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Abstract

Background The enteric myxozoan parasite Enteromyxum leei is an important problem in gilthead seabream
aquaculture invading the intestinal epithelium and leading to chronic intestinal inflammation, poor food conversion
rates, cachexia, and mortalities, with no treatments available, resulting in significant economic losses. It is known
that myxozoan infections are affected by factors such as temperature, duration of exposure, stocking densities,

and seasonality. Gut microbiota has key effects on host health, including disease resistance and immune system
training and development, tightly interacting with the host, affecting systemic and local physiological functions.
This study aimed to gain insights into the host-microbiota—parasite interactions integrating metataxonomics, host
transcriptomics, and metatranscriptomics within this disease model.

Results Exposure to E. leei together with temperature and age differences led to alterations in gilthead seabream
intestinal microbiota. Samples from 240 g fish kept at 18°C during a winter trial at 10 weeks post—parasite exposure
showed the highest significant changes in their microbial composition with Proteobacteria increasing in abundance
from 32.3% in the control group up to 89.8% in the infected group, while Firmicutes and Actinobacteria significantly
decreased in relative abundance from 23% and 37.8-2.4% and 1.1%, respectively. After LEfSe analysis, Acinetobacter
was identified as the best biomarker for the parasite—exposed group. Parasite exposure also altered the expression of
935 host genes, highlighting genes involved in immune responses such as pathways related to Interleukins, MHCI and
Interferons. Microbial transcripts, also showed significant changes upon parasite infection. Integration of the results
revealed differential effects on the host induced directly by the parasite or indirectly by parasite—induced microbial
shift.

Conclusions Intestinal microbiota and local host gene expression showed significant changes upon en
enteromyxosis. The detected activation of the host immune response was not exclusively linked to the parasite
infection but also to changes in microbiota, demonstrating the key role of the different components of the mucosal
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system during disease. These results provided different datasets of bacterial taxa and microbial and host transcripts
that will allow a better understanding of host-microbiota—parasite interactions and can serve as starting points for
studying and evaluating mucosal health in aquaculture during parasitosis or other diseases.

Keywords Aquaculture, Host—parasite interactions, Intestinal microbiota, 765 rRNA sequencing, Metataxonomics,
Metatranscriptome, RNA sequencing, Myxozoan, Sparus aurata

Background

Gilthead seabream (Sparus aurata) is one of the most
important species for Mediterranean aquaculture con-
stituting together with European seabass (Dicentrarchus
labrax), the majority of finfish aquaculture production
(79% by 2021) [1-3]. However, sub—optimal aquaculture
practices pose several concerns, such as disease out-
breaks that fish farms often experience resulting in eco-
nomic losses [4].

In particular, the enteric myxozoan parasite Entero-
myxum leei represents a threat to gilthead seabream
farming, and it has already led to the abandonment of
the production of aquacultured valuable fish such as
red porgy (Pagrus pagrus) and sharp snout seabream
(Diplodus puntazzo) at some sites [5]. This parasite is
responsible for enteromyxosis, a slow—progressing dis-
ease starting in the posterior intestine, spreading to other
gut segments [6], affecting the intestinal epithelium and
producing inflammation, anorexia, cachexia, and eventu-
ally death [7]. Myxozoans’ life cycle typically presents a
complex cycle involving two hosts, an invertebrate and
a vertebrate, as definitive and intermediate hosts. The
invertebrate host of E. leei is still unknown, but direct
fish—to—fish transmission is also possible increasing the
risk of propagation in a farming environment [7, 8]. To
date, E. leei cannot be cultured in vitro and no effective
preventive or curative treatments are available against
enteromyxosis [9]. Nevertheless, in vivo experimental
infection models have contributed to filling the knowl-
edge gap on how biotic and abiotic factors interact in this
fish—parasite model. Thus, it is now known that factors
such as high temperature, increased duration of expo-
sure, and elevated stocking density enhance enteromyxo-
sis [7]. In addition, previous myxozoan-related studies
have revealed that seasonality also affects parasitic abun-
dance in water and infection frequencies in fish [10-13].

Nowadays research on fish microbiomes is exponen-
tially increasing as the link between microbiota and host
health has been strengthened by emerging evidence
that microbiota plays a key role in the fish health status,
including immune response, parasite resistance, food
digestion and generally maintaining host homeosta-
sis [4, 14, 15]. Hence, shifts in microbiome composition
and activity can be used to detect changes in fish health
[16, 17]. Consequently, applying an integrative approach
between the sequencing of the 16 S ribosomal RNA
(16 S rRNA) gene and different multi—omic methods (i.e.

RNAseq, metatranscriptomics, metabolomics, metage-
nomics, etc.) offers an improved resolution of these
communities and unveil host-microbiome—pathogen
interactions that can be linked to host health [16]. Thus,
this study aimed to gain insights into these interactions
by integrating metataxonomics, host transcriptomics,
and metatranscriptomics approaches within an E. leei
infection model in gilthead seabream.

Materials and methods

Ethics statement

Animals were handled and trials were carried out accord-
ing to the European Union Council legislation on the
handling of experimental fish (Directive 2010/63/EU)
and to the current Spanish Royal Decree RD 53/2013. All
procedures were approved by the Ethics and Animal Wel-
fare Committee of the Institute of Aquaculture Torre de
la Sal (IATS-CSIC, Castellon, Spain), CSIC, and “Gener-
alitat Valenciana” (permit number 2021/VSC/PEA/0194).

Infection trials and samplings

Clinically healthy juvenile gilthead seabream (Sparus
aurata) were obtained from a commercial fish farm and
transported to the IATS, CSIC facilities (40°5'N, 0°10’E).
Upon arrival, a fish subsample (n=20) was checked by
PCR (18 S ribosomal RNA gene) and histological analy-
ses [6, 18] to confirm it was free of intestinal parasites.
Fish were kept in UV-treated 5 pm-—filtered sea water
(open flow), with natural photoperiod and temperature
(unless otherwise stated), and fed daily ad libitum with
a commercial diet (Biomar). Two experimental infection
trials with the intestinal parasite E. leei were conducted
using the same batch of fish to avoid differences due to
the genetic background, one in summer (S) and the
other in winter (W). Infections were performed by efflu-
ent exposure as previously described [8]. Briefly, in each
experimental trial, 40 fish were distributed in two 500 L
tanks to constitute the control (C, n=20) and recipient
(R, n=20) groups. The R tank received the water from
a donor tank containing 20 heavily parasite—infected
fish of similar size. After 2 (t1), 5 (t2) and 10 (t3) weeks
post—exposure (wpe) 6 C and 6 R fish were sampled. The
summer trial was conducted between July and Septem-
ber 2021. Experimental fish had a mean weight of 45 g
(+1.95 SD) at the beginning of the summer trial and the
temperature was 23.5 °C, 25.2 °C, 26.8 °C and 26.4 °C
at 0, 2, 5 and 10 wpe, respectively. The winter trial was
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conducted between February and March 2022 and the
mean fish weight was 240.4 g (+ 35.3 SD). In this trial, the
water temperature of all tanks was maintained at con-
stant 18 +1 °C to achieve infection, as lower temperature
arrests parasite establishment and growth [5].

Sampled fish were fasted for 24 h, sacrificed by over-
exposure to tricaine methanesulfonate (MS-222, 0.1 g/L;
Merck), and spleens and whole intestines were dissected.
Spleens were preserved in RNAlater (Invitrogen) for tran-
scriptomic analyses. The posterior part of the intestine
(~3 cm from the anal ampoule) was separated and a por-
tion of ~0.5 cm was preserved in RNAlater. The rest of
the posterior intestine was cut open, washed by flushing
with sterile PBS to remove intestinal contents and non-
adherent material, and mucus was scrapped out from the
PBS-soaked tissue using the blunt end of a sterile scalpel.
Approximately, 200 and 500 pl of mucus were obtained
from summer and winter fish, respectively. Mucus sam-
ples were collected in 100 pl aliquots in Eppendorf tubes
and immediately frozen at — 80 °C.

Nucleic acid extraction

DNA from 100 pl intestinal mucus was extracted using
the High Pure PCR Template Preparation Kit (Roche)
with a routinely optimized protocol including a previ-
ous lysozyme lysis step [19]. DNA concentration was
measured with Nanodrop 2000c (Thermo Scientific) and
samples were stored at —20 °C. Intestinal mucus DNA
was used for parasite diagnosis and for Illumina 16 S
rRNA gene sequencing for microbiota analysis.

RNA was extracted from 100 ul of intestinal mucus
or 60 mg of spleen or posterior intestine tissue. Mucus
or tissue samples were homogenized in 0.5 ml of TRI
Reagent solution (Invitrogen) using microbial lysis tubes
(Qiagen, for the mucus samples) or Lysing Matrix D
tubes (MP Biomedicals, for the tissues). Homogeniza-
tion was performed in a FastPrep homogenizer (MP Bio-
medicals) using 1 cycle of 30 s at 6 m/s. Then, total RNA
was isolated using the MagMAX™-96 for Microarrays
Total RNA Isolation Kit (Applied Biosystems) accord-
ing to the manufacturer’s instructions. RNA concentra-
tion and purity were measured using a Nanodrop 2000c
(Thermo Scientific). Finally, RNA quality and integrity
were measured on an Agilent Bioanalyzer 2100 total
RNA Nano series II chip (Agilent). RNA integrity num-
ber (RIN) values were between 8 and 10. Samples were
stored at —80 °C until sequencing. Tissue RNA was used
for host transcriptome Illumina sequencing, and mucus
RNA was used for microbial metatranscriptome Illumina
sequencing.

Parasite diagnosis
Parasite 18 S rRNA (DQ448298.1) gene copies in intes-
tinal mucus DNA were estimated by qPCR as previously
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described [9, 18, 20]. Copy numbers were interpolated
from the cycle thresholds (Ct values) using a standard
curve generated with known concentrations of a plasmid
containing the target gene providing the information of
parasite infection intensity. The standard dilutions cov-
ered six orders of magnitude. All samples from the same
trial were run in the same plate with two DNA sample
dilutions. Samples with Ct <38 were considered positive.

lllumina 76 S rRNA gene sequencing for microbiota

For characterizing the intestinal adherent microbiota, the
V3-V4 regions of the 16 S rRNA gene were sequenced
by the Illumina MiSeq platform (2x300 paired-end
run) at the Genomics Unit from the Madrid Science
Park Foundation (FPCM, Spain). A total of 60 samples
were sequenced, five fish per group (C and R), sampling
(2, 5, 10 wpe) and trial (summer and winter). From the
six sampled fish, the five with higher DNA quality and
concentration were chosen for microbiota sequencing.
Details of PCR and amplicon sequencing can be found
elsewhere [19]. After sequencing, quality—filtering and
preprocessing steps were performed using Prinseq [21].
Then, clean forward and reverse reads were merged with
fastq-join [22], and finally, reads were assigned as dis-
tinct amplicon sequence variants (ASVs), and then taxo-
nomically assigned with Minimap2 v2.17-r941 [23] using
SILVA v138.1 [24] as a reference database.

Illlumina RNA sequencing of host transcriptome

The results from the microbiota study showed that the
group with the largest differences was from the winter
trial at 10 wpe. Therefore, samples from this sampling
point (=6 C and n=6 R fish) were chosen for the sub-
sequent analyses. Host RNA from spleen and posterior
intestine were sequenced by GeneWiz (Azenta, Ger-
many) on the Illumina NovaSeq 6000 platform with a
2x 150 nucleotides paired-end (PE) read format. Raw
reads were filtered by quality, length and percentage of
Ns using Prinseq [21] (-min_len 31, -min_qual_mean 25,
-ns_max_p 10, -trim_qual_right 20). Clean reads were
mapped against the CSIC gilthead seabream annotated
reference genome [25] using hisat2 v2.0.5 [26]. Mapped
read counts were quantified using featureCounts v1.5.0-
p3 [27].

lllumina metatranscriptome sequencing

Using the mucus RNA samples from the winter trial at 10
wpe, rRNA was removed using the Illumina Ribo-Zero
Plus rRNA Depletion Kit (Illumina), which targets both
eukaryotic and prokaryotic rRNA. Then, Illumina RNA-
seq libraries were prepared by NovoGene (UK) from
500 ng of total ribo—depleted RNA using the Illumina
TruSeq™ Stranded Total RNA Library Prep Kit (Illumina)
according to the manufacturer’s instructions. RNA-seq
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libraries were sequenced on an Illumina NovaSeq 6000
platform as a 2x250 nucleotides paired—end (PE) read
format. Quality filtering was performed with Trim-
momatic v0.40 [28] to remove adaptor contamination
and reads with >10% Ns or mean sequence quality < 20.
Obtained reads were pre—processed using SortMeRNA
[29] to filter out left over rRNAs. Then, samples were
mapped against the Ensembl gilthead seabream anno-
tated reference genome (fSpaAurl.1) using STAR 2.7.11b
[30]. Unmapped reads (putative microbial reads) were
retrieved with SAMtools [31] and assembled from each
metatranscriptomic sequence using megahit [32] with
default parameters. Finally, retained reads were mapped
against the UniRef 90 database using HUMAnN 3.0 [33].
Unique descriptions of bacterial genes with at least 10
counts in at least one sample were used to perform a dif-
ferential expression analysis using DESeq2 [34]. Differen-
tially expressed transcripts were considered at padj<0.1.

Data analysis, statistics, and visualizations

For microbiota analysis, R packages phyloseq, vegan, and
mixomics [35-37] were used. Differences in richness and
diversity indexes were determined by the Kruskal—Wallis
test using Dunn’s post—test (P<0.05) and beta diversity
was analyzed using permutational multivariate analysis
of variance (PERMANOVA) with the non-—parametric
method adonis and 10,000 random permutations. Non-
metric multidimensional scaling (NMDS) using Bray-
Curtis dissimilarity was used to show differences among
groups. Linear discriminant analysis (LDA) effect size
(LEfSe) was used to identify significant microbial bio-
markers among groups at genus level [38]. For normal-
ization, sample depths were normalized by total sum
scaling and then made proportional to the total sequenc-
ing depth.

For the RNA sequencing data, differentially expressed
(DE) transcripts between C and R groups were detected
using DESeq2 [34] with a significance level of padj<0.05.
Unique annotated DE transcripts were used to perform
pathway enrichment analysis using the Reactome data-
base [39] after converting the gilthead seabream iden-
tifiers into their human equivalents, when possible.
Although this database is mainly constructed for human
genes, a large proportion of our input genes were recog-
nized for the analysis (71%). Therefore, despite the limita-
tions, the use of this tool is considered adequate to obtain
an overview of the enriched biological pathways, in lack
of a fish-specific implement. Pathways were considered
enriched at FDR<0.05. For visualization, the relation-
ships between enriched categories or pathways accord-
ing to their shared transcripts were performed using the
runGSA function of the piano R package [40] and the
resulting networks were constructed using Cytoscape
v3.8.2 [41].
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Correlation analyses between parasite intensity, micro-
bial biomarkers and DE immune gene counts (C and R,
n=10), or between metatranscriptome DE genes and
DE immune gene counts (C and R, n=12) from each
individual for which all correlated data were available
were calculated by pairwise Spearman correlation coef-
ficients. Data were normalized using centered log-ratio
(cIr) transformation and the Spearman correlation coef-
ficient, P values and Benjamini—Hochberg adjusted P val-
ues (FDR) were calculated using the cor-test function of
the corrplot R package [42]. Significant correlations were
considered at FDR<0.1. Correlation networks were visu-
alized using Cytoscape v3.8.2 [41].

Data Availability

Raw sequence data were uploaded to the Sequence
Read Archive (SRA) under Bioproject accession num-
ber PRJNA1134388, BioSample accession numbers
SAMN42418970-SAMN42419029 for the 16 S rRNA
amplicon sequencing, SAMN42419030-SAMN42419053
for the host RNA sequencing, and SAMN42419054-
SAMN42419065 for the metatranscriptome sequencing.

Results

Infection results

To determine the infection status of the experimen-
tal fish, we performed a qPCR of the E. leei 18 S rRNA
gene in the extracted DNA from the posterior intestine
of all fish (=6 C and n=6 R in each sampling point). In
the summer trial, exposed animals were already infected
at 2 wpe, with a prevalence of infection of 83.3%, 100%
and 66.7% at 2, 5 and 10 wpe, respectively. The intensity
of infection in 18 S rRNA copy numbers ranged from 0
to 10°, from 10° to 107, and from 0 to 10° at 2, 5 and 10
wpe, respectively. In the winter trial, no positives were
detected at 2 wpe, and prevalence of infection was 100%
at 5 and 10 wpe. Intensity of infection in copy numbers
ranged from from 10% to 10°. Intensity of infection was
not significantly different among groups (Kruskal-Wal-
lis+ Dunn’s post-test, P>0.05). All C fish were negative
for the parasite, as no amplification of E. leei 18 S FIRNA
gene was detected. No mortalities were registered along
the experimental trials. The individual information for
the parasite diagnosis results can be found in Additional
file 1.

Enteromyxum Leei exposure and trial impact on intestinal
microbiota diversity and composition

After Illumina sequencing of 16 S rRNA V3-V4 ampli-
cons, 5,910,205 clean reads were taxonomically assigned
at a mean number of 98,503 reads per sample (Additional
file 1). ASVs were assigned to a total of 1546 taxonomies
up to the genus level. Alpha diversity indexes (Shannon
and Simpson) showed significant differences among
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Fig. 1 Intestinal microbiota alpha and beta diversity. A Boxplot representing the Shannon diversity index of all groups (n=>5). Boxes represent the inter-
quartile range (IQR) between the first and third quartiles and the horizontal line inside the box defines the median. Whiskers represent the lowest and
highest values within 1.5 times the IQR from the first and third quartiles. Samples with a relative abundance exceeding those values are represented as
points outside the boxes. Different letters indicate significant differences among the groups (Kruskal-Wallis+Dunn's post-test, P<0.05). B NMDS ordina-
tion plot based on Bray-Curtis distance matrixes of normalized sample counts showing community differences among samples. Groups showing a clearer
separation are control (C) and parasite exposed (R) fish in the winter (W) trial at the 10 weeks post-exposure (wpe) sampling (t3) and are highlighted
with black borders in the plot. t1, t2, t3 stand for the different samplings performed at 2, 5 and 10 wpe, respectively. W and S stand for the different trials
performed in winter and summer, respectively. C and R stand for control and parasite-exposed fish, respectively

Table 1 Intestinal microbiota beta diversity (PERMANOVA) in the
different comparisons

Comparison F R? P

Group 0.6063 0.02 0.091
Trial 2.5448 0.10 0.001
Trial x Group 3.6091 0.15 0.001
Sample 7.5073 0.31 0.001

PERMANOVA results showing differences in beta diversity in the different
experimental comparisons. Group: Only the parasite exposure variable was
considered (control (C) vs. recipient (R); n=30/group). Trial: Only the trial was
considered (summer (S) vs. winter (W); n=30/group). Trial x Group: Sampling
points were not considered (groups compared were SC, SR, WC and WR; n=15/
group). Sample: All variables were considered (S, W, C, R, and different sampling
points (t1, t2 and t3); n=>5/group)

groups. However, richness estimates (Chaol and ACE)
did not show important differences regardless of the vari-
able used to perform the comparison (Fig. 1A, Additional
file 2). When considering all the fish groups and analyz-
ing only the trial variable (all Summer fish vs. all Winter
fish), alpha diversity was significantly higher in the win-
ter trial than in summer (Additional file 2 A). Addition-
ally, considering only the parasite exposure variable (all R
fish vs. all C fish) R fish showed a significantly decreased
diversity (Additional file 2B).

Considering the parasite exposure variable and trial
(Summer vs. Winter trials and R vs. C), C fish from the
winter trial had a significantly higher diversity than all
the other groups, and no differences appeared between C
and R in summer (Additional file 2 C). Finally, taking into

account all variables (Summer vs. Winter, R vs. C and
t1, t2, t3), C fish from the winter trial were more diverse
than all R groups in summer, and no differences were
found between C and R in the summer trial at any sam-
pling point. Only at 10 wpe (t3), R fish from the winter
trial (WR-t3) showed significantly lower diversity than all
C fish (Fig. 1A, Additional file 2D).

Beta diversity analyses showed that there were signifi-
cant differences among groups regardless of the variable
(Table 1) except for the parasite exposure variable that
yielded no significant differences. The group separation
can be visualized in the NMDS plot shown in Fig. 1B. In
the NDMS plot, the groups that showed the highest sepa-
ration were C and R from the winter trial at 10 wpe (WC-
t3 and WR-t3).

In all groups, three phyla, Proteobacteria, Firmicutes,
and Actinobacteriota, accounted for 85.9% up to 98.8%
of the total abundance and showed significant changes
among groups (Additional file 3 A). The most abun-
dant phylum was Proteobacteria, ranging between
94.8% in the control fish of the summer trial at the
last sampling point (SC-t3) and 32.2% in the control
fish of the winter trial at the last sampling point (WC-
t3). This phylum, while very prevalent in all groups
of abundance in the winter trial with a tendency to
increase upon parasite exposure (Fig. 2A). Firmicutes
and Actinobacteriota were generally more abundant
in control fish of the winter trial than in fish from the
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Fig. 2 Intestinal microbiota taxonomic structure. Bar chart representing the mean relative abundance of bacterial phyla (A) and families (B) in each one
of the sampling groups (n=5). Only the 15 most abundant phyla or families are represented. Different letters indicate significant differences among
the groups (Kruskal-Wallis + Dunn’s post-test, P<0.05). Taxa presenting significant differences are marked with an asterisk in the legend. U. stands for
unchacterized. t1, 12, t3 stand for the different samplings performed at 2, 5 and 10 weeks post-exposure, respectively. W and S stand for the different trials
performed in winter and summer, respectively. C and R stand for control and parasite-exposed fish, respectively

summer trial. These two phyla showed a significant
decrease after long-term parasite exposure concomi-
tant with the increase in Proteobacteria. At the family
level, 15 families were detected at a mean abundance
of >10% in at least one of the groups (Additional file
3B). The most abundant families were Vibrionaceae,
Moraxellaceae, and Pseudomonadaceae, with a global
mean abundance of >5%. The only family showing sta-
tistically significant differences among groups (Fig. 2B)
was the most abundant, Vibrionaceae, with abundance
values that ranged between 53% in summer and 9% in
the winter trial, but with a significant increase in par-
asite-exposed fish in winter at 10 wpe (WR-t3), reach-
ing summer abundance values. Other families showed
high abundance variations but were not significant
due to the high individual variability. For example,
Moraxellaceae ranged between 22.7% and 0.3%, and
Burkholderiaceae ranged from 23.1% to less than 1% in
several sampling groups.

LEfSe analysis of all groups revealed four microbial
markers at the genus level (Fig. 3A), Staphylococcus,
Photobacterium, Cutibacterium, and an uncharacter-
ized Burkholderiaceae genus. Staphylococcus and Cuti-
bacterium were markers for both winter groups (WC,
WR). In particular, Staphylococcus was more abundant
in the WR-t2, WC-t1, and WC-t2 groups accounting
for the 9.8%, 19.7%, and 19.6% of the total abundance
(Additional file 3 C). Cutibacterium was more abun-
dant in the WC-tl accounting for 12.3% of the total
abundance. On the other hand, Photobacterium and
the uncharacterized Burkholderiaceae genus were

identified as markers for both summer groups (SC,
SR). Photobacterium was the most abundant genus in
all summer groups, ranging between 68.8% and 19.3%
of total sample abundance, while the uncharacterized
Burkholderiaceae genus accounted for 23.14% and
6.33% of the total sample abundance from the SC-t1
and SR-t1 groups, respectively.

All previous analyses showed that samples from the
winter trial at 10 wpe had the most striking and sig-
nificant changes in the intestinal microbial commu-
nity composition between control and treatment.
Therefore, those samples (WC-t3 and WR-t3) were
chosen for the subsequent analyses. At the phylum
level, Proteobacteria increased in relative abundance
from 32.3% in the WC-t3 group up to 89.8% in the
WR-t3 group, while Firmicutes and Actinobacteria
significantly decreased in abundance from 23% and
37.8-2.4% and 1.1%, respectively. After LEfSe analysis,
seven microbial biomarkers were identified (Fig. 3B).
Acinetobacter (Proteobacteria) was the only genus
increasing in relative abundance in the WR-t3 group
from 0.5 to 9.3%, while Streptococcus, Staphylococcus,
Bacillus (Firmicutes), Pseudarthrobacter, Cutibate-
rium and Corynebacterium (Actinobacteria) decreased
in relative abundance in the WR-t3 group.

Parasite exposure induced a significant change in

intestinal transcriptome with only mild changes in spleen
The following results focus exclusively on the groups
WC-t3 and WR-t3, which were chosen because
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they presented the largest differences in microbial
composition.

Approximately 682 million paired-end reads were
obtained from the RNA sequencing of posterior intes-
tine and spleen whole tissue of control and recipient fish
from the winter trial at 10 wpe (~28 million reads per
sample) (Additional file 1). After bioinformatic analy-
sis, ~446 million reads were mapped against the gilt-
head seabream genome [25], where unique hit counts
were associated with 78,238 transcripts. Differential
expression analysis revealed 14 differentially expressed
(DE) transcripts in spleen (ten up-regulated, four down-
regulated) and 935 DE transcripts in posterior intestine
(788 up-regulated, 147 down-regulated) in recipient fish
when compared to control ones (Additional file 4 A and
B). Considering the low number of differences found in
spleen, subsequent analyses were performed only with
the intestinal data.

The 935 DE intestinal transcripts corresponded to
594 transcripts that were annotated to unique known-
protein coding sequences, out of which Reactome
pathway analysis recognized 422 transcripts. A total
of 88 pathways were significantly enriched in the
Reactome analysis (Additional file 4 C) with the high-
est number of genes belonging to pathways related to
Immune system (131 transcripts), followed by Metabo-
lism of RNA (77 transcripts), Disease (48 transcripts)

and Cell cycle (35 transcripts) (Fig. 4A). Within the
Immune system pathways, enriched pathways could
be grouped in four specific categories: MHCI related,
Interleukin related, Colony stimulated factor 3 related,
and Interferon related, being the later the one with
more enriched pathways (Fig. 4B). Remarkably, of the
131 transcripts belonging to Immune system pathways
only 10 were downregulated in R fish (Additional file
4B), pointing to a general activation of the immune
response.

Changes in immune gene expression are not only linked to
parasite intensity

A total of 218 significant correlations were found
between microbial biomarkers or E. leei and the
expression of the 131 transcripts related to the immune
system. Microbial markers with significant correlations
were Corynebacterium, Cutibacterium, Streptococcus
and Staphylococcus, which significantly decreased in
abundance in parasite-exposed fish. Considering that
most immune genes were up-regulated upon infec-
tion, significant correlations between these bacteria
relative abundance and immune genes were negative,
whereas, the correlations between immune genes and
the parasite intensity were mainly positive (Fig. 5A).
The correlation network shows that the expression of
47 transcripts was significantly associated with both,
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related pathways

bacteria and parasite. However, some transcripts were
exclusively associated with the parasite (12 transcripts)
or with bacteria (42 transcripts) (Fig. 5B, Additional
file 4D).

Enteromyxum Leei infection induced significant changes in
intestinal metatranscriptome

[lumina sequencing of the 12 RNA intestinal mucus
samples from the winter trial at 10 wpe (n=6 C, n=6 R)
yielded a total of 534 M reads (~44 M reads per sample)
(Additional file 1). After quality filtering and an in silico
rRNA removal step, 521 M reads remained.

Mapping against the UniRef90 database revealed a total
of 29,581 transcripts, which corresponded to 757 unique
descriptions with at least 10 reads in one sample. After
DESeq analysis, a total of 24 bacterial transcripts were
found to be differentially expressed, with only two tran-
scripts down-regulated in the R group (Fig. 6A, Addi-
tional file 5). Thirteen of these DE transcripts showed
significant associations with immune gene expression
(Fig. 6B).

Discussion

Parasitic infections in fish have been linked to changes
in the microbiome, leading to dysbiosis and second-
ary infections [17, 43]. Dysbiosis or microbial imbal-
ance can lead to alterations in the microbial community
function and modify the host-microbiota metabolic
crosstalk, resulting in increased infection risk and even-
tually compromising host health [17]. In this study, our
results showed that enteromyxosis and other variables,

such as temperature and age are associated with shifts
in the intestinal mucosal microbial populations, where
significant differences were observed between trials
(S-t1,t2,t3 vs. W-t1,t2,t3) and status of infected fish (C vs.
R). Regarding the most abundant phyla, the results share
similarities with previous research that had characterized
gilthead seabream intestinal microbiota [44—46].

So far, there are no published studies concerning the
crosstalk between mucosal microbiota and fish infected
with myxozoan parasites. However, research involving
the analysis of gut microbiota of diseased fish has been
published, where overall, an increase in pathogen abun-
dance and changes in the microbiome structure were the
common responses to the infections [17]. Concerning
fish parasitic diseases, some studies have been focused
on gut microbiota [47-49], where little signs of dysbio-
sis caused by parasitism were found. However, Fu et al.
[47] reported significant changes in the microbial com-
position at the genus level where the parasite Khawia
japonensis (cestoda) showed a significant correlation
with several bacterial genera. In other disease models,
changes in the Proteobacteria/ Firmicutes ratios were
observed in the intestine of diseased fish (suffering from
bacterial infections) which had a higher abundance of
Proteobacteria [50, 51]. Interestingly, in our study, even
when Proteobacteria was prevalent in summer regardless
of the parasite exposure, an increase of this phylum was
observed during the winter trial (18 °C) along with para-
site infection (WR-t3). Among other variables, seasonal
changes and water temperature have previously been
shown to influence gut microbiota composition and have



Toxqui-Rodriguez et al. Animal Microbiome (2025) 7:22

A txk relb

Page 9 of 15

nup210

kpnb1 Pf1 - hspgob1
hia-dgb2 1K nup85
kif3a S tnfrsfi1a
pdapt SR gfss il12rb2
3 ﬂ ;§ - nup93 / clec2d Y
— p abcel ,casp1 /f1 1A\
mf’ 19b |\ {\ 4 miii 120
Jimn A /samhd1 “npm1 7" GO
gimn: " / cyld pml
prkeq | | | poIr3b. s — .
nup107 WS = Nopr 48
g / - xafl
' / psme2 -
f.. dhx58 . rsa
T / A 3 tmem 173\ ‘ nup205
2 Lt \\ | hup133
/ L—\@\ Iy
/ //:, Afi gsml& S /padIZ
7 ‘A )7_‘,")efv = m hercé
/ '/ = cold __ NN
/, K7 A(/ W o S ankrd/49/ g “' Capn1 \fanc,
7 2,

: o \/\“%“/w
1 L —— nupb2 Z—-— an
29 ghv1:39—— "% “myodb

B

~—caspio
Rt _vav3
N G 7 //

jak3 ;
osp st snpat — 2% brwd3
lifr = S i - dus2 Y/ 2 12
erap2// \ mrell N\ \
ptprc / nlres A
Ick \ trim22 = E. leei

/
psmb7 muc12

Fig.5 Cytoscape network showing significant correlations between the expression of immune system related genes (blue squares), and parasite (green
oval) or bacterial biomarkers (pink ovals) abundance (A). Red and blue lines represent positive and negative correlations, respectively. Thicker lines rep-
resent lower FDR values (FDR threshold <0.1). B Venn diagram showing the number of immune related transcripts exclusively correlated to the parasite

(green), to the bacterial biomarkers (pink), or shared (intersection)

highlighted some prejudicial impacts [52—54]. In particu-
lar, a study on Atlantic salmon (Salmo salar) found that
higher temperatures were associated with lower abun-
dance of lactic acid bacteria (Firmicutes) and the genus
Acinetobacter, and higher abundance of the genus Vibrio
(Proteobacteria) [55]. These findings were similar to the
results found in gilthead seabream, where the family Vib-
rionaceae was the most abundant family in all summer
groups and in the winter group with the longer parasite
exposure (WR-t3). In addition, temperature also affects
the immune responses in fish, since it can act as an envi-
ronmental stressor weakening the host’s immune system
[56]. However, we need to consider that, in order to have
the same genetic background, fish from the summer and
winter group were different size and age, thus these vari-
ables can also have an effect (discussed in more detail
below).

In this study, several microbial markers were identi-
fied by LEfSe analysis, where the genus Photobacterium

(Vibrionaceae family) and an unidentified genus of the
Burkholderiaceae family were more abundant during
the summer trial regardless of the infection status (SC,
SR). On the other hand, the genera Cutibacterium and
Staphylococcus were more abundant in the winter trial
(WC, WR). Some Photobacterium species can act as
mutualistic bacteria in the gut aiding with chitin diges-
tion, nevertheless, many Photobacterium species can act
as pathogens as well [53]. The family Burkholderiaceae
has been reported to be present in the human gut, espe-
cially if there are immunosuppression signs [57] since it
contains several opportunistic pathogens, as well as pri-
mary pathogens for humans and animals [58]. In addi-
tion, this family is associated with the degradation of
complex organic materials [58, 59]. Concerning the genus
Cutibacterium [60], it contains well-known opportunis-
tic human pathogens usually present on the skin. How-
ever, it has been commonly identified as highly prevalent
in the gut of pre-smolt Atlantic salmon and present in
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the intestinal microbiomes of farmed chinook salmon
(Oncorhynchus tshawytscha), European seabass and gilt-
head seabream [19, 61-63]. This genus is often described
as beneficial and it is found in healthy fish [19]. In our
case, it was significantly more abundant in all control
winter samplings (WC-t1 to WC-t3) and at the first win-
ter sampling point (WR-t1), where R fish were still diag-
nosed as parasite-negative. Cutibacterium is known for
producing propionate, a short-chain fatty acid, vitamins,
and linolenic acid [61]. These microbial metabolites
induce the strengthening of the epithelial barrier, reduce
inflammation, and increase the production of mucus
and antimicrobial peptides [61, 64]. Short-chain fatty
acids have shown their benefits on gilthead seabream

intestinal health [19] and in particular in their resilience
against E. leei infections [9, 20]. The genus Staphylococ-
cus has already been reported as dominant in the gut of
gilthead seabream [4, 19, 65] and it is known for acting
as a pathogenic or mutualistic genus, the latter being
linked to host benefits such as pathogen inhibition and
immune training [66]. Interestingly, Staphylococcus has
been reported as a taxon increasing along host develop-
ment [65]. Similarly, our results showed that this genus
is mainly found in the winter trial, where fish were older
than in the summer trial. Related to this, in this study
we used fish from the same batch in an attempt to avoid
microbiota variations due to genetic background, which
have been described as highly relevant in this species [65,
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67]. However, this implies that the age of the fish was dif-
ferent in the summer and the winter trials. Therefore, we
cannot exclude the age effect on the detected variations
among trials. A previous study conducted with gilthead
seabream of different age groups (1, 2, and 4 years old)
at an intermediate temperature of those used in this
study (22 °C) detected Cutibacterium and Staphylococ-
cus as markers for 1-year-old fish [19], coinciding with
the results obtained from our fish group of similar age
(winter sampling). A decrease in Proteobacteria, linked to
an increase in Actinobacteria along the production cycle
of gilthead seabream has been previously reported [65].
However, in this previous study, the peak of Actinobacte-
ria abundance was detected in the summer trial. Future
experiments should be conducted to specifically deter-
mine the effect of each variable.

Overall, fish from the summer trial showed an altered
microbiota profile masking the effect of the parasite. E.
leei proliferation can be suppressed at sustained high
temperatures [45, 68] which may have affected the results
of the final summer sampling, where the prevalence of
infection is starting to decrease (from 100% in t2 to 66.7%
in t3). As mentioned before, WR-t3 samples showed
most changes in their intestinal microbial composition
upon parasite infection, where Acinetobacter (Proteobac-
teria) was identified as the best marker for the parasite-
exposed group. Acinetobacter spp. are a group of aerobic,
non-fermentative, Gram-negative bacteria that have been
distributed in diverse environments, including fish gut
[69], and they are considered opportunistic pathogens
that cause diseases in immunocompromised fish [70].
Interestingly, Piazzon et al. reported the presence of Aci-
netobacter in healthy 1-year-old fish [19], indicating that
this bacteria is normally found in gilthead seabream gut
as a potential opportunist. On the other hand, the gen-
era Staphylococcus, Streptococcus, Rhodococcus, Pseud-
arthrobacter, Lawsonella and Corynebacterium were
identified as markers for the C group in the final winter
sampling. Briefly, Streptococcus, a genus of of the lac-
tic acid bacteria, has been previously described as part
of the intestinal microbiome of several fish species, and
is considered a beneficial organism related to a healthy
epithelium [71]. The genus Rhodococcus is present in the
gills and intestines of some marine fish, showing bacte-
riocinogenic properties against fish pathogens [72]. In
addition, it has been tested as a probiotic for some fish
species [73]. Pseudarthrobacter has been described as a
conditional fish pathogen [74]. However, in our results,
its mean abundance in the control group was not very
high, only reaching up to 1.4%. Finally, Lawsonella and
Corynebacterium, have been reported in the gill and gut
of healthy fish microbiomes, including gilthead seabream
(4, 19].
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On the host side, enteromyxosis induced larger signifi-
cant changes in the intestinal transcriptomic profile than in
spleen (935 DE genes vs. 14 DE genes, respectively). These
results are in line with previous research in intestinal myxo-
zoan infections [75, 76] reporting the highest effects on the
intestine, the parasite’s main target tissue. In particular, out
of the 422 annotated DE genes recognized in the pathway
analysis, the intestinal response against E. leei was charac-
terized by the activation of a local immune response, rep-
resented in four specific categories being the “interleukin
related pathways” the one containing more DE genes. Pre-
vious results on gilthead seabream have also shown signifi-
cant changes in the expression of interleukins (ILs) in the
intestine (and not in the spleen) upon E. leei infection [76,
77]. In our previous studies, we have characterized that E.
leei induced a type 1 immune response in the intestine [76]
with up-regulation of interferon-stimulated genes such as
ifi44, ifi35, and irfl [78], also found in the current study.
Type 1 immune responses are classically known to control
intracellular infections activating cytotoxic functions [79].
However, type 1 immunity can be activated by large eukary-
otic pathogens and is considered protective [80]. Interferon-
related pathways (prototypical of a type 1 response) are
linked to the signaling between innate and adaptive immune
responses, involved in anti-parasitic response and resistance
[81, 82]. The current results, with a significant up-regulation
of interferon-related pathways, agree with the previous find-
ings in this host-parasite model. On the contrary, transcrip-
tome analysis of turbot (Scophthalmus maximus) intestines
infected with Enteromyxum scophthalmi showed a marked
down-regulation of genes related to interferon and MHCI
pathways [75]. The different host response against these two
Enteromyxum species has already been described [75] and
seems to be related to the higher susceptibility of turbot and
the chronic nature of infection in gilthead seabream dur-
ing enteromyxosis. The protective role of type 1 responses
has been described in other fish-parasite models. For
example, irfl and ifi35 up-regulation were related to resis-
tance to Myxobolus cerebralis (Myzozoa) in rainbow trout
(Oncorhynchus mykiss) and to amoebic gill disease in Atlan-
tic salmon [83, 84].

Changes in the microbiota have already been described to
influence host gene expression at local and systemic levels
[85]. Therefore, we attempted to decipher whether the elic-
ited immune responses were induced directly by the para-
site or indirectly by changes in the microbiota. Correlation
analyses showed that the differential expression of immune-
related genes cannot be exclusively attributed to the para-
site infection or changes in the microbiota, with most of
the genes changing being correlated with both variables.
Remarkably, the correlation network indicates that the
detected activation of the immune response is linked to the
decrease of several bacterial taxa, already described above to
be common commensals and some with anti-inflammatory
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activities (i.e. Cutibacterium with the production of pro-
pionate). The decrease in these taxa could therefore explain
part of the detected inflammatory response. This high-
lights again the relevance of including microbiota analyses
when evaluating host responses to parasite infections, as it
has been already described in other animal models includ-
ing fish [86, 87]. Having pinpointed these marker genes and
bacterial taxa, future functional studies should be directed
towards elucidating the detailed molecular mechanisms in
this interaction.

The current study also included a metatranscriptomic
approach that allowed to identify the bacterial genes most
differentially expressed during parasite infection. Within
these bacterial-specific differentially expressed transcripts,
several relevant genes have been identified most having
significant correlations with host immune gene expression.
For example, two flagellin genes have been linked to the
expression of ifny. Flagellin, a major structural protein of the
flagellum of motile bacteria, is a potent stimulator of inflam-
matory responses including interferon production and sig-
naling [88], and is being used as vaccine adjuvant in fish
aquaculture [89]. CysM, also linked to the expression of ifny,
is a crucial gene for the synthesis of cysteine, key in bacte-
rial defense mechanisms against host defenses. This gene
has been tagged as a target for the development of antimi-
crobials against pathogens [90]. RihB expression has been
positively linked with the expression of a large number of
immune genes. It is a ribonucleoside hydrolase, but its exact
function remains elusive [91]. Nonetheless, the current
results show that RisB might be implicated in the regulation
or activation of inflammatory responses in fish intestines.
UvrY is part of the bacterial two-component system and has
been shown to have a role in gut colonization of pathogens
[92]. Interestingly, it can be expressed by Acinetobacter spe-
cies and has been labeled as an interesting target for novel
antibiotic development [93].

Conclusions

Enteromyxum leei infections induced a clear shift in the
microbial populations of the intestine. However, the
microbiota is highly susceptible to many different vari-
ables and, in the current study, we demonstrated that
high temperatures and age can have a very strong effect
capable of masking the impact of the parasite. The multi-
omic approach undertaken allowed us to establish that
the host response, classically attributed to the parasite
infection, can be induced by the microbial shifts caused
by the infection, not only shifts in the taxonomies found
in these populations but also changes in their gene
expression. Still, knowledge about which component
of this complex system is responsible for which specific
effect remains elusive. However, the present work pres-
ents a series of datasets, bacterial markers and target
genes to perform future functional studies to understand
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this three-way relationship (host-parasite-microbiota) in
more detail.
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