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1 | INTRODUCTION

Abstract

Eye flukes in fish are common in freshwater lakes. Fish become infected by the pen-
etration of cercariae released from freshwater snails, and high infection pressures
may be associated with mortalities in a Danish lake. Examination of two other fresh-
water lakes, combined with laboratory study, supported the notion. We investigated
77 freshwater fish from two lakes and the infection level suggested the occurrence
of a high cercarial infection pressure in the Danish lakes. Dominant genera were
Tylodelphys and Diplostomum covering a range of species identified by PCR and se-
quencing of the 18S (partial)-ITS1-5.85-ITS2-28S (partial) of the rDNA. Cercariae of
the prevalent species Diplostomum pseudospathaceum were used to infect zebrafish
Danio rerio for the elucidation of short-term effects on the fish host. Zebrafish did
not display abnormal behaviour when exposed to 200-400 cercariae, but a dosage
of 600 and 1,000 cercariae/fish proved lethal. When fish were exposed to sublethal
dosages, 19 out of 27 immune genes were significantly regulated and three genes
encoding cytokine (IL 4/13B, IL-6 and IL-8) were upregulated at 3 hr post-infection
(hpi), whereas others were downregulated especially at a later time point. We suggest
that direct massive cercarial penetration of fish surfaces may be detrimental and may

represent a threat to fish populations.
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fish eye, such as the lens, and may reduce vision and elicit cataract
in the host. Heavy infestations are associated with weight loss as

Eye flukes, metacercariae of digenean trematodes within the family
Diplostomidae, are prevalent in freshwater fish populations. The
final host, carrying the adult trematode in the gut, is a piscivorous
bird; freshwater snails serve as first intermediate hosts, releas-
ing infective cercariae; and fish act as second intermediate hosts.

Species within the genus Diplostomum prefer various sites in the

the infections reduce the visual abilities of the host and thereby
its food search capacity (Buchmann & Uldal, 1994; Karvonen
et al., 2004; Marcogliese et al., 2001; McCloughlin, 2016; Valtonen
& Gibson, 1997). Representatives of another genus, Tylodelphys,
within the same family, colonize the vitreous humour, impair vision

and may thereby hamper foraging success (Mufnoz et al., 2019).
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Other indirect infection effects comprise the parasite-induced al-
teration of host behaviour, skin pigmentation and thereby suscep-
tibility to predation (Désilets et al., 2013; Flink et al., 2017; Gopko
et al., 2015, 2017; Marcogliese et al., 2001; Seppaéla et al., 2004,
2005, 2006; Valtonen & Gibson, 1997). These chronical effects were
indicated in a winter study where the eye fluke Diplostomum pseu-
dospathaceum was associated with a high mortality (57.3%) of juve-
nile Rhodeus amarus (Michalkova & Ondrackova, 2014). Freshwater
fish may harbour the trematodes for years if the infection level is
low, but we here present evidence, suggesting that massive inva-
sion is potentially lethal. A mass mortality event of common bream
in a freshwater lake (Utterslev Mose) near Copenhagen, Denmark,
occurred in the summer 2015. Also, the roach population in the
lake was reduced, but no viral or bacterial pathogens were isolated
from the surviving fish, whereas a significant load of eye flukes
(100% prevalence) was noted (Jensen, 2015). Although a relatively
high nitrogen load was recorded in the preceding year (2014) and
could play a role for fish performance in 2015, it was suggested to
search for additional causative factors. Previous studies had indi-
cated that fish may be severely affected by cercarial penetration
and the finding urged us to focus on eye fluke infection levels and
their possible impact on fish populations in freshwater lakes. Thus,
a controlled infection study in the laboratory had shown that di-
rect penetration of cercariae (1,000 cercariae of Diplostomum pseu-
dospathaceum per fish) elicited 100% mortality of rainbow trout
fry (5-6 cm body length) within 24 hr (Larsen et al., 2005). This
supported results of Wesenberg-Lund (1932) who demonstrated
the immediate lethal effects of massive invasion by diplostomid
cercariae (released from Lymnaea stagnalis and Radix auricularia)
of crucian carp (Carassius carassius Linnaeus, 1758). Following cer-
carial penetration of the fish surface, the diplostomule migrates
towards and penetrates the lens to attain the metacercarial stage,
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protected from the immune system, because neither immune cells
nor effector molecules can access the lens (Niewiadomska, 1986;
Pike & Lewis, 1994). It is generally agreed that the time between
penetration and ocular invasion is less than 24 hr but dependent
on temperature (Erasmus, 1959; Lyholt & Buchmann, 1996; Whyte
et al., 1991) and the stimulation of the host immune system is
thereby of limited duration (Sitja-Bobadilla, 2008). D. pseudo-
spathaceum may over weeks activate innate and adaptive immune
responses in the fish (Haase et al., 2014, 2016a, 2016b; Kalbe &
Kurtz, 2006; Scharsack & Kalbe, 2014), but the immune gene ex-
pression during the early infection stage (diplostomule migration) is
largely unknown. It cannot be excluded that cercarial penetration,
especially early infection points, may initiate inflammatory reac-
tions and affect the fish adversely. We have conducted field stud-
ies on eye fluke effects in wild freshwater fishes and supplemented
them by experimental verification of effects on zebrafish Danio
rerio. Four species of freshwater fish (Alburnus alburnus, Abramis
brama, Rutilus rutilus and Perca fluviatilis) were collected from two
different lakes (Lyngby S@ and Bromme Lillesg), and their parasitic
metacercariae were identified by PCR and sequencing. From the
same lakes, we sampled snails, identified cercariae released from
these intermediate hosts and elucidated if the eye fluke infections
were reflected by infections in the snails. All parasite specimens
were identified with molecular method by amplifying nuclear ribo-
somal DNA regions comprising 18S (partial)-ITS1-5.85-ITS-28S (par-
tial), sequencing the PCR products and subsequently performing
phylogenetic and BLAST analysis in GenBank. In the laboratory, we
infected zebrafish by D. pseudospathaceum cercariae and followed
the fish reaction including expression of 27 immune genes. Based
on the observations, we discuss the potential impact on fish pop-
ulations of cercariae released from snails when they perform mas-

sive penetration of freshwater fish surfaces.

Lyngby Se, 2019 @

Utterslev m0s§; 2015

Bromme Lilless, 2019 @

FIGURE 1 Fish sampling locations
(Zealand in Denmark)
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2 | MATERIALS AND METHODS
2.1 | Field research
2.1.1 | Fish from a lake experiencing mass mortality

A total of 11 specimens of bream (Abramis brama) were ob-
tained from Utterslev Mose (55°43'5.3826", 12°30'28.0902") (16
September 2015) (Figure 1) at 12:00 following a mass mortality
event recorded from July 2015. The fish were caught by the use of
gill nets by the staff at the Fish Ecology Laboratory (www.fol.dk),
whereafter the fish were transferred immediately for a parasitologi-
cal examination at University of Copenhagen. Abiotic factors in the
lake water were also measured on the sampling day showing a pH of
7.8, a water temperature of 9.5°C and an ammonia concentration of
0.4 mg/L. However, in the preceding year, 2014, periods occurred
with highly increased total nitrogen concentrations in the lake water
(Jensen, 2015).

2.1.2 | Follow-up study on fish from two other lakes

Fish from Lyngby S@ (55°46'27.4866", 12°29'10.2726") and Bromme
Lillesg (55°28'52.2402", 11°30'51.5736") (Figure 1) were col-
lected by net traps and transferred alive in aerated water tanks to
the University of Copenhagen. The sample included a total of 77
freshwater fish collected between February and November of 2019
(Table 1) comprising bleak, bream, roach and perch. Fish were then
placed in aquaria equipped with biofilters and aeration (water tem-

perature 15 + 2°C) for subsequent examination.

2.1.3 | Laboratory examination

Following euthanization using an overdose of MS-222 (Cat. no.
A5040, Sigma-Aldrich) (300 mg/L), fish were weighed (total body
weight, g), length measured (total body length, cm) and examined
externally for the presence of encysted metacercariae beneath the
surface of the skin. Metacercariae were excised from the eyes, mus-

culature and fins. Gill filaments, fins and both eyes were removed,

TABLE 1 Numbers of fish sampled
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placed in a Petri dish and examined under the dissecting stereomi-
croscope (magnification X 7-40, Leica, Germany). Fish were autop-
sied by an incision along the midline to recover internal organs for
corresponding examination. Predilection sites of the metacercar-
iae were recorded. Metacercariae were counted, collected using
a pipette and preserved in 96% ethanol for subsequent molecular
analysis.

2.1.4 | Molecular analysis

Individual metacercariae (96% ethanol-fixed) were transferred to
Eppendorf tubes (Axygen®, USA). Ethanol was evaporated in the
Eppendorf ThermoMixer® Comfort (Hamburg, Germany). We ex-
tracted DNA from single specimens with guanidine thiocyanate
lysis buffer (Tkach & Pawlowski, 1999) and performed a PCR. The
18S (partial)-ITS1-5.85-1TS2-28S (partial) of the rDNA was ampli-
fied using forward primer-BD1 (5'-GTC GTAACA AGG TTT CCG
TA-3') and reverse primer-BD2 (5-TAT GCT TAA ATT CAG CGG
GT-3') (Galazzo et al., 2002). PCR conditions used were previously
described (Christiansen et al., 2016). DNA was purified from the
PCR mixture using lllustra™ GFX™PCR and Gel band purification
kit (VWR, Denmark). DNA concentration and purity were meas-
ured using a Nanodrop 2000 spectrophotometer (Saveen & Werner
ApS, Denmark). Representative sequences (a total of 150) were
submitted to the GenBank database under the accession numbers
MW135040-MW135189. However, only the complete ITS1-5.8S-
ITS2 sequences (omitting the 18S and 28S parts) were BLAST ana-
lysed against sequences at GenBank (NCBI) and used in subsequent

phylogenetic analysis.

2.1.5 | Phylogenetic analysis

Using the software MEGA X (Kumar et al., 2018), evolutionary his-
tory was inferred by using the maximum likelihood method and
general time-reversible model whereafter a bootstrap consensus
tree, inferred from 1,000 replicates, was chosen to represent the
evolutionary history of the taxa analysed. The percentage of rep-

licate trees in which the associated taxa clustered together in the

. Numbers Overall Month in
in the two lakes Lyngby S and Bromme X . . X
. ) Location Fish species of fish prevalence (%) 2019
Lillesg from February to November in
2019 Lyngby Common bleak (Alburnus alburnus) 11 90.9 February
5o Common bream (Abramis brama) 12 83.3 February
Common roach (Rutilus rutilus) 9 100 September
Bromme Perch (Perca fluviatilis) 14 100 April
Lillesg Common roach (Rutilus rutilus) 12 100 April
Common bream (Abramis brama) 2 100 April
Common roach (Rutilus rutilus) 4 100 November
Perch (Perca fluviatilis) 13 100 November
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bootstrap test is shown next to the branches. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-
Join and BioNJ algorithms to a matrix of pairwise distances esti-
mated using the maximum composite likelihood (MCL) approach
and then selecting the topology with superior log likelihood value.
A discrete Gamma distribution was used to model evolutionary rate
differences among sites (5 categories [+G, parameter = 1.9658]).
The rate variation model allowed some sites to be evolutionarily
invariable ([+1], 13.61% sites). This analysis involved 68 nucleotide
sequences. A total of 1,752 positions were seen in the final data set.
The two species Aspidogaster conchicola and Aspidogaster ijimai of

Aspidogastrea served as an outgroup.

2.1.6 | Statistical analysis of field data

Raw data were entered into a Microsoft Excel spreadsheet, and de-
scriptive statistics were used to summarize the data. Ecological terms
of prevalence, abundance and mean intensity were used according
to Bush et al. (1997). The data were analysed statistically using the
software SPSS. The non-parametric Friedman test with Dunn's multi-
ple comparisons test was applied to reveal any significant difference
of trematode numbers within three host compartments as different
species may show preferences due to host tissue tropism. The non-
parametric Mann-Whitney test was used for assessing differences
between the average number of trematodes at April and November.

Statistical significance was considered if p < .05 for all statistical tests.

2.2 | Experimental infections on zebrafish
2.2.1 | Ethics

The infection experiment was conducted at the Laboratory of
Aquatic Pathobiology fish infection facilities at the University of
Copenhagen (Frederiksberg C, Denmark). Animal care and investi-
gations were performed according to license 2020-15-0201-00724
(The Experimental Animal Inspectorate under the Ministry of Food,
Agriculture and Fisheries). Fish samples used for tolerance study
were killed by immersion into an overdose of MS222 when clinical
signs occurred (balance disturbances, swimming upside down, lying
on the fish tank bottom). These signs have previously been associ-
ated with later mortality (unpublished observation by the author).

2.2.2 | Fish

Wild-type zebrafish were reared in a recirculated system at 27°C with
a pH of 7.4 and conductivity at 550 ps. Ten per cent of the water was
changed every day, and the fish were fed with live Artemia and pelleted
dry feed (ZM Fish Food, England) one to three times per day. Adults
with the age of 5 months were used for this study. They were accli-

matized to room temperature for two days before experimental start.

2.2.3 | Parasites for experimental
infection of zebrafish

Infected snails (L. stagnalis) were collected in the lake Bagsveerd
sg (55°46'16.0566", 12°27'39.6864") (Zealand, Eastern part of
Denmark). The species identification of snails was confirmed by
morphological criteria (Gléer, 2019). All specimens were transferred
to the university laboratory (Frederiksberg, Copenhagen area) for
subsequent shedding procedures. Individual snails were placed at
room temperature in 100-ml beakers with 50 ml filtered (0.45 um,
Filtropur, Darmstadt, Germany) lake water (Buchmann, 2007).
The beakers were subsequently examined under a stereomicro-
scope (magnification X 7-40, Leica, Germany). All snails infected
with diplostomid cercariae were offered fresh lettuce in the labo-
ratory. Cercariae to be used for experimental infection were then
released by shedding in 100-ml beakers as described above. They
were identified as D. pseudospathaceum based on the morphology
(Niewiadomska et al., 1996), and by PCR with subsequent sequenc-
ing of the ITS region and BLAST analysis (NCBI), confirming that the
parasite used was identical with Diplostomum pseudospathaceum
(reference sequence KR269766). The Table S1 contains the achieved
molecular data in an Excel file.

2.2.4 | Infection dosage and design for
zebrafish exposure

The exposure experiments were performed with three parts
Tolerance study: Exposure of zebrafish was initially performed by
using 200, 300, 400, 600 and 1,000 cercariae/fish in order to
determine the tolerance of fish. In total, 25 fish were used with
5 fish exposed to each dosage. All fish were placed and exposed
in individual tanks (25 tanks in total) with different numbers
of cercariae in 200 ml of water (volume of fish tank 1,000 ml).
Exposure time was recorded and fish were killed when clinical
signs occurred.

Diplostomule migration study: In order to determine the migration
of parasites in the fish host, and how fast the diplostomules reach
the fish lens, fifty fish were exposed to different dosages (5, 10, 20,
40, 70 cercariae/fish) (10 fish at each dosage). Examination for the
presence of metacercariae in lenses was conducted at 2, 4, 6, 7 and
8 hr post-infection, respectively (10 fish at each sampling time). Fish
were exposed in duplicate with 10 fish being exposed to cercariae in
one 1,000-ml tank with 600 ml of water. Thereafter, fish were kept
in separate similarly sized tanks until examination for metacercariae
in the lenses.

Immune response to infection: Two non-lethal infection dosages
(20 and 70 cercariae/fish) were then selected for exploring the im-
munological reaction in the exposed fish. Two parallel tanks were
used in this study (14 tanks in total with 5 fish in each). A total of 70
fish were used and 3 groups (10 for each group/total 30 fish) served
as non-infected and time-point controls to be sampled. Following

exposure to cercariae, 2 x 5 fish were sampled for each dosage at 3
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and 8 hpi (total 40 infected fish). In this study, each tank contained 5
fish in 600 ml of water in a 1,000-ml fish tank (Figure 2).

2.2.5 | Sampling of organs for gPCR

At specific time points post-challenge (3 and 8 hpi), the fish were
killed with an overdose of MS222 (500 mg/L). The viscera package
(including intestine, liver and spleen) was removed with fine forceps
and immediately transferred to RNAlater (Sigma-Aldrich, Denmark)
and kept at 4°C for 24 hr, and then frozen at -20°C until processing
for gene expression studies. Due to the small size of the zebrafish,
used in the study, it was decided to sample the entire organ package.
This secured that relevant organs, in which the diplostomules may
migrate on their way to the eye, were included in the investigation.
Each group consisted of two duplicated tanks, each tank contained
5 fish. When we analysed gene expression data, each individual sam-
ple from all 10 fish was processed individually. The expression data
in the two duplicate groups were pooled when it was confirmed that
no significant difference was found between them.

2.2.6 | RNA extraction, cDNA synthesis and real-
time PCR

Total RNA was extracted from tissue samples using GenElute™ kit
(Cat. no. RTN350-1KT, Sigma-Aldrich, Denmark), according to the
manufacturer's instructions and subsequently DNase treated with
DNase | (Cat. no. ENO521, Thermo Scientific, Denmark). The quan-
tity and purity of RNA were measured at 260/280 nm (NanoDrop

s ey
———— ]
. 5 fish
Ohpli T=—=
e— ]
5 fish
. 5 fish 5 fish 5 fish
Shpl e =
e——— ] ——— ] S — ]
5 fish 5 fish 5 fish
2 I
) — D T
. 5 fish 5 fish 5 fish
Shpl = T e
- R - -
m 5 fish 5 fish
e’ e’
Control 20/fish 70/fish

FIGURE 2 Study design showing the challenge model. Each
section included 10 fish divided into two parallel tanks. hpi: hours

post infection
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2000 Spectrophotometer, Saveen & Werner ApS, Denmark), and
DNAse efficacy and RNA integrity were evaluated by electropho-
resis on 1% agarose gels with ethidium bromide (EtBr) staining. The
first-strand cDNAs were synthesized using 1,000 ng of total RNA,
MultiScribe Reverse Transcription reagent (Thermo Fisher Scientific,
Denmark), and Oligo dT primers in a 20-pl set-up. The reaction was
placed at 25°C for 10 min and 37°C for 60 min in a Thermal Cycler
(T100™ Thermal Cycler, Bio-Rad, Denmark). Subsequently, the syn-
thesized cDNA was stored at —20°C until further use. The expression
of immune-associated genes was evaluated by qPCR assays using
the synthesized cDNA with specific primers and corresponding
probes listed in Table S2. The endogenous reference genes (ELF1-a,
B-actin and RP13a) were used to normalize the relative expression
of the target genes. The gPCRs were carried out in a 96-well plate
with volume of 12.5 pul (2.5 pl cDNA, 6.25 pl Brilliant 11l Ultra-Fast
QPCR Master Mix (AH diagnostics as, Denmark), 1.0 pl primer-probe
mixture (forward primer [10 uM], reverse primer [10 pM] and Tag-
Man probe [5 pM]) and 2.75 ul RNase-free water. The reactions were
performed on an AriaMx Real-Time PCR system (AH diagnostics as,
Denmark) under the following conditions: 95°C for 3 min followed by
40 cycles denaturation at of 95°C for 5 s and 60°C for 10 s. In order
to exclude any reaction inhibition by gut material, we tested for this
possibility by calculation the amplification efficiency of the indi-
vidual samples using the freeware LinRegPCR (Ruijter et al., 2009;
Tuomi et al., 2010). Using all samples, we found an average of ef-
ficiencies of 100.4% + 10.7% and an average of r? of 0.987 + 0.005.

These levels indicated that no inhibitory effect was evident.

2.2.7 | gPCR data analysis

The 2724t method was applied to determine the relative gene ex-
pression presented as the fold increase or decrease of the infected
group relative to the time point control groups (mean expression
level adjusted to 1). Duplicate tanks were utilized for the elimina-
tion of tank effects. Before pooling data from duplicate samplings,
it was confirmed (Student's t test) that gene expression data did not
differ significantly. To account for biological variation, only gene
regulations with at least 2-fold change were considered significant.
The statistical difference between groups was determined using a

Student's t test applying a probability level of 5% (p < .05).

3 | RESULTS

3.1 | Field study

3.1.1 | Lake Utterslev Mose in 2015

All the 11 bream specimens were infected with parasites (in this
initial field study, they were merely identified to genus level). Fish

eyes were infected with metacercariae (genera Diplostomum and
Tylodelphys) with a 100% prevalence (mean intensity 100 parasites
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per fish). Prevalences of other parasite types were for metacer-
cariae of Apatemon in the pericardium (72%), metacercariae of
Ichthyocotylurus in the peritoneum (18%), monogenean parasites on
gills (Dactylogyrus) 9%, myxosporidia (Myxobolus) in gills 54% and
intestinal tapeworms (Khawia) 18%. The intensities of these other

parasite types were low (1-5 parasite stages per infected host).

3.1.2 | Lakes Lyngby Sz and Bromme Lillesg in 2019

A total of 77 fish in both lakes (32 from Lyngby Sg and 45 from
Bromme Lillesg) comprising common bleak (Alburnus alburnus), com-
mon bream (Abramis brama) and common roach (Rutilus rutilus) and
perch (Perca fluviatilis) was examined. Except for samples in February

all fish were infected with one or more species (Table 1).

3.2 | Parasite species from fish in Lyngby Sa and
Bromme Lillesg

In Lyngby s@, six species of trematodes in fish were identified (D.
pseudospathaceum, D. mergi, D. paracaudum, Diplostomum sp., P. cu-
ticola and T. clavata). P. cuticola dominated in bleak and bream with
81.8% and 50% prevalence, respectively. T. clavata showed the high-
est prevalence in roach (100%). The highest abundance/mean inten-
sities of individual parasite species were for P. cuticola (3.73/4.56),
Diplostomum paracaudum (13.60/32.60) and T. clavata (15.89/15.89).
Besides, monogeneans (Paradiplozoon sp. and Dactylogyrus sp.)
also myxosporeans (Myxobolus sp.) were found in bleak and bream
(Figure 3).

In Bromme Lillesg, eight trematode species were identified from
fishiincluding D. baeri, D. pseudospathaceum, P. brevicaudatum, T. clav-
ata, D. mergi, D. paracaudum, P. cuticola and Hysteromorpha triloba. In
perch, T. clavata showed the highest prevalence both in April (100%)
and September (84.6%). In roach, T. clavata exhibited a peak prev-
alence in April (83.3%) and P. cuticola in September (100%). T. clav-
ata showed the highest intensities in April and November. In bream,
only two species of trematodes were discovered, D. pseudospatha-
ceum with 100% prevalence and T. clavata with 50% prevalence. In
addition to trematodes, cestodes (Triaenophorus nodulosus), myxo-
sporeans (Myxobolus sp.), nematodes (Camallanus lacustris), mono-
geneans (Ancyrocephalus percae), crustaceans (Ergasilus sieboldi),
acanthocephalans (Acanthocephalus lucii) were also recorded. All
these parasites were present at relatively low prevalences and abun-
dances (Figure 3). The Table S3 contains the achieved molecular data
in an Excel file. The result of the phylogenetic analysis is presented

as a phylogram in the Figure S1.

3.3 | Host tissue tropism

We compared the occurrence of the different metacercariae with

the preferred site in the fish host to indicate host tissue tropism.

Metacercariae dominated in the skin of bleak with a lower infec-
tion in the vitreous humour (p < .05). The number of metacercariae
in the lens of bream in Lyngby Sg was significantly lower than other
infection sites (Figure 4). T. clavata showed a high preference for the
vitreous humour in other fish species, such as roach (Lyngby Sg and
Bromme Lillesg) and perch in Bromme Lillesg (p < .05). Besides, in
Bromme Lillesg, the number of trematodes in the lens of perch and in
the vitreous humour of roach differed significantly (p < .05) (Figure 4).

3.4 | Tolerance of zebrafish to experimental
cercarial exposure

Exposures of adult zebrafish to cercarial dosages of 600 and 1,000
cercariae/fish were detrimental and considered fatal. All fish ex-
posed to the high number of cercariae (600 or 1,000 per fish) showed
abnormal behaviour (swimming erratically, balance disturbances in-
cluding tilting, swimming upside down, lying on the fish tank bottom)
and had to be killed within 30 and 10 min, respectively.

3.5 | Parasite migration in the fish

The number of metacercariae reaching the lens was positively cor-
related with the infection dosage (Figure 5), but approximately 50%
of the cercariae reached the lens within 8 hpi, independently of the

dosage.

3.6 | Expression of immune-relevant genes

Genes encoding immune relevant molecules were expressed at dif-
ferent levels, and only three genes were upregulated, mainly at 3 hpi,
whereas 16 genes were downregulated at 3 hpi and/or 8 hpi when

compared to non-exposed control fish (Figure 6).

3.6.1 | Transcription factors

All the three genes encoding transcription factors Fox P3 (Figure 6a),
GATA-3 (Figure 6b) and T-bet (Figure 6c) were not regulated at
3 hpi but were downregulated at 8 hpi (both low and high dose)
(Figure 6a-c).

3.6.2 | Cytokines

Fifteen genes associated with inflammation were analysed in this
study and twelve genes were significantly regulated, when com-
pared to the time point control groups (Figure 6d-o0). The expres-
sion of IL-1p was downregulation at hour 8 pi (Figure 6d), which also
applies to IL-17 A/F1 (Figure 6j), IL-17A/F3 (Figure 6l) and TNF«
(Figure 60). The expression of genes encoding IL-10 (Figure 6h),
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FIGURE 3 Parasites infecting different
fish species in two lakes. Diplostomum spp
comprised different species (more data
shown in Table S2). F: February; A: April;
S: September; N: November
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IL-17A/F2 (Figure 6k), IL-22 (Figure ém) and IFN-y (Figure én) was
not regulated at 3 hpi, but downregulated at 8 hpi but only after low-
dosage exposure. Three genes, encoding I1L-4/13B (Figure 6e), IL-6
(Figure 6f) and IL-8 (Figure 6g), were significantly upregulated. The
IL-12-encoding gene was downregulated at 3 hpi following exposure
to a low dosage (Figure 6i).

3.6.3 | Immunoglobulins, acute phase proteins and
toll-like receptors

Genes encoding IgM and IgZ (Figure 6p,q) were downregulated at
8 hpi (both low and high exposure dose) for I1gZ2 (Figure 6q) and at
low dose for IgM (Figure 6p). Fish exposed to a low cercarial dosage
showed downregulation of genes encoding SAA (Figure 6r) and TLR2
8 hpi (Figure 6s).

4 | DISCUSSION

We performed a survey of parasite infections in fish in three fresh-

water lakes in Denmark and recorded a high prevalence and intensity
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of eye flukes. According to our previous study (Duan et al., 2021), it
was seen that the eye flukes have higher host specificity in snails
(including miracidial invasion, sporocyst formation, cercarial produc-
tion and release). In contrast, the metacercarial stage is less specific
as the four teleost species investigated carried one or more eye fluke
species. It is therefore evident that due to the narrow host speci-
ficity of trematodes in snails (Van der Knaap & Loker, 1990), one
must collect specific snail species in order to reflect the infection
risk of fish in a certain lake habitat. For instance, various species
of the genus Diplostomum are largely reported from the snail spe-
cies Lymnaea stagnalis (Karvonen et al., 2003, 2004, 2006; Loy &
Haas, 2001; Lyholt & Buchmann, 1996; Morley et al., 2005; Riley &
Chappell, 1992). A total of 250 and 150 snails from Lyngby S@ and
Bromme Lillesg (23.6% and 29.0% total prevalence), respectively,
were analysed in this study. The most common eye fluke species
in the different fish species is T. clavata reaching 100% prevalence
in roach, whereas the different species of the genus Diplostomum
showed a more specific orientation towards the different species
of fish. In the present study, Bromme Lillesg hosted two species of
eye flukes (T. clavata and D. mergi), which were overlapping in snail
and fish and showed a higher transmission compared to Lyngby sg.

Moreover, T. clavata was the dominating species in Bromme Lillesg
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FIGURE 5 Accumulation of metacercariae in lens. Accumulation
line of D. pseudospathaceum in zebrafish lens. Linear regression of
slope and concentration shown in upper right. R?=.9737

with high prevalence in all fish hosts. Eye flukes D. pseudospatha-
ceum, D. baeri and D. brevicaudatum exhibited a very high prevalence
in Bromme Lillesg, whereas T. clavata occurred in both lakes and
both in roach and perch at a relatively high prevalence. European
perch has commonly been reported as host for this species (Morley
& Lewis, 2020; Mufoz et al., 2017, 2019; Vivas Mufoz, 2019), but

species-specific preference seems to be low. Roach exhibited the

highest species richness in both Lyngby Sg (five species) and Bromme
Lilles (six species) consistent with previous studies on freshwater
fish in Poland (Dzika et al., 2008). No zoonotic parasites were dis-
covered in roach in our study, but zoonotic opisthorchid metacercar-
iae (Pseudamphistomum truncatum) were previously reported from
roach in the Danish lake Furesg (Skov et al., 2008) and in the Gulf of
Finland (Eriksson-Kallio et al., 2017).

The host tissue tropism of different species of trematodes
(metacercariae) was indicated as different species preferred the
lens, vitreous humour or the skin (Table S2). Four species of meta-
cercariae were parasitizing the fish lens (D. mergi, D. paracaudum,
Diplostomum sp. and D. pseudospathaceum); three species (T. clavata,
D. baeri and Posthodiplostomum brevicaudatum) were found in the
vitreous humour, and two species Posthodiplostomum cuticola and
Hysteromorpha triloba were found in the fish skin. The host tissue
tropism has previously been reported with T. clavata located in the
vitreous humour (Buchmann et al., 1997) and Hysteromorpha triloba
also located in fish body cavity (Sereno-Uribe et al., 2019). It is worth
noting that Posthodiplostomum brevicaudatum (Nordmann, 1832),
congeneric to Posthodiplostomum cuticola, causing black spot skin
disease, was found encysted in the fish eye, as reported by previous
studies (Stanevicitté et al., 1998; Wisniewski, 1958). In our case, P.
brevicaudatum was only discovered from perch in Bromme Lillesg,
aligning with records from Poland (Morozinska-Gogol, 2013).

In the host tissue tropism analysis, metacercariae parasitizing

the lens and the vitreous humour (mainly eye flukes) showed a high
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*p < .05 (Student's t test), fold change >2

infection level. The current hypothesis is that parasites manipu-
late the host behaviour and leave them as easier prey for a pred-

ator, which may serve as a final parasite host (Gopko et al., 2015;

Lafferty & Morris, 1996; Muioz et al., 2017; Poulin, 2010; Seppala
et al., 2004, 2005) and such a relation is likely to occur also in the

investigated Danish lakes.



DUAN ET AL.

1794 Wl L EY% Journal of \

Fish Diseases %dk
4.1 | Effectson fish

The prominent occurrence of infected snails and the high eye fluke
infection level in fish raises the notion that the direct penetration of
fish at peak shedding periods may expose fish to such a high infec-
tion pressure that survival is affected. Eye flukes are particularly rel-
evant to discuss in this context due to their high prevalence, whereas
other parasite species were present in much lower numbers in the
investigated lakes. It is acknowledged that all the recorded parasite
types (monogeneans, myxosporeans, cestodes, nematodes, acan-
thocephalans, crustaceans), and also adverse levels of abiotic factors
(pH, Nitrogen, Oxygen), represent a threat to fish health when oc-
curring at a certain intensity. The only obvious abiotic environmental
change in the lake Utterslev Mose recorded was a high concentra-
tion of Nitrogen in 2014, and it cannot be excluded that other para-
site types detected may affect fish population levels. However, in
the present study these parasite types were not represented to the
same extent that as the digenean metacercariae. We therefore sug-
gest that, under conditions favouring cercarial shedding from snails
(such as high summer temperatures), mortalities may be induced by
massive cercarial invasion of fish. Temperature is particularly rel-
evant as the shedding is highly temperature dependent and peaks
at temperatures above 20°C (Lyholt & Buchmann, 1996), and in this
study, temperature may have played a role for the infection pressure
during the summer period. It is generally observed that eye flukes
accumulate in fish during the season with moderate infection lev-
els (Lyholt & Buchmann, 1996), but in our field studies (in Bromme
Lillesg and Lyngby sg), this was not seen, which could be caused by
fish mortality, among the most heavily infected fish.

Based on our first observations of high eye fluke infections in
bream sampled in Utterslev Mose 2015, following a major reduction
of the cyprinid populations, we established the hypothesis that mas-
sive invasions of young fish by cercariae, released from intermedi-
ate host snails, may influence fish health and/or survival in confined
water bodies. First of all, the infection pressure may be very high
as the potential for cercarial shedding from pulmonate freshwater
snails such as a single specimen of Lymnaea stagnalis was found to
release up to 60,000 cercariae (genus Diplostomum) during a 24-hr
period (Lyholt & Buchmann, 1996). Secondly, evidence of a lethal ef-
fect of massive cercarial penetration of fish surfaces was presented
by Larsen et al. (2005) showing that 1,000 Diplostomum cercariae
killed juvenile rainbow trout within 24 hr. Likewise, Wesenberg-
Lund (1932) described clouds of Diplostomum cercariae released
from L. stagnalis killing crucian carp within five hour (Wesenberg-
Lund, 1932). Our experimental exposure study showed that ex-
posure of zebrafish to 600 or 1,000 cercariae/fish is fatal within
minutes. The chronical effect of eye fluke infections on fish is well
documented. The parasites decrease the size of the eye lens, cause
cataract and exploit energy resources that would otherwise be used
by the host for normal eye functioning (Karvonen & Seppala, 2008).
The resulting behavioural and physiological stress (Thatcher, 1979)
may then prove lethal (Ostrand et al., 2006). Furthermore, the mi-

gration of larval parasites (diplostomules) through fish tissues may

cause a series of physical damages, which can cause non-specific
stress responses characterized by increased oxygen consumption,
increased metabolic rate and decreased total lipid content in the
body (Lemly & Esch, 1984). Together, this evidence supports the no-
tion of a potential devastating effect of eye fluke infection on fresh-
water fish populations.

The different fish species may be exposed differently as some
host specificity occurs for some eye fluke species. However, T.
clavata seems to exhibit a low host specificity and may target all
fish species. Roach (Rutilus rutilus) showed the highest trema-
tode richness, both in Lyngby Sg and Bromme Lillesg, compared
with other fish species. This does not imply that this species is
more affected by penetration than others are. It could be hypo-
thetized that other fish species, such as bream, although invaded
by the same number of cercariae, may trap the cercariae (termed
diplostomules) during their migration in the host towards the eye.
It may be hypothesized that entrapment of diplostomules in the
vascular system or central organs may lead to pathological reac-
tions and possibly death of the host. In such a case, the parasites
would not be recorded in the fish host because the metacercariae
never reached the eye. A notion which should be further investi-

gated experimentally.

4.2 | Immunological reactions in the fish

The pathological events in the fish may also be reflected by the im-
mune reactions. We used D. pseudospathaceum to infect zebrafish
for assessment of pathogenicity and immune response. The sub-
lethal infection dosages stimulated the fish immune system sig-
nificantly, but apart from an initial inflammatory reaction (involving
IL-4/13B, IL-6 and IL-8) at 3 hpi the downregulation of many immune
genes was noteworthy. Thus, this study indicated that zebrafish es-
tablish an inflammatory reaction shortly after penetration with D.
pseudospathaceum cercariae, but subsequently a series of immune
genes encoding effector molecules become downregulated.

These effects may be indirect due to interactions between the
different cytokines. Thus, IL-4 mediates many specific pathways,
including fine-tuning of the Th2 response through its ability to ini-
tiate, perpetuate or inhibit the response through the activation of
multiple signalling pathways (Wills-Karp & Finkelman, 2008). IL-4
and IL-13 suppress inflammatory responses by antagonizing pro-
duction of TNFa, IL-1B, IFN-y and other pro-inflammatory media-
tors (Bottiglione et al., 2020; Wang et al., 2016). This could explain
the down-regulation of genes encoding TNFa, IFN-y and IL-1p.
Interleukin-6 (IL-6) is a pleiotropic cytokine, produced by various
cells to regulate haematopoiesis, inflammation, immune responses
and bone homeostasis, and principal mediator of the acute phase
protein response (Heath et al., 1993; Hirano, 2010). This may ex-
plain our observations of the upregulated expression of the IL-6
gene at 3 and 8 hpi, and the downregulation of the acute phase
protein (SAA) at 8hpi, as it can be interpreted an IL-6-based regu-
lation of SAA.
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The downregulation may benefit the survival of migrating
diplostomules in the fish on their way to the immune-privileged
lens of the eye. A previous study indicated that the IL-4R and IL-8
genes were upregulated after repetitively challenging stickleback for
7 weeks with D. pseudospathaceum (Haase et al., 2016b). However,
in our short-term study other genes encoding cytokines were
downregulated at different sampling points. IL-1p is an important
pro-inflammatory cytokine in fish (Sigh et al., 2004), and from mam-
malian studies, it is known that nearly all inflammatory reactions
are followed by production of among others this cytokine and TNF
(Titus et al., 1991). We noted downregulation of various isoforms of
IL-17-playing central roles in responses as a bridge between innate
and adaptive immunity in the head kidney and intestine (Takahashi
et al., 2020). Previous studies frame that parasitic pathogens may
downregulate the host response as seen for genes encoding GATA3
and MHC |l beta appeared after D. pseudospathaceum infection of
stickleback (Haase et al., 2014). This was supported by the present
study. Type-2 immunity processes initiated by IL-4 and IL-13 are
fundamental for immune defence against helminth parasites (Bao &
Reinhardt, 2015), and in fish, these two paralogs are located in dif-
ferent chromosomes and were named 11-4/13A and |1L-4/13B (Ohtani
et al., 2008). Genes encoding these cytokines along with IL-6, a pro-
inflammatory cytokine, and IL-8, chemoattractant for immune cells
(Conti et al., 2020), were upregulated in the initial infection phase
but later silenced. All other immune genes investigated were found
downregulated or upregulated at 3 hpi and 8 hpi. This applies for
the immune regulating I1L-10, promoting B-cell differentiation and
IgM antibody secretion in an antigen-specific manner in fish (Zou &
Secombes, 2016). Depression was also noted for the IgM and IgZ/T
encoding genes themselves, the antigen presenting surface mole-
cule MHC I, transcription factors GATA3, T-bet, the regulator FoxP3
(Shevach, 2009), the acute phase reactant SAA, an all-round innate
protective protein (Gruys et al., 2005; Uhlar & Whitehead, 1999) and
the central pattern recognition receptors Toll-like receptors 2 initiat-
ing immune responses (Medzhitov & Janeway, 1997). Transcription
of IgM was downregulated at 8 days post-infection in Oncorhynchus
mykiss infected by the nematode larva Anisakis simplex (Haarder
et al., 2013), and SAA expression may be highly variable upon para-
site challenge (Kovacevic et al., 2015; Tadiso et al., 2011).

In conclusion, the present study contributes to a better under-
standing of ecological aspects of the natural infection level of eye
flukes and their early/acute phase impacts during cercarial invasion
in the fish host. Focus on the occurrence of the snail intermediate
host is central as the intermediate hosts determine the dynamics of
the infection level in fish. Further experimental studies illustrated
that the penetration of cercariae into the fish is highly pathogenic
and may be directly lethal. Non-lethal infections by D. pseudospatha-
ceum suppress the fish host immune response as only three of the
investigated genes (IL 4/13B, IL-6 and IL-8) were upregulated and
merely at the initial infection time point. The immune depression
may be a strategy of the parasite, during the migration in the host,
for raising the probability of reaching the immune-privileged site

(the eye).
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