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Abstract Although parasitism is one of the most
prevalent interactions in nature, studies of aquatic food
webs rarely include parasites. Syndiniales (Dino-
phyceae, Alveolata) is a diverse parasitic group of
dinoflagellates, common in all marine environments,
and are described as dominant components of pelagic
ecosystems. However, their temporal dynamics,
prevalence, and host-specificity are poorly known.
Using DNA metabarcoding to explore trophic inter-
actions of zooplankton, we found a high proportion of
Syndiniales sequence reads associated with the tar-
geted consumers. We observed the occurrence of
Syndiniales in copepods, cladocerans, appendiculari-
ans, and polychaete larvae, ranging between 11 and
36% relative read abundance, encompassing 11 main
putative clades. Zooplankton—Syndiniales interactions
showed variability in occurrence across the taxa, but
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also certain host-specificity. The study suggests that
the observed copepod—Syndiniales interactions can be
both direct parasitic infections and the result of trophic
transmission through potentially infected prey by
Syndiniales. Given the quantitative importance of
Syndiniales and zooplankton in marine environments,
our findings emphasize that their interactions should
be recognized as key players in the structure and
connectivity of plankton food webs.
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parasite - Food web - DNA metabarcoding

Introduction

Despite the increasingly recognized relevance of
parasites in food webs and biogeochemical cycling
in the marine environment (Clarke et al. 2019;
Lafferty et al. 2006), parasitic interactions are rarely
considered in modelling or ecological investigations.
Including parasites in ecological networks increases
species richness and the number of food web links
(Lafferty et al. 2006). Parasites can further facilitate
energy transfer and promote species succession
through altering interspecific competition (Valois
and Poulin 2015). Marine surveys targeting the protist
diversity often observe novel uncultured marine
alveolate groups, which include the parasitic
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dinoflagellates Syndiniales, as the most abundant
sequences (Guillou et al. 2008; Massana 2011; Cleary
and Durbin 2016). Parasites of the order Syndiniales
are widespread in marine environments (Clarke et al.
2019; Guillou et al. 2008; Chambouvet et al. 2011),
where they can infect several types of plankton,
including protozoan, such as dinoflagellates or cili-
ates, and metazoan (Skovgaard 2014). Syndiniales are
very common in crustaceans and have been found in
copepods as endoparasites (Shields 1994; Ho and
Perkins 1985; Skovgaard and Saiz 2006; Coats 1999).
Besides their capability to kill hosts, their ecological
function remains poorly understood. Specifically, we
lack a proper understanding of the potential host-
specificity, prevalence among species, and seasonality
of infection, representing a major gap in our knowl-
edge of plankton ecological interactions, and neglect-
ing the role of parasite links in marine ecosystem
functioning.

Most studies describe the diversity, occurrence, and
morphology of zooplankton parasites (Skovgaard
2014; Cachon 1964; Biclecka and Boehnke 2014;
Shields 1994), while few have addressed their eco-
logical importance, including their role in population
dynamics, leading to an underestimation of their
relevance in the marine plankton ecosystem (Agha
et al. 2016; Clarke et al. 2019; Skovgaard and Saiz
2006). Earlier studies of Syndiniales infecting zoo-
plankton mainly include copepods in marine environ-
ments (Skovgaard et al. 2012; Skovgaard and
Salomonsen 2009), but for other groups of zooplank-
ton, like cladocerans or appendicularians, the infor-
mation is almost non-existent. For cladocerans, most
of the described parasites come from freshwater
species and belong to other groups than Syndiniales,
such as fungi, nematodes, and bacteria (Decaestecker
et al. 2005). Studies of appendicularian and polychaete
parasites mostly mention ciliates and apicomplexan,
respectively, as main parasites with no reference to
Syndiniales (Skovgaard and Saiz 2006; Lombard et al.
2010; Konovalova 2008). Few studies have described
interactions between zooplankton and Syndiniales
using molecular approaches (Skovgaard et al.
2005; Cleary et al. 2016), and, to our knowledge,
none have explored the host-specificity and seasonal-
ity of these links.

Parasitism is one of the most common life strategies
in nature (Windsor 1998; De Meelis and Renaud
2002), including the marine ecosystem. The
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complexity and connectivity of trophic interactions
typically increase when parasites are included in
plankton networks. To highlight the potential rele-
vance of parasites in plankton food webs, here we
present a molecular exploration of interactions
between Syndiniales and several zooplankton species
based on /85 rRNA gene sequencing. Several zoo-
plankton organisms, including copepods, cladocerans,
appendicularians, and polychaete larvae, were col-
lected at different times of the year in the Baltic Sea
and analysed using DNA metabarcoding. Our hypoth-
esis sustains that, without discarding direct infection,
zooplankton—Syndiniales interactions are partially
linked to the zooplankton diet through the ingestion
of parasitized prey.

Material and methods
Sampling and sorting of targeted organisms

Samples were collected in the Baltic Sea proper at the
monitoring station Landsort Deep (BY31, 58° 35’ N,
18° 14’ E) between June 2017 and August 2018. Water
samples were collected using 10 L Niskin bottles
from 0-30 m depth (obtained by mixing an equal
volume of water from various Niskin bottles collected
every 5m) and then filtered on board using a
peristaltic pump (Masterflex L/S) onto 25 mm filters
placed in swinnex holders (Merck/Millipore, Burling-
ton, Massachusetts). We used 0.2 and 2 pm polycar-
bonate, and 20 pm nylon filters (when possible, 2 filter
replicates were performed), and they were frozen at
—80 °C until analysis. Zooplankton samples were
collected using a 90 pm-WP2 net (57 cm diameter)
with a closing system at 3 depth strata (0-30, 30-60,
and 60-100 m), vertically towed, and they were gently
washed and immediately preserved in 95% ethanol for
later analysis in the laboratory.

Organisms sorted included: the copepods Acartia
spp., Centropages hamatus, Pseudocalanus spp., and
Temora longicornis; the cladocerans Evadne nord-
manni, and Bosmina spp.; the appendicularian Fritil-
laria borealis; and the polychaete larvae Bylgides spp.
For each target genus/species and sampling date, 5
replicates, each one including 5 individuals, were
pooled together and used for the DNA extraction. To
remove potential microorganisms attached to the body
of the sorted organisms, a weak bleach solution
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(approx. 1%) was used to rinse them, and avoid
amplification of DNA adhered to appendages and
body.

DNA extraction, library preparation,
and sequencing

For the water samples, the DNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) was used to extract
genomic DNA; and to extract zooplankton DNA, the
QIAamp DNA Micro Kit (Qiagen) was used, previous
bead beating of the samples using autoclaved 1 mm
glass beads (Sigma-Aldrich, St. Louis, Missouri). The
following PCR amplification targeted the V4 region of
the 78S rRNA gene, and for this, the universal primers
528F (GCGGTAATTCCAGCTCCAA) and 706R
(AATCCRAGAATTTCACCTCT) were used (EIl-
wood et al. 1985; Ho et al. 2017). The universality
of primers was checked using the TestPrime function
of the Arb-Silva website (https://www.arb-silva.de/
search/testprime/).

Illumina sequencing library preparation was per-
formed according to best practices described by Hu
etal. (2016). The library preparation included 2 runs of
PCR amplifications. In the first one, we amplified the
targeted /8S rRNA gene, and in the second one, a
fusion of primers, containing sample-specific bar-
codes (i.e. indexes) and sequencing adaptors, was
used. The first PCR amplification was performed in
20 pl volume, containing 10 pl of KAPA HiFi HotS-
tart ReadyMix (Roche, KAPA Biosystems, Basel,
Switzerland), 1 pl of each primer (10 nM), and 2 pl of
template DNA. Thermal cycling conditions were:
98 °C for 2 min followed by 25 cycles of 98 °C for
20 s, 63 °C (16S), or 54 °C (18S) annealing for 20 s,
72 °C for 15 s, and a final extension step of 2 min at
72 °C. The second PCR amplification was performed
in 28 pl volume, and reactions contained 14 pl of
KAPA HiFi HotStart ReadyMix, 1 pl Handlel (in-
dex_forward)-Adapter] (10 pM), 1 pl Handle2 (in-
dex_reverse)-Adapter2 (10 M), and 12 pl of cleaned
PCR product. The thermocycling conditions were:
98 °C for 2 min followed by 10 cycles of 98 °C for
20s, 62 °C for 30s, 72 °C for 30 s, and a final
extension step of 2 min at 72 °C. PCR products were
purified using XP magnetic beads (Agencourt
AMPure XP, Beckman Coulter, Brea, California)
and quantified using a Qbit fluorometer (Qbit dsSDNA
HS and BRAssay Kit, Thermo Fisher, Waltham,

Massachusetts). After the second PCR, DNA concen-
tration and quality were determined using a Qbit
fluorometer (Qbit dsDNA BR Assay, Thermo Fisher)
and a Bioanalyzer (Agilent 2100, Santa Clara, Cali-
fornia). Paired-end Illumina sequencing (2 x 300 bp)
was performed on the MiSeq platform (Illumina, San-
Diego, California). A total of 165 samples were
sequenced, which included 29 water samples and 136
zooplankton samples of sorted organisms.

Bioinformatics and data analysis

In an initial step, sequences were demultiplexed and
excessive primer overhangs were clipped with
CUTADAPT software version 1.18 (Martin 2011).
We used the DADA2 pipeline for sample inference of
our high-throughput amplicon data (DADA2 R pack-
age; (Callahan et al. 2016) (R Core Team 2018). We
used the Naive Bayesian Classifier for rRNA taxo-
nomic assignment (Wang et al. 2007) through the
AssignTaxonomy function in DADA?2. The /8S rRNA
gene sequences were assigned to the Protist Ribosomal
Reference database (PR2) (Guillou et al. 2012). The
amplicon sequence variants (ASVs) table was anal-
ysed and graphically displayed using the Phyloseq R
package (McMurdie and Holmes 2013) and the
GGPLOT2 package (Wickham 2009). More details
of the DADA?2 options used can be found in Zamora-
Terol et al. (2020).

Results

We observed a high occurrence of Syndiniales reads
associated with diverse zooplankton species during a
survey on plankton trophic interactions in the Baltic
Sea using I8S rRNA gene sequencing (Fig. 1a).
Syndiniales found in zooplankton represented
between 11 and 36% of relative read abundance
(Fig. 1a), of which Group I and IV dominated
(Fig. 1b). In water samples (> 0.2 pm; 0-30 m
depth), the abundance of Syndiniales was lower than
that found in zooplankton and ranged between 4 and
8% of the total detected reads (Fig. Ic). Excluding
Group IV, which dominated in association with
Pseudocalanus spp. (Fig. 2), Group I was the most
abundant in both zooplankton and water samples
(Fig. 1b, d).
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Fig. 1 Seasonal relative read abundance based on /8S rRNA
genes associated with selected zooplankton species including all
taxa (a), including only Syndiniales (b); and water samples
including all taxa (c), and only Syndiniales (d). Water samples
include 185 rRNA gene sequences from 0-30 m depth

We detected parasitic dinoflagellates in all the
zooplankton organisms studied, including copepods,
cladocerans, appendicularians, and polychaete larvae,
which were collected at different times of the year
(Supplementary Table S1). Copepods showed high
seasonal variability in the percentage of Syndiniales
occurrence, with no general trend. Among Syndiniales
associated with zooplankton, we found 11 main
putative clades, which showed variability in read
abundance across the targeted zooplankton taxa
(Fig. 2a). Syndiniales Group I, particularly clade 1,
was common in all the studied species, while the
relative contribution of other clades within this group
slightly differed among zooplankton hosts (Fig. 2a).
Within Group I, clade 3 was the most frequent in the
copepods Centropages hamatus and Temora longi-
cornis, and the cladocerans Bosmina spp. and Evadne
nordmanni; and clade 4 was present in the appendic-
ularian Fritillaria borealis and all copepods, except
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and > 0.2 um size fraction (pooling data of all size fractions
0.2, 2.0, and 20 pm filters). Class Arthropoda is excluded from
the analysis. *Lines within the bars represent lower taxonomic
levels (i.e. family) for the different groups

Acartia spp. (Fig. 2a). The polychaete larvae Bylgides
sp. was exclusively associated with Group I clade 1
(Fig. 2a). Overall, Pseudocalanus was the most
affected, while Temora was the least affected copepod
by the occurrence of Syndiniales based on 78S relative
read abundance (Fig. 2b).

Within the specific groups of Syndiniales in cope-
pod species, we found that Acartia spp. was mostly
linked to Group II clades, Centropages hamatus and
Temora longicornis to clades of Group I, and Pseu-
docalanus spp. to Group IV-Hematodinium (Fig. 2c).
In particular, Acartia showed a high relative read
abundance of clade 4 within Group II (Fig. 2c), and in
general, this copepod showed the highest proportion of
this particular clade (Fig. 2a). Temora and Cen-
tropages shared most of the clades in similar propor-
tions, although Group III was only present in Temora
(Fig. 2¢). Pseudocalanus was the copepod most
highly associated with the Group IV-Hematodinium,
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Fig. 2 Zooplankton—Syndiniales interactions. (a) Taxon-speci-
fic zooplankton-Syndiniales interactions averaged over the
sampling period represented in circos plots. Zooplankton taxa
are shown at the top and the associated parasitic Syndiniales
groups on the bottom of the plot. (b) Percentage of Syndiniales
contribution to total /8S rRNA gene reads associated with
dominant copepod species over the season. (¢) Host-specific
interactions of Syndiniales, with dominant copepod species over
the season shown as circa plots. Months are shown at the top,

except in July 2018, when the presence of Group II
was higher compared to Syndiniales in other months
(Fig. 2b and c).

Discussion

Our study shows that a molecular approach allows the
detection of Syndiniales interactions with zooplankton
organisms, providing insights about their importance
as potentially key players in the structure and
connectivity of plankton food webs. Our results
confirm previous observations of the high occurrence

O, .

C. lag ©

Group Il “%g, ., ¢
£

Temora longicornis Pseudocalanus spp.

and the associated clades of Syndiniales at the bottom of the
plot. *Circos plots: The width of the connection ribbons
represents the relative abundance of a particular clade of
Syndiniales associated with zooplankton organisms (a) or month
(c), and the width of each clade segment is proportional to the
relative abundance of each clade considering all Syndiniales.
Arthropoda sequences are excluded in the plots. Syndiniales
clades are colour coded by Syndiniales groups, and common for
all plots

of Syndiniales in the ocean and within the zooplankton
community with certain host-specificity of some
clades (Coats and Park 2002; Guillou et al. 2008;
Clarke et al. 2019). We suggest that the zooplankton—
Syndiniales interactions observed can be both direct
parasitic infections and the result of an indirect uptake
through consumption of infected prey organisms.
The percentage of Syndiniales reads found in the
water samples is in accordance with other Baltic Sea
reports (Majaneva et al. 2012), as well as in other
ocean regions (Clarke et al. 2019). The dominance of
Group I and IV that we found in this study is also
described in previous investigations (Sassenhagen

@ Springer



130

Aquat Ecol (2021) 55:125-134

et al. 2020; Clarke et al. 2019; Lima-Mendez et al.
2015). Analysing size fractions of water samples (data
not shown), allowed us to affirm that not only free-
living dinospores (3—10 pm) (Chambouvet et al.
2011) were present in the water, but also infecting
stages of Syndiniales associated with larger cells
(> 20 pm). The predominance of Groups I and IV
associated with zooplankton observed in our study was
previously described for the same taxa (Skovgaard
2014). Syndiniales Group IV are well-known parasites
of crustaceans, including copepods (Shields 1994;
Skovgaard et al. 2005), but little is known about Group
I, which is considered as one of the enigmatic groups
within marine alveolates (Harada et al. 2007; Brate
etal. 2012). Interestingly, from all the groups detected,
we found Group I common in all zooplankton
organisms studied here, particularly clade 1 (Fig. 2a),
being also the most frequent in water samples in terms
of relative read abundance (Fig. 1d).

The wide spectrum of infection suggested for
Syndiniales Group I might indicate low host-speci-
ficity and explain why we found this group associated
with all zooplankton (Sassenhagen et al. 2020; Guillou
et al. 2008). An alternative explanation for the
presence of Group I in all zooplankton groups is
based on previous investigations where Syndiniales
Group I was found associated with cercozoans (Dol-
ven et al. 2007; Clarke et al. 2019; Sassenhagen et al.
2020), taxa that we found often abundant both in the
water and associated with all zooplankton (Fig. 1a, c).
This suggests that the wide spectrum of infection of
Group I is potentially linked to the ingestion of
cercozoan by all zooplankton consumers. However, it
has recently been suggested that Syndiniales Group I
might infect diatoms, and Syndiniales associated with
Cercozoa might be the result of predation on infected
diatoms (Sassenhagen et al. 2020), emphasizing the
high complexity of the biotic interactions that we
found in plankton communities. Our observations
might also support this hypothesis because diatoms
were shared as prey by all the zooplankton consumers
(Zamora-Terol et al. 2020), in particular Thalas-
siosira, one of the genera suggested by Sassenhagen
et al. 2020 to be infected by Syndiniales Group I.
However, if this interaction between zooplankton and
Syndiniales Group I is the result of a direct (i.e.
ingestion of infected diatoms) or indirect (i.e. inges-
tion of cercozoan that has predated on infected
diatoms) trophic link needs further support. There
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are no literature reports on infection of diatoms by
Syndiniales, thus to validate this hypothesis we need
further investigations and the use of techniques, such
as fluorescence in situ hybridization (FISH), that can
provide visual evidence of these potential interactions.

Based on molecular approaches, putative sym-
bionts of copepods are observed abundantly in marine
water samples at a global scale (Lima-Mendez et al.
2015; Vargas et al. 2015), as well as within copepod
guts (Lima-Mendez et al. 2015; Ray et al. 2016).
Earlier studies have reported seasonality in infection
prevalence of zooplankton (Duffy et al. 2005) asso-
ciated with the sporulation of the parasite, which is
likely affected by decreasing temperatures (Shields
1994). However, we found no clear seasonal pattern of
Syndiniales occurrence in copepods nor the water
samples (Fig. 2b) and temperature in connection with
the sampling dates (Supplementary Table S1). In
general, we found that Acartia spp. was mainly linked
to read sequences of Syndiniales Group II (clade 4),
Temora longicornis and Centropages hamatus to
Group I, and Pseudocalanus spp. to Group IV-
Hematodinium (Fig. 2c). These copepod—Syndiniales
specific patterns are in line with the reported natural
diet overlap and difference between these copepods
(Zamora-Terol et al. 2020). For example, C. hamatus
and T. longicornis shared the predominance of Group |
clade 3 Syndiniales (Fig. 2c), and they shared partic-
ular species of diatoms and dinoflagellates as predom-
inant prey ingested (Fig. 3). These prey were also
abundant in water samples (Fig. 1c), in which we also
found a predominance of Group I (Fig. 1d), suggesting
that parasites are ingested with the prey. Unfortu-
nately, information on the ecology of Syndiniales
Group I clade 3 is scarce to confirm this link.

We found other potential trophic connections with
the groups of Syndiniales. Syndiniales Group II, which
is closely related to Amoebophrya, was mainly
associated with Acartia spp. (Fig. 2c). Amoebophrya
is the most studied parasite genus in Syndiniales
Group II and can infect, among other taxa, dinoflag-
ellates, cnidarians, and ciliates (Cachon 1964; Lima-
Mendez et al. 2015; Jephcott et al. 2016). We found all
those taxa in the gut samples of Acartia spp. (Fig. 3),
suggesting that the observed interaction could be the
result of the ingestion of infected prey. We also found
the presence of Group II in the appendicularian
Fritillaria borealis and the copepod Centropages
hamatus in April (Fig. 2), which could indicate that
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they shared a particular prey in that period of the year.
We suggest that the ciliate Cyclotrichium spp., which
we found as prey in both F. borealis and C. hamatus
but not in other copepods (data not shown) might
explain their interaction with Syndiniales Group II
(Fig. 2). Although copepods and appendicularians
have different feeding strategies, they can feed on the
same prey by performing different feeding behaviours.
While certain copepods perform selective feeding,
such as Acartia and Centropages (Meunier et al. 2016;
Wiadnyana and Rassoulzadegan 1989), filter feeders,
such as appendicularians and cladocerans are capable
of rejecting prey (Lombard et al. 2011; Katechakis and
Stibor 2004). This would explain why cladocerans and
appendicularians do not share the same groups of
Syndiniales despite having the same feeding strategy,
and why appendicularians, Acartia, and Centropages
do share the presence of Group II (Fig. 2).

The copepod Pseudocalanus showed the highest
relative abundance of parasitic reads among the
observed zooplankton taxa and was almost exclusively
associated with Group IV-Hematodinium (Fig. 2c).
Pseudocalanus spp. feed, among other items, on
detritus and particulate organic matter (Poulet 1973).
This feeding behaviour might explain the potential
ingestion of free-living dinospores, which can survive
several days without a host (Coats and Park 2002) and
can adhere to detritus (Drebes 1981). However, and

March'18 April'l8 July'18

due to the high presence of parasites, a direct infection
with parasites of Group IV-Hematodinium is also
likely. Syndinids are well known to infect copepods,
and Pseudocalanus have been found infected with
syndinids such as Syndinium, which belongs to the
Group IV-Hematodinium (Kimmerer and McKinnon
1990; Ianora et al. 1990). Our observations are in line
with a previous dietary study (Cleary et al. 2016) and
molecular evidence of interactions between the syn-
dinid Hematodinium and calanoid copepods (Henry
2016), although the nature of these interactions is
unknown.

Our data suggest predation on parasites, through
infected prey, as a potential uptake pathway for certain
copepods, and thus, the natural diet of copepods might
play a role in the host preference of Syndiniales
(Fig. 4). This is in contrast with the assumed oppor-
tunistic or generalist behaviour of these parasites
(Guillou et al. 2008). Consequently, copepods that
share prey may also be linked to the same groups of
Syndiniales, likely discarding a direct parasitic infec-
tion, except for Pseudocalanus spp. and Syndiniales
Group IV. These hypotheses need further support
since the molecular work on syndinids is not exten-
sive, but in any case, they highlight the potential
complexity underlying the observed association
between Syndiniales and marine zooplankton. Also,
the prevalence of Syndiniales observed among
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Fig. 4 Schematic representation of potential host-parasite
interactions between copepods and Syndiniales based on results
from this study and literature information. *Lima-Méndez et al.

copepod species in this study indicates the importance
of parasites in plankton food webs.

The application of molecular techniques, as con-
ducted in this study (i.e. targeting specific taxa), is
emerging as a promising tool to gain insight into
ecological interactions, including parasitic, since it
allows unveiling interactions that can only be assumed
from indirect approaches, such as correlating taxa
abundances over time or space (Lima-Mendez et al.
2015). Uncovering the mechanisms that underlie these
relationships, however, requires additional techniques
(e.g. microscopy, in situ hybridization, histology) to
validate molecular data and visualize interactions for a
better comprehension of marine processes (Sebastian
and Gasol 2019). Given the quantitative importance of
Syndiniales and zooplankton in marine environments,
their interactions should be recognized as keystone
links in the prediction of nutrient and energy fluxes in
the ocean and included in food web studies for a
holistic understanding of the marine ecosystem
function.
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