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Abstract
Background: Next generation sequencing (NGS) technologies are extensively used to dissect the molecular mechanisms of host-parasite interactions in human pathogens. However, ecological studies have yet to fully exploit the
power of NGS as a rich source for formulating and testing new hypotheses.
Methods: We studied Eurasian perch (Perca fluviatilis) and its eye parasite (Trematoda, Diplostomidae) communities
in 14 lakes that differed in humic content in order to explore host-parasite-environment interactions. We hypothesised that high humic content along with low pH would decrease the abundance of the intermediate hosts (gastropods), thus limiting the occurrence of diplostomid parasites in humic lakes. This hypothesis was initially invoked by
whole eye RNA-seq data analysis and subsequently tested using PCR-based detection and a novel targeted metabarcoding approach.
Results: Whole eye transcriptome results revealed overexpression of immune-related genes and the presence of eye
parasite sequences in RNA-seq data obtained from perch living in clear-water lakes. Both PCR-based and targetedmetabarcoding approach showed that perch from humic lakes were completely free from diplostomid parasites,
while the prevalence of eye flukes in clear-water lakes that contain low amounts of humic substances was close to
100%, with the majority of NGS reads assigned to Tylodelphys clavata.
Conclusions: High intraspecific diversity of T. clavata indicates that massively parallel sequencing of naturally pooled
samples represents an efficient and powerful strategy for shedding light on cryptic diversity of eye parasites. Our
results demonstrate that perch populations in clear-water lakes experience contrasting eye parasite pressure compared to those from humic lakes, which is reflected by prevalent differences in the expression of immune-related
genes in the eye. This study highlights the utility of NGS to discover novel host-parasite-environment interactions and
provide unprecedented power to characterize the molecular diversity of cryptic parasites.
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Background
The evolutionary arms-race between host and parasites is of a key importance for maintaining species
diversity and community composition. However, the
pace of evolutionary change in host-parasite systems is
modulated not only by co-interacting communities, but
also by common components of their extrinsic environment [1–3]. Yet, the role of environment in shaping host-parasite interactions is poorly understood [4].
The advancement of next-generation sequencing (NGS)
technologies provides opportunities to expand our
understanding about such complex interactions at an
unprecedented speed [5, 6].
During the last decade, high-throughput RNA
sequencing (RNA-seq) has been increasingly used to
explore infection, disease- and stress-related changes in
gene expression of the host. Gene expression analyses
at the whole transcriptome level have also shed light on
fundamental aspects of host and parasite biology [e.g.
7, 8] and host-parasite interactions [9–12]. In addition,
novel insights into the dynamics of host-parasite interactions at the molecular level are increasingly gained
also by analysing sequence data that were traditionally deemed to be invaluable and hence excluded [13].
For example, a typical bioinformatics analysis pipeline involves a step where reads from DNA or RNA
sequencing are aligned to the target species genome;
those that do not align are simply discarded. This principle is integrated into the majority of existing pipelines
because unmapped reads could originate from library
contamination and sequencing errors. As such, much
effort has been put towards sorting out this type of nuisance information [13, 14]. However, there is growing
awareness that some of the unmapped reads could actually harbour novel genetic and ecological information.
Thus far, unmapped reads from RNA- or DNA-seq data
have been used to discover symbionts, pathogens, and
undescribed features of the target species genome, such
as highly divergent regions or insertions of the reference genome that would have been missed otherwise
[13, 15–18]. Given that parasite and pathogen RNA
typically represent only a tiny proportion of the total
RNA of the host, very deep sequencing is necessary
to obtain comprehensive understanding of the pathogen transcriptomes and genetic diversity. This means
that by using untargeted sequencing of the host transcriptome it is rarely possible to obtain enough power
for pathogen community composition analyses. As an
alternative, a targeted amplicon-based high-throughput
sequencing, known as metabarcoding, has become an
essential tool for monitoring biodiversity [19, 20] and
also increasingly used for understanding parasite diversity in host tissues and environmental samples [e.g.
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21, 22]. Community metabarcoding is a sensitive technique that allows detection of rare and cryptic species
and species associations [23, 24] as well as analyses of
within species genetic variability and population structuring [25].
Diplostomidae is a geographically widely distributed
trematode parasite group of species with complex lifecycles which include two intermediate hosts, lymnaeid
snails and fishes, while a piscivorous bird usually serves
as a definitive host. After infecting and completing its
development in the snail, cercariae enter fish through
the gills and skin, before settling in fish-eye structures and sometimes neural tissues. This may lead to
changes in host behaviour, such as reduced feeding efficiency which decreases the body condition of the fish
([26] but see [27]). Species of the Diplostomidae are
morphologically extremely difficult to distinguish and
each fish may be infected by hundreds of parasites. As
a result, estimating species diversity, community composition, host-parasite interaction and effects of environmental factors in this group is challenging [28–30].
While the use of molecular approaches and especially
cox1 fragment-based species identification via Sanger
sequencing [31] have advanced the field by revealing hidden species diversity, most of the studies have
focused on describing species from single fluke isolates
[30, 32, 33]. However, using single fluke sequencing is
suboptimal for characterizing community composition and intraspecific genetic diversity. Massive parallel sequencing with whole tissue extracts from the host
represents a potentially powerful strategy to improve
characterization of both inter- and intraspecific diversity of parasites [29].
Here, we describe how initial transcriptome screening of fish eyes, where we used both host-specific and
unmapped RNA-seq reads, invoked a novel hypothesis
that humic-associated differences among lakes affect
the prevalence of diplostomid eye parasites in the Eurasian perch (Perca fluviatilis). In particular, by building on
RNA-seq read data and expanding upon previous work
on eye parasites in perch [34], we hypothesized that the
elevated content of humic substances (often measured
as dissolved organic carbon (DOC) concentrations and
spectral parameters of the water) would have a negative effect on the abundance of the intermediate hosts
of eye flukes, gastropods, primarily via combined effects
of low pH and water transparency affecting underwater
plant growth [35]. We tested the potential link between
humic substances and occurrence of diplostomid eye
parasites by conducting extensive molecular screening
of eye flukes and developing a targeted metabarcoding
approach to efficiently screen intra- and interspecific
genetic diversity of parasites from host eye tissue.
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Methods
Sample collection

Perch sampling was carried out in 8 humic and 6 clearwater lakes in Estonia in 2016 and 2017 (Additional
file 1: Figure S1, Additional file 2: Table S1). Fish were
sacrificed by an overdose of tricaine methanesulfonate
(MS-222), individually labelled, and their eyes were enucleated and snap frozen in liquid nitrogen. Surface water
samples from each lake were collected during the sampling in 2016 and pH, DOC concentrations to characterize the humic content of lakes, and different spectral
parameters were determined (Additional file 2: Table S6)
as described previously [36]. The diversity of gastropods
in 10 out of the 14 studied lakes was obtained from the
Estonian Environmental Monitoring database (Table 1,
https://www.keskkonnaagentuur.ee). The details on sampling protocol and subsequent NGS analyses are provided in the Additional file 3: Text S1.
RNA expression and unmapped read analysis

Total RNA was extracted from the whole eye tissues collected in 2016, and libraries were sequenced with Illumina HiSeq 3000 (Illumina Inc., San Diego, USA). Reads
that passed quality control were mapped onto the reference genome of Perca fluviatilis [37] using hisat 2 2.1.0
[38] (Additional file 3: Text S1). Differential expression
analysis between the two groups of lakes (humic vs clearwater) was performed using the DEseq2 package 1.22.2
[39] in R 3.3.4 [40]. All genes with an adjusted P-value ≤
0.05 [41] were considered as significantly differentially
expressed between populations from the two groups of
lakes. Human orthologue gene symbols were searched
for using complete gene names in NCBI. Gene Ontology (GO)-enrichment analysis of differentially expressed
genes against all orthologous gene symbols as a background was performed using Gorilla [42]. The GO terms
with a false discovery rate (FDR) ≤ 0.05 were considered
as significant.
Unmapped reads from each sample were further analysed to detect the occurrence of parasite reads among
the whole-eye RNA-seq data. Briefly, NCBI’s blastn
2.6.0 [43] was applied to align the non-redundant sets of
unmapped reads to the sequences in a non-redundant
nucleotide database. To reveal the presence of the eye
fluke parasites’ sequences (Trematoda: Digenea: Diplostomidae) among the unmapped reads, the taxonomic
analysis of blastn outputs was processed in Megan Community Edition 6.8.18 [44].
PCR‑based confirmation of diplostomids in perch eye

DNA was extracted from the whole eye using a standard salt extraction method [45], and PCR-based screening was performed in 212 perch eye samples (Additional
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file 2: Table S1) using diplostomid-specific primers that
amplified a fragment of the cytochrome c oxidase subunit
1 (cox1) gene [31]. Primers were modified to include linkers for Illumina-compatible adapters at their 5’-ends [46,
47]. Both eyes were screened in 172 individuals, while
only the left eye was screened in the remaining 40 individuals. PCR products were visualised on a 1.5% agarose
gel, and the presence of a ~500-bp amplification product
was recorded as evidence of Diplostomidae infection in a
given eye (Additional file 2: Table S1).
Metabarcoding of the diplostomid community in perch eye

We used whole eyes as the starting material for the
analysis; that is, the diplostomids were not individually
extracted from the eye, but rather sequenced together as
a naturally pooled sample [29]. Libraries were prepared
from SPRI-bead-purified PCR products of 142 diplostomid-positive samples identified with the PCR described
above (Additional file 2: Table S1) by attaching Illumina
adapters and unique individual indices following the
PCR protocol described in [47] with minor modifications
(see Additional file 3: Text S1). Samples were pooled and
sequenced using an Illumina MiSeq instrument (Illumina
Inc., San Diego, California, USA) at the Turku Centre
for Biotechnology (Turku, Finland). The paired-end raw
reads were demultiplexed (Additional file 2: Table S2)
and merged using PEAR 0.9.6 [48]. For robust downstream analysis, we followed a conservative approach, i.e.
only the samples containing ≥ 1000 sequences [49] were
retained (115 of 142; Additional file 2: Table S2).
Taxonomic classification was performed with Kraken
2.0.6-beta [50]. In addition, to validate the Kaken results
with a probabilistic approach the sequences were classified by applying a naïve Bayesian classifier using RPD
11.5 [51] following [52]. For both classifiers, a custom
database was generated using the available cox1 gene
sequences for Platyhelminthes from NCBI GenBank
(https://www.ncbi.nlm.nih.gov/; see details in Additional
file 3: Text S1). As both taxonomic classifiers showed
consistent results, the further analyses are based only on
the Kraken classification. To avoid biases related to unequal number of reads per sample [53], the presence of a
particular parasite genus/species in a sample was considered as highly supported if ≥ 5% of the sequences were
assigned to that parasite genus/species per eye sample.
Next, we rigorously filtered the sequences to further
minimize technical artefacts that could lead to overestimation of haplotype diversity [25, 54]. As the majority
of parasite sequences belonged to Tylodelphys clavata
(mean = 83.6%; median = 94.0%; Fig. 1; Additional file 2:
Table S2), we further characterized the intraspecific variation of this species. All of the sequences assigned to T.
clavata were extracted and clustered with cd-hit 4.7 [55,
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Table 1 Study lake characteristics and gastropod occurrence data
Lake

Type Geographical
coordinates

Gastropod species occurencea

Water chemistry
Dissolved
organic carbon
(DOC, mg/l)

Freshness index Fluorescence pH
index

No. of
sampling
visits

Sampling year Gastropod species

Holvandi Kivijärv H

58.0410°N,
27.1965°E

50.04

0.38

1.27

6.30 1

2012

None

Virosi

H

58.0259°N,
27.2551°E

66.1

0.34

1.26

5.45 7

1995–2012

None

Partsi Saarjärv

H

57.9978°N,
27.1662°E

64.8

0.34

1.25

5.30 6

1995–2012

None

Heisri Mustjärv

H

58.0249°N,
26.8312°E

33.28

0.43

1.29

8.20 na

na

na

Kuulma

H

57.9569°N,
27.1613°E

47.1

0.41

1.30

4.50 na

na

na

Loosalu

H

58.9361°N,
25.0824°E

17.41

0.44

1.28

4.70 14

Multiple

None

Matsimäe Pühajärv

H

59.0611°N,
25.5135°E

41.63

0.39

1.22

na

na

na

Meelva

H

58.1407°N,
27.3852°E

47.77

0.38

1.28

5.60 7

1994-1995

Anisus vortex,
Planorbis corneus

Paidra

CW

57.9110°N,
27.1910°E

10.23

0.68

1.39

6.70 na

na

na

Hino

CW

57.5766°N,
27.2298°E

13.91

0.84

1.56

8.65 2

2001

Lymnaea stagnalis

Verijärv

CW

57.8106°N,
27.0470°E

16.78

0.73

1.53

8.50 1

2002

Lymnaea stagnalis,
Ancylus fluviatilis,
Valvata piscinalis,
Bithynia tentaculata

Saadjärv

CW

58.5535°N,
26.6059°E

11.24

0.75

1.51

8.75 14

Multiple

Lymnaea stagnalis, Bithynia
tentaculata,
Physa fontinalis,
Radix balthica,
Myxas glutinosa,
Valvata piscinalis,
Valvata pulchella,
Valvata depressa,
Gyraulus albus,
Anisus vortex

Uiakatsi

CW

57.9532°N,
26.6365°E

6.684

0.72

1.46

8.35 2

2007–2012

Lymnaea stagnalis,
Hippeutis complanatus

Piigandi

CW

58.0176°N,
26.7913°E

8.337

0.73

1.48

7.00 1

2012

None

a

na

Snail occurrence data was obtained from Estonian Environmental Monitoring database (https://www.keskkonnaagentuur.ee)

Abbreviations: H, humic-water lake; CW, clear-water lake; none, no gastropod species observed; na, data not available

56] using 100% similarity to remove redundancy and
exclude unique sequences, as the latter could appear due
to technical PCR or sequencing errors. For the subsequent analyses, we used only representative sequences of
the clusters with more than 2.5% of the total number of
sequences assigned to T. clavata per sample. In addition,
the haplotypes that were observed only in a single sample
were excluded, as they may represent sequencing artefacts [25, 54]. However, this procedure might potentially

eliminate rare haplotypes from the subsequent analysis.
The final dataset contained 348 T. clavata sequences
from 113 eye samples (79 individuals). For comparative purposes we added 7 partial sequences of T. clavata cox1 retrieved from GenBank (accession numbers:
KR271473.1; KR271475.1; KR271480.1; KT751175.1;
KT768015.1; KT961707.1; and KY271544.1). All
sequences were aligned using Muscle 3.8.31 [57], and the
NCBI sequences were trimmed to the same size of the
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cox1 fragments generated during NGS sequencing, using
BioEdit 7.2.5 [58]. To visualize the relationships among
haplotypes, a TCS haplotype network [59] was generated
using PopART1.7 (http://popart.otago.ac.nz).

Results
Initial insights from eye transcriptomes

Altogether, 94% of the reads from the 14 RNA-seq libraries generated from whole-eye tissue were mapped to the
reference perch genome (Additional file 2: Table S3). In
total, 265 perch genes were found to be differentially
expressed (Padj ≤ 0.05) between fish originating from
humic and clear-water lakes (Fig. 1, Additional file 2:
Table S4). Gene Ontology (GO) analysis indicated that
the differentially expressed genes were enriched for 69
GO process terms (GOrilla, FDR ≤ 0.05), with the top
3 terms (FDR < 1.14*10−5), consisting of immune system process (GO:0002376, n = 50), adaptive immune
response process (GO:0002250, n = 15) and immune
response process (GO:0006955, n = 27, Additional file 2:
Table S5).
Evaluation of unmapped whole-eye RNA-seq reads
revealed that the samples from 4 out of 6 clear-water
lakes contained sequences that originated from parasitic
flatworms of the order Strigeidida or/and superfamily
Diplostomoidea, but no reads were detected in any of the
8 humic water lakes (Fig. 1).
PCR‑based validation

The ~500-bp Diplostomidae cox1 gene fragment was
successfully amplified in 95 of the 212 individuals additionally sampled in 2017 (142 of 384 eye samples; Additional file 2: Table S1). All of the collected samples from
the 8 humic lakes were free of diplostomid parasites,
whereas perch from 4 of the 5 clear-water lakes were
infected. Infection prevalence was very high in 3 clearwater lakes (prevalence 96–100%, Fig. 1, Additional
file 2: Table S1).
Targeted metabarcoding of eye parasites

The majority of the PCR-positive eye samples produced
a large number of sequences of parasites belonging to
the Diplostomidae (mean number of reads = 53,171;
median = 39,651). In total, 99.3% of the sequences
were assigned to the superfamily Diplostomoidea. The
majority of sequences (mean = 83.6%) were assigned to
Tylodelphys clavata (Additional file 2: Table S2) while
a small number of sequences were assigned to 3 species from the genus Diplostomum (D. baeri complex
sp. 2 SAL-2014 (neyes = 7), D. spathaceum (neyes = 4)
and D. pseudospathaceum (neyes = 7; Additional file 2:
Table S2).
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Altogether, 34 distinct T. clavata haplotypes were identified in the 113 analysed eye samples collected from 79
perch; of these, 4 haplotypes were identical to published
GenBank sequences. The most common haplotype was
found in 107 samples, while the other haplotypes were
observed in 2 to 16 samples (Fig. 2). The majority of the
eyes contained 1 to 5 haplotypes. Most of the haplotypes
formed a genetically close star-like network, whereas two
smaller haplotype groups were more distant from the
former (Fig. 2). There was no evidence of strong genetic
structuring, as common haplotypes were present in all 4
lakes.

Discussion
The extent to which extrinsic environmental conditions
shape host-pathogen coevolution and contribute to the
emergence of locally adapted populations are currently
poorly understood. Here, we demonstrate how integrated use of complementary NGS approaches can provide novel insights on such complex associations [2, 15,
18, 60]. By analysing both host-specific and unmapped
whole-eye RNA-seq reads, we discovered that perch
individuals from humic and clear-water lakes differ in
immune system related gene expression, and that this
difference could be explained by contrasting diplostomid parasite pressure between the two habitats. We
subsequently developed a targeted metabarcoding
approach to further investigate the molecular diversity
of this parasite group. We found that T. clavata is the
dominant eye parasite in perch, with high prevalence
and haplotype diversity in the four clear-water lakes.
While high prevalence and abundance of T. clavata in
perch has been observed earlier [26], our work provides
support for the hypothesis that the humic environment is unfavourable at least for this diplostomid eye
parasite species to successfully complete its life-cycle.
Moreover, to the best of our knowledge, we show for
the first time that in addition to the head-kidney, which
is the main lymphoid organ involved in piscine immune
defence [61], the presence of eye parasites also alters
the expression patterns of a number of host immune
genes measured from the whole eye.
Differential expression of immune genes

The adaptive importance of gene functions can be
studied by analysing gene expression differences in an
ecological context [62]. Among the genes that were
differentially expressed between eyes of perch from
clear-water and humic lakes, those with immune
system-related functions were strongly overrepresented. Differentially expressed genes included interferons, interleukins, and other proteins (e.g. interferon
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Fig. 1 Heatmap showing differentially expressed genes (DESeq2, n = 265, Padj ≤ 0.05) between individuals (n = 14) from humic and clear-water
lakes. Yellow and violet colour correspond to an increased and decreased transcript abundance, respectively, in the clear-water lakes. The bar-plot
above the figure illustrates dissolved organic carbon (DOC) concentration (mg/l) in each studied lake. The table indicates the number of reads that
were assigned to the order Strigeidida and the superfamily Diplostomoidea; the results of PCR amplification of diplostomid-specific cox1 gene in
humic and clear-water lakes; and the proportion of diplostomid-specific cox1 reads assigned to the genus Diplostomum and Tylodelphys and to the
species Tylodelphys clavata in four clear-water lakes

regulatory factor 1, interferon induced proteins, interleukin-8 like protein, MHC class II beta subunit and T
cell antigens) that are involved in immune cell activation and antigen presentation.
In wild populations, immune system genes are often
found to be at the very centre of evolutionary change
[63–65]. Nevertheless, the expression of immune-related

genes in the perch eye was initially unexpected, as traditionally the eye has been thought to be an “immunoprivileged” organ [66–69]. However, accumulating evidence
has started to paint a more complex picture of ocular
immunity by, for instance, showing that leucocytes can
selectively penetrate the retina-blood barrier [70], and
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from mammalian models; we know very little about
immune processes in the eye of other taxa [68, 69, 76,
77]. More studies targeting multiple eye tissues [78] are
therefore clearly needed to evaluate the “immunopriviliged” status of fish eyes in response to eye parasites.

that immune system related genes are expressed in various eye microhabitats [71, 72].
One interesting differentially expressed gene found in
our study is catalase (CAT; EC1.11.1.6), which is a principal enzyme in antioxidant pathway that functions by
converting reactive H
 2O2 to H
 2O and O
 2. CAT showed a
marked downregulation in clear-water lakes (Additional
file 2: Table S5). CAT enzymatic activity has been studied in various compartments of the eye in humans and
model organisms [73, 74], and reduced CAT activity was
linked to decreased parasitosis [75]. However, because
here we have analysed gene expression of the whole eye
rather than that of specific eye structures and tissues, and
without blood expression data for contrast, we cannot
determine the extent to which the observed expression
differences are driven by the processes in blood versus
internal eye structures. Nevertheless, our results indicate
that T. clavata is most likely influencing immune gene
expression patterns of the host. Most of the current (and
limited) information we have on eye immunity comes

Humic lakes as eye parasite‑free environment for perch

To explain the excess of differentially expressed immunerelated genes between humic and clear-water perch
populations, we hypothesized that observed differences
in transcript abundances may be driven by eye parasites. In order to test the potential link between humic
substances and occurrence of diplostomid parasites, we
scanned the proportion of RNA-seq reads that were not
mapped to the perch genome. For individuals originating
from humic lakes, none of the unmapped RNA-seq reads
were assigned to the Diplostomoidea. This initial result
was later confirmed with PCR-based screening of additional samples collected the following year when a very
high prevalence of diplostomid parasites was observed
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Fig. 2 Haplotype network of cox1 sequences for Tylodelphys clavata. Circle size is proportional to the frequency of each haplotype. Perch
populations from different lakes are represented by different colours. The haplotypes that include NCBI sequences are highlighted with a star;
neyes refers to the number of eye samples; nsequences refers to the number of sequences from the NCBI database. The insert histograms illustrate the
number of haplotypes observed per eye and the frequency of haplotypes
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in four out of six clear-water lakes. This result is consistent with previous studies in perch and other fish species, which showed the absence of some parasite taxa in
potentially challenging habitats [34, 79, 80]. Diplostomid
parasites have a complex life-cycle with three hosts and
free-living stages, making this group particularly sensitive to biotic and abiotic elements of their environment.
Because both clear-water and humic lake pairs are in very
close geographical proximity (see Additional file 1: Figure S1), the difference in parasite prevalence cannot be
explained by the lack of dispersal opportunities for the
parasite [81]. The most obvious difference between lakes
is their colour, which is tightly linked to water chemistry, particularly DOC and pH (Pearsons’s r = − 0.64, P =
0.003). Monitoring data of gastropod diversity indicated
their absence in most of the studied humic lakes. In clearwater lakes, however, at least one species of gastropod
was recorded (Lymnaea spp. or Radix spp.), which are
both considered as first intermediate hosts for diplostomid species. Moreover, high density of underwater vegetation in clear-water lakes likely supports high density
of gastropods, while humic lakes are typically very poor
in aquatic vegetation. Taken together, this suggests that
interactive effects driven by the humic content on diplostomid parasite free-living stage and the lack of the first
intermediate gastropod host [34, 82] most likely create a
‘life-cycle bottleneck’ for the parasite [81].
Cryptic diversity in T. clavata

DNA analysis of naturally pooled fish-eye parasites has
previously been used in combination with pyrosequencing [29]. However, the early attempts to harness the
power of NGS for intra- and interspecific analysis were
severely hampered by very short read length (e.g. only
22 bp were sequenced in [29]). In the present study, we
developed targeted metabarcoding of a longer (~ 500 bp)
diplostomid-specific cox1 fragment for whole-eye parasite community analysis. Using a conservative approach
of eliminating singletons and rare reads we assigned most
of the cox1 fragments to T. clavata.
We observed high T. clavata haplotype diversity among
the studied lakes, as well as a lack of genetic structuring, consistent with previous studies [32, 83]. Together,
this suggests that T. clavata forms a large well-connected
population system, as is expected for parasites with highly
mobile definitive hosts such as piscivorous birds [83]. The
high haplotype diversity in T. clavata observed here also
suggests that earlier sequencing efforts have likely managed to capture only a fraction of the intraspecific genetic
diversity. It is likely that this finding also holds for other
diplostomid species; current molecular studies of fish
eye flukes are typically based on analysis of less than a
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hundred individually sampled parasites (but see [32]),
yet a single fish eye may harbour hundreds of parasites
(e.g. [26]). Thus, it was not surprising that the developed
diplostomid metabarcoding approach revealed, for the
first time, an extensive intraspecific diversity in T. clavata. Our study also showed that the majority of perch
were infected by several T. clavata haplotypes. The latter result would indicate continual infection by different
haplotypes that co-exist in the same lakes—a result also
observed for liver flukes [84, 85].

Conclusions
Taken together, this study demonstrates how components of the abiotic environment drastically shape common parasite communities and host immune response,
highlighting the significance of analysing results of hostparasite studies in an ecological context. In addition,
our study illustrates the utility of integrating RNA-seq
and targeted metabarcoding approaches in host-parasite
community studies. The high intraspecific diversity of
T. clavata recovered from our targeted metabarcoding
approach suggests that NGS of naturally pooled samples
represents an efficient and powerful strategy for shedding
light on cryptic diversity of eye parasites.
Supplementary information
Supplementary information accompanies this paper at https://doi.
org/10.1186/s13071-020-04306-9.
Additional file 1: Figure S1. A map illustrating the geographical location
of sampled lakes. The numbers correspond to: 1, Holvandi Kivijärv; 2, Virosi;
3, Partsi Saarjärv; 4, Heisri Mustjärv; 5, Kuulma; 6, Loosalu; 7, Matsimäe Pühajärv; 8, Meelva; 9, Paidra; 10, Hino; 11, Verijärv; 12, Saadjärv; 13, Uiakatsi;
and 14, Piigandi. Humic and clear-water lakes are shown as filled black and
white circles, respectively.
Additional file 2: Table S1. Sampling location, year, number of samples
for RNA-seq NGS, number of samples for parasite screening. Table S2.
Samples, location, Illumina reads statistics and the main parasite OTUs
as revealed by Kraken and RDP. Table S3. RNA-seq mapping statistics.
Table S4. List of 265 differentially expressed genes in perch identified by
RNA-seq (Padj < 0.05), sorted by log2 fold change. Table S5. List of gene
ontology (GO) terms with significant (FDR ≤ 0.05) enrichment among
the differentially expressed genes. Table S6. Absorbance ratios, specific
ultraviolet absorbance and specific colour absorbance for studied lakes.
Additional file 3: Text S1. Expanded methods description.
Abbreviations
CAT: catalase; cox1: cytochrome c oxidase subunit 1; DOC: dissolved organic
carbon; GO: Gene Ontology; NGS: next generation sequencing.
Acknowledgements
We thank Suvi Virtanen for her help in the laboratory. We acknowledge CSC-IT
Center for Science, Finland, for generous computational resources, and the
Finnish Functional Genomics Centre for their technical support. Two anonymous reviewers are thanked for their comments.
Authors’ contributions
AV conceived the study. SK, VK and AV conducted fieldwork. AP, MS and TK
performed laboratory analyses. MO, FA and EJV analyzed the data. KN wrote

Noreikiene et al. Parasites Vectors

(2020) 13:433

Page 9 of 11

the first draft of the manuscript. All authors read and approved the final
manuscript.

8.

Funding
Open access funding provided by Swedish University of Agricultural Sciences.
The study was funded by the Academy of Finland (#266321 to AV), the Ella
and Georg Ehrnrooth foundation (to FA and MO), the Estonian Ministry of
Education and Research (Projects IUT8-2 and IUT 21-2), the University of Turku
Foundation (to FA), Jane and Aatos Erkko Foundation (EJV), Carl Tryggers Stiftelse för Vetenskaplig Forskning (to EJV) and European Regional Development
Fund and the programme Mobilitas Pluss (MOBJD344 to KN) and an Estonian
Research Council grant (PUT number PRG852 to RG, PUTJD954 to MS).

9.

Availability of data and materials
Transcriptome reads of P. fluviatilis eye are available in the NCBI SRA
(SRR10441590-SRR10441602 and SRR7091762) as a part of BioProjects
PRJNA589499 and PRJNA450919, respectively. Short Illumina linked-reads
of Diplostomidae mtDNA cytochrome c oxidase subunit 1 fragment are
available in the NCBI SRA (SRR10490070-SRR10490211) as a part of BioProject
PRJNA590324.
Ethics approval and consent to participate
The handling of fish during sampling adhered to the regulations of the
Estonian Animal Protection Act. Fishing permits were issued by the Estonian
Ministry of the Environment (permits no. 54/2016 and 37/2017).

10.

11.

12.
13.
14.
15.

16.

Consent for publication
Not applicable.

17.

Competing interests
The authors declare that they have no competing interests.

18.

Author details
1
Chair of Aquaculture, Institute of Veterinary Medicine and Animal Sciences,
Estonian University of Life Sciences, Kreutzwaldi 46, 51006 Tartu, Estonia.
2
Department of Biology, University of Turku, 20014 Turku, Finland. 3 Department of Aquatic Resources, Institute of Freshwater Research, Swedish University of Agricultural Sciences, 17893 Drottningholm, Sweden. 4 Biodiversity Unit,
University of Turku, 20014 Turku, Finland. 5 Chair of Hydrobiology and Fishery,
Institute of Agricultural and Environmental Sciences, Estonian University of Life
Sciences, Kreutzwaldi 5, 51006 Tartu, Estonia. 6 Department of Life Sciences
and Biotechnology, University of Ferrara, 44121 Ferrara, Italy. 7 Department
of Ecology, Swedish University of Agricultural Sciences, 75651 Uppsala,
Sweden. 8 Institute of Technology, University of Tartu, Nooruse 1, 50411 Tartu,
Estonia.
Received: 26 May 2020 Accepted: 16 August 2020

19.
20.
21.
22.
23.
24.
25.

References
1. Wolinska J, King KC. Environment can alter selection in host-parasite
interactions. Trends Parasitol. 2009;25:236–44.
2. Lively CM, de Roode JC, Duffy MA, Graham AL, Koskella B. Interesting
open questions in disease ecology and evolution. Am Nat. 2014;184:S1–8.
3. Betts A, Gray C, Zelek M, MacLean RC, King KC. High parasite diversity
accelerates host adaptation and diversification. Science. 2018;360:907–11.
4. Brunner FS, Eizaguirre C. Can environmental change affect host/parasitemediated speciation? Zoology (Jena). 2016;119:384–94.
5. Greenwood JM, Ezquerra AL, Behrens S, Branca A, Mallet L. Current
analysis of host-parasite interactions with a focus on next generation
sequencing data. Zoology. 2016;119:298–306.
6. Vandenkoornhuyse P, Dufresne A, Quaiser A, Gouesbet G, Binet F, Francez
AJ, et al. Integration of molecular functions at the ecosystemic level:
breakthroughs and future goals of environmental genomics and postgenomics. Ecol Lett. 2010;13:776–91.
7. Zhu L, Mok S, Imwong M, Jaidee A, Russell B, Nosten F, et al. New insights
into the Plasmodium vivax transcriptome using RNA-Seq. Sci Rep.
2016;6:20498.

26.
27.
28.
29.
30.
31.

Wang J, Yu Y, Shen H, Qing T, Zheng Y, Li Q, et al. Dynamic transcriptomes
identify biogenic amines and insect-like hormonal regulation for mediating reproduction in Schistosoma japonicum. Nat Commun. 2017;8:14693.
Videvall E, Cornwallis CK, Ahrén D, Palinauskas V, Valkiūnas G, Hellgren
O. The transcriptome of the avian malaria parasite Plasmodium ashfordi
displays host-specific gene expression. Mol Ecol. 2017;26:2939–58.
Desjardins CA, Sanscrainte ND, Goldberg JM, Heiman D, Young S, Zeng Q,
et al. Contrasting host-pathogen interactions and genome evolution in
two generalist and specialist microsporidian pathogens of mosquitoes.
Nat Commun. 2015;6:7121.
Lee HJ, Georgiadou A, Walther M, Nwakanma D, Stewart LB, Levin M,
et al. Integrated pathogen load and dual transcriptome analysis of
systemic host-pathogen interactions in severe malaria. Sci Transl Med.
2018;10:eaar3619.
Schulze S, Schleicher J, Guthke R, Linde J. How to predict molecular
interactions between species? Front Microb. 2016;7:442.
Gouin A, Legeai F, Nouhaud P, Whibley A, Simon JC, Lemaitre C.
Whole-genome re-sequencing of non-model organisms: lessons from
unmapped reads. Heredity. 2015;114:494–501.
Gruber K. Here, there, and everywhere. EMBO Reports. 2015;16:898–901.
Whitacre LK, Tizioto PC, Kim J, Sonstegard TS, Schroeder SG, Alexander
LJ, et al. What’s in your next-generation sequence data? An exploration
of unmapped DNA and RNA sequence reads from the bovine reference
individual. BMC Genomics. 2015;16:1114.
Larsen PA, Hayes CE, Williams CV, Junge RE, Razafindramanana J, Mass V,
et al. Blood transcriptomes reveal novel parasitic zoonoses circulating in
Madagascar’s lemurs. Biol Lett. 2016;12:20150829.
Borner J, Burmester T. Parasite infection of public databases: a data
mining approach to identify apicomplexan contaminations in animal
genome and transcriptome assemblies. BMC Genomics. 2017;18:100.
Laine VN, Gossmann TI, van Oers K, Visser ME, Groenen MAM. Exploring
the unmapped DNA and RNA reads in a songbird genome. BMC Genomics. 2019;20:19.
Taberlet P, Coissac E, Pompanon F, Brochmann C, Willerslev E. Towards
next-generation biodiversity assessment using DNA metabarcoding. Mol
Ecol. 2012;21:2045–50.
Creedy TJ, Ng WS, Vogler AP. Toward accurate species-level metabarcoding of arthropod communities from the tropical forest canopy. Ecol Evol.
2019;9:3105–16.
Geisen S, Laros I, Vizcaino A, Bonkowski M, de Groot GA. Not all are
free-living: high-throughput DNA metabarcoding reveals a diverse community of protists parasitizing soil metazoa. Mol Ecol. 2015;24:4556–69.
Titcomb G, Young H, Jerde CL. High-throughput sequencing for understanding the ecology of emerging infectious diseases at the wildlifehuman interface. Front Ecol Evol. 2019;7:126.
Deiner K, Bik HM, Mächler E, Seymour M, Lacoursière-Roussel A, Altermatt
F, et al. Environmental DNA metabarcoding: transforming how we survey
animal and plant communities. Mol Ecol. 2017;26:5872–95.
Pornon A, Andalo C, Burrus M, Escaravage N. DNA metabarcoding data
unveils invisible pollination networks. Sci Rep. 2017;7:16828.
Elbrecht V, Vamos EE, Steinke D, Leese F. Estimating intraspecific genetic
diversity from community DNA metabarcoding data. PeerJ. 2018;6:e4644.
Vivas Muñoz JC, Staaks G, Knopf K. The eye fluke Tylodelphys clavata
affects prey detection and intraspecific competition of European perch
(Perca fluviatilis). Parasitol Res. 2017;116:2561–7.
Karvonen A, Seppälä O. Effect of eye fluke infection on the growth of
whitefish (Coregonus lavaretus) - an experimental approach. Aquaculture.
2008;279:6–10.
Karvonen A, Seppälä O, Valtonen ET. Host immunization shapes interspecific associations in trematode parasites. J Anim Ecol. 2009;78:945–52.
Rellstab C, Louhi KR, Karvonen A, Jokela J. Analysis of trematode parasite
communities in fish eye lenses by pyrosequencing of naturally pooled
DNA. Infect Genet Evol. 2011;11:1276–86.
Georgieva S, Soldánová M, Pérez-Del-Olmo A, Dangel DR, Sitko J, Sures
B, et al. Molecular prospecting for European Diplostomum (Digenea:
Diplostomidae) reveals cryptic diversity. Int J Parasitol. 2013;43:57–72.
Moszczynska A, Locke SA, McLaughlin JD, Marcogliese DJ, Crease TJ.
Development of primers for the mitochondrial cytochrome c oxidase I
gene in digenetic trematodes (Platyhelminthes) illustrates the challenge
of barcoding parasitic helminths. Mol Ecol Resour. 2009;9(Suppl. 1):75–82.

Noreikiene et al. Parasites Vectors

(2020) 13:433

32. Locke SA, Al-Nasiri FS, Caffara M, Drago F, Kalbe M, Lapierre AR, et al.
Diversity, specificity and speciation in larval Diplostomidae (Platyhelminthes: Digenea) in the eyes of freshwater fish, as revealed by DNA
barcodes. Int J Parasitol. 2015;45:841–55.
33. Kudlai O, Oros M, Kostadinova A, Georgieva S. Exploring the diversity of
Diplostomum (Digenea: Diplostomidae) in fishes from the river Danube
using mitochondrial DNA barcodes. Parasit Vectors. 2017;10:592.
34. Halmetoja A, Valtonen ET, Koskenniemi E. Perch (Perca fluviatilis L.) parasites reflect ecosystem conditions: a comparison of a natural lake and
two acidic reservoirs in Finland. Int J Parasitol. 2000;30:1437–44.
35. Spyra A. Acidic, neutral and alkaline forest ponds as a landscape element
affecting the biodiversity of freshwater snails. Sci Nat. 2017;104:73.
36. Sepp M, Kõiv T, Nõges P, Nõges T. The role of catchment soils and land
cover on dissolved organic matter (DOM) properties in temperate lakes. J
Hydrol. 2019;570:281–91.
37. Ozerov MY, Ahmad F, Gross R, Pukk L, Kahar S, Kisand V, et al. Highly
continuous genome assembly of Eurasian perch (Perca fluviatilis) using
linked-read sequencing. G3 (Bethesda). 2018;8:3737–43.
38. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Meth. 2015;12:357–60.
39. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genom Biol. 2014;15:550.
40. R Core Development Team. R: a language and environment for statistical
computing. Vienna: R Foundation for Statistical Computing; 2018.
41. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc B.
1995;57:289–300.
42. Eden E, Navon R, Steinfeld I, Lipson D, Yakhini Z. GOrilla: a tool for discovery and visualization of enriched GO terms in ranked gene lists. BMC
Bioinfor. 2009;10:48.
43. Boratyn GM, Camacho C, Cooper PS, Coulouris G, Fong A, Ma N, et al.
BLAST: a more efficient report with usability improvements. Nucleic Acids
Res. 2013;41:W29–33.
44. Huson DH, Beier S, Flade I, Górska A, El-Hadidi M, Mitra S, et al. MEGAN
community edition—interactive exploration and analysis of large-scale
microbiome sequencing data. PLoS Comp Biol. 2016;12:e1004957.
45. Aljanabi SM, Martinez I. Universal and rapid salt-extraction of high
quality genomic DNA for PCR-based techniques. Nucleic Acids Res.
1997;25:4692–3.
46. Clarke LJ, Czechowski P, Soubrier J, Stevens MI, Cooper A. Modular tagging of amplicons using a single PCR for high-throughput sequencing.
Mol Ecol Resour. 2014;14:117–21.
47. Kaunisto KM, Roslin T, Sääksjärvi IE, Vesterinen EJ. Pellets of proof: first
glimpse of the dietary composition of adult odonates as revealed by
metabarcoding of feces. Ecol Evol. 2017;7:8588–98.
48. Zhang J, Kobert K, Flouri T, Stamatakis A. PEAR: a fast and accurate Illumina Paired-End reAdmergeR. Bioinformatics. 2014;30:614–20.
49. Koskinen J, Roslin T, Nyman T, Abrego N, Michell C, Vesterinen EJ. Finding flies in the mushroom soup: host specificity of fungus-associated
communities revisited with a novel molecular method. Mol Ecol.
2019;28:190–202.
50. Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence classification using exact alignments. Genome Biol. 2014;15:R46.
51. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73:5261–7.
52. Porter TM, Hajibabaei M. Automated high throughput animal CO1 metabarcode classification. Sci Rep. 2018;8:4226.
53. Deagle BE, Thomas AC, McInnes JC, Clarke LJ, Vesterinen EJ, Clare EL, et al.
Counting with DNA in metabarcoding studies: how should we convert
sequence reads to dietary data? Mol Ecol. 2019;28:391–406.
54. Edgar RC, Flyvbjerg H. Error filtering, pair assembly and error correction
for next-generation sequencing reads. Bioinformatics. 2015;31:3476–82.
55. Li W, Godzik A. Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics. 2006;22:1658–9.
56. Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the nextgeneration sequencing data. Bioinformatics. 2012;28:3150–2.
57. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 2004;32:1792–7.

Page 10 of 11

58. Hall A. BioEdit: a user-friendly biological sequence alignment editor
and analysis program of Windows 95/98/NT. Nucl Acids Symp Ser.
1999;41:95–8.
59. Templeton AR, Crandall KA, Sing CF. A cladistic analysis of phenotypic
associations with haplotypes inferred from restriction endonuclease
mapping and DNA sequence data. III. Cladogram estimation. Genetics.
1992;132:619–33.
60. MacLeod CD, Poulin R. Host-parasite interactions: a litmus test for ocean
acidification? Trends Parasitol. 2012;28:365–9.
61. Haase D, Rieger JK, Witten A, Stoll M, Bornberg-Bauer E, Kalbe M, et al.
Specific gene expression responses to parasite genotypes reveal redundancy of innate immunity in vertebrates. PLoS ONE. 2014;9:e108001.
62. Todd EV, Black MA, Gemmell NJ. The power and promise of RNA-seq in
ecology and evolution. Mol Ecol. 2016;25:1224–41.
63. Behrman EL, Howick VM, Kapun M, Staubach F, Bergland AO, Petrov DA,
et al. Rapid seasonal evolution in innate immunity of wild Drosophila
melanogaster. Proc Biol Sci. 2018;285:20172599.
64. Ferro K, Peuß R, Yang W, Rosenstiel P, Schulenburg H, Kurtz J. Experimental evolution of immunological specificity. Proc Natl Acad Sci USA.
2019;116:20598–604.
65. Shultz AJ, Sackton TB. Immune genes are hotspots of shared positive
selection across birds and mammals. eLife. 2019;8:e41815.
66. Medawar PB. Immunity to homologous grafted skin. III. The fate of skin
homographs transplanted to the brain, to subcutaneous tissue, and to
the anterior chamber of the eye. Br J Exp Pathol. 1948;29:58–69.
67. Caspi RR. Ocular autoimmunity: the price of privilege? Immunol Rev.
2006;213:23–35.
68. Taylor AW. Ocular immune privilege. Eye. 2009;23:1885–9.
69. Zhou R, Caspi RR. Ocular immune privilege. F1000 Biol Rep. 2010;2:3.
70. Xu H, Chen M, Mayer EJ, Forrester JV, Dick AD. Turnover of resident retinal
microglia in the normal adult mouse. Glia. 2007;55:1189–98.
71. Niederkorn JY, Chiang EY, Ungchusri T, Stroynowski I. Expression of
a nonclassical MHC class Ib molecule in the eye. Transplantation.
1999;68:1790–9.
72. Diehn JJ, Diehn M, Marmor MF, Brown PO. Differential gene expression in
anatomical compartments of the human eye. Genome Biol. 2005;6:R74.
73. Özmen B, Özmen D, Erkin E, Güner İ, Habif S, Bayındır O. Lens superoxide
dismutase and catalase activities in diabetic cataract. Clin Biochem.
2002;35:69–72.
74. Ateş NA, Yildirim Ö, Tamer L, Ünlü A, Ercan B, Muşlu N, et al. Plasma
catalase activity and malondialdehyde level in patients with cataract. Eye.
2004;18:785–8.
75. Oliveira JHM, Talyuli OAC, Goncalves RLS, Paiva-Silva GO, Sorgine MHF,
Alvarenga PH, et al. Catalase protects Aedes aegypti from oxidative stress
and increases midgut infection prevalence of dengue but not Zika. PLoS
Negl Trop Dis. 2017;11:e0005525.
76. Streilein JW, Stein-Streilein J. Does innate immune privilege exist? J
Leukoc Biol. 2000;67:479–87.
77. Sitjà-Bobadilla A. Living off a fish: a trade-off between parasites and the
immune system. Fish Shellfish Immun. 2008;25:358–72.
78. Bryan JM, Fufa TD, Bharti K, Brooks BP, Hufnagel RB, McGaughey DM. Identifying core biological processes distinguishing human eye tissues with
precise systems-level gene expression analyses and weighted correlation
networks. Human Mol Gen. 2018;27:3325–39.
79. Goater CP, Baldwin RE, Scrimgeour GJ. Physico-chemical determinants of
helminth component community structure in whitefish (Coregonus clupeaformes) from adjacent lakes in northern Alberta. Canada. Parasitology.
2005;131:713–22.
80. Marcogliese DJ, Cone DK. On the distribution and abundance of eel
parasites in Nova Scotia: influence of pH. J Parasitol. 1996;82:389–99.
81. Blasco-Costa I, Faltýnková A, Georgieva S, Skírnisson K, Scholz T, Kostadinova A. Fish pathogens near the Arctic Circle: molecular, morphological and ecological evidence for unexpected diversity of Diplostomum
(Digenea: diplostomidae) in Iceland. Int J Parasitol. 2014;44:703–15.
82. Pietrock M, Marcogliese DJ. Free-living endohelminth stages: at the
mercy of environmental conditions. Trends Parasitol. 2003;19:293–9.
83. Louhi KR, Karvonen A, Rellstab C, Jokela J. Is the population genetic structure of complex life cycle parasites determined by the geographic range
of the most motile host? Infect Genet Evol. 2010;10:1271–7.

Noreikiene et al. Parasites Vectors

(2020) 13:433

84. Morozova EV, Chrisanfova GG, Arkhipov IA, Semyenova SK. Polymorphism
of the ND1 and CO1 mitochondrial genes in populations of liver fluke
Fasciola hepatica. Russ J Genet. 2004;40:817–20.
85. Elliott T, Muller A, Brockwell Y, Murphy N, Grillo V, Toet HM, et al. Evidence
for high genetic diversity of NAD1 and COX1 mitochondrial haplotypes
among triclabendazole resistant and susceptible populations and
field isolates of Fasciola hepatica (liver fluke) in Australia. Vet Parasitol.
2014;200:90–6.

Page 11 of 11

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

