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Introduction

Parasite-mediated selection is considered one of the potential mechanisms contributing to the coexistence of asexual-sexual complexes. Gibel carp (Carassius gibelio), an invasive fish species in Europe, often forms populations composed of gynogenetic and sexual specimens.





Methods

The experimental infection was induced in gynogenetic and sexual gibel carp using eye-fluke Diplostomum pseudospathaceum (Trematoda), and the transcriptome profile of the spleen as a major immune organ in fish was analyzed to reveal the differentially expressed immunity-associated genes related to D. pseudospathaceum infection differing between gynogenetic and sexual gibel carp.





Results

High parasite infection was found in gynogenetic fish when compared to genetically diverse sexuals. Although metacercariae of D. pseudospathaceum are situated in an immune-privileged organ, our results show that eye trematodes may induce a host immune response. We found differential gene expression induced by eye-fluke infection, with various impacts on gynogenetic and sexual hosts, documenting for the majority of DEGs upregulation in sexuals, and downregulation in asexuals. Differences in gene regulation between gynogenetic and sexual gibel carp were evidenced in many immunity-associated genes. GO analyses revealed the importance of genes assigned to the GO terms: immune function, the Notch signaling pathway, MAP kinase tyrosine/threonine/phosphatase activity, and chemokine receptor activity. KEGG analyses revealed the importance of the genes involved in 12 immunity-associated pathways – specifically, FoxO signaling, adipocytokine signaling, TGF-beta signaling, apoptosis, Notch signaling, C-type lectin receptor signaling, efferocytosis, intestinal immune network for IgA production, insulin signaling, virion - human immunodeficiency virus, Toll-like receptor signaling, and phosphatidylinositol signaling system.





Discussion

Our study indicates the limited potential of asexual fish to cope with higher parasite infection (likely a loss of capacity to induce an effective immune response) and highlights the important role of molecular mechanisms associated with immunity for the coexistence of gynogenetic and sexual gibel carp, potentially contributing to its invasiveness.
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1 Introduction

Gibel carp (Carassius gibelio (Bloch, 1782)) is a widely-distributed invasive cyprinid species in European freshwaters (1, 2). It is one of the few vertebrates among fish, amphibians and lizards that exhibit a diverse ploidy level and a capacity for both the sexual and asexual modes of reproduction (3, 4). Although until the 1990s, European populations of gibel carp were presumed to comprise triploid females (5, 6) which reproduced asexually, both sexual and asexual forms of gibel carp have, since then, been reported in natural habitats (5). A unique ability to reproduce rapidly through the gynogenesis as a specific mode of asexual reproduction places gibel carp in the role of a successful invasive species (7). In gynogenesis, the eggs are activated by the sperm of conspecific males or closely-related species (often common carp); however, due to the absence of syngamy, there is no genetic contribution of males to the progeny (8).

The mechanisms promoting the co-existence of asexual and sexual fish have been investigated mostly in Phoxinus (9, 10), Poecilia (11–14), Cobitis (15, 16), Carassius auratus (17, 18), and C. gibelio (8, 19, 20). Several mechanisms that facilitate the coexistence of sexual and gynogenetic reproductive forms of gibel carp have already been investigated and proposed. Gynogenetic triploid females exhibited a higher growth rate and better body condition expressed by total proteins in blood than sexual diploids (21, 22). However, Šimková et al. (20) showed lower aerobic performance in gynogenetic females compared to sexual specimens and suggested that this physiological disadvantage on the part of gynogens that may balance the costs of sexual reproduction. Vetešník et al. (22) revealed other disadvantages faced by gynogenetic females such as higher concentrations of triacylglycerols and cholesterol, which may indicate a higher metabolic rate, and higher energy intake when compared to sexual diploids. Interestingly, both gynogenetic and sexual females invested a similar amount of energy in reproduction, measured by the relative size of gonads and estradiol level (20). Although Šimková et al. (20) suggested that both gynogenetic and sexual females of gibel carp invested a similar amount of energy in reproduction, Xie et al. (23) showed differences in gene expression between oocytes of gynogenetic females and those of sexual females, suggesting the different behavior of eggs toward sperm.

Parasite-mediated selection was also suggested to contribute to the coexistence of sexual and gynogenetic gibel carp (19, 24). Differences in terms of immune response and susceptibility to parasitic infections were found between the gynogenetic and sexual forms. A higher specific immunity response (measured by IgM level) was found in gynogenetic females in contrast to their sexual counterparts (20). A study on the variability of major histocompatibility complex (MHC) genes in parasite-infected gynogenetic and sexual gibel carp revealed that the most common MHC genotypes of the gynogenetic females suffered from high parasite abundance or high metazoan species richness (mostly referring to host-specific monogeneans of the genus Dactylogyrus) (19). This is in line with the Red Queen hypothesis predicting that coevolving hosts and parasites are under negative frequency-dependent selection, and, thus, that asexual hosts (especially those originating from the clonal reproduction of one female specimen) are an ideal target for parasite adaptation, whilst sexual hosts due to genetic variability may escape parasitism (3, 25–28). A four-year study of parasite infection in gibel carp suggested that the Red Queen hypothesis is not the mechanism responsible for metazoan parasite infection in gynogenetic and sexual gibel carp over the investigated temporal scale (24); however, the need for immunological genotyping to verify this conclusion was highlighted. It was also shown that even the non-specific immune response is more effective in gynogenetic females when compared to sexual ones in the Japanese crucian carp (C. auratus), and, at the same time, that the prevalence of Metagonimus sp. (Trematoda), for which fish act as the second intermediate host, was higher in gynogenetic females than in sexual forms (17). Using theoretical models, Hakoyama and Iwasa (18) suggested that parasitism plays a role in realizing the coexistence of asexual-sexual complexes by providing a frequency-dependent benefit to sexual populations; however, they emphasized that parasite virulence is an important parameter in a coexistence-predicting model.

Diplostomum pseudospathaceum Niewiadomska 1984 is a widely-distributed digenean trematode parasitizing the eye lens of the fish (29). Based on the Host-parasite database of Natural of Natural History Museum, London, (https://www.nhm.ac.uk/research-curation/scientific-resources/taxonomy-systematics/host-parasites/), this parasite was reported from 20 fish host species. The complex life cycle of this trematode includes two intermediate hosts (aquatic snails as the first intermediate host and fresh- or brackish-water fish as the second intermediate host) and piscivorous birds as definitive host (30). The adult parasites reproduce sexually in the intestine of piscivorous birds and release eggs. In the aquatic environment, free-swimming miracidia hatch from the eggs and infect the first intermediate host, aquatic snails. Within the snail body, thousands of cercariae are produced through asexual reproduction and released into the water. Cercariae infect fish by skin penetration, migrate to the eye lens, and transform to metacercariae. Metacercariae of Diplostomum eye flukes may damage the eye retina, which may lead to cataract of the lens (31). Apart from eye damage, a number of red patches and swelling can be observed on fins, and on body or eye areas in cases of heavy infection. In some cases, a high number of diplostomulas can block the blood vessels of gills causing asphyxia, shock, and damage to the nervous system (32).

Pathological effects in fish heavily parasitized by lens-infecting Diplostomum metacercariae include stunted growth, abnormal feeding due to the loss of visual acuity, and abnormal vitals (33), as well as increased mortality (34). Parasites modify fish host behavior by inducing surface seeking (35, 36), reducing escape response (36, 37), or altering shoaling (36, 38), and competitive (39) and reproductive (40) behavior. The infection either reduces or increases the aggressiveness of the fish, which ultimately makes them less vigilant and more conspicuous to visual predators (36, 41, 42).

As this eye-fluke inhabits an immune-privileged area – specifically, the eye, which is considered to be free of inflammatory cells and lymphocytes – the parasites have a better chance of survival (43). Furthermore, due to the parasite’s localization in the eye, the immune response is limited to the migratory period between epidermal penetration by the cercariae and their arrival in the eye. It is thus generally accepted that the classical adaptive response plays no role in resistance to a primary parasite infection (44) and that only the innate immunity of fish is activated against D. pseudospathaceum (29). However, both the innate and adaptive immunity of fish against this parasite have been reported. Macrophage activity has been described as the first response to D. pseudospathaceum infection (45), with macrophages producing reactive oxygen species capable of killing Diplostomum larvae (46). The importance of complement-fixing antibodies and cell-mediated immunity jointly or exclusively in adaptive immunity against Diplostomum spathaceum was described by Woo (47). A more detailed study on the transcriptomic response to Diplostomum infection in the three-spined stickleback showed the upregulation of five immune genes, suggesting an important role for enhanced Toll-like receptor activity (ctsk, cyp27b1) and an associated positive regulation of macrophages (cyp27b1, thbs1) in defense against eye-fluke infection (48). Additionally, many studies have shown that fish that survived Diplostomum infection or underwent experimental injection by sonicated parasites are protected from disease if re-exposed to the parasite in the future (e.g (29, 46, 47, 49)).

In the present study, gynogenetic and sexual specimens of C. gibelio were experimentally infected with cercariae of the eye-fluke trematode D. pseudospathaceum (infection by mixed genotypes). Based on the hypothesis that parasite-mediated selection plays an important role in the coexistence of sexual and asexual forms in nature, the present study focused on transcriptome profile analysis of the spleen (one of the major immune organs in fish) of gynogenetic and sexual gibel carp to reveal the differentially expressed immune genes related to infection with D. pseudospathaceum.




2 Material and methods



2.1 Fish selection and establishing parasitic infection

A total of 12 sexual and 12 gynogenetic immunologically naïve specimens of Carassius gibelio obtained by artificial breeding were selected for experimental infection by Diplostomum pseudospathaceum, and six sexual and six gynogenetic non-infected fish were used as a control. Asexual females were obtained by induced embryogenesis using sperm of common carp (Cyprinus carpio). Sexual specimens were obtained from the interbreeding of sexual specimens. The fish were reared in aquarium conditions until the age of one year (body weight 3.25 ± 0.46 g) and then used for experimental infection. Fish were fed with frozen adult artemia, the commercial dry pellet (www.Exothobby.cz), and flakes (Tetra Min) during the whole experiment.

Specimens of Lymnaea stagnalis, the first intermediate hosts of D. pseudospathaceum, were collected from the Vlkovsky pond, located near the town of Veselí nad Lužnicí in the Czech Republic (49.147679, 14.731210). Snail individuals infected with Diplostomum cercariae were separated and individually marked. Released cercariae were preserved in 96% ethanol and identified to species level using molecular methods involving the DNA sequencing of the COI and ITS1–5.8S-ITS2 regions (50). Prior to experimental infection, ten L. stagnalis infected with D. pseudospathaceum were allowed to release cercariae for two hours. Subsequently, the experimental fish were individually exposed to an infection dose of 200 cercariae for two hours at 20.5 - 21°C in 200 ml of dechlorinated water. Specifically, each fish specimen was exposed to the infection of the mixed genotypes of D. pseudospathaceum, i.e., cercariae from different snails were randomly mixed to ensure the diversity of different genotypes, and then 200 cercariae were randomly selected from the mix and used for infection of each individual fish. We assume that all genotypes were present in each infection dose per fish.

After exposure, fish were transported back to the aquaria with a comparable water temperature and kept for six weeks. Three days post infection, two fish per group were dissected to control for infection success. Six weeks post infection, after metacercariae had developed sufficiently to be infective for the definitive host (38), the next 20 experimental fish, including ten sexual and ten gynogenetic specimens, were dissected. The fish were killed by severing the cervical spine and the spleen was aseptically isolated and preserved in RNAlater solution (Sigma-Aldrich). The eyes were removed, and parasites were counted using an Olympus SZX 10 stereomicroscope. Parasite abundance and intensity of infection were calculated following Bush et al. (51). Simultaneously with the dissection of infected fish, we individually preserved the spleen of six sexual and six gynogenetic immunologically naïve specimens as a control.




2.2 RNA isolation, cDNA libraries and NGS sequencing

The spleens of individual fish were used for transcriptome profile analysis and subsequent differential gene expression analysis. Total RNA was isolated from each individually preserved spleen using PureLink® RNA Mini Kit (Ambion) along with TRIzol™ Reagent (Invitrogen) and PureLink® DNase (Ambion). The quantity of extracted RNA was assessed using a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific). The quality and integrity of RNA were analyzed using RNA 6000 Nano Kit on a 2100 Bioanalyzer instrument (Agilent Technologies).

RNA samples with an acceptable RNA integrity number (RIN > 7) were used for DNA library preparation. 500 ng of total RNA was used for mRNA enrichment using the Poly(A) mRNA Magnetic Isolation Module (New England Biolabs). Subsequently, NEBNext Ultra II Directional RNA Library Prep Kit for Illumina, and Dual Index Primers Set 2 of NEBNext Multiplex Oligos for Illumina (New England Biolabs) were used for library preparation. The numbers of PCR cyclers used for enrichment and the beads ratio used for fragment size selection were modified according to the recommendations in the manufacturers´ protocol. The quantification of DNA libraries was performed on a Qubit 4 fluorometer (Invitrogen by Thermo Fisher Scientific) using Qubit dsDNA HS Assay Kit, and quality and size controls were performed on a 2100 Bioanalyzer with DNA 1000 Kit (Agilent Technologies). Finally, amplicons (average size of 355 bp) were pooled in equimolar amounts. The final concentration of each library was 10 nM in the pool. Subsequently, the prepared cDNA libraries of 18 specimens, including 5 infected sexual, 5 infected gynogenetic, 4 sexual control and 4 gynogenetic control were sequenced by Macrogen Inc. (Republic of Korea) on an Illumina HiSeq X (one lane) in a paired-end configuration producing 150 bp long reads. Quality and quantity control steps were carried out by this service company.




2.3 NGS data pre-processing, differential gene expression, and GO term analyses

The quality control of raw paired-end fastq reads was initially performed using FastQC v0.12.1 (52). A simple trimming process was executed using BBTools (bbduk.sh) from the BBMap package version 39.06 (53). The trimming parameters were set to remove adapters and low-quality sequences. Specifically, the parameters included ftm=5, ktrim=r, k=23, mink=11, hdist=1, tpe, tbo, qtrim=rl, trimq=10, and minlen=40. The adapter sequences used for trimming were obtained from the BBTools resources (adapters.fa file).

After trimming, a second round of filtering was conducted to remove rRNA contamination. This step utilized BBTools with k=21 and a reference file containing ribosomal RNA sequences (ribokmers.fa.gz). Quality control checks on the processed reads were again performed using FastQC version v0.12.1 (52). RNAseq data, i.e., numbers of input reads, uniquely- and multi-mapped reads per sample are shown in Supplementary Table 1.

For the alignment process, STAR aligner version 2.7.11a (54) was used. Prior to read mapping, a STAR genome index was created using the C. auratus genome (Carassius_auratus.ASM336829v1.dna.toplevel.fa) and its corresponding GTF file (Carassius_auratus.ASM336829v1.110.chr.gtf) from the ENSEMBL depository. The STAR alignment was performed using the default settings, including the –sjdbOverhang 149 and –outSAMstrandField intronMotif options, achieving approximately 97% of reads mapped to the genome and about 89% mapping uniquely. After alignment, the featureCounts tool from the SUBREAD package version 2.0.6 (55) was used to quantify gene expression. This step involved counting read pairs (–p, –countReadPairs) and specifying the strand-specificity (-s 2). The gene annotations were provided through the C. auratus GTF file, and the counting was performed across all aligned BAM files.

For differential gene expression analysis, we used gene counts from the featureCounts tool and differentially expressed genes (DEGs) were determined by DESeq2 version 1.42.0 (56) in R 4.3.2 (57). An interaction term for reproduction (gynogenetic vs. sexual) and treatment (infected vs. control) was included in the model to investigate their combined impact on gene expression. The significance of DEGs between the experimental groups was calculated with an adjusted P value ≤ 0.05 (58) together with log2(fold change) values > 1 as a threshold for significance. For comparative purpose, we also analyzed DEGs including only the effect of treatment (infected vs. control) to see the immunity-associated genes having the same impact in gynogenetic and sexual fish. To analyze the biological significance of genes affected by the interaction between ploidy and treatment, we conducted Gene Set Enrichment Analysis (GSEA) using the ‘fgsea’ R package v 1.28.0 (59). Gene sets were ranked on the basis of the product of log10 (p-value) and the sign of their log2(fold change) values. This approach enabled the identification of key biological pathways impacted by the interaction, offering insights into the underlying cellular mechanisms. The GO enrichment was visualized using Revigo (60). We used p-values for semantic similarity in default settings (corresponding to medium mode (0.7)) against Danio rerio UniProt database.

For the KEGG Pathway enrichment analysis of DEGs in the goldfish (C. auratus) genome, DEGs were first converted to Entrez IDs using the biomaRt R package (version 2.58.0) (61). These IDs were then analyzed via the clusterProfiler R package (version 4.10.0) (62) and the function enrichKEGG in default setting, targeting the Goldfish KEGG database (the organism code ‘caua’). The analysis incorporated the Benjamini-Hochberg method for adjusting p-values, with a cutoff set at 0.05, and normalized enrichment score, |NES| > 1, to identify significant biological pathways and processes related to the DEGs.




2.4 Experimental corroboration of DEGs using quantitative real time PCR

RNA isolates of samples were normalized by dilution at a uniform concentration of 10 ng/µl with RNase-free water. They served as templates for the reverse transcription of total RNA into single-stranded cDNA using High-Capacity RNA-to-cDNA Kit (Applied Biosystems by Thermo Fisher Scientific) in twice the reaction volume recommended by the manufacturer. Prepared cDNA was diluted uniformly in all tested samples and served as a template for quantitative PCR (qPCR) analysis.

Fifteen immunity-related genes were selected from the list of DEGs based on RNA-seq but only eleven of them were successfully quantified using qPCR. The list of the selected genes is included in Table 1. The sequences of the selected DEGs were retrieved from the transcriptomic data, and then primers were designed using the primer designing tool of NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast). The primers were designed to span an exon-exon junction.


Table 1 | Immune gene selected for qPCR validation.



Four candidate reference genes were used to test their stability (rplp0, α-tubulin, rpl8, 18S). The Reference Gene Selection Tool from Bio-Rad CFX Maestro software (Bio-Rad), based on geNorm software principles (63, 64) with an algorithm to normalize the Cq of each gene against the Cqs of all reference genes tested, was used to analyze the stability of reference genes. To test the expression stability of four candidate reference genes and select the best reference genes for the data normalization in our study, 16 randomly selected samples were used (representing 4 biological replicates for each group – gynogenetic infected, gynogenetic non-infected, sexual infected, and sexual non-infected). The amplification was performed under the qPCR conditions described below. The best reference genes were selected on the basis of M – value, a measure of stability for a reference gene. Genes with M values < 0.5 (rplp0, α-tubulin) were considered as stable and ideal, these reference genes were used for expression data normalization in our data set. Genes with M values between 0.5 – 1 were also revealed as acceptable (rpl8, 18S). See Supplementary Table 2 for stability of reference genes.

The PCR reaction mix (10 ul) contained 1x PCR buffer, 1.5 mM MgCl2, 10 mM dNTPs, 0.2 µM both forward and reverse primer, 1 U recombinant Taq DNA polymerase (Biogen), and 1 µl of prepared cDNA (see above). PCR was run under the following conditions: initial denaturation at 95°C/4 min; 30 cycles of 95°C/30 s, an optimizing annealing temperature (50/55/60°C)/30 s, 72°C/45 s; and a final amplification at 72°C/10 min.

The following qPCR was applied for each selected gene and was run on a CFX96 Real-Time PCR Detection System with a C1000 thermal cycler (Bio-Rad). Each PCR reaction (total volume 12 µl) contained 6 µl of Power SYBER Green PCR Master mix (Thermo Fisher Scientific), 0.4 µl of each primer (to a final concentration 0.33 µM of each primer in the reaction), 0.2 µl of dH2O, and 5 µl of cDNA template. The efficiency of amplification was checked. It varied in acceptable values for analyzed genes (E = 90 – 110%, R2 > 0.98, slope = -3.58 – -3.10). The amplification efficiency (E, in %), regression coefficient (R2), slope and y-intercept (y-int) were calculated automatically by the Bior-Rad CFX Manager 3.0. The PCR was run under the following conditions: an initial denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and a gene-specific annealing temperature (AT, included in Table 1) for 30 s, followed by 45 s at 72°C. A melting curve analysis was performed to verify the PCR specificity (95°C for 15 s, gene-specific AT for 1 min, and gene-specific AT to 95°C gradually increasing by 0.5°C per 5 s). The relative quantification was analyzed by Bio-Rad CFX Manager 3.0 and Bio-Rad CFX Maestro software (Bio-Rad). Using α-tubulin and rplp0 as the reference genes, the relative expression values of the differentially expressed target genes, i.e. the normalized expressions, were calculated using the 2−ΔΔCt method (65). A Pearson correlation was calculated between the log2(fold change) values from RNAseq and the log2(fold change) values from qPCR.





3 Results



3.1 Parasite infection in sexual and gynogenetic specimens

The intensity of infection of Diplostomum pseudospathaceum in sexual gibel carp ranged from 1 to 6, whilst two to 18 parasites per fish were found in gynogenetic gibel carp. A statistically significant difference was found in parasite abundance (t-test for unequal variance, t = 3.523; p = 0.003) and in intensity of infection (t = 3.255; p = 0.005) between sexual and gynogenetic gibel carp, with the gynogenetic form being more infected than the sexual one (Figure 1).




Figure 1 | Abundance of trematode Diplostomum pseudospathaceum in gynogenetic and sexual gibel carp.






3.2 Differentially expressed genes

Principal component analysis (PCA) based on transcriptome wide gene expression (Supplementary Figure 1) well differentiated between infected and non-infected sexual diploid specimens and there was also the trend of differentiation between infected and non-infected gynogenetic triploid specimens. However, the variability was observed mostly in infected gynogenetic triploid specimens varying in parasite load (see above).

Using the model with interaction, a total of 302 significant DEGs were identified (Padj ≤ 0.05) (Supplementary Table 3). Taking into account the difference between gynogenetic and sexual gibel carp, 246 genes were upregulated and 56 were downregulated in infected sexual gibel carp when compared to non-infected sexual gibel carp, whilst 260 genes were downregulated and 42 genes were upregulated in infected gynogenetic gibel carp when compared to non-infected gibel carp. The list of the genes for which a potential link to vertebrate host immunity was identified according to searches using Ensembl, Zfin and GeneCards is included in Supplementary Table 4. The potential functions of DEGs were determined using GO approach in terms of biological processes, molecular functions, and cellular components. Within these three main functional categories, DEGs were classified into 111 GO terms grouped into several sub-categories (below referred as groups, see Figures 2–4).




Figure 2 | The dot plot visualizes the outcomes of the gene set enrichment analysis for the biological processes category, mapping the Normalized Enrichment Score (NES) of each pathway along the x-axis, while pathways are enumerated along the y-axis. Each dot represents a distinct pathway, with the dot’s color indicating the adjusted p-value—providing a measure of the statistical significance of the enrichment. The size of each dot correlates with the number of genes within the respective pathway, thus offering a visual representation of pathway size relative to its enrichment significance.






Figure 3 | The dot plot visualizes the outcomes of the gene set enrichment analysis for the molecular functions category, mapping the Normalized Enrichment Score (NES) of each pathway along the x-axis, while pathways are enumerated along the y-axis. Each dot represents a distinct pathway, with the dot’s color indicating the adjusted p-value—providing a measure of the statistical significance of the enrichment. The size of each dot correlates with the number of genes within the respective pathway, thus offering a visual representation of pathway size relative to its enrichment significance.






Figure 4 | The dot plot visualizes the outcomes of the gene set enrichment analysis in the cellular components category, mapping the Normalized Enrichment Score (NES) of each pathway along the x-axis, while pathways are enumerated along the y-axis. Each dot represents a distinct pathway, with the dot’s color indicating the adjusted p-value—providing a measure of the statistical significance of the enrichment. The size of each dot correlates with the number of genes within the respective pathway, thus offering a visual representation of pathway size relative to its enrichment significance.



Within the biological process category, 34 top GO terms are shown in Figure 2. Among these GO terms, immune function (GO:0006955), Notch signaling pathway (GO:0007219) and intracellular signal transduction (GO:0035556) were examined for the presence of genes potentially associated with the parasite infection (Figure 5). Taking into account the difference between gynogenetic and sexual gibel carp, the significant genes selected by the model were the following: tlr5a and il6 for immune function, notch1b and dll4 for Notch signaling pathway, and rgs9a, socs1a, socs3a, wsb1, net1, rps6ka3b and plce1 for intracellular signal transduction. When immune function was examined using model without reproduction mode effect, the following immune genes were revealed within immune function (GO:0006955): il6, cxcl8b.3, c7b, c8b, c9, csf3a, and vtnb.




Figure 5 | The enrichment of the 12 selected GO terms examined for the presence of immunity-associated genes. Y-axis represents pathways and the x-axis represents the enrichment of each gene within those pathways. The degree of enrichment is indicated by a normalized enrichment score (NES).



Within the molecular function category, 40 top GO terms are shown in Figure 3. Several GO terms were examined for the presence of immune genes (Figure 5) and the following GO terms with corresponding genes potentially related to immunity were revealed: GO:0017017 MAP kinase tyrosine/threonine/phosphatase activity (dusp1, dusp4, dusp5 and dusp6), GO:0004950 chemokine receptor activity (ccr9a and cxcr4b), GO:0004252 serine type endopeptidase activity (prss23), GO:0004713 protein tyrosine kinase activity (matk and flt1), GO:0008138 protein tyrosine serine threonine phosphatase activity (ssha2, dusp1, dusp4, dusp5 and dusp6), and GO:0016301 kinase activity (ip6k2a, dgkd and itpkcb) (Figure 5).

Within the cellular components category, 12 significant GO terms were found (Figure 4). The cellular component category depicts several regions of the cell where most of the DEGs are expressed. The differentially expressed genes were mostly localized in the extracellular region (GO:0005576), plasma membrane (GO:0005886), the proteasome core complex (GO:0005839), and myosin complex (GO:0016459).




3.3 KEGG Pathway enrichment analysis of DEGs potentially associated with immune response

All DEGs (Padj ≤ 0.05) were mapped to the KEGG database. A total of 52 original genes or gene isoforms were revealed corresponding to the 12 significant pathways and are shown in Figure 6. Whilst most of the genes were involved in a single pathway, 13 genes (or gene isoforms) were involved in multiple pathways (ranging from two to six pathways) (Supplementary Table 5).




Figure 6 | The 12 significant immunity-associated pathways selected by KEGG Pathway enrichment analysis. Gen counts for each pathway are shown on x-axis.



Four pathways were identified within the ecological information processing category, representing the signal transduction subcategory – specifically, the FoxO signaling pathway (caua04068), the TGF-beta signaling pathway (caua04350), the Notch signaling pathway (caua04330), and the phosphatidylinositol signaling system (caua04070). Apoptosis (caua04210) was a single pathway representing the cellular processes category and the cell growth and death subcategory. The virion-human immunodeficiency virus (caua03260) was a single pathway representing the genetic information processing category and information processing in viruses. Five pathways were identified within the organismal systems category. Three of them were classified within the immune system subcategory (C - type lectin receptor signaling pathway (caua04625), the intestinal immune network for IgA production (caua04672), and the Toll-like receptor signaling pathway (caua04620)) and two of them were classified within the endocrine system subcategory (the adipocytokine signaling pathway (caua04920), and the insulin signaling pathway (caua04910)). Among the 12 significant pathways, the FoxO signaling pathway and adipocytokine signaling pathway were the most significant. The FoxO signaling pathway, apoptosis, and efferocytosis represented the pathways with the highest gene counts (Figure 6). The genes associated with the 12 significant pathways are shown in Supplementary Table 5, presented in individual fish by heatmap in Supplementary Figure 2 and their placement within the eighth selected pathways is shown in Supplementary Figures 3-10. All these genes were revealed as important for immune response or were immunity-associated (see Supplementary Table 4 for their function). Several genes were involved in multiple pathways, most of those genes having a function in two or three pathways, whilst il6 and nfkbia were involved each in four pathways and pik3r1 was involved in six pathways.




3.4 Experimental corroboration of RNAseq outputs by qPCR

Eleven immunity-related and differentially expressed genes were selected for experimental corroboration by qPCR (Table 1). All these genes were upregulated in infected sexual gibel carp when compared to non-infected sexual gibel carp and downregulated in infected gynogenetic gibel carp when compared to non-infected gynogenetic gibel carp using RNAseq. However, two of them, specifically, map3k8 and stk17a did not show the upregulation in infected diploid sexual specimens when compared to non-infected specimens using qPCR, these two genes were discarded from graphical presentation (Figure 7). The log2(fold change) values from RNAseq was positively correlated with the log2(fold change) values from qPCR using whole data set, i.e. including sexual diploid and gynogenetic triploid specimens (R = 0.898, p < 0.001), as well as when analyzing sexual diploid group and gynogenetic triploid group separately (R = 0.786, p = 0.012 for sexual diploid group, and R = 0.799, p = 0.011 using for gynogenetic triploid group). Log2(fold change) values from qPCR and log2(fold change) values from RNAseq for sexual diploids and gynogenetic triploids are plotted in Figure 7.




Figure 7 | Log2(fold change) values for RNAseq and log2(fold change) values for qPCR data. The x-axis displays the target gene names. The y-axis displays the log2(fold change) values of the gene expression between infected and non-infected (control fish). A positive log2(fold change) value of the gene expression indicates that the gene was upregulated in infected fish when compared to non-infected fish. A negative log2(fold change) value indicates that the gene was downregulated in infected fish when compared to non-infected fish.







4 Discussion

Our study focused on infection by mixed genotypes of the eye fluke Diplostomum pseudospathaceum and the analysis of the transcriptome profile to reveal expressed genes differentially between infected and non-infected specimens of gynogenetic and sexual gibel carp. In accordance with the Red Queen hypothesis, higher parasite load was found in clonal fish when compared to genetically diverse sexual fish. Transcriptome profile analysis revealed a set of genes expressed differentially after parasite infection. Surprisingly, however, the majority of these genes showed opposite trends of regulation in gynogenetic and sexual gibel carp, which may potentially indicate the loss of capacity in clonally reproducing fish to induce an effective immune response.

Differences in the susceptibility to parasites and the varying effectiveness of immune response between the sexual and gynogenetic gibel carp were proposed and investigated as the potential mechanisms behind their co-occurrence in the same habitats (19, 24). Both studies investigated gibel carp for the presence of naturally occurring metazoan parasites, mostly represented by ectoparasitic monogeneans. The study by Šimková et al. (19) included analyses of the MHC profiles of gynogenetic and sexual gibel carp and revealed that gynogens with the most common MHC genotypes were more parasitized when compared to sexuals. This was interpreted to be in line with the Red Queen hypothesis, i.e., if asexual reproduction occurs in nature and the asexual clone becomes the most common genotype in a host population, co-evolutionary interactions with parasites (parasites are under selection to infect the most common host genotype in a local host population) may favor sexual reproduction in hosts because of high genetic variability (25, 26). However, Pakosta et al. (24) analyzed the parasite load in gynogenetic and sexual gibel carp without considering the individual MHC genotype, in four consecutive years, and revealed strong interannual variation but no effect of reproduction strategy on parasite load, which may likely be explained by possible genetic variation among clone lineages. In contrast, the higher susceptibility of gynogenetic triploid females of Japanese crucian carp (Carassius auratus langsdorfii) when compared to sexual diploid females was shown even with respect to the trematode Metagonimus sp. from Japan (17), a parasite with a complex life cycle penetrating the skin of a fresh or brackish water fish (which is in the role of second intermediate host) and encysting as metacercariae in the tissue. The study of Hakoyama et al. (17) showed the lower baseline immune response in the gynogenetic form, suggesting the lower immune activity of the phagocytes (nonspecific immune reaction) potentially explaining higher trematode load.

As Diplostomum metacercariae are exposed to the immune system only for a short period of time before reaching and developing in the immunologically-protected eye lens of the fish (24 hours), only the innate immune mechanisms should act immediately and effectively before encystations (44, 66). However, the role of MHC genes representing the adaptive immune system was investigated also in the case of D. pseudospathaceum parasitizing three-spined sticklebacks (Gasterosteus aculeatus), with the expectation that adaptive immunity is upregulated when challenged with infection (67). Their study revealed that MHC class IIB expression is increased by approximately 50% in fish lines selected for higher parasite load (i.e., fish lines having a low innate response). Finally, Noreikiene et al. (68) performed eye transcriptome analysis and revealed the overexpression of immune-related genes and the presence of the eye diplostomid parasite Tylodelphys clavata in Eurasian perch (Perca fluviatilis) living in clear-water lakes, highlighting the necessity to reevaluate the traditional view of the eye as an “immune-privileged” organ. Thus, in our study, we performed the experiment using the same dose of metacercariae of D. pseudospathaceum per individual immune-naïve gibel carp and revealed that the parasite is more successful in reaching the target organ, i.e. the eye lens, in gynogenetic fish then in the sexuals. This finding may indicate that gynogenetic fish are either more susceptible to free-living cercariae penetrating fish skin, or alternatively that both gynogenetic and sexual fish are susceptible to cercariae but that the immune response of sexuals is more effective in eliminating the parasite in the course of its migration to the eye lens. Using the transcriptome profile of the spleen we revealed the differential expression of immunity-related genes in gibel carp differing between gynogens and sexuals of gibel carp. Our results indicate that studying the molecular mechanisms of innate vs. adaptive immunity using the transcriptomics of skin representing the point of entrance of a diplostomid parasite into the fish body could help us understand the pattern observed from spleen transcriptomics. Using the GO of DEGs, we revealed some GO terms directly or indirectly associated with immune response. The immune response GO term belonging to the biological processes category refers to any immune system process that functions in the calibrated response of an organism to a potential internal or invasive threat (69). However, there are also other biological processes that are involved in host immune response, like those corresponding to the GO terms intracellular signal transduction and signal transduction, as immune response depends on intracellular signaling events (70). In our study, the genes involved in signal transduction (i.e. pik3r1, socs3a) were also involved in immune response. DEGs corresponding to immune response and other genes associated with immunity inferred from GO analyses were individually discussed on the basis of their KEGG designation within corresponding pathways (see below), and 11 of these genes were successfully validated by the qPCR approach. On the basis of KEGG analyses, the successfully annotated DEGs represented 12 significant pathways related to host immunity.

The FoxO signaling pathway is involved in many cellular physiological events such as apoptosis, cell-cycle control, glucose metabolism, oxidative stress resistance, and longevity. The role of the FoxO signaling pathway has already been documented in fish; this pathway was enriched in both spleen and head kidney of largemouth bass (Micropterus salmoides) after infection by Aeromonas hydrophila, with phosphatidylinositol 3-kinase (pik3r3b) and serine/threonine-protein kinase (plk2) being among four target genes. The down-regulated expression of so-called cell death related genes, including plk2 among others, and the up-regulated expression of inflammation related genes, including il6 among others, was shown in the hybrid grouper Epinephelus fuscoguttatus x Epinephelus lanceolatus after bacterial infection (71). Enriched genes within the FoxO signaling pathway (specifically, pi3k, sgk1, foxo1, prmt1, pcka) were revealed by KEGG analysis in gynogenetic blunt snout bream (Megalobrama amblycephala) in a study exploring the molecular mechanisms underlying enhanced hypoxia tolerance as a result of gynogenesis (72). In our study, we documented the importance of 15 genes within the FoxO signaling pathway, including also five genes identified in target fish organs under parasite infection or other stressors by previous studies (see above), specifically plk2, plk3, sgk1, pik3r1a (phosphatidylinositol 3-kinase regulatory subunit alpha-like) and il6. All the genes identified within the FoxO signaling pathway were downregulated in gynogenetic females of gibel carp but upregulated in sexuals of the same species.

Adipocyte-derived bioactive substances, i.e. adipocytokines (or adipokines), generally play a significant role in the self-defense system against metabolic overload. However, adipose tissue is increasingly seen as playing an important role in immune inflammation and immune response (73, 74). In rainbow trout (Oncorhynchus mykiss), Pignatelli et al. (75) showed that adipose tissue produces different immune mediators and identified the presence of B lymphocytes expressing IgM, IgD or IgT, CD8a+ cells, and cells expressing MHC-II. They also showed the modulation of a wide range of secreted immune factors within adipose tissue in response to viral infection (VHSV). Up-regulation of the genes enriched within the adipocytokine signaling pathway was found after nervous necrosis virus infection in medaka (Oryzias latipes) (76). The role of the adipocytokine signaling pathway was found to play a significant role in high-salinity stress in spotted scat (Scatophagus argus), with upregulation of the following genes: g6pc1, socs1, socs3, adipor2, pck1, and ppara in liver of fish treated in high salinity conditions (77). Our study revealed ten differentially expressed genes (or isoforms) with opposite directions of regulation in gynogenetic and sexual fish after D. pseudospathaceum infection, with some of them (especially nfkbia, g6pc1, socs3) already revealed by previous studies [e.g (74–77)]. Several DEGs enriched within the adipocytokine signaling pathway belonging to endocrine system in our study of gibel carp were also reported within the next endocrine system pathway – specifically, the insulin signaling pathway (socs3a, g6pc, g6pc1a.2, irs2a and irs2b). The upregulation of solute carrier genes (slc) was also shown in fish in relation to salinity-related stress (78). Among multiple genes revealed from the transcriptomic study of head kidney and gills, the role of the cytokine signaling-associated gene socs3 and leukocyte-related gene slc3a2 in the immune response of Gasterosteus aculeatus infected by D. pseudospathaceum was revealed by Haase et al. (45). Similarly, our study revealed the importance of socs1, socs3a, and slc2a1b (the last one also enriched within efferocytosis) in establishing immune response in gibel carp infected by eye trematode.

The TGF-beta signaling pathway has important regulatory functions in animal growth, development, wound repair, bone metabolism, and immunity. In our study of gibel carp, smad (1, 6 and 7), lrrc32, grem1, and skilb classified within this pathway were found to be differentially regulated after fish were infected by D. pseudospathaceum. Smads were previously found to be important TGFβ1 signaling pathway genes involved in the regulation of the growth and immunity of crucian carp (Carassius carassius) (79), and affecting embryonic development in rainbow trout (Oncorhynchus mykiss) (80). The role of several genes involved in the TGF-beta signaling pathway (having, however, rather marginal importance for fish immunity) was also revealed in a study of goldfish (C. auratus) when elucidating the immune mechanisms against the monogenean parasite Gyrodactylus kobayashii and using the transcriptome profiles of goldfish skin (81). The role of lrrc32 in platelet-platelet and platelet-endothelial cell interactions, and the promotion of thrombus formation was suggested from functional genomics in zebrafish (82); however, lrrc32 which encodes glycoprotein A repetitions predominant (GARP), was established as a candidate disease-associated gene in humans [i.e (83, 84)]. Similarly, the role of grem1 (encoding gremlin1) was not studied in fish; however, the overexpression of grem1 was shown to be associated with mostly inflammatory disease in mammals [e.g (85, 86)]. The DEGs within the Notch signaling pathway (notch1b and dll4) were also inferred from our study. Both the TGF-beta and Notch signaling pathways together with the other eight signaling pathways were significant when investigating the skin immune response of zebrafish (Danio rerio) to Aeromonas hydrophila infection (87). The eye trematode D. pseudospathaceum enters the fish body by penetrating the skin; however, the molecular mechanisms associated with innate immunity at the early stage of its infection and during migration to the eyes are still unknown.

Apoptosis is one of the principal strategies of host cells to clear pathogens and maintain organismal homeostasis. The enhanced expression of several genes whose roles were revealed within the apoptosis pathway in the present study of gibel carp was previously found in Nile tilapia (Oreochromis niloticus) infected by tilapia lake virus; these genes were, specifically, nfkbia within the nfkbia pathway, and socs within the JAK-STAT pathway, suggesting that the virus was able to successfully establish infection by subverting the host’s immune response. The roles of other genes revealed in our study, specifically pro-apoptosis genes (such as DNA damage-inducible transcript 3 (ddit3), and growth arrest and DNA damage-inducible alpha (gadd45a)), and the TNF receptor superfamily member were enriched in mammals after Toxoplasma gondii infection (88). Concerning fish, upregulation of the genes associated with apoptosis was also found in relation to high temperature stress (such as the casp and trail genes), suggesting functional hypoxia (89) or the downregulation of some genes in relation to viral infection [e.g. casp8 in the study of Xiang et al. (90)]. In our study, we revealed the upregulation of cflar, also called c-flip (CASP8 and FADD-like apoptosis regulator), and tnfrsf1a (tumor necrosis factor receptor superfamily member 1A-like) together with gadd45a in sexual gibel carp after D. pseudospathaceum infection, likely indicating the potential of sexuals to establish an immune reaction to parasite-induced stress, and/or, alternatively, the insufficient capacity of gynogenetic fish to establish an appropriate cell response to trematode infection. Concerning the role of efferocytosis in host immunity, it is considered to be an effective means of clearing apoptotic cells by professional and non-professional phagocytes, the efferocytosis is associated with the pathogenesis of various inflammatory disorders. Even if the differential expression of genes involved in this pathway was not previously investigated/recognized in parasitized fish, efferocytosis was documented as a mechanism for eliminating bacteria, parasites, viruses, and pathogen-infected cells in mammals (91). However, the expression of genes belonging to the integrin beta superfamily (itg genes), playing an essential role in intercellular connection and signal transmission, and slc genes (see above) was previously found to be modified by infection by a specific D. pseudospathaceum lineage (45). The role of these genes was also revealed in our study. In other cyprinids, specifically in common carp (C. carpio), the low expression of itgβ1 was documented in fish resistant to viral infection (CyHV3) (92). In addition, other genes revealed in our study to be involved in gibel carp innate immunity when infected by D. pseudospathaceum were previously found to change their expression under the effects of pathogens or other stressors in fish – specifically, dusp1 [e.g. Podok et al. (93)], hif [e.g. Shi et al. (94)], gpr [e.g. Kaczorek et al. (95)], and cebpb [e.g. Rojo et al. (96)].

Concerning the enriched DEGs directly involved in host immunity when gibel carp is infected by D. pseudospathaceum, they belong to three KEGG pathways (the C-type lectin receptor signaling pathway, the intestinal immune network for IgA production, and the Toll-like receptor signaling pathway) assigned within the immune system of the organismal systems category. These three pathways have previously been shown to be among 20 pathways of DEGs enriched in the transcriptomics of head kidney of black carp (Mylopharyngodon piceus) infected by grass carp reovirus (GCRV), highlighting the role of antiviral innate immunity (97). In our study, the important immune genes revealed by KEGG analyses within immune system pathways included nfkbia, il6, cxcr4, ccr9 (and ccr9a), tlr5a, mapk8, as well as genes also involved in other immunity-related pathways, i.e. plk3 (involved also in FoxO signaling pathway) and pik3r1a (involved in 6 from 12 top KEGG pathways). In addition to immune system pathways, cxcr4 (C-X-C chemokine receptor type 4-B-like) was also assigned within the subcategory termed information processing in viruses belonging to the genetic information processing. The cxcr4 having a role in antiviral response was found in gibel carp throughout the MAPK3 and JAK/STAT pathways (98). A study of orange-spotted grouper (Epinephelus coioides) by Lin et al. (99) suggested that cxcr4 may not only play a role in the early immune response to microbial infection but also inhibits the immune system and central nervous system. The upregulation of ccr7, ccr9, cxcr3B and cxcr4 was previously shown in rainbow trout (Oncorhynchus mykiss) after infection by VHSV (100). The differential expression of immune genes in relation to D. pseudospathaceum infection using its different clones was previously investigated in three-spined sticklebacks; surprisingly, only six genes were jointly upregulated in head kidney, and other up- or down-regulated DEGs differed among fish infected by specific clones of D. pseudospathaceum (45). Among up-regulated genes, their study revealed the function of ccr9 [a chemokine receptor interacting with its ligand TECK, which attracts dendritic cells and macrophages (101)] in sticklebacks infected by a specific D. pseudospathaceum clone. This was explained by the fact that innate immune gene responses in vertebrates can be specific to different parasite genotypes. However, our study also highlights the role of the hosts (sexual vs. gynogenetic), as ccr9 and cxcr4 were among many DEGs that were up-regulated in sexual gibel carp and down-regulated in gynogenetic gibel carp. Our study clearly evidences that host genotype influences the parasite infection rate and suggests the disadvantage faced by clonally reproducing fish from the point of views of parasite infection and immunity response to parasite infection. Haase et al. (45) indicated that the complement system activated via different pathways is a central part of the fish response to D. pseudospathaceum. Later, Haase et al. (48) investigated the effects of homologous and heterologous exposures to genetically-distinct lineages of D. pseudospathaceum on the gene expression patterns of adaptive immunity in sticklebacks and showed distinct expression patterns in the heterologous pre-exposed fish specimens. Haase et al. (48) revealed again the importance of the complement system in both affecting innate immunity as well as mediating adaptive responses. In our model applied to select DEGs having different effects in sexual and gynogenetic fish, the genes associated with the complement system were not significant; however, their differential expression across the whole sample of infected (by mixed genotypes of D. pseudospathaceum) and non-infected gibel carp was evidenced using model without reproduction mode effect (i.e. selecting the immunity-associated DEGs acting in the same direction in gynogenetic triploids and sexual diploids).

Two genes – tlr5 and il6, as two important markers of innate immunity - were involved in gibel carp immune response when fish were infected by D. pseudospathaceum, the first one through the Toll-like receptor signaling pathway, the second one through all three immune pathways (the C-type lectin receptor signaling pathway, the intestinal immune network for IgA production, and the Toll-like receptor signaling pathway) and the immunity-associated FoxO signaling pathway (see above). The role of tlr5 in fish immunity was previously shown in relation to bacterial infection, which is because of its capacity to recognize bacterial flagellin in hosts. The expression of this gene plays a critical role in resisting bacterial infection and an auxiliary regulatory role in early infection. The down- or upregulation of tlr5 was found depending on the target organ and pathogen [i.e (102–104)]. The il6 gene encodes interleukin 6, which is a member of Th2 cytokines released by APCs. This gene plays a significant role in inflammation and autoimmunity, and a critical role in B cell maturation into IgG secreting cells. There is wide evidence of the role of il6 expression in fish affected by pathogen infection, this gene acted through the various immunity-associated pathways [i.e (105–107)]; however, challenge experiments with the eyeworm Oxyspirura petrowi in Northern bobwhite (Colinus virginianus) also revealed changes in the expression of genes encoding cytokines and Toll-like receptors including il6. Finally, the enrichment of DEGs belonging to MAPK (mitogen-activated protein kinase), nuclear factor-kappa B (NF-kappa B), and the Toll-like receptor (TLR) pathways was documented in fish infected by bacteria (108) and protozoan ciliate (109). Some of the genes associated with these pathways, even if evidenced as enriched within other immunity-associated pathways in our study, seem to play an important role in fish immune response to infection by the eye trematode D. pseudospathaceum.




5 Conclusion

The present study revealed the difference in infection rate by trematode Diplostomum pseudospathaceum between gynogenetic and sexual fish hosts, this supporting the Red Queen hypothesis, which postulates the greater susceptibility of clonal hosts to parasite infection when compared to genetically various sexual hosts. We performed transcriptome profile analysis of an immune organ (here, the spleen) in gibel carp infected by D. pseudospathaceum, and revealed that the eye parasite alters the gene expression. Specifically, we showed the differential gene expression induced by eye parasite infection to have various impacts on gynogenetic and sexual hosts, documenting for the majority of DEGs upregulation in sexuals, and downregulation in asexuals, which may suggest the limited potential of asexuals to cope with higher parasite infection, and which may represent some destabilization of the asexual genome. Our study implies that parasite-mediated selection and the modulation of organismal responses to parasite infection (measured at the level of transcriptome profile changes between infected and non-infected fish) – these varying between asexuals and sexuals, especially with respect to immune response regulation – represent the key mechanisms contributing to the coexistence of phylogenetically and ecologically related asexual and sexual forms in natural habitats. However, we should also consider the fact that certain loci or even whole genomes (generally, as documented in allopolyploids) are up- or downregulated (or even silenced) as ploidy increases (110, 111). As gynogenetic gibel carp is triploid, the down-regulation of DEGs related to D. pseudospathaceum infection may be explained by this phenomenon, which will require further molecular investigation in the future.

In spite of the fact that metacercariae of D. pseudospathaceum are situated in an immune-privileged organ, we showed that the eye parasite may provoke the host’s immune response, which may also be partially related to the migration route, starting with penetration of the skin and finishing with localization in the eye. However, we emphasize that the expression of immune genes in asexual and sexual hosts may vary depending on the specific role of the gene in an organism and on the intensity and course of the infection.
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ccr9a 00000001258 CCCCGTTCACTGGGATAGC AACCGTCTTCATAATCACCCA 75 60
cxerdb 00000006820 CGGGAGATCCGTTGACTGAA GCTGTTGTCTAAAATGATGTGATCG 106 non amplified
ddit4 00000007230 ACATTAACGTGCATAATATCGTCAT | CGATGTTGGTGTGGATGGGA 105 55

ils 00000005779 GCGAGACCAGCAGTTTAAGAG CTGTAAATGCGGCCCAGACA 150 50
irf2bp2a 00000029246 GCGTCCAAATCAGATCGAGG TTTTCAATCCGTCTCCCTGC 139 non amplified
itgb3a 00000020529 GATAGAAGTTTGGGCGACAGTT CCTCCCTTTCCAAAGATCTCC 150 55
map3k8 00000012648 TTTGGGAAGGTCCATCTGGC GCTTGGATTTCCACGTCTGC 104 55
nfkbiab 00000004807 CGAGGCCACAGAGGCTG CCAAATGCAATGCAGTCTGTC 98 55
notchlb 00000036847 GTTTACTTTGACGCATGGCCT v TTACGGAACTGGCACGCTG 132 non amplified
piksr1 00000022851 CCAGCGAATGGAGTGACAGT TTGACCTCCTCCCTGGAGAT 148 55
sle2al 00000036904 GATCGGCTCCCTTCAGTTCG ATGGTGGTGCTAGGGATGTTC 123 55
socs3a 00000018425 CAATCAACCCTGTGCGGTCA CGATACTGGCACTGGTACGG 134 55
stk17al 00000007969 CAGCCAAGGCGAATCCCTAT TCGTCGTTATCGGCAACACA 127 55
tnfaip3 00000017004 AAGAGGTTGAACTGGTGCCG CAGCAGGTACTGAGACGCC 99 50
tnfrsf18 00000030388 GGTGGCCTGTTTAGCAGTCA TGCACGGTGGTTTGCTTATTTT 110 non amplified





