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Abstract 22 

Invasive parasites have been implicated in the declines of several freshwater species. The swim 23 

bladder nematode Anguillicola crassus was introduced into Europe in the 1980s and is considered a 24 

threat to the European eel (Anguilla anguilla). Infection affects stress resistance and swimming 25 

behaviour. European eels produce an immune response against the parasite during the late stages of 26 

infection and after repeated infections. We used RNA-seq to examine the molecular response to 27 

infection during the poorly understood early stage and identify expression of genes and associated 28 

processes that are modified in two immune organs of European eels 3 days post infection with A. 29 

crassus. In the spleen, 67 genes were differentially expressed, 32 of which were annotated. Most of 30 

these were involved in immune processes and their regulation. Other differentially expressed genes 31 

in the spleen were important for heme metabolism and heme turn-over. In the head kidney, 257 32 

genes (134 annotated) were differentially expressed. Several of these were associated with immune 33 

functions. Other differentially expressed genes in the head kidney were related to renal function, in 34 

particular osmoregulation and paracellular flow. We conclude that the early response of European 35 

eels to A. crassus is complex and involves various processes aside from the immune system. We 36 

identified molecular changes occurring early during the infection and identified candidate genes and 37 

processes which will facilitate future studies aimed at determining the factors affecting European eel 38 

viability in the face of this invasive parasite. 39 

Keywords 40 

Immune response, invasive parasite, RNA-seq, differential gene expression 41 
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1. Introduction 43 

Recent decades have seen an increase of newly emerging diseases all over the world. One reason 44 

for this is the accidental introduction of non-native parasites by humans (Daszak, et al., 2000, Peeler, 45 

et al., 2011). These parasites can be highly virulent in new hosts and there are many examples of 46 

translocated parasites posing a considerable threat to their new host species (Dunn and Hatcher, 47 

2015, Smith, et al., 2009). In European fresh waters, invasive parasites have been implicated in the 48 

decimation of fish, amphibian, and invertebrate populations (Gozlan, et al., 2005, Kozubikova, et al., 49 

2007, McKenzie and Peterson, 2012, Peeler, et al., 2011). In many cases the reason for the high 50 

susceptibility of naïve hosts and the physiological processes underlying the response to invasive 51 

parasites are poorly understood. 52 

The introduction of the parasite Anguillicola crassus Kuwahara, Niimi & Hagaki, 1974 into Europe 53 

is considered to be one of the factors that has led to the decline of the European eel (Anguilla 54 

anguilla L.) population (Kirk, 2003). A. crassus is a trophically transmitted swim bladder nematode 55 

native to the Japanese eel (A. japonica Temminck & Schlegel, 1846). It was introduced into Europe in 56 

the early 1980s from Taiwan (Wielgoss, et al., 2008), first detected in wild eels in Germany in 1982, 57 

and reported from other countries soon afterward (Kirk, 2003, Peters and Hartmann, 1986). It has 58 

now reached a prevalence of 50-90% across most of the distribution range of the European eel (ICES, 59 

2012, Lefebvre and Crivelli, 2004).  60 

Several effects of A. crassus infection have been documented in infected European eels, 61 

including histopathological changes of the swim bladder wall and altered gas composition in the 62 

swim bladder which likely affects its functioning (Würtz and Taraschewski, 2000, Würtz, et al., 1996). 63 

Although some studies have reported no adverse effects of A. crassus on performance of European 64 

eels during the freshwater stage of their life cycle under normal conditions (Kelly, et al., 2000, 65 

Lefebvre, et al., 2013), additional stressors such as hypoxia have strong effects on the viability of 66 

infected eels and can increase mortality (Gollock, et al., 2005, Lefebvre, et al., 2007, Molnar, et al., 67 

1991). A. crassus infections also appear to accelerate and interfere with the silvering process of 68 
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European eels, which prepares them for the long distance spawning migration across the ocean 69 

(Fazio, et al., 2012, Pelster, et al., 2016). This occurs in combination with increased energy 70 

consumption and behavioural alterations during extensive swimming (Newbold, et al., 2015, Palstra, 71 

et al., 2007). A. crassus infections might therefore be costly, reducing fitness and quality of spawners 72 

and hampering successful completion of migration and reproduction. 73 

A parasite that has a strong effect on the fitness of its host should favour adaptation by the host 74 

and therefore the development of a specific immune response. There is some evidence for 75 

adaptation by the parasite, as infection intensity and size of European A. crassus differed from those 76 

of Taiwanese A. crassus in experimental infections (Weclawski, et al., 2013, Weclawski, et al., 2014). 77 

On the other hand, there is only little evidence that European eels may be adapting to A. crassus. 78 

Although infection intensities have stabilized, they are still high (Audenaert, et al., 2003, Lefebvre 79 

and Crivelli, 2004) and there are only occasional reports of European eels confining the parasite 80 

(Audenaert, et al., 2003, Molnár, 1994). Immune responses differ markedly among individuals of A. 81 

anguilla, with some individuals exhibiting a strong response and others not responding at all (Knopf, 82 

et al., 2000, Molnár, 1994). In cases of host responsiveness, inflammatory cells infiltrate the swim 83 

bladder following infection. Within the same host, some A. crassus larvae were encapsulated and 84 

necrotized while others were not (Molnár, 1994), and the infiltrating cells appeared primarily to 85 

remove cellular debris caused by the migrating activity of the larvae (Würtz and Taraschewski, 2000). 86 

Antibody production varies considerably among individuals and appears to be elicited by adult 87 

nematodes rather than the invading larval stage (Knopf, et al., 2000). With respect to immune 88 

response, little is known regarding alterations induced at the molecular level by the parasite, and few 89 

studies have examined changes in gene expression after A. crassus infection. Using a qPCR approach, 90 

Fazio et al. (2009, 2012) found indications that the expression of genes involved in osmoregulation, 91 

haematopoiesis, and silvering were altered in experimentally infected European eels. Gene 92 

expression of a range of processes was differentially regulated in the swim bladder during silvering of 93 

naturally infected versus uninfected eels, affecting the modifications necessary for long distance 94 
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migration in open waters (Pelster, et al., 2016). Naturally infected eels also regulated expression of 95 

genes associated with swim bladder functioning and with the immune response (Schneebauer, et al., 96 

2017). The expression of several inflammatory genes was altered, thus providing additional evidence 97 

that a localized immune response can develop in the swim bladder once A. crassus has established. 98 

We aimed to identify changes in gene expression and infer the corresponding processes during 99 

A. crassus infections. We were particularly interested in identifying possible systemic immune 100 

responses against the parasite, therefore we focussed on two immune organs of fish, the spleen and 101 

head kidney. The spleen is a major secondary lymphoid organ (Ellis, 1980, Whyte, 2007) and it plays 102 

an important role in the progression of innate and adaptive immune responses locally and 103 

systemically (Bronte and Pittet, 2013). It is involved in clearing the blood and retains antigens for 104 

long periods of time. It is also an important site for the destruction of erythrocytes and it functions as 105 

metabolic dump (Press and Evensen, 1999). The head kidney is a fish-specific organ equivalent to the 106 

bone marrow of higher vertebrates (Alvarez-Pellitero, 2008, Whyte, 2007). It is both a primary and 107 

secondary immune organ. As such it is the main site of haematopoiesis. It is important for initiation 108 

and progression of an immune response by trapping, processing, and presenting antigens to 109 

lymphocytes which trigger an adaptive immune response and it is the main site of antibody 110 

production. 111 

We sequenced total mRNA of spleen and head kidney tissue from European eels that were 112 

experimentally infected with A. crassus and compared expression levels with those from uninfected 113 

control eels at three days post-infection (dpi). We hypothesized that this approach would allow us to 114 

determine if invading larvae initiate a systemic immune response which is a necessary step for 115 

mounting a protective response. While an early time point may not capture the fully mounted 116 

immune response, we were interested in the tissue migrating phase of parasites that is considered 117 

crucial for their establishment (Mulcahy, et al., 2005). We selected 3 dpi because A. crassus larvae 118 

were reported in the swim bladder as early as 4 dpi (Knopf, et al., 1998) and we wanted to capture 119 

the migrating phase that is considered crucial for the establishment of a helminth. The response 120 
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elicited by that stage, or a lack thereof, may hint at why European eels have a low capacity of 121 

confining A. crassus infections.  122 

2. Materials and Methods 123 

2.1. Infection and sampling 124 

European eels were purchased in 2004 from a commercial eel farm that is free of A. crassus 125 

(Domäne Voldagsen, Einbeck, Germany). Experimental infections were carried out in November 126 

2014. Eels were kept individually in 40-l compartments within 200-l tanks in a recirculating system 127 

with aerated tap water at a water temperature of 22 °C prior to, and during, the experiment. At the 128 

beginning of the experiment, five treatment eels were infected with A. crassus and five control eels 129 

were sham-infected following Knopf et al. (1998). In short, second stage larvae (L2) of A. crassus were 130 

isolated from swim bladders of infected wild eels (A. anguilla) caught in Lake Müggelsee, Germany, in 131 

October 2014 and fed to wild-caught copepods from the same lake. Nineteen to 23 days post 132 

infection (dpi), third stage larvae (L3) were isolated from the copepods using the potter method 133 

(Haenen, et al., 1994). Each of the treatment eels was administered 25 randomly selected L3 134 

suspended in 100 µl of PBS, pH 7.2 with a stomach tube. The same amount of PBS containing no A. 135 

crassus larvae was administered to control eels. Eels were decapitated 3 dpi, when the parasite is 136 

migrating from the intestine to the swim bladder (Knopf, et al., 1998). The spleen and the head 137 

kidney (defined according to (Tesch, 2003)) were removed and immediately stored in RNAlater® (Life 138 

Technologies, Darmstadt, Germany) following the manufacturer’s recommendations. Tissues were 139 

then kept in RNAlater® at -20 °C until extraction of RNA. The swim bladders of all eels were examined 140 

and all A. crassus were counted. Encapsulated A. crassus were not present. At the end of the 141 

experiment, eels weighed 115.9 ± 24.8 g. The study was approved by the Berlin State Office for 142 

Health and Social Affairs (LaGeSo) in Berlin, Germany (approval number G 0021/15). 143 

2.2. RNA extraction and sequencing 144 
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RNA was extracted from the spleen and the head kidney using TRIzol® Reagent (Life 145 

Technologies, Darmstadt, Germany) following the manufacturer’s recommendations for fatty tissue 146 

with slight modifications as described below. Each tissue type was homogenized in 850 µl of TRIzol 147 

twice for 1.5 min at 18/s in a TissueLyser II (Qiagen, Hilden, Germany) and centrifuged at 12,000 x g 148 

for 10 min at 4 °C. An additional 150 µl of TRIzol was added to the aqueous phase prior to chloroform 149 

(200 µl) addition. RNA was precipitated from the aqueous phase with 500 µl isopropanol. The pellet 150 

was washed with 1 ml 70 % ethanol, dried on a heat block for 5 min at 28 °C, and resuspended in 50 151 

µl DEPC water (Life Technologies). RNA was then incubated on a heat block for 2 min at 50 °C. RNA 152 

quality and quantity were determined using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 153 

USA). The samples were diluted to a concentration of 40 ng/µl in TE buffer pH 7.5 and shipped on dry 154 

ice to Beckman Coulter Genomics (Danvers, USA) for mRNA library preparation, paired-end (100 bp) 155 

sequencing on an Illumina HiSeq 2000, and quality control. The spleen and the head kidney of six 156 

samples (3 infected, 3 control) were sequenced in one run (batch A, n = 3), while another three 157 

spleen samples (2 infected, 1 control) and four head kidney samples (2 infected, 2 control) were 158 

sequenced in a different run (batch B, n = 2). RNA for the two batches of samples was extracted at 159 

different time points but using the same procedure. 160 

2.3. Transcriptome assembly and annotation 161 

A single de novo assembly was produced using reads from all samples of both tissues with Phred 162 

scores > 30. Reads were assembled using Trinity v2.1.1 (Grabherr, et al., 2011, Haas, et al., 2013) with 163 

the default settings. The Trimmomatic option for trimming low quality reads was used with the 164 

default settings (SLIDINGWINDOW:4:5 LEADING:5 TRAILING:5 MINLEN:25). In silico normalization 165 

was applied to restrict the maximum read coverage to 50. The transcriptome was annotated by 166 

blastx searches against the UniProtKB/Swiss-Prot (www.uniprot.org) and RefSeq 167 

(www.ncbi.nlm.nih.gov/refseq/) databases. The E-value cut-off for both was set to 1e-3. Trinotate 168 

v3.0.0 (https://trinotate.github.io/) was used to obtain corresponding Gene Ontology (GO) 169 

assignments for UniProtKB/Swiss-Prot-derived annotations. The taxonomic composition for best 170 
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matches obtained from RefSeq was examined to check for signs of obvious contamination with non-171 

eel RNA. 172 

2.4. Differential gene expression and functional analysis 173 

Different tissues are known to respond differently to parasite infections (Huang, et al., 2016, 174 

Robledo, et al., 2014, Skugor, et al., 2008), therefore we contrasted gene expression in the spleen 175 

and the head kidney between infected and control eels separately for each tissue. Reads were re-176 

aligned separately for each of the 9 spleen and 10 head kidney samples using the assembled 177 

transcriptome as a reference for abundance estimates using RSEM v1.2.26 and the script provided by 178 

Trinity. These estimates were used for calculating differential gene expression between infected and 179 

control eels separately for the spleen and the head kidney with DESeq2 v1.10.1 (Love, et al., 2014). 180 

Aside from the treatment, the sequencing run was included into the model to control for batch (A, B, 181 

see above) effects. Genes with a mean coverage below 10 (low coverage) were excluded from the 182 

analysis, as recommended by Todd et al. (2016), and a local fit was used to estimate the dispersions. 183 

Genes were considered significantly differentially expressed if they had an adjusted p-value < 0.05 184 

and a log2 fold change ≥ ±1. Adjustment of p-values followed the Benjamini-Hochberg procedure for 185 

multiple testing (Benjamini and Hochberg, 1995) implemented in DESeq2. A principal component 186 

analysis (PCA) was done to determine the overall effect of treatment on sample relationship within 187 

tissues and the differences between the spleen and the head kidney. For the PCA, samples of both 188 

tissues were combined into one dataset which only included genes that passed the mean coverage 189 

filter (see above) in both tissues. The prcomp function in R (R Core Team, 2016) was used on the 190 

variance-stabilized counts of the RSEM abundance estimates to perform the PCA. 191 

Enriched GO terms were identified by conditional hypergeometric tests using the GOstats 192 

package v2.36.0 (Falcon and Gentleman, 2007) for R. Custom GO annotations obtained from the 193 

Trinotate annotation of the transcriptome were used as reference for the GO terms of the 194 

differentially expressed genes (DEG) to be compared. The analysis was restricted to GO terms from 195 

the domain “biological processes”. The significance level for enriched GO terms was set to 0.01. 196 



9 

 

3. Results 197 

All eels that were administered A. crassus had living L3 in their swim bladders at the end of the 198 

experiment. Mean infection intensity was 2.4 parasites per eel (range: 1-3). More advanced parasitic 199 

stages were not present and the majority of larvae were likely still migrating from the intestine to the 200 

swim bladder. None of the control eels were infected. 201 

3.1. Transcriptome assembly and annotation 202 

Sequencing of spleen and head kidney mRNA resulted in >860 M reads (438,649,866 reads in 203 

batch A and 423,602,528 reads in batch B; see section 2.2). Of these, 95.3% and 96.0% passed quality 204 

control (QC). The mean number of high quality reads per sample was 34.8 M in batch A and 50.8 M in 205 

batch B. There were no significant differences in number or quality of reads between spleen and 206 

head kidney samples. All reads that passed QC were assembled into 578,084 contigs and 823,359 207 

isoforms with an average length of 620 bases and an N50 of 948 bases. The GC content for these 208 

sequences was 46.03%. UniProt annotations were assigned to 74,796 contigs (13% of the total genes) 209 

and RefSeq annotations were assigned to 50,311 contigs (8.7%). Twelve of the top 15 matches from 210 

RefSeq were from fish genera. Most matches came from Lepisosteus, Danio, and Astyanax and these 211 

together provided best matches for about 44% of all annotated contigs. 212 

3.2. Differential gene expression 213 

Excluding contigs with a low coverage (see section 2.4) reduced the number that was used for 214 

the analysis to 59,666 in the spleen and 63,672 in the head kidney. Of these, 49.5% and 50.9%, 215 

respectively, had UniProt annotations. We refer to those contigs with sufficient coverage as genes 216 

throughout the rest of the manuscript. Treatment and control samples clustered together in a tissue-217 

specific manner in the PCA (Fig. 1), indicating that the spleen and the head kidney differed 218 

considerably in their expression profiles regardless of the infection status. Within tissues, samples did 219 

not separate into control and treatment groups when considering the expression profiles of all 220 

genes. One head kidney sample of the control group and one head kidney sample of the treatment 221 
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clustered separately from all other head kidney samples (Fig. 1). GO enrichment of DEG between 222 

those two samples and the rest did not allow us to identify the reason for the differences. Therefore, 223 

they were included in all further analyses. 224 

The number of DEG between infected and control individuals was different in the two tissues. In 225 

the spleen, 67 genes were differentially expressed and in the head kidney, 257 genes were 226 

differentially expressed (Table S1). Of these, 32 in the spleen and 134 in the head kidney had either 227 

UniProt or RefSeq annotations. In the spleen, the number of up- and down-regulated genes was very 228 

similar (32 vs 35) (Fig. 2a). In the head kidney more genes were up-regulated (196) than down-229 

regulated (61) (Fig. 2b). The log2 fold changes ranged from -4.9 to 2.9 in the spleen and from -5.3 to 230 

4.8 in the head kidney. Only 13 genes were differentially expressed in both tissues. Of these, 7 were 231 

up-regulated and 6 were down-regulated in both spleen and head kidney (Table S1). Four of each 232 

were annotated. 233 

3.3. Functional analysis 234 

The enrichment analysis revealed 32 GO terms to be enriched in the up-regulated genes and 20 235 

GO terms in the down-regulated genes in the spleen (Table S2). In the head kidney, 99 GO terms 236 

were enriched in the up-regulated genes and 20 GO terms in the down-regulated genes (Table S3). In 237 

the spleen, 18 out of 32 enriched GO terms for the up-regulated genes belonged to the categories 238 

“immune system process” or “response to stimulus”, the majority of which were related to 239 

inflammatory processes (Table 1). Another 4 enriched GO terms were related to regulation of 240 

cytokine biosynthesis and production. Furthermore, “leukotriene biosynthetic process” was enriched 241 

(Table S2). Among the enriched GO terms for down-regulated genes 3 belonged to the categories 242 

“immune system process” or “response to stimulus” and 3 enriched GO terms were related to the 243 

regulation of chemokine production and secretion. Furthermore, processes involved glycopeptide 244 

and carbohydrate metabolism were enriched (Tables 1 & Table S2). 245 

In the head kidney, none of the 99 enriched GO terms for the up-regulated genes belonged to 246 

the category “immune system process” and only 11 were subcategories of “response to stimulus”, 4 247 
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of them relating to DNA damage response and cellular senescence (Table 2). Additionally, GO terms 248 

related to the regulation of arachidonic acid and icosanoid secretion were enriched. Also, cell 249 

adhesion processes and anatomical structure development, mainly related to kidney development, 250 

were enriched (Table S3). For the down-regulated genes 15 enriched GO terms were subcategories of 251 

“immune system process”. Of the remaining 5 GO terms, 4 belonged to the category “response to 252 

stimulus” (Table 2). Enriched GO terms indicate that immunoglobulin- and lymphocyte-mediated 253 

immune responses as well as Fc receptor signalling were down-regulated. 254 

Closer examination of the functions of DEG revealed that 11 in the spleen and 26 in the head 255 

kidney were classified as genes of immune system process or response to stimulus according to 256 

UniProt annotations (Tables 3 & 4). Among them, up- and down-regulated genes in the spleen were 257 

involved in inflammation, cell migration, and differentiation and activation of macrophages, mast 258 

cells, and lymphocytes. In the head kidney, the up-regulated genes were mostly associated with the 259 

cytoskeleton and extracellular matrix. Also genes involved in B cell maturation and inflammation 260 

were up-regulated. Down-regulated genes in the head kidney were involved in immunoglobulin 261 

formation and T cell activation. 262 

The vast majority of annotated DEG in the spleen and down-regulated genes in the head kidney 263 

was related to immune response or the regulation thereof, although they are not classified as genes 264 

of immune system process or response to stimulus by UniProt annotations (Tables 3, 4 & S1). They 265 

were associated with inflammation, cell proliferation, activation, and migration, and wound healing. 266 

In the head kidney several up-regulated genes that were not classified as genes of immune system 267 

process or response to stimulus were implicated in wound healing, B cell development, and cell 268 

migration as well (Table S1). 269 

Ferrochelatase, an enzyme of the heme biosynthesis pathway, and the scavenger receptor 270 

cysteine-rich type 1 protein M130, which is involved in haemoglobin scavenging, were both up-271 

regulated in the spleen. In the head kidney, several genes involved in osmoregulation and 272 
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paracellular flow were upregulated, among them aquaporin-5, claudin-8, and multiple PDZ domain 273 

protein 1. 274 

4. Discussion 275 

Anguillicola crassus is a parasitic nematode that was introduced into European fresh waters in 276 

the 1980s and has acquired the European eel (Anguilla anguilla) as a new host (Kirk, 2003). Previous 277 

studies of the A. anguilla immune response to A. crassus have found localized inflammation in the 278 

swim bladder (Schneebauer, et al., 2017, Würtz and Taraschewski, 2000) and an antibody response 279 

against adults (Knopf, et al., 2000). We wanted to know whether the European eel is capable of 280 

mounting an immune response during the early stages of infections and used transcriptome-wide 281 

gene expression in two immune organs of European eels, the spleen and the head kidney, to detect 282 

immunological changes occurring 3 days post-infection (dpi) during the larval migrating phase of A. 283 

crassus. This early stage has been proposed to be critical for establishment of helminthic infections 284 

(Mulcahy, et al., 2005). We found expression of genes involved in an immune response to be 285 

modified in both organs. Infection also led to modified expression of genes related to heme 286 

metabolism, the O2-binding unit of haemoproteins such as haemoglobin and cytochrome, in the 287 

spleen, and of genes involved in osmoregulation and renal function in the head kidney. Therefore, 288 

the European eel activates the immune system, but the overall response appears to be more 289 

complex. Below we first discuss genes and processes associated with an immune response to the 290 

parasite. We then discuss non-immune-related genes and processes that may influence the 291 

performance of infected European eels. 292 

4.1. Immune-related processes 293 

There were several indicators in both organs that A. crassus elicited an immune response in A. 294 

anguilla. Specifically, genes of the major histocompatibility complex class II (MHC II) were up-295 

regulated in both organs. MHC II displays parasitic antigens that are recognized by the T cell receptor 296 

(TCR) (Morris, et al., 1994). Successful binding to MHC II-antigen complexes activates helper T cells 297 
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and induces a specific immune response (Murphy, 2012). European eels express up to four different 298 

MHC IIB variants (Bracamonte, et al., 2015). Whether up-regulation of MHC IIB gene expression 299 

implies presentation of A. crassus-derived antigens and increased TCR signalling cannot be 300 

determined with our data, but suggests some immune response. Genes that modulate inflammatory 301 

processes were modified in both head kidney and spleen. The phospholipase A2 receptor gene 302 

(pla2r) was up-regulated in the head kidney. Ligand binding to PLA2R induces the production of pro-303 

inflammatory mediators (Granata, et al., 2005, Park, et al., 2003) and controlled cell death 304 

(apoptosis) upon DNA damage through the production of arachidonic acid (Augert, et al., 2009, Pan, 305 

et al., 2014). Cathelicidins, up-regulated in the spleen in this study, are anti-microbial peptides with 306 

immunomodulatory properties (Brown and Hancock, 2006). They may promote either a pro-307 

inflammatory or an anti-inflammatory response. Elevated expression of the scavenger receptor 308 

cysteine-rich type 1 protein M130 gene (cd163) also suggests suppression of inflammation. CD163 is 309 

characteristic for alternatively activated macrophages (Kowal, et al., 2011, Van Gorp, et al., 2010). 310 

These macrophages are generally associated with a T helper type 2 (Th2) immune response, 311 

suppression of an inflammatory response, and wound healing (Gause, et al., 2013). Whether CD163 312 

plays a role in the protective function against helminths has not yet been resolved. 313 

There were also several indicators that A. anguilla did not produce an immune response at 3 dpi. 314 

The early growth response protein 1 gene (egr-1) was down-regulated in the spleen. Egr-1 is a 315 

transcription factor that is involved in the activation of lymphocytes, primarily Th2 cells, and the 316 

stimulation of interleukin-4 expression (Lohoff, et al., 2010), an important regulator of the humoral 317 

immune response. It further promotes the differentiation of macrophages and activation of mast 318 

cells (Li, et al., 2006, McMahon and Monroe, 1996). All of these processes play an important role in 319 

an effective immune response in mice and humans against helminths (Gause, et al., 2013). Down-320 

regulation of egr-1 also indicates decreased proliferation of mature B cells (Gururajan, et al., 2008). 321 

Impairment of B cells, the antibody (Ab)-producing cells, was further supported by the up-regulation 322 

of the protein kinase C δ gene (pkcd) that we observed in the head kidney of infected individuals. 323 
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PKCD negatively affects B cell development and proliferation (Limnander, et al., 2011, 324 

Mecklenbräuker, et al., 2002, Miyamoto, et al., 2002). Accordingly, genes encoding immunoglobulin 325 

chains, which compose the B cell receptor and Ab, were down-regulated in the head kidney. We 326 

conclude that Ab production might not be initiated at 3 dpi, in agreement with previous findings 327 

showing that European eels produce no Ab against A. crassus larvae (Knopf, et al., 2000). 328 

An anti-inflammatory Th2 response is thought to have evolved in response to macroparasitic 329 

infections (e.g. heminths) to protect the host from excessive damage by the immune response itself. 330 

A pro-inflammatory Th1 response is usually produced to fight microparasitic infections (e.g. bacteria) 331 

(Graham, et al., 2005). However, there is evidence that migrating parasitic larvae may be better 332 

controlled by a Th1 response prior to chronic infections and that this may prevent their 333 

establishment (Moreau and Chauvin, 2010, Mulcahy, et al., 2005). Our data did not clearly indicate a 334 

Th1 response or a Th2 response. An unresolved mix of Th1 response and Th2 response may be the 335 

initial state upon encountering a novel parasite. Selection can then drive the response into a Th1 336 

response, which may prevent establishment of infection, or a Th2 response which may reduce 337 

damage while permitting the parasite to establish. Infection intensities of A. crassus have stabilized 338 

since its introduction in the 1980s (Audenaert, et al., 2003, Lefebvre and Crivelli, 2004) and there are 339 

signs of adaptation (Weclawski, et al., 2013). Monitoring the early stages of the immune response in 340 

recent eel generations at a higher resolution may indicate if the T helper response is targeted by 341 

selection and which trajectory the European eel will follow to cope with this invasive parasite. 342 

4.2. Non-immune-related processes 343 

In addition to immune responses, A. crassus infections affected genes related to metabolism of 344 

A. anguilla. CD163, although associated with inflammatory processes, is best known for its function 345 

as scavenger of haemoglobin-haptoglobin complexes (Fabriek, et al., 2005). Haemoglobin is released 346 

from old and defective erythrocytes. Degradation of heme, the O2-binding unit of haemoglobin, 347 

induces an anti-inflammatory response by alternatively activated macrophages (Fabriek, et al., 2005). 348 

The increased expression of cd163 that we observed in infected individuals may therefore indicate 349 
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higher erythrocyte turnover following A. crassus infections. This hypothesis is further supported by 350 

our observed up-regulation of the gene encoding ferrochelatase (fech), the last enzyme in heme 351 

biosynthesis (Layer, et al., 2010). Infected eels might have a reduced ability to bind and distribute O2 352 

and up-regulation of heme biosynthesis may be an attempt to meet the O2 requirement. Höglund et 353 

al. (1992) reported slightly decreased values for haemoglobin in naturally infected eels containing 354 

adult blood-sucking A. crassus and no differences in numbers of erythrocytes. In contrast, Fazio et al. 355 

(2009) found increased expression of the gene encoding haemoglobin α in experimentally infected 356 

eels, which is in line with our finding of increased expression of fech. Heme is also necessary for 357 

cellular respiration (Paoli, et al., 2002), which provides energy for metabolic processes. Increased 358 

fech expression may indicate a higher demand of O2 by infected individuals due to increased energy 359 

consumption. The metabolism of carbohydrates and polypeptides was enriched among down-360 

regulated genes in the spleen. We conclude that the energy balance might be disturbed in eels 361 

infected with A. crassus. 362 

GO enrichment revealed that renal integrity and osmoregulatory function were affected in the 363 

head kidney of infected eels. Genes encoding the tight junction proteins claudin and multiple PDZ 364 

domain protein 1 were up-regulated. Tight junctions determine epithelial permeability and regulate 365 

paracellular transport of solutes, mainly through claudins (Koval, 2006, Yu, 2015). Aquaporins, also 366 

up-regulated in the head kidney of infected eels in our study, form water channels and are important 367 

for osmoregulation (Cerda and Finn, 2010, Madsen, et al., 2015). Fazio et al. (2009) reported an 368 

effect on osmoregulation in the intestine, but not until 8 weeks post infection. Furthermore, they did 369 

not observe an effect on the expression of the aquaporin-encoding gene in the gills, although we 370 

observed it to be up-regulated in the head kidney. 371 

4.3. Organ differences 372 

The head kidney may be more strongly affected by the infection than the spleen. The number of 373 

genes and processes affected was more diverse in the head kidney than in the spleen. The 374 

differentially expressed genes in the spleen were almost exclusively associated with the immune 375 
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system while in the head kidney, they were associated with both immune system processes and 376 

physiological processes. The head kidney of eels is considerably different in shape and location from 377 

those of other fish (Tesch, 2003) and our data suggests that it might contribute extensively to renal 378 

processes in addition to its function as an immune organ. Altered reabsorption of solutes and 379 

osmoregulation could therefore indicate that the induction of an immune response by A. crassus also 380 

interferes with renal excretion and osmotic homeostasis. 381 

Two head kidney samples had expression profiles that differed from those of all other head 382 

kidney samples. Although we cannot exclude that the samples were contaminated with trunk kidney 383 

tissue or higher amounts of blood during removal of the head kidney tissue, GO enrichment gave no 384 

such indication, The genes differing between the two outlier samples and all other samples were 385 

enriched for >2000 GO terms that were associated with very diverse processes. Eels cannot be bred 386 

efficiently and the individuals used for the experiment were originally caught from the wild for 387 

aquaculture. Also, sex-determination of immature eels is difficult and unreliable. Thus, eels were of 388 

unknown sex and genetic background, both of which can have an influence on gene expression. 389 

Furthermore, the eels had been held in captivity for a length of time similar to the time span of their 390 

continental phase (ca. 10 yr) and were likely close to silvering, i.e. preparing for migration in 391 

saltwater and initiating sexual maturation. The silvering process involves major physiological 392 

modifications (Tesch, 2003) and if eels were at different developmental stages then this may affect 393 

gene expression. 394 

4.4. Conclusion 395 

Gene expression results indicated that European eels modify immune processes early during A. 396 

crassus infections. The mix of Th1 and Th2 processes may be one of the reasons why A. crassus is not 397 

confined immediately after infection; however, the observed response was complex and affected 398 

processes other than those involved in immunity but which may interfere with an immune response. 399 

Interestingly, this was more pronounced in the head kidney than in the spleen, supporting a 400 

potentially important role of the head kidney in immune response. The molecular modifications that 401 
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we identified here provide a basis for determining processes that may influence European eel 402 

performance following infection. 403 

Acknowledgements 404 

The authors would like to thank Jenny Vivas Muñoz for assistance with eel dissections. Wibke 405 

Kleiner and Eva Kreuz assisted in laboratory work. Members of the Thursday (now Monday) meeting 406 

group engaged in discussions on the data and Melinda Hofmann gave helpful comments on an early 407 

version of the manuscript. 408 

Funding: This research was funded by the Graduate School IMPact-Vector of the Leibniz 409 

Association (grant number SAW-2014-SGN-3). 410 

References 411 

Alvarez-Pellitero, P. 2008. Fish immunity and parasite infections: From innate immunity to 412 

immunoprophylactic prospects. Veterinary Immunology and Immunopathology 126: 171-413 

198. doi:10.1016/j.vetimm.2008.07.013. 414 

Audenaert, V., T. Huyse, G. Goemans, C. Belpaire and F.A.M. Volckaert. 2003. Spatio-temporal 415 

dynamics of the parasitic nematode Anguillicola crassus in Flanders, Belgium. Diseases of 416 

Aquatic Organisms 56: 223-233. doi:10.3354/dao056223. 417 

Augert, A., C. Payre, Y. de Launoit, J. Gil, G. Lambeau and D. Bernard. 2009. The M-type receptor 418 

PLA2R regulates senescence through the p53 pathway. Embo Reports 10: 271-277. 419 

doi:10.1038/embor.2008.255. 420 

Benjamini, Y. and Y. Hochberg. 1995. Controlling the false discovery rate - A practical and powerful 421 

approach to multiple testing. Journal of the Royal Statistical Society Series B-Methodological 422 

57: 289-300. 423 

Bracamonte, S.E., M. Baltazar-Soares and C. Eizaguirre. 2015. Characterization of MHC class II genes 424 

in the critically endangered European eel (Anguilla anguilla). Conservation Genetics 425 

Resources 7: 859-870. doi:10.1007/s12686-015-0501-z. 426 



18 

 

Bronte, V. and M.J. Pittet. 2013. The spleen in local and systemic regulation of immunity. Immunity 427 

39: 806-818. doi:10.1016/j.immuni.2013.10.010. 428 

Brown, K.L. and R.E.W. Hancock. 2006. Cationic host defense (antimicrobial) peptides. Current 429 

Opinion in Immunology 18: 24-30. doi:10.1016/j.coi.2005.11.004. 430 

Cerda, J. and R.N. Finn. 2010. Piscine aquaporins: an overview of recent advances. Journal of 431 

Experimental Zoology Part A - Ecological Genetics and Physiology 313A: 623-650. 432 

doi:10.1002/jez.634. 433 

Daszak, P., A.A. Cunningham and A.D. Hyatt. 2000. Wildlife ecology - Emerging infectious diseases of 434 

wildlife - Threats to biodiversity and human health. Science 287: 443-449. 435 

doi:10.1126/science.287.5452.443. 436 

Dunn, A.M. and M.J. Hatcher. 2015. Parasites and biological invasions: parallels, interactions, and 437 

control. Trends in Parasitology 31: 189-199. doi:10.1016/j.pt.2014.12.003. 438 

Ellis, A.E. 1980. Antigen-trapping in the spleen and kidney of the plaice Pleuronectes platessa L. 439 

Journal of Fish Diseases 3: 413-426. doi:10.1111/j.1365-2761.1980.tb00425.x. 440 

Fabriek, B.O., C.D. Dijkstra and T.K. van den Berg. 2005. The macrophage scavenger receptor CD163. 441 

Immunobiology 210: 153-160. doi:10.1016/j.imbio.2005.05.010. 442 

Falcon, S. and R. Gentleman. 2007. Using GOstats to test gene lists for GO term association. 443 

Bioinformatics 23: 257-258. doi:10.1093/bioinformatics/btl567. 444 

Fazio, G., H. Mone, C. Da Silva, G. Simon-Levert, J.F. Allienne, R. Lecomte-Finiger, et al. 2009. Changes 445 

in gene expression in European eels (Anguilla anguilla) induced by infection with swim 446 

bladder nematodes (Anguillicola crassus). Journal of Parasitology 95: 808-816. 447 

doi:10.1645/ge-1705.1. 448 

Fazio, G., P. Sasal, G. Mouahid, R. Lecomte-Finiger and H. Mone. 2012. Swim bladder nematiodes 449 

(Anguillicoloides crassus) disturb silvering in European eels (Anguilla anguilla). Journal of 450 

Parasitology 98: 695-705. doi:10.1645/ge-2700.1. 451 



19 

 

Gause, W.C., T.A. Wynn and J.E. Allen. 2013. Type 2 immunity and wound healing: evolutionary 452 

refinement of adaptive immunity by helminths. Nature Reviews Immunology 13: 607-614. 453 

doi:10.1038/nri3476. 454 

Gollock, M.J., C.R. Kennedy and J.A. Brown. 2005. European eels, Anguilla anguilla (L.), infected with 455 

Anguillicola crassus exhibit a more pronounced stress response to severe hypoxia than 456 

uninfected eels. Journal of Fish Diseases 28: 429-436. doi:10.1111/j.1365-2761.2005.00649.x. 457 

Gozlan, R.E., S. St-Hilaire, S.W. Feist, P. Martin and M.L. Kent. 2005. Biodiversity - Disease threat to 458 

European fish. Nature 435: 1046-1046. doi:10.1038/4351046a. 459 

Grabherr, M.G., B.J. Haas, M. Yassour, J.Z. Levin, D.A. Thompson, I. Amit, et al. 2011. Full-length 460 

transcriptome assembly from RNA-Seq data without a reference genome. Nature 461 

Biotechnology 29: 644-U130. doi:10.1038/nbt.1883. 462 

Graham, A.L., J.E. Allen and A.F. Read. 2005. Evolutionary causes and consequences of 463 

immunopathology. Annual Review of Ecology Evolution and Systematics 36: 373-397. 464 

doi:10.1146/annurev.ecolsys.36.102003.152622. 465 

Granata, F., A. Petraroli, E. Boilard, S. Bezzine, J. Bollinger, L. Del Vecchio, et al. 2005. Activation of 466 

cytokine production by secreted phospholipase A2 in human lung macrophages expressing 467 

the M-type receptor. Journal of Immunology 174: 464-474. doi:10.4049/jimmunol.174.1.464. 468 

Gururajan, M., A. Simmons, T. Dasu, B.T. Spear, C. Calulot, D.A. Robertson, et al. 2008. Early growth 469 

response genes regulate B cell development, proliferation, and immune response. Journal of 470 

Immunology 181: 4590-4602. doi:10.4049/jimmunol.181.7.4590. 471 

Haas, B.J., A. Papanicolaou, M. Yassour, M. Grabherr, P.D. Blood, J. Bowden, et al. 2013. De novo 472 

transcript sequence reconstruction from RNA-seq using the Trinity platform for reference 473 

generation and analysis. Nature Protocols 8: 1494-1512. doi:10.1038/nprot.2013.084. 474 

Haenen, O.L.M., T.A.M. Vanwijngaarden and F.H.M. Borgsteede. 1994. An improved method for the 475 

production of infective 3rd-stage juveniles of Anguillicola crassus. Aquaculture 123: 163-165. 476 

doi:10.1016/0044-8486(94)90128-7. 477 



20 

 

Huang, Y., F.J.J. Chain, M. Panchal, C. Eizaguirre, M. Kalbe, T.L. Lenz, et al. 2016. Transcriptome 478 

profiling of immune tissues reveals habitat-specific gene expression between lake and river 479 

sticklebacks. Molecular Ecology 25: 943-958. doi:10.1111/mec.13520. 480 

Höglund, J., J. Andersson and J. Hardig. 1992. Hematological responses in the European eel, Anguilla 481 

anguilla L, to sublethal infestation by Anguillicola crassus in a thermal effluent of the Swedish 482 

baltic. Journal of Fish Diseases 15: 507-514. doi:10.1111/j.1365-2761.1992.tb00682.x. 483 

ICES. 2012. Report of the 2012 session of the joint EIFAAC/ICES working group on eels.  ICES CM 484 

2012/ACOM:18, Copenhagen, Denmark. p. 824. 485 

Kelly, C.E., C.R. Kennedy and J.A. Brown. 2000. Physiological status of wild European eels (Anguilla 486 

anguilla) infected with the parasitic nematode, Anguillicola crassus. Parasitology 120: 195-487 

202. doi:10.1017/s0031182099005314. 488 

Kirk, R.S. 2003. The impact of Anguillicola crassus on European eels. Fisheries Management and 489 

Ecology 10: 385-394. doi:10.1111/j.1365-2400.2003.00355.x. 490 

Knopf, K., K. Naser, M.H.T. van der Heijden and H. Taraschewski. 2000. Humoral immune response of 491 

European eel Anguilla anguilla experimentally infected with Anguillicola crassus. Diseases of 492 

Aquatic Organisms 42: 61-69. doi:10.3354/dao042061. 493 

Knopf, K., J. Würtz, B. Sures and H. Taraschewski. 1998. Impact of low water temperature on the 494 

development of Anguillicola crassus in the final host Anguilla anguilla. Diseases of Aquatic 495 

Organisms 33: 143-149. doi:10.3354/dao033143. 496 

Koval, M. 2006. Claudins - Key pieces in the tight junction puzzle. Cell Communication and Adhesion 497 

13: 127-138. doi:10.1080/15419060600726209. 498 

Kowal, K., R. Silver, E. Slawinska, M. Bielecki, L. Chyczewski and O. Kowal-Bielecka. 2011. CD163 and 499 

its role in inflammation. Folia Histochemica Et Cytobiologica 49: 365-374. 500 

doi:10.5603/fhc.2011.0052. 501 



21 

 

Kozubikova, E., A. Petrusek, Z. Duris and B. Oidtmann. 2007. Aphanomyces astaci, the crayfish plague 502 

pathogen, may be a common cause of crayfish mass mortalities in the Czech Republic. 503 

Bulletin of the European Association of Fish Pathologists 27: 79-82. 504 

Layer, G., J. Reichelt, D. Jahn and D.W. Heinz. 2010. Structure and function of enzymes in heme 505 

biosynthesis. Protein Science 19: 1137-1161. doi:10.1002/pro.405. 506 

Lefebvre, F., P. Contournet and A.J. Crivelli. 2007. Interaction between the severity of the infection by 507 

the nematode Anguillicola crassus and the tolerance to hypoxia in the European eel Anguilla 508 

anguilla. Acta Parasitologica 52: 171-175. doi:10.2478/s11686-007-0013-4. 509 

Lefebvre, F. and A. Crivelli. 2004. Anguillicolosis: dynamics of the infection over two decades. 510 

Diseases of Aquatic Organisms 62: 227-232. doi:10.3354/dao062227. 511 

Lefebvre, F., G. Fazio, B. Mounaix and A.J. Crivelli. 2013. Is the continental life of the European eel 512 

Anguilla anguilla affected by the parasitic invader Anguillicoloides crassus? Proceedings of 513 

the Royal Society B-Biological Sciences 280. doi:10.1098/rspb.2012.2916. 514 

Li, B., M.R. Power and T.J. Lin. 2006. De novo synthesis of early growth response factor-1 is required 515 

for the full responsiveness of mast cells to produce TNF and IL-13 by IgE and antigen 516 

stimulation. Blood 107: 2814-2820. doi:10.1182/blood-2005-09-3610. 517 

Limnander, A., P. Depeille, T.S. Freedman, J. Liou, M. Leitges, T. Kurosaki, et al. 2011. STIM1, PKC-518 

delta and RasGRP set a threshold for proapoptotic Erk signaling during B cell development. 519 

Nature Immunology 12: 425-U481. doi:10.1038/ni.2016. 520 

Lohoff, M., M. Giaisi, R. Kohler, B. Casper, P.H. Krammer and M. Li-Weber. 2010. Early growth 521 

response protein-1 (Egr-1) is preferentially expressed in T helper type 2 (Th2) cells and is 522 

involved in acute transcription of the Th2 cytokine interleukin-4. Journal of Biological 523 

Chemistry 285: 1643-1652. doi:10.1074/jbc.M109.011585. 524 

Love, M.I., W. Huber and S. Anders. 2014. Moderated estimation of fold change and dispersion for 525 

RNA-seq data with DESeq2. Genome Biology 15: 38. doi:10.1186/s13059-014-0550-8. 526 



22 

 

Madsen, S.S., M.B. Engelund and C.P. Cutler. 2015. Water transport and functional dynamics of 527 

aquaporins in osmoregulatory organs of fishes. Biological Bulletin 229: 70-92. 528 

doi:10.1086/BBLv229n1p70. 529 

McKenzie, V.J. and A.C. Peterson. 2012. Pathogen pollution and the emergence of a deadly 530 

amphibian pathogen. Molecular Ecology 21: 5151-5154. doi:10.1111/mec.12013. 531 

McMahon, S.B. and J.G. Monroe. 1996. The role of early growth response gene 1 (egr-1) in regulation 532 

of the immune response. Journal of Leukocyte Biology 60: 159-166. doi:10.1002/jlb.60.2.159. 533 

Mecklenbräuker, I., K. Saijo, N.Y. Zheng, M. Leitges and A. Tarakhovsky. 2002. Protein kinase C delta 534 

controls self-antigen-induced B-cell tolerance. Nature 416: 860-865. doi:10.1038/416860a. 535 

Miyamoto, A., K. Nakayama, H. Imaki, S. Hirose, Y. Jiang, M. Abe, et al. 2002. Increased proliferation 536 

of B cells and auto-immunity in mice lacking protein kinase C delta. Nature 416: 865-869. 537 

doi:10.1038/416865a. 538 

Molnar, K., C. Szekely and F. Baska. 1991. Mass mortality of eel in Lake Balaton due to Anguillicola 539 

crassus infection. Bulletin of the European Association for Fish Pathology 11: 211-212. 540 

Molnár, K. 1994. Formation of parasitic nodules in the swimbladder and intestinal walls of the eel 541 

Anguilla anguilla due to infections with larval stages of Anguillicola crassus. Diseases of 542 

Aquatic Organisms 20: 163-170. 543 

Moreau, E. and A. Chauvin. 2010. Immunity against helminths: interactions with the host and the 544 

intercurrent infections. Journal of Biomedicine and Biotechnology: 9. 545 

doi:10.1155/2010/428593. 546 

Morris, A., C. Hewitt and S. Young. 1994. The major histocompatibility complex: its genes and their 547 

roles in antigen presentation. Molecular Aspects of Medicine 15: 377-503. doi:10.1016/0098-548 

2997(94)90041-8. 549 

Mulcahy, G., S. O'Neill, J. Fanning, E. McCarthy and M. Sekiya. 2005. Tissue migration by parasitic 550 

helminths - an immunoevasive strategy? Trends in Parasitology 21: 273-277. 551 

doi:10.1016/j.pt.2005.04.003. 552 



23 

 

Murphy, K. 2012. Janeway´s Immunobiology. 8th ed. Garland Science, Taylor & Fancis Group, LLC, 553 

New York, USA. 554 

Newbold, L.R., F.A. Hockley, C.F. Williams, J. Cable, A.J. Reading, N. Auchterlonie, et al. 2015. 555 

Relationship between European eel Anguilla anguilla infection with non-native parasites and 556 

swimming behaviour on encountering accelerating flow. Journal of Fish Biology 86: 1519-557 

1533. doi:10.1111/jfb.12659. 558 

Palstra, A.P., D.F.M. Heppener, V.J.T. van Ginneken, C. Szekely and G. van den Thillart. 2007. 559 

Swimming performance of silver eels is severely impaired by the swim-bladder parasite 560 

Anguillicola crassus. Journal of Experimental Marine Biology and Ecology 352: 244-256. 561 

doi:10.1016/j.jembe.2007.08.003. 562 

Pan, Y.B., J.X. Wan, Y.P. Liu, Q. Yang, W. Liang, P.C. Singhal, et al. 2014. sPLA2 IB induces human 563 

podocyte apoptosis via the M-type phospholipase A2 receptor. Scientific Reports 4: 11. 564 

doi:10.1038/srep06660. 565 

Paoli, M., J. Marles-Wright and A. Smith. 2002. Structure-function relationships in heme-proteins. 566 

DNA and Cell Biology 21: 271-280. doi:10.1089/104454902753759690. 567 

Park, D.W., J.R. Kim, S.Y. Kim, J.K. Sonn, O.S. Bang, S.S. Kang, et al. 2003. Akt as a mediator of 568 

secretory phospholipase A2 receptor-involved inducible nitric oxide synthase expression. 569 

Journal of Immunology 170: 2093-2099. doi:10.4049/jimmunol.170.4.2093. 570 

Peeler, E.J., B.C. Oidtmann, P.J. Midtlyng, L. Miossec and R.E. Gozlan. 2011. Non-native aquatic 571 

animals introductions have driven disease emergence in Europe. Biological Invasions 13: 572 

1291-1303. doi:10.1007/s10530-010-9890-9. 573 

Pelster, B., G. Schneebauer and R.P. Dirks. 2016. Anguillicola crassus infection significantly affects the 574 

silvering related modifications in steady state mRNA levels in gas gland tissue of the 575 

European eel. Frontiers in Physiology 7: 13. doi:10.3339/fphys.2016.00175. 576 

Peters, G. and F. Hartmann. 1986. Anguillicola, a parasitic nematode of the swim bladder spreading 577 

among eel populations in Europe. Diseases of Aquatic Organisms 1: 229-230. 578 



24 

 

Press, C.M. and O. Evensen. 1999. The morphology of the immune system in teleost fishes. Fish & 579 

Shellfish Immunology 9: 309-318. doi:10.1006/fsim.1998.0181. 580 

Robledo, D., P. Ronza, P.W. Harrison, A.P. Losada, R. Bermudez, B.G. Pardo, et al. 2014. RNA-seq 581 

analysis reveals significant transcriptome changes in turbot (Scophthalmus maximus) 582 

suffering severe enteromyxosis. BMC Genomics 15: 17. doi:10.1186/1471-2164-15-1149. 583 

Schneebauer, G., R.P. Dirks and B. Pelster. 2017. Anguillicola crassus infection affects mRNA 584 

expression levels in gas gland tissue of European yellow and silver eel. Plos One 12: 26. 585 

doi:10.1371/journal.pone.0183128. 586 

Skugor, S., K.A. Glover, F. Nilsen and A. Krasnov. 2008. Local and systemic gene expression responses 587 

of Atlantic salmon (Salmo salar L.) to infection with the salmon louse (Lepeophtheirus 588 

salmonis). BMC Genomics 9: 18. doi:10.1186/1471-2164-9-498. 589 

Smith, K.F., K. Acevedo-Whitehouse and A.B. Pedersen. 2009. The role of infectious diseases in 590 

biological conservation. Animal Conservation 12: 1-12. doi:10.1111/j.1469-591 

1795.2008.00228.x. 592 

R Core Team. 2016. R: A language and environment for statistical computing. R Foundation for 593 

Statistical Computing, www.R-project.org, Vienna, Austria. 594 

Tesch, F.-W. 2003. The eel. 3rd ed. Blackwell Science Ltd, Oxford, UK. 595 

Todd, E.V., M.A. Black and N.J. Gemmell. 2016. The power and promise of RNA-seq in ecology and 596 

evolution. Molecular Ecology 25: 1224-1241. doi:10.1111/mec.13526. 597 

Van Gorp, H., P.L. Delputte and H.J. Nauwynck. 2010. Scavenger receptor CD163, a Jack-of-all-trades 598 

and potential target for cell-directed therapy. Molecular Immunology 47: 1650-1660. 599 

doi:10.1016/j.molimm.2010.02.008. 600 

Weclawski, U., E.G. Heitlinger, T. Baust, B. Klar, T. Petney, Y.S. Han, et al. 2013. Evolutionary 601 

divergence of the swim bladder nematode Anguillicola crassus after colonization of a novel 602 

host, Anguilla anguilla. BMC Evolutionary Biology 13. doi:10.1186/1471-2148-13-78. 603 



25 

 

Weclawski, U., E.G. Heitlinger, T. Baust, B. Klar, T. Petney, Y.S. Han, et al. 2014. Rapid evolution of 604 

Anguillicola crassus in Europe: species diagnostic traits are plastic and evolutionarily labile. 605 

Frontiers in Zoology 11: 9. doi:10.1186/s12983-014-0074-9. 606 

Whyte, S.K. 2007. The innate immune response of finfish - A review of current knowledge. Fish & 607 

Shellfish Immunology 23: 1127-1151. doi:10.1016/j.fsi.2007.06.005. 608 

Wielgoss, S., H. Taraschewski, A. Meyer and T. Wirth. 2008. Population structure of the parasitic 609 

nematode Anguillicola crassus, an invader of declining North Atlantic eel stocks. Molecular 610 

Ecology 17: 3478-3495. doi:10.1111/j.1365-294X.2008.03855.x. 611 

Würtz, J. and H. Taraschewski. 2000. Histopathological changes in the swimbladder wall of the 612 

European eel Anguilla anguilla due to infections with Anguillicola crassus. Diseases of 613 

Aquatic Organisms 39: 121-134. doi:10.3354/dao039121. 614 

Würtz, J., H. Taraschewski and B. Pelster. 1996. Changes in gas composition in the swimbladder of 615 

the European eel (Anguilla anguilla) infected with Anguillicola crassus (Nematoda). 616 

Parasitology 112: 233-238. doi:10.1017/S003118200008481X. 617 

Yu, A.S.L. 2015. Claudins and the Kidney. Journal of the American Society of Nephrology 26: 11-19. 618 

doi:10.1681/asn.2014030284. 619 

Data availability 620 

The Transcriptome Shotgun Assembly project has been deposited at DDBJ/ENA/GenBank under 621 

the accession GHAH00000000. The version described in this paper is the first version, 622 

GHAH01000000. 623 

Declarations of interest 624 

None. 625 

Figure legends 626 



26 

 

Figure 1 Principal component analysis (PCA) separating head kidney (�) from spleen (▲) samples but 627 

not infected (turquoise) from control (purple) samples within tissues. Head kidney and spleen 628 

samples from the same individual are labelled identically. 629 

Figure 2 MA-plots showing differential gene expression between infected and controls for (a) the 630 

spleen and (b) the head kidney. Differentially expressed genes are shown as red dots and the number 631 

of up- and down-regulated genes is indicated. 632 

Supplementary files 633 

Table S1 List of all differentially expressed genes in the spleen and the head kidney. Annotations, 634 

where available, were obtained by blastx searches against UniProt and RefSeq databases. Genes that 635 

were differentially expressed in both tissues are shaded in gray. Log2FC is the log2 fold change 636 

between expression in infected and control individuals, Wald stat is the wald statistic calculated by 637 

DESeq2, and Direction indicates up-regulation (↑) or down-regulation (↑) in infected individuals. 638 

(XLSX 46 kb) 639 

Table S2 List of all enriched GO terms in the spleen. Terms that were also enriched in the head 640 

kidney are shaded in gray. (XLSX 14 kb) 641 

Table S3 List of all enriched GO terms in the head kidney. Terms that were also enriched in the 642 

spleen are shaded in gray. (XLSX 17 kb)643 
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Tables 644 

Table 1 Enriched GO terms in the spleen related to “immune system process” or “response to stimulus”. 645 

Category Go term (biological process) Expected Count Size Direction P-value 

GO:0006953 acute-phase response 0 2 119 ↑ <0.001 

GO:0001788 antibody-dependent cellular cytotoxicity 0 1 3 ↑ <0.001 

GO:0001805 positive regulation of type III hypersensitivity 0 1 6 ↑ 0.001 

GO:0019884 antigen processing and presentation of exogenous antigen 0 2 360 ↑ 0.001 

GO:0006954 inflammatory response 0 3 1754 ↑ 0.001 

GO:0071493 cellular response to UV-B 0 1 13 ↑ 0.002 

GO:0071492 cellular response to UV-A 0 1 14 ↑ 0.002 

GO:0001798 positive regulation of type IIa hypersensitivity 0 1 14 ↑ 0.002 

GO:0002892 regulation of type II hypersensitivity 0 1 14 ↑ 0.002 

GO:0048002 antigen processing and presentation of peptide antigen 0 2 543 ↑ 0.002 

GO:0042742 defense response to bacterium 0 2 550 ↑ 0.002 

GO:0001812 positive regulation of type I hypersensitivity 0 1 21 ↑ 0.003 

GO:0002866 positive regulation of acute inflammatory response to antigenic stimulus 0 1 33 ↑ 0.004 

GO:0002524 hypersensitivity 0 1 39 ↑ 0.005 

GO:0043306 positive regulation of mast cell degranulation 0 1 44 ↑ 0.006 

GO:0002696 positive regulation of leukocyte activation 0 2 962 ↑ 0.006 

GO:0002861 regulation of inflammatory response to antigenic stimulus 0 1 49 ↑ 0.006 

GO:0042590 antigen processing and presentation of exogenous peptide antigen via MHC class I 0 1 76 ↑ 0.010 

GO:0002474 antigen processing and presentation of peptide antigen via MHC class I 0 2 342 ↓ 0.002 

GO:1990523 bone regeneration 0 1 22 ↓ 0.004 

GO:0019882 antigen processing and presentation 0 2 651 ↓ 0.007 

Expected and Count give the number of expected and observed differentially expressed genes assigned to the respective category. Size is the total number of 

genes in the reference transcriptome assigned to that category. Direction indicates enrichment in up-regulated (↑) or down-regulated (↓) genes in infected 

individuals. 

 646 

  647 
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Table 2 Enriched GO terms in the head kidney related to “immune system process” or “response to stimulus”. 648 

Category Go term (biological process) Expected Count Size Direction P-value 

GO:0007185 transmembrane receptor protein tyrosine phosphatase signaling pathway 0 3 46 ↑ <0.001 

GO:0046426 negative regulation of JAK-STAT cascade 0 4 163 ↑ <0.001 

GO:0090403 oxidative stress-induced premature senescence 0 2 16 ↑ <0.001 

GO:0043517 positive regulation of DNA damage response, signal transduction by p53 class mediator 0 2 26 ↑ 0.001 

GO:0009968 negative regulation of signal transduction 5 13 3839 ↑ 0.001 

GO:0090398 cellular senescence 0 3 158 ↑ 0.001 

GO:0030520 intracellular estrogen receptor signaling pathway 0 3 180 ↑ 0.002 

GO:0042770 signal transduction in response to DNA damage 0 3 275 ↑ 0.005 

GO:0071307 cellular response to vitamin K 0 1 6 ↑ 0.008 

GO:0051387 negative regulation of neurotrophin TRK receptor signaling pathway 0 1 7 ↑ 0.009 

GO:0052697 xenobiotic glucuronidation 0 1 7 ↑ 0.009 

GO:0045087 innate immune response 1 6 2927 ↓ <0.001 

GO:0002474 antigen processing and presentation of peptide antigen via MHC class I 0 3 342 ↓ <0.001 

GO:0019882 antigen processing and presentation 0 3 651 ↓ <0.001 

GO:0006958 complement activation, classical pathway 0 2 342 ↓ 0.002 

GO:0002757 immune response-activating signal transduction 0 3 1532 ↓ 0.002 

GO:0038096 Fc-gamma receptor signaling pathway involved in phagocytosis 0 2 394 ↓ 0.002 

GO:0072376 protein activation cascade 0 2 430 ↓ 0.002 

GO:0002440 production of molecular mediator of immune response 0 2 458 ↓ 0.003 

GO:0016064 immunoglobulin mediated immune response 0 2 513 ↓ 0.004 

GO:0042742 defense response to bacterium 0 2 550 ↓ 0.004 

GO:0034165 positive regulation of toll-like receptor 9 signaling pathway 0 1 25 ↓ 0.004 

GO:0050778 positive regulation of immune response 0 3 2038 ↓ 0.005 

GO:0006959 humoral immune response 0 2 620 ↓ 0.005 

GO:0002682 regulation of immune system process 1 4 4405 ↓ 0.005 

GO:0002449 lymphocyte mediated immunity 0 2 795 ↓ 0.008 

GO:0051707 response to other organism 0 3 2536 ↓ 0.009 

GO:0002460 
adaptive immune response based on somatic recombination of immune receptors built from 

immunoglobulin superfamily domains 
0 2 830 ↓ 0.009 

GO:0038095 Fc-epsilon receptor signaling pathway 0 2 844 ↓ 0.009 

GO:0009607 response to biotic stimulus 0 3 2602 ↓ 0.009 

Columns as described for table 1. 
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Table 3 Differentially expressed genes in the spleen associated with the immune system. 650 

Gene ID Log2FC Wald stat P-value Adj. p-value Direction Uniprot and refseq annotations 

TRINITY_DN168651_c5_g8 2.14 5.97 2.35E-09 2.26E-05 ↑ High affinity immunoglobulin gamma Fc receptor I 

TRINITY_DN164847_c1_g5 2.37 5.56 2.71E-08 1.96E-04 ↑ HLA class II histocompatibility antigen, DR beta 4 chain 

TRINITY_DN85147_c0_g2 1.99 4.67 3.06E-06 0.006 ↑ carboxypeptidase N subunit 2-like 

TRINITY_DN172142_c2_g9 1.62 4.68 2.84E-06 0.006 ↑ Scavenger receptor cysteine-rich type 1 protein M130 (CD163) 

TRINITY_DN172142_c2_g4 1.53 4.36 1.31E-05 0.017 ↑ Scavenger receptor cysteine-rich type 1 protein M130 (CD163) 

TRINITY_DN160149_c1_g6 1.66 4.27 1.94E-05 0.023 ↑ Ig heavy chain V-I region HG3 

TRINITY_DN150174_c4_g2 1.78 4.17 3.01E-05 0.031 ↑ Neprilysin 

TRINITY_DN131224_c0_g2 1.33 4.05 5.06E-05 0.044 ↑ Cathelicidin 

TRINITY_DN137702_c1_g8 -4.88 -12.80 1.56E-37 9.00E-33 ↓ Major histocompatibility complex class I-related gene protein 

TRINITY_DN162543_c1_g4 -3.11 -7.48 7.62E-14 2.20E-09 ↓ CD48 antigen 

TRINITY_DN172627_c9_g2 -1.89 -5.38 7.44E-08 4.31E-04 ↓ Interferon-induced very large GTPase 1 

TRINITY_DN158064_c3_g2 -1.70 -5.23 1.72E-07 7.68E-04 ↓ Early growth response protein 1 

TRINITY_DN170110_c2_g11 -2.10 -4.93 8.02E-07 0.002 ↓ Periostin 

TRINITY_DN165611_c2_g3 -1.86 -4.42 9.75E-06 0.014 ↓ Major histocompatibility complex class I-related gene protein 

TRINITY_DN139249_c2_g10 -1.82 -4.26 2.01E-05 0.024 ↓ GTPase IMAP family member 

TRINITY_DN162962_c0_g2 -1.69 -4.13 3.61E-05 0.035 ↓ Actin-related protein 2/3 complex subunit 1A 

TRINITY_DN169065_c0_g2 -1.46 -4.09 4.32E-05 0.038 ↓ Early growth response protein 1 

Log2FC is the log2 fold change between expression in infected and control individuals, Wald stat is the wald statistic calculated by DESeq2, Adj. p-value is the Benjamini-

Hochberg adjusted p-value, and Direction indicates up-regulation (↑) or down-regulation (↓) in infected individuals. Gene IDs in bold indicate differenfal expression 

also in the head kidney. 
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Table 4 Differentially expressed genes in the head kidney associated with the immune system. 653 

Gene ID Log2FC Wald stat P-value Adj. p-value Direction Uniprot and refseq annotations 

TRINITY_DN146291_c0_g1 3.14 5.10 3.41E-07 7.09E-04 ↑ Estrogen receptor beta 

TRINITY_DN164847_c1_g5 3.83 5.08 3.70E-07 7.43E-04 ↑ HLA class II histocompatibility antigen, DR beta 4 chain 

TRINITY_DN168593_c4_g3 3.01 4.83 1.39E-06 0.002 ↑ Estrogen receptor beta 

TRINITY_DN136158_c0_g1 1.77 4.55 5.25E-06 0.006 ↑ Receptor tyrosine-protein kinase erbB-3 

TRINITY_DN158138_c1_g1 2.05 4.55 5.28E-06 0.006 ↑ Receptor-type tyrosine-protein phosphatase delta 

TRINITY_DN139426_c1_g2 3.03 4.51 6.54E-06 0.007 ↑ Biglycan 

TRINITY_DN151863_c1_g1 2.34 4.43 9.29E-06 0.008 ↑ Collagen alpha-5(IV) chain 

TRINITY_DN149909_c1_g3 1.88 4.45 8.75E-06 0.008 ↑ Receptor-type tyrosine-protein phosphatase delta 

TRINITY_DN163104_c3_g2 2.43 4.37 1.23E-05 0.010 ↑ Atrial natriuretic peptide receptor 1 

TRINITY_DN157378_c3_g1 2.13 4.38 1.21E-05 0.010 ↑ Receptor-type tyrosine-protein phosphatase delta 

TRINITY_DN144825_c0_g1 1.63 4.35 1.37E-05 0.011 ↑ SH2 domain-containing protein 3A 

TRINITY_DN159222_c0_g1 1.76 4.32 1.57E-05 0.011 ↑ Platelet-derived growth factor C 

TRINITY_DN171723_c2_g4 1.97 4.24 2.25E-05 0.015 ↑ Receptor-type tyrosine-protein phosphatase delta 

TRINITY_DN162605_c1_g2 1.68 4.21 2.55E-05 0.016 ↑ Wilms tumor protein 

TRINITY_DN148691_c0_g1 2.52 4.20 2.68E-05 0.016 ↑ Receptor-interacting serine/threonine-protein kinase 4 

TRINITY_DN169331_c3_g2 1.40 4.17 3.00E-05 0.018 ↑ 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase delta 

TRINITY_DN164726_c4_g1 1.50 4.15 3.26E-05 0.018 ↑ Secretory phospholipase A2 receptor 

TRINITY_DN157378_c3_g2 2.04 4.09 4.35E-05 0.021 ↑ Receptor-type tyrosine-protein phosphatase delta 

TRINITY_DN160149_c1_g6 1.65 4.05 5.02E-05 0.023 ↑ Ig heavy chain V-I region HG3 

TRINITY_DN128669_c0_g2 1.90 4.05 5.19E-05 0.023 ↑ Serine/threonine-protein kinase pim-3 

TRINITY_DN156836_c3_g2 1.42 4.05 5.15E-05 0.023 ↑ Receptor-type tyrosine-protein phosphatase delta 

TRINITY_DN171512_c0_g1 2.44 4.04 5.45E-05 0.024 ↑ Desmoplakin 

TRINITY_DN152103_c1_g1 1.65 4.01 6.05E-05 0.026 ↑ finTRIM family, member 82 

TRINITY_DN153657_c2_g1 2.15 3.97 7.13E-05 0.028 ↑ Collagen alpha-5(IV) chain-like 

TRINITY_DN161130_c4_g1 2.54 3.95 7.77E-05 0.029 ↑ Estrogen receptor beta 

TRINITY_DN133663_c0_g1 2.67 3.94 7.99E-05 0.029 ↑ Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5 

TRINITY_DN127233_c1_g1 2.91 3.94 7.98E-05 0.029 ↑ Sex hormone-binding globulin 

TRINITY_DN127456_c0_g1 2.65 3.90 9.46E-05 0.032 ↑ Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5 

TRINITY_DN119036_c0_g1 2.83 3.87 1.08E-04 0.035 ↑ Ras association domain-containing protein 5 

TRINITY_DN142758_c0_g1 2.36 3.85 1.16E-04 0.036 ↑ 
basement membrane-specific heparan sulfate proteoglycan core 

protein-like 

TRINITY_DN156129_c0_g2 2.17 3.83 1.26E-04 0.037 ↑ UDP-glucuronosyltransferase 1 

TRINITY_DN149035_c4_g1 1.71 3.77 1.65E-04 0.041 ↑ Beta-1,4 N-acetylgalactosaminyltransferase 2 

TRINITY_DN165320_c4_g1 2.36 3.74 1.81E-04 0.044 ↑ Protein kinase C delta type 
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TRINITY_DN145200_c1_g2 2.71 3.73 1.95E-04 0.046 ↑ Desmoglein-1 

TRINITY_DN142233_c0_g1 1.58 3.72 2.01E-04 0.046 ↑ Secretory phospholipase A2 receptor 

TRINITY_DN166241_c2_g1 1.89 3.69 2.21E-04 0.048 ↑ Homeodomain-interacting protein kinase 2 

TRINITY_DN137702_c1_g10 -5.33 -7.64 2.14E-14 6.24E-10 ↓ Major histocompatibility complex class I-related gene protein 

TRINITY_DN137702_c1_g8 -5.28 -7.68 1.63E-14 6.24E-10 ↓ Major histocompatibility complex class I-related gene protein 

TRINITY_DN155813_c1_g1 -2.58 -5.89 3.80E-09 1.84E-05 ↓ BTB/POZ domain-containing protein 17 

TRINITY_DN168857_c2_g5 -2.86 -4.91 9.28E-07 0.002 ↓ GTPase IMAP family member 4 

TRINITY_DN162543_c1_g4 -3.61 -4.81 1.51E-06 0.002 ↓ CD48 antigen 

TRINITY_DN152464_c2_g16 -3.15 -4.34 1.43E-05 0.011 ↓ Granulins 

TRINITY_DN120453_c1_g2 -1.90 -4.16 3.14E-05 0.018 ↓ Ig heavy chain V-III region 23 

TRINITY_DN144819_c0_g4 -1.60 -4.13 3.64E-05 0.019 ↓ P-selectin 

TRINITY_DN144089_c4_g6 -1.53 -4.09 4.39E-05 0.021 ↓ Ig lambda chain V-V region DEL 

TRINITY_DN128201_c0_g3 -3.05 -4.00 6.45E-05 0.026 ↓ CMRF35-like molecule 

TRINITY_DN152706_c1_g13 -2.58 -3.89 1.02E-04 0.034 ↓ GTPase IMAP family member 4 

TRINITY_DN156202_c2_g3 -2.91 -3.85 1.18E-04 0.036 ↓ IgGFc-binding protein 

TRINITY_DN147923_c2_g2 -2.66 -3.81 1.38E-04 0.038 ↓ Myosin-11 

TRINITY_DN165611_c2_g3 -2.35 -3.80 1.42E-04 0.038 ↓ Major histocompatibility complex class I-related gene protein 

TRINITY_DN168771_c3_g3 -2.90 -3.78 1.57E-04 0.040 ↓ Ig kappa chain V-V region HP 91A3 

TRINITY_DN164893_c1_g8 -2.17 -3.78 1.60E-04 0.040 ↓ HERV-H LTR-associating protein 2-like 

TRINITY_DN151002_c1_g1 -1.55 -3.74 1.85E-04 0.044 ↓ High affinity immunoglobulin epsilon receptor subunit beta-like 

Columns as described for table 3. Gene ID in bold indicates that this gene was also differentially expressed in the spleen. 

 654 



 

32 

 

Vitae 655 

Seraina E. Bracamonte is a doctoral candidate studying the immune response of eel hosts to 656 

parasites. 657 

Dr. Paul R. Johnston is a postdoc in the evolutionary biology group at the Free University of Berlin 658 

and the Berlin Center for Genomics in Biodiversity Research. He is interested in host-microbe 659 

interactions, especially the evolution of bacterial resistance to host defences, the genomics of gut 660 

symbionts, and the consequences of dynamic developmental processes such as metamorphosis for 661 

symbiosis. 662 

PD Dr. Klaus Knopf is a senior scientist and the leader of the fish parasitology and immunology group 663 

at IGB. His research focusses on determining stress and immune parameters as indicators for fish 664 

welfare in aquaculture and new ways to control disease in these conditions. He also focusses on how 665 

fish parasites affect the role of their hosts in food webs. 666 

Michael T. Monaghan is a senior scientist at Leibniz-IGB and a professor of biology at Freie 667 

Universität Berlin. His interests include freshwater ecology, evolution, and biodiversity. 668 


