the specificity of the
immunity that results from the cleared primary exposure and is
relevant to protect the host against secondary exposure: specific
immunity protects against reinfection with the same parasite family,
whereas unspecific immunity cross-protects against secondary
infection with a different parasite family.

2.6 Sample preparation and library
construction and sequencing

RNA sequencing was conducted using samples from two
biological experiments with two parasite families each (family
numbers 7, 8 and 17, 18, respectively). Only copepods that had
cleared the primary infection were used for RNA sequencing. Each
outcome group consisted of three replicates with three individual
copepods in each replicate. Thereby, there were 12 samples for Specific
Immunity, 12 samples for Unspecific Immunity, 12 samples for
Homologous Infected, 12 samples for Heterologous Infected, and 6
samples for Untreated Control. In total, 54 RNA samples were
extracted with RNeasy Plus Micro Kit (Qiagen), following the
manufacturer’s instructions. RNA libraries were created following
polyA selection using the NEBNext Ultra II Directional RNA
Library Prep kit and sequenced on two lanes of the NextSeq 500
system with 2 x 150 bp paired reads per sample at the Core Facility
Genomics of the Medical Faculty, University of Muenster, Germany.
The number of raw reads is shown in Supplementary Table 2.
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2.7 Quality control and de novo assembly

A de novo transcriptome was assembled with Trinity (40, 41),
enabling determination of gene expression profiles in non-model
organisms without a sequenced genome. Briefly, raw read quality was
first checked with FastQC (42) and trimmed using Trimmomatic
0.36 (43) to remove low-quality bases, adapter contamination, and
reads shorter than 50 bp. STAR (44) was used to map reads to the S.
solidus reference genome downloaded from WormBase ParaSite (45).
Mapped reads were filtered, with remaining unmapped reads referred
to as clean reads. The number of parasite reads and clean reads is
shown in Supplementary Table 2. Note that parasite reads were also
mapped in samples of exposed-but-not-infected copepods. Alive
young parasite larvae are easily detected with fluorescent dye
labeling; however, dead larvae are undetectable. In exposed-but-
not-infected copepods, there might thus be RNA from freshly dead
larvae. While most parasites are eliminated early in the infection, i.e.,
in the gut or during gut wall passage (34), some parasites may be
killed later, producing relatively high parasite read numbers. To avoid
uncertainty, we removed five samples from the groups due to high
numbers of mapped reads in those samples.

For de novo assembly, only samples from exposed-but-not-
infected and sham-exposed groups were used to form a draft
transcriptome of M. albidus using Trinity software version 2.11.0,
followed by assembly quality assessment with BUSCO (46) using the
Arthropoda dataset (arthropoda_odb10) in transcriptome mode. To
reduce assembly redundancy and duplicated genes, all transcripts
were clustered using CD-HIT-EST (47) and quality was reassessed
with BUSCO. Next, clustered transcripts were identified for candidate
protein-coding regions based on open reading frame (ORF)
prediction by TransDecoder v5.5.0 (41). Potential coding transcript
sequences were annotated using a Trinotate (48) pipeline by Trinity
against the sequence database (BLAST+/Swiss-Prot), protein domain
identification (HMMER/PFAM), protein signal peptide and
transmembrane domain prediction (signalP/tmHMM), and
eggNOG/Gene Ontology (GO)/Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases.

To estimate transcript abundance in a genome-free manner,
Salmon (49) was used to construct the reference transcriptome
index using the draft transcriptome, and the abundance of the clean
paired-end reads of each sample was estimated. Next, matrices of
counts and expression values were constructed. The matrix of
expression values before cross-sample normalization (TPM) were
used for downstream analyses of the gene co—expression
network (GCN).

2.8 Construction of the weighted gene
co—expression network

To identify co-expressed gene modules within outcome groups,
WGCNA (50) uses correlation to identify sets of genes (eigengenes)
that are expressed together and the values for each eigengene can be
used in a similar was as the original gene expression values. We used
eigengene data to identify differentially expressed modules between
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each outcome group versus Untreated Control. All analyses of GCN
were performed with R v4.1.1 (51) and RStudio v1.4.1717 (52).
Before running WGCNA packages, the TPM matrices were filtered
with a cutoff of total counts of at least 10 in 2 samples, and then
DESeq2 package (53) was used to normalize and transform the
matrices. Next, batch variation was removed with the
removeBatchEffect function from the limma package (54) to
maintain the reliability of the network construction results. Co-
expression networks were constructed independently for each
outcome group, which included 15-18 samples each, employing
the filtered matrices of 16,312 genes. Networks were constructed
with soft threshold power = 14, signed networks, Pearson
correlation, maxBlockSize = 20,000, and minModuleSize = 30.
Network preservation statistics (55) were calculated at the module
level across each network using the built-in WGCNA function,
modulePreservation and the Zsummary statistic, and scored at least
8, indicating moderate to strong evidence of module.

2.9 Identification of the module of interest
and functional enrichment

Modules with differential expression across the outcome group
and Untreated Control were discerned using empirical Bayes
statistics with the limma package in R. The top significant
upregulated module for each group was used to construct KEGG
BRITE functional hierarchies (56) and heatmap plots. The same
identified modules were then subjected to the Search Tool for the
Retrieval of Interacting Genes (STRING) database v11.5 (57) to
construct protein-protein interaction (PPI) gene networks and
examined for functional enrichment. Unfortunately, most
M. albidus sequences mapped against the copepod (Tigriopus
californicus) database were so far annotated as domain-containing
protein or uncharacterized proteins; thus, the fly (D. melanogaster)
database was mapped to improve functional annotations.

2.10 Identification of differential
transcript usage

Differential transcript usage (DTU) via SuperTranscripts (58)
was conducted by utility in the Trinity toolkit. SuperTranscripts
built a supertranscriptome that provided a genome-like reference
for studying the gene with differential transcript usage (i.e.,
differential exon usage). Briefly, Corset (58) was used to generate
clusters of the transcripts as inputs to Lace (58) to construct a
supertranscriptome for each cluster. The supertranscriptome of
each cluster was then assigned to a gene and used to map the raw
reads through STAR (44). Feature-Counts (59) from the Subreads R
package was used to count mapped reads to the “exonic” regions
and to generate a count matrix. This count matrix was then
subsequently used for DTU expression analysis using DEXSeq
(60). A default threshold was used to extract the significant
transcript regions and identify the top 50 genes that were
subjected to PANTHER (61) for protein class analysis.
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3 Results

3.1 Immunological specificity in copepod
defense reduces risk of reinfection

To test for specificity in innate immune memory, individual
M. albidus copepods were exposed to one S. solidus tapeworm larva
and, at 4 days post-primary exposure, were re-exposed to a
fluorescently labeled tapeworm larva derived from either the same
or a different parasite family (Figure 1A). Individual infection success
was evaluated in a total of 2,158 copepods (Table 1). Prior exposure to
the same parasite family (homologous exposure) resulted in less
secondary reinfection compared to exposure to a different parasite
family (heterologous exposure) (Figure 1B, Table 1). The average
reinfection success was reduced from 75% + 6% to 59% + 10% in
primary infected copepods (paired Student’s t-test, t = 3.989, p =
0.0026). Likewise, in copepods without primary parasite, reinfection
was reduced from 65% + 4% to 55% + 9% (t = 4.243, p = 0.0019)
(Figure 1B). This confirms the previously demonstrated
immunological specificity in this host-parasite system (15).

3.2 Gene regulation profiles associated
with immunological specificity

To examine gene regulation, we performed RNA sequencing of
copepod hosts from a subset of the whole experiment, focusing on
two independent biological experiments where copepods had been
exposed to two parasite families each, i.e., four parasite families in
total. Further, only exposed-but-not-infected copepods in primary
exposure were included for RNA sequencing (Figure 1A), thereby
avoiding potential confounding effects of resident primary parasites.
Copepods that eliminated the primary parasite can be considered
showing an immune priming effect; if there is a specific memory
inherent in the defense, we would expect a different gene regulation
in the outcome group Specific Immunity (homologous exposed but
not infected) compared to Unspecific Immunity (heterologous
exposed but not infected). We further included Homologous
Infected (homologous exposed and infected) and Heterologous
Infected (heterologous exposed and infected) to detect differences
between non-infected and infected copepods and an Untreated
Control (sham-exposed, non-exposed copepods). Each of these four
experimental groups consisted of six replicates (containing three
individual copepods each) per experiment, plus three Untreated
Controls per experiment, i.e., 54 RNA libraries in total.

To obtain a holistic understanding of the immunological
specificity response, we used co-expression network analysis,
considering transcripts across copepods exposed to the four
parasite families in each outcome group Specific Immunity,
Unspecific Immunity, Homologous Infected, and Heterologous
Infected. We constructed four weighted co-expression networks
and identified differentially upregulated modules using the
empirical Bayes statistics by comparing each outcome group versus
Untreated Control. We selected the top differentially upregulated
module from each outcome group for KEGG BRITE functional
hierarchy analysis (Figure 2; Supplementary Table 3). All modules
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were mapped to genetic information processing, metabolism, and
signaling and cellular processes. Specific Immunity was associated
with more upregulated genes of genetic information processing
(Figure 2A), whereas Unspecific Immunity was associated with
more upregulated genes of metabolism (Figure 2B). Similar to
Specific Immunity, most genes mapped to genetic information
processing in Homologous Infected and Heterologous Infected
(Figures 2C, D). Additionally, we observed that all outcome groups
have genes involved in epigenetic control of transcription
(Supplementary Table 3). Histone acetyltransferase (HAT) and
RNA transcription, translation, and transport factor protein
(RTRAF) were found in the Specific Immunity module, while
histone deacetylase (HDAC) was found in the Unspecific
Immunity module. In contrast, there were histone acetylation
inhibitors (e.g., template-activating factor-i) and transcriptional
repressors (e.g., heterochromatin protein 1) in Homologous
Infected and Heterologous Infected modules. Of note, cytoskeleton
proteins were found in all outcome groups, indicating that parasite
invasion had a significant impact on the cytoskeleton, such as
disruption of the gut wall during parasite migration from gut
to hemocoel.

We next questioned the extent to which the enriched pathway and
protein-protein interaction network influenced immunological
specificity response profiles. The genes in the top differentially
upregulated module of each network (Supplementary Table 3) were
then used for pathway enrichment and protein—protein interaction
analysis. Specific Immunity revealed genes mapped to the spliceosome
(Figure 3A), such as U6 small nuclear RNA (snRNA)-associated Sm-
like protein LSm3, protein CWCI15 homolog, and NKAP family
protein (Supplementary Table 4). Unspecific Immunity was enriched
in oxidative phosphorylation and carbon metabolism [glycolysis,
tricarboxylic acid (TCA) cycle] (Figure 3B; Supplementary Table 4).
Several enzymes such as ATP synthase, reduced nicotinamide adenine
dinucleotide (NADH) dehydrogenase, succinate dehydrogenase, and
cytochrome ¢ oxidase/reductase are involved in oxidative
phosphorylation; while glyceraldehyde 3-phosphate dehydrogenase,
phosphoglycerate kinase, and pyruvate kinase are involved in
glycolysis. In contrast, Homologous Infected and Heterologous
Infected modules were functionally coherent, with the majority of
genes mapped to the ribosome pathway (Figures 3C, D;
Supplementary Table 4).

3.3 Differential transcript usage analysis
across specific immunity versus
unspecific immunity

As noted in Figure 3A, the spliceosome pathway was enriched
in Specific Immunity. We next attempted to use differential
transcript usage analysis to look for potential changes caused by
messenger RNA (mRNA) splicing at the transcript level. We
compared Specific and Unspecific Immunity to identify genes
with differential transcript usage (gDTU) in response to Specific
Immunity. The gDTU lists from each comparison were examined
further for various protein classes (Supplementary Table 5).
Considering the measurement variations of RNA sequencing
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FIGURE 2

Immunological specificity—associated genes enriched in copepods from homologous versus heterologous exposure. Co-expression modules were
constructed for each outcome group using weighted gene co-expression network analysis (WGCNA). Differentially expressed modules were
identified in each outcome group versus Untreated Control, based on the overall expression of eigengene values in the module. The top
differentially upregulated modules were subjected to BRITE functional hierarchies. Heatmap of eigengene expression in (A) Specific Immunity,

(B) Unspecific Immunity, (C) Homologous Infected, and (D) Homologous Infected. See Supplementary Table 3 for further information on gene
annotation. s = Untreated Control. Parasite families denoted 7, 8, 17, and 18.

(RNA-Seq) experiments, we focused only on gDTUs replicatedinat 4 Djscussion

least two independent datasets of parasite families to select genes

consistently altered in Specific Immunity (Table 2). Four protein While the existence of memory in innate immune systems has
classes were identified, namely, chaperones (e.g., heat shock now been demonstrated in both vertebrate and invertebrate
proteins), cytoskeleton proteins, metabolite interconversion  animals, the degree of specificity and its mechanistic basis are
enzymes, and transporters. largely unclear and may vary across taxa. We here used a
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naturally evolved system consisting of a copepod host and its
tapeworm parasite, where a high degree of specificity within
innate immune memory had previously been demonstrated for
the first time (15). Our present study provides an important
confirmation of this experiment, as it revealed consistent results
to demonstrate specific memory in this system. On average, after
repeated parasite exposure, reinfection success was reduced by
~10% in infected copepods for homologous exposure, i.e.,
repeated exposure to the same type of parasite, here using sibling
parasites that are assumed to show antigenic similarity, compared
to heterologous exposure to different parasite families (Figure 1).
Likewise, a reduction in reinfection success by approximately 10%
was also observed in (15) for outcrossed parasites (as were used in
the present study), while the effect size doubled for antigenically
even more similar parasites resulting from single selfing in this
hermaphroditic tapeworm. There were similar results in copepods
without a resident primary parasite, indicating that the effect was
not due to, e.g., parasite competition within host, but rather
resulting from a specific defense after consecutive exposure to
related parasites. While the higher clearance following
homologous exposure indicates immune specificity, heterologous

Frontiers in Immunology

exposed-but-not-infected copepods may also show immune
activation compared to previously non-exposed hosts, i.e., a
primed but unspecific reaction. We thus denoted this group
“Unspecific Immunity” to compare its gene expression with
homologous exposed hosts (denoted “Specific Immunity”).

To shed light on the underlying mechanisms of specificity in
this host-parasite system, we studied whole-transcriptome gene
expression, focusing on hosts that were able to clear both infections
(on day 1 and day 4), thereby avoiding potentially confounding
effects of resident parasites. Our whole-body transcriptome analyses
examined the extent to which gene expression differed between
homologous and heterologous exposed copepods under repeated
challenges. Selection for immunological specificity in antigenic
resemblance resulted in different transcriptional responses during
secondary exposure (Figures 2, 3), indicating potential regulation of
immunological specificity and the degree of plasticity of this
invertebrate’s defense. According to the current basic model for
innate immune memory in invertebrates, priming to a primary
infection can cause a cellular response that can either be sustained
for a long time in a way that protects against a secondary infection
(sustained response) or be recalled in a way that is stronger and
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TABLE 2 Selected genes with DTU (gDTU) associated with Specific Inmunity compared to Unspecific Immunity.

Protein class Gene symbol

Parasite family

Gene name (orthology)

Chaperone (PC00072) Hsc70-4 Heat shock 70 kDa protein cognate 4 X X
Hsp83 Heat shock protein 83 X X
Cytoskeletal protein (PC00085) Act57B Actin-57B X X
Mhc Myosin heavy chain, muscle X X
Act5C Actin-5C X X
Metabolite interconversion enzyme Argk Arginine kinase X X
(PC00262)
Pxd Peroxidase X X X
Transporter (PC00227) ATPsynbeta ATP synthase subunit beta X X

faster after a secondary infection (recalled response), or it can cause
a shift to a humoral response upon secondary infection (62). The
innate immune memory, trained immunity, provides enhanced
responses to subsequent triggers but is the result of long-term
immune memory adaptation without specificity. It involves
epigenetic modulation and metabolic reprogramming (63).
However, priming can be specific or unspecific. Identifying
mechanisms for the differential specificity of invertebrate
immunity is challenging, given the invertebrate system’s ability to
perform multiple functions in parallel. In the present study, we
observed that primed copepods showed transcriptional patterns
associated with epigenetic modulation during secondary infection.
We did not find any strong signals of classical immune pathways or
immune receptors that could mediate specificity. These could either
not be involved in defense against tapeworms at the studied time
point, or they were too diluted in the whole-body transcriptomes.
However, focusing on certain tissues would be challenging in these
tiny copepods, where we lack knowledge about immune-
relevant organs.

In line with the transcriptomic patterns pointing toward a role
of epigenetic processes, pathogen priming and transgenerational
immune priming (TGIP) involve epigenetic changes in insects and
brine shrimp (27, 64-67), with transcriptional reprogramming of
HAT and HDAC playing a role in TGIP, as shown in Manduca
sexta (65). Histone acetylation and deacetylation are associated with
gene transcription and memory formation. Histone acetylation by
HATSs promotes active transcription, whereas HDACs repress it
(68). Accordingly, our findings in Specific and Unspecific Inmunity
versus Homologous Infected and Heterologous Infected show
transcriptomic patterns indicating epigenetic changes via histone
acetylation (Figure 2; Supplementary Table 3). HAT upregulation
was observed in Specific Immunity, but HDAC expression in
Unspecific Immunity and histone acetylation inhibitor in
Homologous Infected and Heterologous Infected. This may
suggest increased active transcription of genes in response to
specific priming. Despite a lack of information regarding histone
modification in gene regulations in copepods, studies on other
crustaceans, like Daphnia and Artemia, have been described (69,
70). Additionally, a study in copepods observed a reactivation of
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transcription processes from diapause-to-post-diapause transition
by upregulating genes involved in histone acetylation and
downregulating genes associated with chromatin silencing at 1 h
post-collection. This was followed by the sequential and sustained
upregulation of several genes during the 14-day experimental
period (71). We thus assume that the observed transcriptomic
patterns associated with histone modifiers are indicative of
conserved epigenetic processes.

Histone acetylation has been shown to influence alternative
splicing via a kinetic competition between transcription
elongation and splicing. During transcription, the dynamic cycle
of histone acetylation and deacetylation modulates the elongation
rate and splicing pattern (72-74). Nucleosomes that are
hyperacetylated by HATs enhance the rate of Pol II elongation
when pre-mRNA is transcribed, and may result in increased gene
expression and exon skipping (75, 76). Although most studies of
histone modification and alternative splicing have been conducted
in mammals and Drosophila, we found that genes that are
upregulated in the Specific Immunity condition are involved in
histone acetylation (i.e., HAT), modulation of mRNA
transcription by Pol II (i.e., RTRAF) and the spliceosome
(Figures 2, 3), indicating the possibility of chromatin structure
and splicing pattern modulation during transcription in these
copepods. Interestingly, in neuron cells, external signals caused
histone acetylation and rapid RNA polymerase II to affect the
isoform selection of neural cell adhesion molecule (ncam) gene
(77). In arthropods, there is another immunoglobulin (Ig)
superfamily of adhesion molecules called Down syndrome cell
adhesion molecule (Dscam) gene (78). Dscam isoforms can be
produced by RNA splicing and were previously shown to be
involved in immunity and have the ability to discriminate
different pathogens to some extent (79-84); thereafter, Dscam
was suggested to be a potential pattern recognition receptor (PRR)
that is involved in immune priming of arthropods (21, 22, 85).
Unfortunately, Dscam was not detected in either co-expression
network or transcript usage analysis. We used total RNA isolated
from the whole copepod body; future study using specific immune
tissue may investigate the potential involvement of Dscam-specific
immunological memory further.
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In our study, the general immune/stress responders heat shock
proteins and peroxidase were genes for which we could identify
different transcript usage in Specific versus Unspecific Immunity
(Table 2; Supplementary Table 5). When organisms are exposed to
heat stress or pathogens, they overexpress heat shock proteins
(Hsps). Hsps are a large family of chaperones with many
isoforms (86, 87); recent advances in RNA sequencing revealed at
least 90 Hsp90 isoforms produced by alternative splicing in wheat
(88). Hsps are not only chaperone proteins in adaptive immunity;
some chaperones have peptide binding sites as well, albeit with
relatively low specificity (89). In Artemia exposed to heat shock, an
acquired trait of high Hsp70 levels and pathogen resistance was
associated with histone acetylation and DNA methylation (70). We
identified differential transcript usage in genes from both main
classes of heat shock proteins, Hsp70 and Hsp90 (i.e., isp83 gene).
Hsp90 is a chaperone involved in developmental processes and
supposed to be an evolutionary capacitor (90). Its expression has
been shown to be related to immunity in the insect T. castaneum
(91), but a potential role of alternative splicing for priming has not
been tested so far.

Furthermore, double peroxidase and HAT are required for
hemocyte differentiation factor synthesis in the Plasmodium-
mosquito system in order to maintain the non-specific immune
memory response (92). Another antioxidant system component,
superoxide dismutase (SOD), has been shown to be involved in T.
castaneum immune priming (93). Peroxidases are a diverse enzyme
family with at least 15 members. In vertebrates, plants, and bacteria,
peroxidase isoforms can be produced via alternative splicing (94),
but information on crustaceans is still lacking. In our study, we
speculate that the specific protective response in invertebrates is
influenced by changes in histone modification, splicing patterns,
and stress response factors. However, further study at earlier time
points may be needed to better understand the fate and potential of
PRRs and effectors during the specific immune response in this
copepod-tapeworm system, as specific recognition and effector
functions may not be fulfilled by the same molecules (95, 96).

Taken together, our gene expression data suggest that immune
priming in M. albidus may partially resemble trained immunity that
is based on epigenetic processes. Such memory could be specific by
regulating histone modification on gene splicing. Indeed, our
findings support the view that the immune system exhibits
tremendous evolutionary flexibility across taxa. Immune memory
in innate and adaptive immunity has been proposed to form an
evolutionary continuum in which a more robust immune response
first evolved via epigenetic processes, and specificity later developed
in a subgroup of animals (vertebrates) via gene recombination (2,
97). In addition to this model, we propose that specificity may
develop in another subgroup of animals, i.e., crustaceans, through
transcript splicing.

Data availability statement

The sequencing results for this study can be found in National
Center for Biotechnology Information’s (NCBI) Sequence Read Archive,
https://www.ncbinlm.nih.gov/sra (BioProject: PRINA1023184).

Frontiers in Immunology

10

10.3389/fimmu.2024.1307477

Ethics statement

Animal experimental procedures were executed in accordance
with EU Directive 2010/63/EU for animal experiments, and all
applicable international, national, and/or institutional guidelines for
the use of animals in experiments were followed. Sticklebacks were
maintained and treated with approval of the local veterinary and
animal welfare authorities under Project Number 84-02.04.2014.A368.

Author contributions

TN: Conceptualization, Formal analysis, Methodology, Writing
- original draft, Writing - review & editing. MH: Formal analysis,
Writing - review & editing. JS: Methodology, Writing — review &
editing. JK: Conceptualization, Methodology, Supervision, Writing
- original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by Alexander von Humboldt Foundation Postdoctoral
Fellowship (Grants Ref 3.5 - TWN - 1203994 - HFST-P) for TN.

Acknowledgments

We would like to thank Core Facility Genomics of the Medical
Faculty, University of Muenster, Germany, for performing the RNA
sequencing. We thank Kathrin Briiggemann, Ilka Rauch, and Una
Hadziomerovic for their technical assistance with the experiments.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1307477/
full#supplementary-material

frontiersin.org


https://www.ncbi.nlm.nih.gov/sra
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1307477/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1307477/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1307477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ng et al.

References

1. Janeway CAJr, Travers P, Walport M, Shlomchik MJ. Immunological memory. In:
Immunobiology: The Immune System in Health and Disease, 5th edition. New York:
Garland Science (2001). Available at: https://www.ncbi.nlm.nih.gov/books/
NBK27158/.

2. Netea MG, Schlitzer A, Placek K, Joosten LAB, Schultze JL. Innate and adaptive
immune memory: an evolutionary continuum in the host's response to pathogens. Cell
Host Microbe (2019) 25:13-26. doi: 10.1016/j.chom.2018.12.006

3. Schmid-Hempel P, Ebert D. On the evolutionary ecology of specific immune
defence. Trends Ecol Evol (2003) 18:27-32. doi: 10.1016/S0169-5347(02)00013-7

4. Kurtz J. Specific memory within innate immune systems. Trends Immunol (2005)
26:186-92. doi: 10.1016/;.it.2005.02.001

5. Sun JC, Ugolini S, Vivier E. Immunological memory within the innate immune
system. EMBO ] (2014) 33:1295-303. doi: 10.1002/embj.201387651

6. Boraschi D, Italiani P. Innate immune memory: time for adopting a correct
terminology. Front Immunol (2018) 9:799. doi: 10.3389/fimmu.2018.00799

7. Arneth B. Trained innate immunity. Immunol Res (2021) 69:1-7. doi: 10.1007/
§12026-021-09170-y

8. Netea MG, Giamarellos-Bourboulis EJ, Dominguez-Andrés J, Curtis N, van
Crevel R, van de Veerdonk FL, et al. Trained immunity: a tool for reducing
susceptibility to and the severity of SARS-CoV-2 infection. Cell (2020) 181:969-77.
doi: 10.1016/j.cell.2020.04.042

9. O'Neill LAJ, Netea MG. BCG-induced trained immunity: can it offer protection
against COVID-19? Nat Rev Immunol (2020) 20:335-7. doi: 10.1038/s41577-020-0337-y

10. Debisarun PA, Géssling KL, Bulut O, Kilic G, Zoodsma M, Liu Z, et al. Induction
of trained immunity by influenza vaccination - impact on COVID-19. PloS Pathog
(2021) 17:€1009928. doi: 10.1371/journal.ppat.1009928

11. Soto JA, Diaz FE, Retamal-Diaz A, Galvez NMS, Melo-Gonzalez F, Pifia-Iturbe
A, et al. BCG-Based Vaccines Elicit Antigen-Specific Adaptive and Trained Immunity
against SARS-CoV-2 and Andes orthohantavirus. Vaccines (Basel) (2022) 10:721.
doi: 10.3390/vaccines10050721

12. Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg HG, et al.
Trained immunity: A program of innate immune memory in health and disease.
Science (2016) 352:aaf1098. doi: 10.1126/science.aaf1098

13. Kurtz J, Armitage SA. Alternative adaptive immunity in invertebrates. Trends
Immunol (2006) 27:493-506. doi: 10.1016/}.it.2006.09.001

14. Reimer-Michalski EM, Conrath U. Innate immune memory in plants. Semin
Immunol (2016) 28:319-27. doi: 10.1016/j.smim.2016.05.006

15. Kurtz ], Franz K. Innate defence: evidence for memory in invertebrate immunity.
Nature (2003) 425:37-8. doi: 10.1038/425037a

16. Sadd BM, Schmid-Hempel P. Insect immunity shows specificity in protection
upon secondary pathogen exposure. Curr Biol (2006) 16:1206-10. doi: 10.1016/
j.cub.2006.04.047

17. Roth O, Sadd BM, Schmid-Hempel P, Kurtz J. Strain-specific priming of
resistance in the red flour beetle, Tribolium castaneum. Proc Biol Sci (2009)
276:145-51. doi: 10.1098/rspb.2008.1157

18. Pham LN, Dionne MS, Shirasu-Hiza M, Schneider DS. A specific primed
immune response in Drosophila is dependent on phagocytes. PloS Pathog (2007) 3:
€26. doi: 10.1371/journal.ppat.0030026

19. Cabrera K, Hoard DS, Gibson O, Martinez DI, Wunderlich Z. Drosophila
immune priming to Enterococcus faecalis relies on immune tolerance rather than
resistance. PloS Pathog (2023) 19:e1011567. doi: 10.1371/journal.ppat.1011567

20. Rodrigues J, Brayner FA, Alves LC, Dixit R, Barillas-Mury C. Hemocyte
differentiation mediates innate immune memory in Anopheles Gambiae mosquitoes.
Science (2010) 329:1353-5. doi: 10.1126/science.1190689

21. Milutinovi¢ B, Kurtz J. Immune memory in invertebrates. Semin Immunol
(2016) 28:328-42. doi: 10.1016/j.smim.2016.05.004

22. Lanz-Mendoza H, Contreras-Gardufio J. Innate immune memory in
invertebrates: Concept and potential mechanisms. Dev Comp Immunol (2022)
127:104285. doi: 10.1016/j.dci.2021.104285

23. Pinaud S, Portela J, Duval D, Nowacki FC, Olive MA, Allienne JF, et al. A shift
from cellular to humoral responses contributes to innate immune memory in the vector
snail Biomphalaria glabrata. PloS Pathog (2016) 12:€1005361. doi: 10.1371/
journal.ppat.1005361

24. Pinaud S, Portet A, Allienne JF, Belmudes L, Saint-Beat C, Arancibia N, et al.
Molecular characterisation of immunological memory following homologous or
heterologous challenges in the schistosomiasis vector snail, Biomphalaria glabrata.
Dev Comp Immunol (2019) 92:238-52. doi: 10.1016/j.dci.2018.12.001

25. Greenwood JM, Milutinovi¢ B, Peuf} R, Behrens S, Esser D, Rosenstiel P, et al.
Oral immune priming with Bacillus thuringiensis induces a shift in the gene expression
of Tribolium castaneum larvae. BMC Genomics (2017) 18:329. doi: 10.1186/s12864-
017-3705-7

26. Kulkarni A, Pandey A, Trainor P, Carlisle S, Chhilar JS, Yu W, et al. Trained
Immunity in Anopheles Gambiae: Antibacterial Immunity Is Enhanced by Priming via

Frontiers in Immunology

11

10.3389/fimmu.2024.1307477

Sugar Meal Supplemented With a Single Gut Symbiotic Bacterial Strain. Front
Microbiol (2021) 12:649213. doi: 10.3389/fmicb.2021.649213

27. Ferro K, Peuf} R, Yang W, Rosenstiel P, Schulenburg H, Kurtz J. Experimental
evolution of immunological specificity. Proc Natl Acad Sci USA (2019) 116:20598-604.
doi: 10.1073/pnas.1904828116

28. Torre C, Abnave P, Tsoumtsa LL, Mottola G, Lepolard C, Trouplin V, et al.
Staphylococcus aureus promotes Smed-PGRP-2/Smed-setd8-1 Methyltransferase
signalling in planarian neoblasts to sensitize anti-bacterial gene responses during re-
infection. EBioMedicine (2017) 20:150-60. doi: 10.1016/j.ebiom.2017.04.031

29. Tate AT, Andolfatto P, Demuth JP, Graham AL. The within-host dynamics of
infection in trans-generationally primed flour beetles. Mol Ecol (2017) 26:3794-807.
doi: 10.1111/mec.14088

30. Kurtz J, Armitage SAO. Dissecting the dynamics of trans-generational immune
priming. Mol Ecol (2017) 26:3857-9. doi: 10.1111/mec.14190

31. Melillo D, Marino R, Italiani P, Boraschi D. Innate immune memory in
invertebrate metazoans: A critical appraisal. Front Immunol (2018) 9:1915.
doi: 10.3389/fimmu.2018.01915

32. Pradeu T, Du Pasquier L. Immunological memory: What's in a name? Immunol
Rev (2018) 283:7-20. doi: 10.1111/imr.12652

33. Hammerschmidt K, Kurtz J. Evolutionary implications of the adaptation to
different immune systems in a parasite with a complex life cycle. Proc Biol Sci (2005)
272:2511-8. doi: 10.1098/rspb.2005.3241

34. van der Veen IT, Kurtz J. To avoid or eliminate: cestode infections in copepods.
Parasitology (2002) 124:465-74. doi: 10.1017/S0031182001001275

35. Clarke AS. Studies on the life cycle of the pseudophyllidean cestode
Schistocephalus solidus. Proc Zool Soc Lond (1954) 124:257-304. doi: 10.1111/.1469-
7998.1954.tb07782.x

36. Smyth J. Studies on tapeworm physiology. vii. fertilization of Schistocephalus
solidus in vitro. Exp Parasitol (1954) 3:64-71. doi: 10.1016/0014-4894(54)90019-3

37. Schirer L, Wedekind C. Lifetime reproductive output in a hermaphrodite
cestode when reproducing alone or in pairs: a time cost of pairing. Evol Ecol (1999)
13:381-94. doi: 10.1023/A:1006789110502

38. Hammerschmidt K, Kurtz J. Chapter 5 ecological immunology of a tapeworms'
Interaction with its two consecutive hosts. Adv Parasitol (2009) 68:111-37.
doi: 10.1016/S0065-308X(08)00605-2

39. Kurtz J, van der Veen IT, Christen M. Fluorescent vital labeling to track cestodes
in a copepod intermediate host. Exp Parasitol (2002) 100:36-43. doi: 10.1006/
expr.2001.4681

40. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, et al. Full-
length transcriptome assembly from RNA-Seq data without a reference genome. Nat
Biotechnol (2011) 29:644-52. doi: 10.1038/nbt.1883

41. Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden J, et al. De
novo transcript sequence reconstruction from RNA-seq using the Trinity platform for
reference generation and analysis. Nat Protoc (2013) 8:1494-512. doi: 10.1038/
nprot.2013.084

42. Andrews S. FastQC: a quality control tool for high throughput sequence data
(2010). Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

43. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics (2014) 30:2114-20. doi: 10.1093/bioinformatics/btul70

44. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics (2013) 29:15-21. doi: 10.1093/
bioinformatics/bts635

45. International Helminth Genomes Consortium. Comparative genomics of the
major parasitic worms. Nat Genet (2019) 51:163-74. doi: 10.1038/s41588-018-0262-1

46. Simao FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM. BUSCO:
assessing genome assembly and annotation completeness with single-copy orthologs.
Bioinformatics (2015) 31:3210-2. doi: 10.1093/bioinformatics/btv351

47. LiW, Godzik A. Cd-hit: a fast program for clustering and comparing large sets of
protein or nucleotide sequences. Bioinformatics (2006) 22:1658-9. doi: 10.1093/
bioinformatics/btl158

48. Bryant DM, Johnson K, DiTommaso T, Tickle T, Couger MB, Payzin-Dogru D,
et al. A tissue-mapped axolotl de novo transcriptome enables identification of limb
regeneration factors. Cell Rep (2017) 18:762-76. doi: 10.1016/j.celrep.2016.12.063

49. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods (2012) 9:357-9. doi: 10.1038/nmeth.1923

50. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinf (2008) 9:559. doi: 10.1186/1471-2105-9-559

51. R Core Team. R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing (2021). Available at: https://www.R-
project.org/.

52. RStudio Team. RStudio: Integrated Development Environment for R (2021).
Available at: http://www.rstudio.com/.

frontiersin.org


https://www.ncbi.nlm.nih.gov/books/NBK27158/
https://www.ncbi.nlm.nih.gov/books/NBK27158/
https://doi.org/10.1016/j.chom.2018.12.006
https://doi.org/10.1016/S0169-5347(02)00013-7
https://doi.org/10.1016/j.it.2005.02.001
https://doi.org/10.1002/embj.201387651
https://doi.org/10.3389/fimmu.2018.00799
https://doi.org/10.1007/s12026-021-09170-y
https://doi.org/10.1007/s12026-021-09170-y
https://doi.org/10.1016/j.cell.2020.04.042
https://doi.org/10.1038/s41577-020-0337-y
https://doi.org/10.1371/journal.ppat.1009928
https://doi.org/10.3390/vaccines10050721
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1016/j.it.2006.09.001
https://doi.org/10.1016/j.smim.2016.05.006
https://doi.org/10.1038/425037a
https://doi.org/10.1016/j.cub.2006.04.047
https://doi.org/10.1016/j.cub.2006.04.047
https://doi.org/10.1098/rspb.2008.1157
https://doi.org/10.1371/journal.ppat.0030026
https://doi.org/10.1371/journal.ppat.1011567
https://doi.org/10.1126/science.1190689
https://doi.org/10.1016/j.smim.2016.05.004
https://doi.org/10.1016/j.dci.2021.104285
https://doi.org/10.1371/journal.ppat.1005361
https://doi.org/10.1371/journal.ppat.1005361
https://doi.org/10.1016/j.dci.2018.12.001
https://doi.org/10.1186/s12864-017-3705-7
https://doi.org/10.1186/s12864-017-3705-7
https://doi.org/10.3389/fmicb.2021.649213
https://doi.org/10.1073/pnas.1904828116
https://doi.org/10.1016/j.ebiom.2017.04.031
https://doi.org/10.1111/mec.14088
https://doi.org/10.1111/mec.14190
https://doi.org/10.3389/fimmu.2018.01915
https://doi.org/10.1111/imr.12652
https://doi.org/10.1098/rspb.2005.3241
https://doi.org/10.1017/S0031182001001275
https://doi.org/10.1111/j.1469-7998.1954.tb07782.x
https://doi.org/10.1111/j.1469-7998.1954.tb07782.x
https://doi.org/10.1016/0014-4894(54)90019-3
https://doi.org/10.1023/A:1006789110502
https://doi.org/10.1016/S0065-308X(08)00605-2
https://doi.org/10.1006/expr.2001.4681
https://doi.org/10.1006/expr.2001.4681
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1038/nprot.2013.084
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/s41588-018-0262-1
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1016/j.celrep.2016.12.063
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/1471-2105-9-559
https://www.R-project.org/
https://www.R-project.org/
http://www.rstudio.com/
https://doi.org/10.3389/fimmu.2024.1307477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ng et al.

53. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15:550. doi: 10.1186/
513059-014-0550-8

54. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Res (2015) 43:e47. doi: 10.1093/nar/gkv007

55. Langfelder P, Luo R, Oldham MC, Horvath S. Is my network module preserved
and reproducible? PloS Comput Biol (2011) 7:e1001057. doi: 10.1371/
journal.pcbi.1001057

56. Kanehisa M, Sato Y, Morishima K. BlastKOALA and ghostKOALA: KEGG tools
for functional characterization of genome and metagenome sequences. J Mol Biol
(2016) 428:726-31. doi: 10.1016/j.jmb.2015.11.006

57. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The
STRING database in 2021: customizable protein-protein networks, and functional
characterization of user-uploaded gene/measurement sets. Nucleic Acids Res (2021) 49:
D605-12. doi: 10.1093/nar/gkaal074

58. Davidson NM, Hawkins ADK, Oshlack A. SuperTranscripts: a data driven
reference for analysis and visualisation of transcriptomes. Genome Biol (2017) 18:148.
doi: 10.1186/s13059-017-1284-1

59. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinformatics (2014) 30:923-30.
doi: 10.1093/bioinformatics/btt656

60. Anders S, Reyes A, Huber W. Detecting differential usage of exons from RNA-
seq data. Genome Res (2012) 22:2008-17. doi: 10.1101/gr.133744.111

61. Mi H, Ebert D, Muruganujan A, Mills C, Albou LP, Mushayamaha T, et al.
PANTHER version 16: a revised family classification, tree-based classification tool,
enhancer regions and extensive API. Nucleic Acids Res (2021) 49:D394-403.
doi: 10.1093/nar/gkaal106

62. Coustau C, Kurtz J, Moret Y. A novel mechanism of immune memory unveiled
at the invertebrate-parasite interface. Trends Parasitol (2016) 32:353-5. doi: 10.1016/
j.pt.2016.02.005

63. Netea MG, Dominguez-Andreés J, Barreiro LB, Chavakis T, Divangahi M, Fuchs
E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol
(2020) 20:375-88. doi: 10.1038/s41577-020-0285-6

64. Norouzitallab P, Baruah K, Biswas P, Vanrompay D, Bossier P. Probing the
phenomenon of trained immunity in invertebrates during a transgenerational study,
using brine shrimp Artemia as a model system. Sci Rep (2016) 6:21166. doi: 10.1038/
srep21166

65. Gegner ], Baudach A, Mukherjee K, Halitschke R, Vogel H, Vilcinskas A.
Epigenetic mechanisms are involved in sex-specific trans-generational immune
priming in the lepidopteran model host Manduca sexta. Front Physiol (2019) 10:137.
doi: 10.3389/fphys.2019.00137

66. Mukherjee K, Dobrindt U. The emerging role of epigenetic mechanisms in insect
defense against pathogens. Curr Opin Insect Sci (2022) 49:8-14. doi: 10.1016/
j.0is.2021.10.004

67. Vilcinskas A. Mechanisms of transgenerational immune priming in insects. Dev
Comp Immunol (2021) 124:104205. doi: 10.1016/j.dci.2021.104205

68. Eberharter A, Becker PB. Histone acetylation: a switch between repressive and
permissive chromatin. Second in review series on chromatin dynamics. EMBO Rep
(2002) 3:224-9. doi: 10.1093/embo-reports/kvf053

69. Thaulow J, Song Y, Lindeman LC, Kamstra JH, Lee Y, Xie L, et al. Epigenetic,
transcriptional and phenotypic responses in Daphnia magna exposed to low-level
ionizing radiation. Environ Res (2020) 190:109930. doi: 10.1016/j.envres.2020.109930

70. Norouzitallab P, Baruah K, Vandegehuchte M, Van Stappen G, Catania F,
Vanden Bussche J, et al. Environmental heat stress induces epigenetic transgenerational
inheritance of robustness in parthenogenetic Artemia model. FASEB ] (2014) 28:3552-
63. doi: 10.1096/1j.14-252049

71. Roncalli V, Cieslak MC, Castelfranco AM, Hopcroft RR, Hartline DK, Lenz PH.
Post-diapause transcriptomic restarts: insight from a high-latitude copepod. BMC
Genomics (2021) 22:409. doi: 10.1186/s12864-021-07557-7

72. Luco RF, Allo M, Schor IE, Kornblihtt AR, Misteli T. Epigenetics in alternative
pre-mRNA splicing. Cell (2011) 144:16-26. doi: 10.1016/j.cell.2010.11.056

73. Zhou HL, Luo G, Wise JA, Lou H. Regulation of alternative splicing by local
histone modifications: potential roles for RNA-guided mechanisms. Nucleic Acids Res
(2014) 42:701-13. doi: 10.1093/nar/gkt875

74. Rahhal R, Seto E. Emerging roles of histone modifications and HDACs in RNA
splicing. Nucleic Acids Res (2019) 47:4911-26. doi: 10.1093/nar/gkz292

75. Van Lint C, Emiliani S, Verdin E. The expression of a small fraction of cellular
genes is changed in response to histone hyperacetylation. Gene Expr (1996) 5:245-53.

Frontiers in Immunology

12

10.3389/fimmu.2024.1307477

76. Grabiec AM, Potempa J. Epigenetic regulation in bacterial infections: targeting
histone deacetylases. Crit Rev Microbiol (2018) 44:336-50. doi: 10.1080/
1040841X.2017.1373063

77. Schor IE, Rascovan N, Pelisch F, Allo M, Kornblihtt AR. Neuronal cell
depolarization induces intragenic chromatin modifications affecting NCAM
alternative splicing. Proc Natl Acad Sci USA (2009) 106:4325-30. doi: 10.1073/
pnas.0810666106

78. Schmucker D, Clemens JC, Shu H, Worby CA, Xiao ], Muda M, et al. Drosophila
Dscam is an axon guidance receptor exhibiting extraordinary molecular diversity. Cell
(2000) 101:671-84. doi: 10.1016/S0092-8674(00)80878-8

79. Watson FL, Piittmann-Holgado R, Thomas F, Lamar DL, Hughes M, Kondo M,
et al. Extensive diversity of Ig-superfamily proteins in the immune system of insects.
Science (2005) 309:1874-8. doi: 10.1126/science.1116887

80. Dong Y, Taylor HE, Dimopoulos G. AgDscam, a hypervariable immunoglobulin
domain-containing receptor of the Anopheles Gambiae innate immune system. PloS
Biol (2006) 4:e229. doi: 10.1371/journal.pbio.0040229

81. Dong Y, Cirimotich CM, Pike A, Chandra R, Dimopoulos G. Anopheles NF-xB-
regulated splicing factors direct pathogen-specific repertoires of the hypervariable
pattern recognition receptor AgDscam. Cell Host Microbe (2012) 12:521-30.
doi: 10.1016/j.chom.2012.09.004

82. Hung HY, Ng TH, Lin JH, Chiang YA, Chuang YC, Wang HC. Properties of
Litopenaeus vannamei Dscam (LvDscam) isoforms related to specific pathogen
recognition. Fish Shellfish Immunol (2013) 35:1272-81. doi: 10.1016/j.£s1.2013.07.045

83. Ng TH, Kumar R, Apitanyasai K, He ST, Chiu SP, Wang HC. Selective
expression of a "correct cloud" of Dscam in crayfish survivors after second exposure
to the same pathogen. Fish Shellfish Immunol (2019) 92:430-7. doi: 10.1016/
j.£1.2019.06.023

84. LiX]J, Yang L, Li D, Zhu YT, Wang Q, Li WW. Pathogen-specific binding soluble
down syndrome cell adhesion molecule (Dscam) regulates phagocytosis via membrane-
bound Dscam in crab. Front Immunol (2018) 9:801. doi: 10.3389/fimmu.2018.00801

85. Ng TH, Chiang YA, Yeh YC, Wang HC. Review of Dscam-mediated immunity
in shrimp and other arthropods. Dev Comp Immunol (2014) 46:129-38. doi: 10.1016/
j.dci.2014.04.002

86. Zhang J, Xi G, Guo Z, Jia F. RNA-Seq analysis of Polyrhachis vicina Roger and
insights into the heat shock protein 90 and 70 families. Cell Stress Chaperones (2019)
24:45-58. doi: 10.1007/s12192-018-0940-z

87. Neves-da-Rocha J, Bitencourt TA, Oliveira VM, Sanches PR, Rossi A, Martinez-
Rossi NM. Alternative splicing in heat shock protein transcripts as a mechanism of cell
adaptation in trichophyton rubrum. Cells (2019) 8:1206. doi: 10.3390/cells8101206

88. LuY, Zhao P, Zhang A, Ma L, Xu S, Wang X. Alternative splicing diversified the
heat response and evolutionary strategy of conserved heat shock protein 90s in
hexaploid wheat (Triticum aestivum L. ). Front Genet (2020) 11:577897.
doi: 10.3389/fgene.2020.577897

89. Ziugel U, Kaufmann SH. Role of heat shock proteins in protection from and
pathogenesis of infectious diseases. Clin Microbiol Rev (1999) 12:19-39. doi: 10.1128/
CMR.12.1.19

90. Rutherford SL, Lindquist S. Hsp90 as a capacitor for morphological evolution.
Nature (1998) 396:336-42. doi: 10.1038/24550

91. Peufl R, Eggert H, Armitage SA, Kurtz J. Downregulation of the evolutionary
capacitor Hsp90 is mediated by social cues. Proc Biol Sci (2015) 282:20152041.
doi: 10.1098/rspb.2015.2041

92. Gomes FM, Tyner MDW, Barletta ABF, Saha B, Yenkoidiok-Douti L, Canepa
GE, et al. Double peroxidase and histone acetyltransferase AgTip60 maintain innate
immune memory in primed mosquitoes. Proc Natl Acad Sci USA (2021) 118:
€2114242118. doi: 10.1073/pnas.2114242118

93. Ferro K, Ferro D, Corra F, Bakiu R, Santovito G, Kurtz J. Cu,Zn Superoxide
Dismutase Genes in Tribolium castaneum: Evolution, Molecular Characterisation, and
Gene Expression during Immune Priming. Front Immunol (2017) 8:1811. doi: 10.3389/
fimmu.2017.01811

94. Twala PP, Mitema A, Baburam C, Feto NA. Breakthroughs in the discovery and
use of different peroxidase isoforms of microbial origin. AIMS Microbiol (2020) 6:330—
49. doi: 10.3934/microbiol.2020020

95. Ng TH, Kurtz J. Dscam in immunity: A question of diversity in insects and
crustaceans. Dev Comp Immunol (2020) 105:103539. doi: 10.1016/j.dci.2019.103539

96. Armitage SAO, Kurtz J, Brites D, Dong Y, Du Pasquier L, Wang HC. Dscam1 in
pancrustacean immunity: current status and a look to the future. Front Immunol (2017)
8:662. doi: 10.3389/fimmu.2017.00662

97. Divangahi M, Aaby P, Khader SA, Barreiro LB, Bekkering S, Chavakis T, et al.
Trained immunity, tolerance, priming and differentiation: distinct immunological
processes. Nat Immunol (2021) 22:2-6. doi: 10.1038/s41590-020-00845-6

frontiersin.org


https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1371/journal.pcbi.1001057
https://doi.org/10.1371/journal.pcbi.1001057
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.1093/nar/gkaa1074
https://doi.org/10.1186/s13059-017-1284-1
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1101/gr.133744.111
https://doi.org/10.1093/nar/gkaa1106
https://doi.org/10.1016/j.pt.2016.02.005
https://doi.org/10.1016/j.pt.2016.02.005
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1038/srep21166
https://doi.org/10.1038/srep21166
https://doi.org/10.3389/fphys.2019.00137
https://doi.org/10.1016/j.cois.2021.10.004
https://doi.org/10.1016/j.cois.2021.10.004
https://doi.org/10.1016/j.dci.2021.104205
https://doi.org/10.1093/embo-reports/kvf053
https://doi.org/10.1016/j.envres.2020.109930
https://doi.org/10.1096/fj.14-252049
https://doi.org/10.1186/s12864-021-07557-7
https://doi.org/10.1016/j.cell.2010.11.056
https://doi.org/10.1093/nar/gkt875
https://doi.org/10.1093/nar/gkz292
https://doi.org/10.1080/1040841X.2017.1373063
https://doi.org/10.1080/1040841X.2017.1373063
https://doi.org/10.1073/pnas.0810666106
https://doi.org/10.1073/pnas.0810666106
https://doi.org/10.1016/S0092-8674(00)80878-8
https://doi.org/10.1126/science.1116887
https://doi.org/10.1371/journal.pbio.0040229
https://doi.org/10.1016/j.chom.2012.09.004
https://doi.org/10.1016/j.fsi.2013.07.045
https://doi.org/10.1016/j.fsi.2019.06.023
https://doi.org/10.1016/j.fsi.2019.06.023
https://doi.org/10.3389/fimmu.2018.00801
https://doi.org/10.1016/j.dci.2014.04.002
https://doi.org/10.1016/j.dci.2014.04.002
https://doi.org/10.1007/s12192-018-0940-z
https://doi.org/10.3390/cells8101206
https://doi.org/10.3389/fgene.2020.577897
https://doi.org/10.1128/CMR.12.1.19
https://doi.org/10.1128/CMR.12.1.19
https://doi.org/10.1038/24550
https://doi.org/10.1098/rspb.2015.2041
https://doi.org/10.1073/pnas.2114242118
https://doi.org/10.3389/fimmu.2017.01811
https://doi.org/10.3389/fimmu.2017.01811
https://doi.org/10.3934/microbiol.2020020
https://doi.org/10.1016/j.dci.2019.103539
https://doi.org/10.3389/fimmu.2017.00662
https://doi.org/10.1038/s41590-020-00845-6
https://doi.org/10.3389/fimmu.2024.1307477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Disentangling specific and unspecific components of innate immune memory in a copepod–tapeworm system
	1 Introduction
	2 Materials and methods
	2.1 Experimental copepods
	2.2 Experimental parasites
	2.3 Labeling of parasites
	2.4 Experimental infection
	2.5 Experimental design
	2.6 Sample preparation and library construction and sequencing
	2.7 Quality control and de novo assembly
	2.8 Construction of the weighted gene co&minus;expression network
	2.9 Identification of the module of interest and functional enrichment
	2.10 Identification of differential transcript usage

	3 Results
	3.1 Immunological specificity in copepod defense reduces risk of reinfection
	3.2 Gene regulation profiles associated with immunological specificity
	3.3 Differential transcript usage analysis across specific immunity versus unspecific immunity

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


