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Abstract

Copepods of the genera Calanus and Pseudocalanus are important components of Arctic marine ecosystems. Despite the
key roles of these zooplankters, little is known about the organisms they interact with most intimately, their parasites and
symbionts. We applied metabarcode sequencing to uncover eukaryotic parasites present within these two copepod genera
from three areas around the high Arctic archipelago of Svalbard. Ten distinct parasite groups were observed: four different
Apostome ciliates, four different dinoflagellates (Chytriodinium sp., Ellobiopsis sp., Thalassomyces sp., and Hematodinium
sp.), a Paradinium sp., and a trematode. Apostome ciliates closely related to Pseudocollinia spp. were the most commonly
observed parasite, with overall infection rates of 21.5% in Calanus and 12.5% in Pseudocalanus. Infection by these ciliates
varied seasonally, with no infections observed in early winter, but infection rates exceeding 75% in spring. Host specificity
varied between parasites, with significant differences in infection rate between the two host copepod genera for four parasites
(two ciliates, Chytriodinium, and a trematode). The diverse assemblage of parasites observed in these copepods, and the
frequency of infection, with over one in five copepod individuals infected, suggest parasites may be playing a greater role
in Arctic plankton communities than generally acknowledged.
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Introduction

Copepods are key components of most marine ecosystems.
These small crustacean zooplankton serve as important prey
for a variety of fish, seabird, and marine mammal species,
and their population dynamics are important drivers in the
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production and recruitment of commercially important fish
stocks (Runge 1988). Copepods also play essential roles in
carbon cycling, contributing to the biological carbon pump
by shuttling organic material to the deep sea through vertical
migration and the production of rapidly sinking fecal pellets
(Sanders et al. 2014; Jonasdottir et al. 2015).

Calanus spp. copepods are typically the most abundant
herbivore in Arctic marine waters, with Calanus glacia-
lis dominating in Arctic shelf waters (Falk-Petersen et al.
2009). C. glacialis are relatively large and lipid-rich cope-
pods, features which combine with their high abundance to
make them essential components of Arctic food webs (Falk
Petersen et al. 2009; Kwasniewski et al. 2010). Pseudoca-
lanus spp. are among the most abundant of the smaller zoo-
plankton in high latitude systems (Conover et al. 1988). This
species complex of morphologically similar Pseudocalanus
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congeners, including Pseudocalanus minutus, Pseudoca-
lanus acuspes, Pseudocalanus newmani, and Pseudocalanus
moultoni, fill important niches in different trophic pathways
in Arctic food webs, and are of particular importance in
warmer years (Coyle et al. 2011).

Despite the depth of research which has been conducted
on these two important high latitude copepod genera, little
is known of the organisms with which they interact most
intimately: their parasites and symbionts. Across all zoo-
plankton groups, reports of parasites are sporadic, and they
have typically been ignored in broadscale surveys and eco-
system models (Skovgaard 2014; Bass et al. 2021). Many
parasites are cryptic and can be difficult or impossible to
identify visually (Skovgaard and Daugbjerg 2008). This
can be particularly challenging in early stages of infection,
and when working with preserved samples (Skovgaard and
Daugbjerg 2008). A variety of parasites have been identi-
fied in Calanus and Pseudocalanus spp. copepods. Both of
these genera have been observed infected by Apicomplexa,
ciliates, and dinoflagellates (Bass et al. 2021). Additionally,
Calanus spp. have been observed infected by Acetosporea,
diatoms, Mesomycetozoea, Ochrophyta, and Oomycote, and
Pseudocalanus spp. have been observed infected by a Eugle-
nozoan (Bass et al. 2021). However, much remains unknown
about the abundance, diversity, distributions, and ecosystem
roles of these parasites. In Svalbard waters, only two types
of parasitic or symbiotic organisms have been documented
interacting with copepods—Ellobiopsis sp. dinoflagellates
and Paracineta sp. ciliates (Walkusz and Rolbiecki 2007).
Parasite infections have been speculated to be behind obser-
vations of Calanus spp. carcasses observed in winter in Sval-
bard, but this remains uncertain (Daase et al. 2014).

There is increasing recognition that these oft ignored
parasites and symbionts may be playing outsized roles in
driving the structure and function of ecosystems. Theoreti-
cal estimates suggest there may be more parasitic species
than free living species in the world’s oceans, while empiri-
cal estimates suggest parasites can contribute as much to
ecosystem biomass as top predators in estuarine systems
(Kuris et al. 2008; Worden et al. 2015). At the level of an
individual host, parasites can increase mortality, reduce
respiration, growth and/or reproduction, and alter feeding
and other behaviors (Kimmerer and McKinnon 1990; Kurtz
2007; Skovgaard 2014; Fields et al. 2015). Scaled up to the
ecosystem level, parasites can influence carbon and nutri-
ent cycling, shift balances between predators and prey or
among competitors, and contribute to the maintenance of
biodiversity across multiple trophic levels (Dobson and Hud-
son 1986; Vannatta and Minchella 2018).

A powerful emerging tool to investigate host—parasite
interactions in planktonic communities is DNA analysis.
DNA-based approaches are able to detect parasite infec-
tions in their earliest stages and samples can be preserved for
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months or years prior to analysis. These approaches are also
not reliant on taxonomic expertise, which is often the limit-
ing factor in microscopy-based studies. By sequencing small
“barcode” regions of DNA, and comparing these sequences
to reference databases, it is possible to identify the parasites
present within a sample. This metabarcoding approach has
been applied to both individual zooplankters and size frac-
tionated samples of bulk zooplankton. Results from bulk
samples have indicated that parasitism is a very common
interaction in planktonic communities, and plays important
roles in structuring ecosystems (Lima-Mendez et al. 2015).
Parasites identified from bulk samples have been diverse,
and have exhibited seasonal and interannual variations
(Lima-Mendez et al. 2015; Kise et al. 2021). Results from
individual zooplankton have confirmed a diverse assemblage
of parasites are present within zooplankton, and that para-
sites infection can be very common, for example, over 10%
of Antarctic krill individuals contained DNA signatures of
parasites (Cleary et al. 2019; Yeh et al. 2020).

In this study, we applied metabarcoding to investigate
all the eukaryotic parasites interacting with Calanus gla-
cialis and Pseudocalanus spp. copepods in Svalbard waters.
This provides a first survey of the diversity and prevalence
of eukaryotic parasitic organisms interacting with these
key zooplankters in the Arctic. We also explore questions
of seasonality in parasite infection, and variations in host
specificity.

Materials and methods
Field collections

Copepod samples were collected in three fjord areas of
Svalbard: Billefjorden, Isfjorden, and Kongsfjorden (Fig. 1
and Table 1). These three areas are all influenced by a
mixture of Atlantic and Arctic waters due to the dynamic
current systems present along west coast of Spitzbergen
(Dalpadado et al. 2016). Billefjorden is typically the most
classically Arctic of these sampling locations, but both
seasonal and interannual variability in the relative impor-
tance of different water masses is high in all three areas
(Hop et al. 2006; Nilsen et al. 2008; Dalpadado et al.
2016). Billefjorden and Kongsfjorden sampling collected
Calanus glacialis, while Isfjorden sampling collected the
smaller Pseudocalanus spp. (P. minutus, P. acuspes, and
P. moultoni). Billefjorden samples were collected across
a seasonal cycle, with collections on October 5 2012,
and January 10, March 13, April 26, June 17, and July 23
2013. The diet of these Billefjorden sampled copepods
was reported in Cleary et al. (2017). Isfjorden samples
were also collected over a seasonal cycle, with collec-
tions on January 27, May 30, September 6, September 19,
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Fig. 1 Map of sampling
locations—Calanus glacialis
were collected from Billefjorden
and Kongsfjorden, Pseudoca-
lanus spp. were collected from
Isfjorden

Kongsfjorden

‘Billefjorden

N
Isfjorden

Table 1 Sampling—number of samples individuals (pools) analyzed from each season in each of the study regions

Area Lat & Long Species Year(s) Jan-Feb Mar-Apr May-Jun Jul-Aug Sep-Oct Nov-Dec

Billefjorden ~ 78°40° N 16° 40’ E Calanus glacialis 2012-2013 22 (11) 26(13) 18(9) 105) 6(@) -

Kongsfjorden 78° 57" N Calanis glacialis 2014 49(19) - - - - -
11°53’ E

Isfjorden 78°15.6’ N, 15°31.8’ E  Pseudocalanus moultoni 2012 10 (10) - 1(1) - 18(18) 3(3)

Pseudocalanus acuspes
Pseudocalanus mimus
Pseudocalanus minutus

November 29, and December 14, 2012. The taxonomic
composition of these Isfjorden samples was reported in
Stiibner et al. (2016). Kongsfjorden samples were collected
during the polar night, between January 16 and 19 2014.
Combining samples across three different sampling cam-
paigns allowed for increased sample sizes, which greatly

improves power to detect rarer parasites and the precision
of detected infection rates.

Sampling was conducted from a variety of platforms,
depending on sea ice conditions and vessel availability
(snowmobiles, rigid inflatable boats, research, or coast guard
vessels). Samples were collected in short vertical tows of
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plankton nets (Billefjorden—standard WP2 net or multinet
plankton sampler, Kongsfjorden—Method-Isaac-Kid net or
multinet plankton sampler, Isfjorden—standard WP2 net or
closing ring net with 0.25-m? mouth opening and 63-pM
mesh). Billefjorden sampling targeted the depth of peak
copepod abundance (0-20 m, 100-150 m, or 120-180 m),
Isfjorden sampling covered the complete water column in
two short tows (0-25 m and 25-65 m), and Kongsfjorden
sampling was restricted to the upper water column (0-30 m).
All samples were preserved immediately after collection in
95% ethanol, with ethanol changed once after 24 h to main-
tain concentration.

DNA extraction and sequencing

Samples were sorted under dissecting microscopes, and
individuals of the target species, and most abundant stage,
picked out for analysis. The most abundant stage varied
across samples, as copepod cohorts progress through the
seasonal cycle, and included copepodite four and five as well
as adults. None of the sampled individuals had attached egg
sacs. Species identification was confirmed genetically for all
analyzed individuals, as per Gabrielsen et al. (2012). None
of the sampled individuals showed visible signs of infection.
To reduce the potential for external contamination, samples
from Billefjorden and Isfjorden were rinsed thoroughly in
deionized water. Samples from Kongsfjorden were addition-
ally treated with a bath of 1% bleach for one minute prior
to rinsing, and antenna and legs were removed. These pro-
cessing differences reflect ongoing debate in the literature
on best practices, but are unlikely to impact the detection of
internal parasites (O’Rorke et al. 2012; Durbin and Casas
2014). All molecular processing was conducted in dedicated
clean lab facilities, following standard protocols to minimize
contamination risks.

DNA was extracted from all samples using the DNeasy
Blood and tissue kit (Qiagen). Extracts from between one
and three individuals from a single net tow and of the same
stage and species were combined in each sample. The V7
region of the 18S rDNA gene was amplified from these
extracts using a peptide nucleic acid-mediated polymerase
chain reaction (PNA-PCR). This approach minimizes ampli-
fication of the host’s DNA (Calanus/Pseudocalanus), while
allowing for amplification of DNA from all other eukaryotes,
in order to detect all potential eukaryotic symbionts, without
a priori assumptions. Each reaction contained 1 X DreamTaq
buffer (Thermo-Fisher), 0.65 U uL~' DreamTaq polymer-
ase, 0.25 uM each dNTP, 0.5 uM each of primers 960F
and 1200R (Gast et al. 2004), approximately 0.5 ng puL~!
extracted template DNA and either 5 uM (Kongsfjorden)
or 20 uM (Billefjorden and Isfjorden) Cal-PNAS (Durbin
and Casas 2014). Thermocycling consisted of an initial
denaturation at 95° for 30 s (Billefjorden and Isfjorden) or
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2 min (Kongsfjorden), followed by 30 cycles (Billefjorden
and Isfjorden) or 32 cycles (Kongsfjorden) of 94° for 30 s,
77° for 30 s, 58° for 30 s, and 60° for 45 s, with a final
extension stage of 5 min at 60° (Billefjorden and Isfjorden
only). Amplicons were purified with SPRI beads (Beckman-
Coulter), following Rohland and Reich (2012).

Sequence identification tags of variable length (4—8 base
pairs) were ligated onto amplicons with 16 U ul~! T4 DNA
ligase (New England Biolabs) at 20° for 90 min. These
tagged amplicons were then purified with SPRI beads as
before. For Kongsfjorden samples, illumina adaptors were
ligated onto the fragments, again using T4 DNA ligase. For
Billefjorden and Isfjorden samples, illumina adaptors were
added in a second round of PCR, which contained 1x Q5
DNA polymerase (New England Biolabs), 1 x Q5 buffer,
0.5 uM each forward and reverse primers (containing illu-
mina adaptor sequences), 80 uM each dNTP, and the tagged
amplicons from the previous step. Thermocycling for this
second PCR consisted of 98° for 30 s, followed by nine
cycles of 98° for 10 s, 65° for 19 s, and 72° for 30 s, with a
final extension at 72° for two minutes. This secondary PCR
was followed by a third round of SPRI purification. All PCR
runs included no template controls to confirm no contamina-
tion was present.

Amplicons were quantified for Billefjorden and Isfjorden
samples based on comparison to standards on an agarose
gel stained with GelRed (Biotium), and analyzed with
GelAnalyzer2010. For Kongsfjorden samples, quantifica-
tion was performed in a short qPCR (11 cycles) using Q5
polymerase. Equimolar ratios of samples were pooled prior
to sequencing.

All samples were sequenced on Illumina MiSeq with V3
chemistry and 300 base pair paired-end reads. Billefjorden
and Isfjorden samples were sequenced at a commercial
sequencing center (ACGT, Illinois, USA). Kongsfjorden
samples were sequenced at Biologie Intégrative des Sys-
témes at Larval University (Quebec, Canada).

Bioinformatic analyses

All bioinformatic analyses were performed in Qiime?2, in
order to ensure traceability and reproducibility (Bolyen et al.
2019) (see electronic supplementary information for the data
processing script). Sequences were first demultiplexed using
the cut-adapt plug in, detecting barcodes present in either
orientation, and trimming the barcodes off the sequence
reads (Martin et al. 2011). Reads were then further trimmed
to remove forward and reverse primers. As the read quality
generally declines toward the end of reads, reverse primer
matching was more lenient, allowing for up to 0.15% error,
whereas forward primers were required to match exactly.
Reads without forward primers were discarded, reads
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without reverse primers were retained, to avoid introducing
bias against longer amplicons.

Sequence reads were denoised and separated into Ampli-
con Sequence Variants (ASVs) using dada2 as implemented
in giime?2 (Callahan et al. 2016). Sequences were first further
trimmed (forward reads—200 bp, reverse reads—150 bp).
These trimming lengths were determined by testing a range
of values on a subset of the data, in order to maximize the
proportion of reads which successfully merge forward and
reverse. Reads were quality filtered, with truncation after the
first base with a quality of two or lower, and an estimated
maximum errors per read of four (forward and reverse). For-
ward and reverse reads were merged using default param-
eters (minimum 12 base overlap, 100% identity across the
overlap region). The resulting merged reads were checked
for chimeras with a minimum parent:chimera fold differ-
ence of two. The reads discarded in the dada2 process were
randomly spot-checked to ensure filtering was not introduc-
ing any systematic biases. These checks showed only very
short fragments and poor quality reads most similar to the
host copepods.

Taxonomy was assigned to each ASV using SK-learn
with a pre-trained classifier built on the Silva-138 99%
identity database (Pedregosa et al. 2011). Each ASV was
then classified as host (sequences identified as Calanus or
Pseudocalanus, or only identified to a higher level grouping
which includes these, such as Maxillopoda or Metazoan),
potential parasite or symbiont (any organism known to form
symbiotic relationships with any crustacean, based on Bass
et al. 2021, literature searches, and BLAST searches against
the NCBI nr database), plausible prey (any organism not
in the previous two categories and known to be present in
marine habitats and of a size to be consumed by copepods),
or potential contaminant (a handful of sequence reads from
humans and agriculture crops). In the few cases where the
taxonomic resolution in this gene fragment was not sufficient
to distinguish between symbiotic and potential prey organ-
isms (mainly fungal sequences), we took the conservative
assumption that they were prey. In order to focus on those
sequences abundant enough to represent ecologically mean-
ingful interactions, ASVs with less than 100 reads were at
this stage excluded from further analysis. Similarly, samples
which contained less than 100 reads after all filtering steps
were not included in further analyses. All of the identified
symbiotic organisms have been referred to previously in the
literature as parasitic, so we will refer to this group as para-
sites, while recognizing that the exact nature of their inter-
actions with copepods is in some cases poorly understood.

Parasite ASVs were placed into higher groups to minimize
impacts of any sequencing errors which were not removed by
the denoising process, and of variation between the many 18S
copies present in each individual. For most parasites, this was
based on the taxonomy described above, which was confirmed

with BLAST searches against the nr database (Altschul et al.
1990). Ciliates were not well resolved by either the taxonomy
assignment process or manual BLAST searches, so a phylo-
genetic tree was constructed to group these ASVs and attempt
to refine their taxonomy. All ciliate ASV sequences, their clos-
est matches from BLAST, and a variety of other references
sequences were aligned in Geneious v. 6.1.6 with standard
parameters (gap open penalty 12, gap extension penalty 11,
cost matrix 93% similarity (5.0/-9.026168)), and a neighbor-
joining consensus tree was constructed using Tamura-Nei
distances, 2000 bootstraps, and a branch support threshold of
50%. This tree is not meant to provide definitive information
on evolutionary relationships, but rather simply to place the
ciliate ASVs into meaningful groups (Fig. 2).

Infection rate analysis

Samples were considered infected by a parasite if they con-
tained 50 or more reads from a single ASV of that parasite
group. Because many of the samples analyzed contain more
than one individual, we applied a bias corrected maximum
likelihood estimation approach to calculate the population-
level infection rate, using PooledInfRate (Biggerstaff 2009).
This approach takes into account that a pooled sample which
contains a parasite may include a single infected host or multi-
ple infected hosts, and estimates how many of the hosts in each
parasite-containing pool are infected based on the proportion
of all pooled samples which contain that parasite. The power
to accurately detect parasite or pathogen infection rate is a
function of the number of sample pools, the number of indi-
viduals within each pool, and the infection rate itself. At small
sample sizes and/or low infection rates, the stochastic effects
of capturing (or not) a single infected individual is relatively
more important than it is at larger sample sizes and/or higher
infection rates (Gu et al. 2004). We therefore present infection
rates for all parasites for each copepod host genera, to allow for
the maximum meaningful sample size (Fig. 3 and Table S3).
For the most abundant parasite, calculations are additionally
presented for each season separately (Fig. 4). Infection rates
were calculated in single sample tests to determine the bias
corrected maximum likelihood estimate and 95% confidence
intervals. Infection rates were additionally calculated for the
two host genera together in a paired test to determine the sig-
nificance of the differences between them; rates are reported as
significantly different if the 95% confidence intervals around
the difference between the two rates do not include zero.

Results
Following dada2 denoising, the complete data set included

7,824,330 sequence reads. As part of QC, 69,714 reads
from ASVs of low overall abundance (< 100 total reads

@ Springer
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Fig.2 Phylogenetic tree of parasitic ciliate ASVs, and reference
sequences from GenBank. Ciliate ASVs are cluster into four dis-
tinct groups, indicated by both letter (A, B, C, D) and color, but it
is not possible to assign them to specific taxonomy. Note that within
each lettered group, ASV’s are numbered based on total read abun-
dance, with “1” the most abundant. The scale bar indicates substi-
tutions per base position across the complete amplicon. Reference
sequences: Pseudocollinia beringensis (HQ591486), Pseudocollinia
brintoni (HQ591468), Pseudocollinia similis (HQ591478) (Lynn
et al. 2014), Gymnodinioides pitelkae (EU503534), Hyalophysa chat-

across all samples) were removed, along with 9,152 reads
which were attributed to organisms which could poten-
tially represent contamination as they are expected to be
rare in the polar marine environment (terrestrial grasses).
The remaining sequence reads were divided between
6,416,665 sequence reads attributable to the host cope-
pods, 807,558 sequence reads attributable to prey in gut
contents, and 521,241 sequence reads attributable to para-
sites (Figure S1).

Parasites identified fell into ten groups: four ciliate groups
containing a total of 24 ASVs, four dinoflagellate groups
containing a total of nine ASVs, a Paradinium sp(p). group
containing four ASVs, and a trematode group containing five
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Metacollinia luciensis

toni (EU503537), Gymnodinioides sp. (EU503535), Vampyrophrya
pelagica (EU503539) (Clamp et al. 2008), Fusiforma themisticola
(KF516511) (Chantangsi et al. 2013), Chromidina sp. (LT546662)
(Souidenne et al. 2016), Uncultured amphipod symbiont (KF609459)
(Olsen et al. 2014), Uncultured euphausiid symbionts 1 (MH259897),
2 (MH259894), 4 (MH259903) (Cleary et al. 2019), Uncultured
euphausiid symbiont 3 (DQ201519) (Martin et al. 2006), Lynnia gra-
solytica (MT906161) (Metz & Hechinger 2021), Metacollinia lucien-
sis (MH200622) (Lynn and Striider-Kypke 2019)

ASVs (Tables 2 and S1). We have used the notation sp(p). to
denote that a group may contain one or more species.

Ciliates

All ciliates were classified as Apostomatia, with all clos-
est BLAST matches parasitic. Further refinement of taxon-
omy was not possible, but a phylogenetic tree showed four
distinct groups, identified here as A, B, C, and D (Fig. 2).
Group A ciliate sequences mainly showed highest similarity
to reference sequences of Pseudocollinia spp. isolated from
euphausiids, with sequence identities of 99.11% to 100%,
with greatest similarity in the most abundant sequences
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Table 2 Parasite ASVs, the number of unique ASVs, and the total
number of reads in each, as well as the number of samples in which at
least 50 reads from that parasite were found (infected)

Parasite type Number Total reads Number
unique ASVs of samples
infected
Chytriodinium sp(p). 4 105,559 4
Ciliate Group A 14 331,427 25
Ciliate Group B 4 19,388 9
Ciliate Group C 5 1991 4
Ciliate Group D 1 1815 2
Ellobiopsis sp(p) 3 24,285 3
Hematodinium sp. 1 1316 1
Paradinium sp(p). 4 2713 2
Thalassomyces sp. 1 367 1
Trematode 5 32,380 1

(Lynn et al. 2014). The closest reference sequences for the
remaining three groups B, C, and D were, respectively, a
parasitic Gymnodinioides sp. ciliate isolated from a gam-
marid amphipod at 98.67-99.11% sequence identity (Clamp
et al. 2008), a Lynnia grapsolytica isolated from a striped
shore crab (Pachygrapsus crassipes) at 96.89-97.33% iden-
tity (Metz and Hechinger 2021), and a Hyalophysa Iwoffi
isolated from a glass shrimp (Palaemonetes paludosus) at
98.67% identity (Clamp et al 2008). These last mentioned
reference sequences did not however consistently cluster
with the respective ciliate groups in phylogenetic trees
(Fig. 2).

Ciliates were the most abundant group in terms of total
sequence reads, and the most frequently observed infecting
samples. The ciliate groups also showed host-genus spe-
cific patterns in infection rates (Fig. 3). Ciliate group A was
only found in C. glacialis, where it was the most common
parasite group, with an infection rate of 21.47% (95% CI
14.82-29.66). This was significantly higher than in Pseu-
docalanus (0%, 0-10.72). By contrast, ciliate group C was
only found in Pseudocalanus spp., with an infection rate of
12.50% (4.20-27.25), which was significantly different from
Calanus (0%, 0-2.80). Ciliate group D was only found in
Calanus, but due to its relative rarity (1.53%, 0.28-4.91),
this difference was not significant (Pseudocalanus 0%,
0-10.72). Ciliate B was present in both Calanus (6.27%,
2.99-11.53), and Pseudocalanus (3.13%, 0.18-14.13), with
no significant difference in infection rate. Multiple ciliate
types were occasionally observed within the same sample,
with four samples each containing two ciliate types, and one
sample containing three of the ciliate types.

Ciliate A showed a seasonal pattern to infection rates in
C. glacialis. Infections were highest in early spring, when
every single sample contained this parasite group. Infections
were present at a lower level in Jan—Feb and May—June, and
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absent in the late summer and fall samples (Fig. 4). The
statistical significance of this trend was not assessed.

Dinoflagellates

Chytriodinium sp(p). was observed infecting one C. gla-
cialis sample (infection rate 0.76%, 0.04-3.63) and three
Pseudocalanus spp. samples (9.38%, 2.53-23.21), all from
January. Chytriodinium sp(p). sequences all showed high-
est sequence similarity to sequences isolated from copepod
eggs (unknown species), at 96.9-97.4% identity (Gémez and
Skovgaard 2015).

Ellobiopsis sp(p). was observed infecting two samples of
C. glacialis (1.53%, 0.28-4.91), and 1 sample of P. minutus
(3.13%, 0.18-14.13), with no seasonal pattern. Ellobiopsis
sp(p). sequences were 97.4 to 98.7% identical to reference
sequences of Ellobiopsis chattonni isolated from a mixed
copepod assemblage in the Mediterranean sea (Gémez et al.
2009b).

Hematodinium sp. was observed as a single ASV, infect-
ing a single sample (C. glacialis in Billefjorden in October)
(infection rates Calanus 0.76%, 0.04-3.63, Pseudocalanus
0%, 0-10.72). This sequence was 96.97% identical to a refer-
ence sequence for Hematodinium sp. isolated from Norway
Lobster (Nephrops norvegicus) (Jensen et al. 2010).

Thalassomyces sp. was also observed as a single ASV
infecting a single sample, a C. glacialis in Billefjorden in
January (infection rates Calanus 0.76%, 0.04-3.63, Pseu-
docalanus 0%, 0-10.72). This sequence was 100% identical
to a reference sequence of Thalassomyces sp. isolated from
a hyperiid amphipod (Silberman et al. 2004).

Paradinium

Four ASVs of Paradinium sp(p). were observed, infecting
two samples, C. glacialis in Billefjorden in January and P.
minutus in Isfjorden in January, (infection rates Calanus
0.76%, 0.04-3.63, Pseudocalanus 3.13%, 0.18-14.13).
Paradinium sp(p). ASVs all were most similar to a single
reference sequence of Paradinium pouchetti isolated from
copepods, with similarities between 90.46% and 95.71%
(Skovgaard and Daugbjerg 2008). Both of the samples
infected with Paradinium sp(p). also contained another para-
site (Ciliate A in Calanus and trematode in Pseudocalanus).

Trematode

Five trematode ASVs were observed, all in a single sam-
ple, P. minutus in Isfjorden in January (infection rates
Calanus 0%, 0-2.80, Pseudocalanus 3.13%, 0.18-14.13).
Trematode sequences were all most similar to a reference
sequence of Lecithaster gibbosus isolated from the whiting
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fish (Merlangius merlangus), with similarities of 98.98% to
99.66% (Olson et al. 2003).

Discussion
Methodological considerations

The metabarcoding approach applied here identified a wide
range of parasites, across samples of copepods which did
not show obvious outward signs of infection. This suggests
metabarcoding may be an effective approach for the future,
allowing high sensitivity and high throughput parasite detec-
tion. However, this approach is not without its limitations,
many of which may be overcome by future methodological
improvements.

Using freshly captured copepods, there is a possibility
that some of the parasite sequences may represent prey.
Parasite spores may be ingested, and occasionally digested
without necessarily leading to a successful infection (Poulin
and Keeney 2007). Parasites may also potentially be pre-
sent within ingested prey. We minimized the impact of these
two possibilities by setting a lower threshold of 50 reads for
a sample to be considered infected. Prey DNA is rapidly
digested, whereas parasites are not being digested, so any
parasites-as-prey DNA is likely to be in lower abundance.
Alternatively, there may be organisms which are indistin-
guishable from prey, that are missed as parasites. In this
study, ctenophore sequences were fairly common, and since
they were most similar to free living ctenophore sequences
were classified as non-parasitic. However, there is some
uncertainty, as parasitic ctenophores are known, and there
are likely additional groups which have yet to be described
and sequenced (Haddock 2007). Future studies aimed at
parasite—zooplankton interactions can avoid both of these
potential issues by incubating zooplankton in filtered seawa-
ter prior to preservation, so that gut contents are evacuated.
In a similar issue, the methods employed here may not accu-
rately sample all epibiotic parasites, as they may have been
affected by the steps taken to decontaminate the exterior of
the copepods prior to analysis. The impact of this appears to
be small, as there were no clear differences in the detection
of external parasites across samples which were treated with
different decontamination procedures, but future work will
need to consider the optimal balance between decontamina-
tion and potential loss of epibiotic parasites.

Lastly, while this approach efficiently captures most
eukaryotic symbionts, our data do not accurately capture
fungal assemblages. Fungi are not generally well detected
or resolved by 18S sequencing, so future work would benefit
from parallel analyses using gene regions which are more
appropriate for this group, such as ITS. Similarly, these data
are not informative about bacterial or viral symbiont, groups

which would again require the use of differently targeted
markers.

Parasite diversity

A diverse assemblage of parasites was observed across the
sampled copepods, including Apostome ciliates (4 types),
dinoflagellates (4 types), Paradinium, and trematodes. Apos-
tome ciliates, dinoflagellates, and trematodes are all among
the most species rich of known copepod parasite groups
in the marine environment (Bass et al. 2021). Hematod-
inium spp. dinoflagellates are common among other groups
of decapod crustaceans, including various commercially
important stocks of crabs, shrimps, and lobster, but have
not previously been reported from copepods (Stentiford and
Shields 2005; Bass et al. 2021).

Within these groups, there is some uncertainty how many
distinct parasite species these sequences represent, hence
our use of sp(p).. There is both intraspecific and interspe-
cific variation in DNA sequences, and for multicopy genes,
such as the 18S used here, even intraindividual variation
(Gomez et al. 2009b; Coissac et al. 2012). It is often unclear
where the boundaries between these different types of vari-
ation lie, particularly with poorly studied organisms such
as parasites. Additionally, even with best practices in bio-
informatics and quality control, there may be some level of
PCR and sequencing error in the data, resulting in sequences
which do not represent true biological variation. One notable
example in our data is the group of trematode sequences;
five unique trematode sequences were found with over 100
reads each, but all five were present only in the same one
sample, and all are most similar to the same sequence in
GenBank. Thus, the most parsimonious explanation would
be that these sequences all arise from a single trematode, as
a result of either differences between multiple 18S copies
in the genome or errors occurring early in the PCR. On the
other hand, sequence variation may in some cases be lower
than true parasite species variation. For example, the four
described species of parasitic Pseudocollinia spp. ciliates are
all identical over this section of the 18S gene (Cleary et al.
2019). For these reasons, we report the number of unique
sequences, but focus our discussion on the broader groups.
In the future, these challenges may be improved by the use
of multiple gene markers, and by increasing depth of refer-
ence databases.

Some of the parasites observed here likely represent spe-
cies for which there are no existing sequence data. While it
is difficult to determine an exact similarity cut-off for the
reasons described above, sequences showing much less than
97% similarity to anything currently in genbank, such as
the Paradinium sp(p). parasites identified here, likely reflect
novel, species-level diversity.
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Parasite prevalence

Rates of infection by parasite vary widely across studies of
copepods. While comparisons between studies using differ-
ent methods should be made cautiously, as molecular meth-
ods are likely to detect earlier stage infections compared
to microscopy-based studies, for several of the parasites
observed here, infection rates are similar to published rates
from other studies.

Apostome ciliates were the parasites with the highest
infection rate observed here, with overall rates of infection
for the most common group A in Calanus of 21.47%, with
higher rates seasonally, including in spring where every
sample was infected. These high rates fit with previous
observations, which have found up to 100% of copepods in
a sample infected (Ohtsuka et al. 2004).

Previous work in Svalbard found infections of Ellobiop-
sis sp. on C. glacialis and C. finmarchicus, with rates of
0.09% and 0.06%, respectively (Walkusz and Rolbiecki
2007). Similarly, low infection rates ranging from 0.05%
to 2.27% were found for Ellobiopsis on C. finmarchicus by
Timofeev in waters northeast of Svalbard (Timofeev 1997).
These are both similar to the infection rate observed here for
C. glacialis of 1.53% (95% confidence interval 0.28 —4.91).
Our sampling may have underestimated Ellobiopsis sp(p).
in Kongsfjorden due to the enhanced decontamination pro-
tocols applied to those samples, as this parasite is mainly
external to the copepod body. But as Ellobiopsis sp(p). was
also rare in Billefjorden samples, this is unlikely to have
made a significant impact on the overall rates. In contrast,
Timofeev (1997) found much higher infection rates for Ello-
biopsis sp. in C. finmarchicus in more southern sampling
areas with a mean infection rate near Iceland of 19.7% (range
8.3-45.4), and near the Shetlands of 9.3% (range 0-20), and
similar rates (8.9%) have been observed in C. helgolandicus
populations in oceanic waters of the Bay of Biscay (Albaina
and Irigoien 2006). It has been suggested these differences
indicate temperature limitation of this parasite (Walkusz and
Rolbiecki 2007). Our data seem to fit the observed pattern of
relatively low infection rates in the Svalbard copepod assem-
blage, but more data are needed to conclude the drivers of
this patterns.

Trematodes were relatively rare in our data, with an infec-
tion rate of 3.1% in Pseudocalanus and not present at all in
Calanus. Previous observations of the closely related trem-
atode Lecithaster gibbosus found infection rates of 4% in
samples of Pseudocalanus minutus and Centropages abdom-
inalis in coastal British Columbia, Canada (Boyce 1969).

Host specificity

Across ecosystems generally, the vast majority of parasites
exhibit high host specificity, infecting only one, or less often
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two to four, host species; broad generalist parasites certainly
exist, but are uncommon (Poulin and Keeney 2007). Little is
known about host specificity in zooplankton parasites. Pat-
terns in specificity are often correlated with infection path-
way, with trophically transmitted parasites less specific than
parasites transmitted by near contact, but these pathways are
also uncertain for most zooplankton parasites (Poulin and
Keeney 2007).

Ciliate parasites showed different patterns of infection
across the two host copepod genera investigated, with two
of the ciliate groups (A and C) showing a significant pref-
erence for one of the host genera (Calanus and Pseudoca-
lanus, respectively). Apostome ciliates as a group vary in
their specificity, with some preferring certain host species,
or selecting calanoid copepods over cyclopoids, while oth-
ers infect a wide range of hosts, such as Hyalophysa chat-
toni which parasitizes 18 different decapod species (Ohtsuka
et al. 2015; Savage 2020).

Chytriodinium sp(p). also showed a significant host pref-
erence, being found in three Pseudocalanus spp. samples
and only a single Calanus sp. sample. Chytridiodinium sp.
have previously been observed on copepod eggs and nauplii
of unknown species (Chatton 1912; Chatton 1920; Cachon
and Cahon 1968; Gomez et al. 2009a; Strassert et al. 2019;
Bass et al. 2021).

Trematode sequences were only present in a Pseudoca-
lanus spp. sample. While it is difficult to draw conclusions
from such small sample sizes, it is interesting to note that
previous studies of this trematode found infections in sam-
ples of P. minutus and Centropages abdominalis, but not in
samples of Calanus pacificus and Calanus plumchrus col-
lected at nearby locations (Boyce 1969).

Seasonal patterns

There is remaining uncertainty about seasonal patterns in
zooplankton parasites generally. Both biotic and abiotic fac-
tors in the environment can contribute to seasonal variation
in parasite—host interactions. Here, we saw highest infection
rates by ciliate A in spring samples, with lowest rates in
late summer and autumn. This is similar to previous obser-
vations, with highest infection rates by Apostome ciliates
on Calanus pacificus near Vancouver observed in spring,
with much lower rates in summer fall and winter (Savage
2020). Potential drivers of this observed seasonality could
include reduced immune defences in the period before the
spring bloom when both available food and lipid reserves
are low, or seasonal changes in the vertical distribution of
copepods bringing them into greater contact with parasites.
Ohtsuka et al. (2004) also found highest infection rates from
late winter into early summer and lowest rates in fall and
winter for Apostome ciliates infecting Calanus sinicus, but
they found inverse patterns in other copepod host spp., with
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higher infection rates in late summer and fall. Thus, com-
plete understanding of the seasonality in ciliate infections
will require further investigation, and may necessitate con-
sidering other host zooplankton.

Broader implications

What are the potential impacts of parasite infections of the
types identified here on the populations of these keystone
copepods? Pseudocollinia spp. ciliates, with DNA sequences
identical to the most common parasite observed here, have
been shown to lead directly to euphausiid mortality, and
mass mortality events have been attributed to outbreaks of
these ciliates (Gomez-Gutiérrez et al. 2003). Ellobiopsis
spp., though not lethal, leads to reduced egg production in
infected female hosts (Albaina and Irigoien 2006). Too lit-
tle is known about most other copepod parasites to confi-
dently assess their potential impacts at either the individual
or population level.

Looking to a future with ongoing changes in environ-
mental conditions, the role of parasites already common in
Svalbard copepod populations could change, in ways that
remain difficult to predict. The responses of parasite—host
systems to environmental change are complex and multi-
faceted; various environmental factors such as changes in
temperature, salinity, acidification, and circulation may
influence different parasites and hosts in multiple ways,
with combined responses which are nonlinear and difficult
to predict (Harvell et al. 2002; Hamilton et al. 2009; Lafferty
2009; Bates et al. 2010).

In addition to changes in the dynamics of present-day
host—parasite interactions, climate change may also lead
to the introduction of new parasites. While most parasites
show high host specificity, others are more generalist, and
even parasites which are typically highly specific may rap-
idly evolve to new hosts when an advantageous opportunity
presents itself (Poulin and Keeney 2007). In that context it
is interesting to compare the parasite assemblage observed
here in Arctic C. glacialis, with the parasites previously
observed in C. finmarchicus, a species closely related to
C. glacialis which is abundant in temperate North Atlantic
waters. C. finmarchicus has been increasingly observed in
Svalbard waters in recent years, reflecting a general trend of
Atlantification in the archipelago (Wassmann et al. 2006).
While not entirely comparable in methodology, there is an
extensive review of the parasites found in C. finmarchicus
in coastal waters of Scotland (Jepps 1937). Jepps identified
three of the same groups of parasites identified here, Ellobi-
opsis spp., Paradinium spp., and Apostome ciliates, as well
as four groups not observed here, Blastodinium spp., Syn-
dinium spp., gregarines, and Ichthyosporidium spp. (Jepps
1937). Absent in Jepps’s observations are three of the para-
site types observed here, Chytriodinium spp., Hematodinium

spp., and Thalassomyces spp.. This raises concern that
increasing overlap between C. finmarchicus and C. glacia-
lis may create the conditions to allow transfer of parasites in
either or both directions.

This study provides a first baseline measure of the breadth
and prevalence of eukaryotic parasites in these keystone zoo-
plankton species in Arctic ecosystems. While there is still
much to be done to understand spatial and temporal trends,
and impacts on physiology, populations, and ecosystems, the
frequency with which parasites were detected in this study
suggests they merit further attention. Understanding the
roles that parasites play today, and incorporating them into
our understanding and modeling of ecosystems structure and
function will also be essential to robust predictions of how
ecosystems will respond to a future warmer Arctic.
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