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The calanoid copepod Calanus finmarchicus is one of the most abundant and ecologically important species of the
zooplankton assemblage of the North Atlantic Ocean and occupies a pivotal position in the pelagic food web. This
study used metabarcoding analysis (high throughput DNA sequencing of target gene regions) to examine the
diversity of the copepod gut content, including both eukaryotic and prokaryotic components of the diet and
microbiome. Zooplankton samples were collected during the 2013 EuroBASIN cruise of the R/V G.O. Sars, which
crossed the North Atlantic to survey in the Norwegian, Icelandic, Irminger, and Labrador Seas. Zooplankton
samples were examined microscopically for C. finmarchicus; species identification was confirmed by genetic
markers based on insertion-deletion sequence variation. DNA was extracted from the dissected gut contents of
adult female copepods and sequenced for eukaryotic 18S V4 and prokaryotic 16S V3-V4 rRNA hypervariable
regions. Prokaryotes identified in the gut contents of all copepods analyzed included Cyanobacteria, Proteo-
bacteria, Bacteroidetes, Planctomycetes, Actinobacteria, and Acidobacteria. The eukaryotic gut content assem-
blage was diverse, dominated by Ocrophyta (diatoms), Dinophyta (dinoflagellates), Ciliophora (ciliates), as well
as Cnidaria and Ctenophora. The diverse assemblage revealed by metabarcoding analysis of copepod gut contents
likely represents prey, microbiome, parasites, symbionts, and pathogens. Significant differences in prokaryotic
and eukaryotic diversity of the gut contents of copepods collected from four regional seas of the North Atlantic
Ocean reflect and contribute to basin-scale differences in the pelagic food web of these ecosystems. This study
provides evidence that diversity and variation of the copepod gut contents may both reflect and impact the
functioning of pelagic food webs and regional variation in ocean ecosystems.

1. Introduction incubation experiments in which prey input and output are monitored;

Koski and Wexels Riser, 2006) and indirect observation (e.g., identifying

1.1. Calanus finmarchicus in the North Atlantic foodweb

The calanoid copepod Calanus finmarchicus is abundant throughout
the North Atlantic, dominating mesozooplankton communities in mul-
tiple regions where it can comprise as much as 90% of its biomass (Melle
et al.,, 2014). The diet of a key species like C. finmarchicus may have
significant effect on nutrient cycles, as local carbon export (via sinking
of fecal pellets) is dramatically increased when this species has a
diatom-heavy diet (Urban-Rich, 2001). Given the importance of
C. finmarchicus to the North Atlantic food web, many attempts have been
made to determine the diet of the species via direct observation (e.g.,
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prey items in the gut contents or fecal pellets; Nejstgaard et al., 2003).
The composition of copepod gut contents is an important source of in-
formation about their feeding behaviors. Collection and immediate
preservation of the specimens ensures less degradation than the remains
found in feces, although the small size of prey and rapid digestion rates
limit the usefulness of morphological examination. Genetic methods
provide a way to overcome many of these limitations, since DNA may
not degrade as rapidly as morphological features of soft-bodied plankton
or protists. Using DNA found in the gut contents of copepods may thus be
an effective way to determine the diet of C. finmarchicus.

The omnivorous feeding behavior of C. finmarchicus affects multiple
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trophic levels; populations of phytoplankton and grazing micro-
zooplankton are subject to grazing/predation pressure by this species,
which in turn affects the grazing rates of microzooplankton and the
phytoplankton species composition (Nejstgaard et al., 2001). The spe-
cies exerts top-down pressure through its grazing behavior on marine
protists to such an extent that it is thought to regulate phytoplankton
blooms (Friedland et al., 2016). Calanus finmarchicus also exerts
bottom-up influence through the nutritional value that this species offers
to higher trophic levels, which is critical to the first-year survival of
economically-important fish species such as mackerel (Fortier and Vil-
leneuve, 1996; Jansen, 2016; Paradis et al., 2012). Nutritional quality of
C. finmarchicus can vary; lipid content, which is significantly correlated
with energy content, was observed to vary by as much as 13% between
study years in the Bay of Fundy (McKinstry et al., 2013), which can have
cascading trophic effects, including impacts on the critically endangered
North Atlantic right whale populations (Greene and Pershing, 2004;
Meyer-Gutbrod et al., 2015).

The diversity of prokaryotic and eukaryotic organisms found in the
guts of copepods can have important impacts on the quality and effi-
ciency of energy transferred throughout the marine food web. The
physical environment of the copepod gut as a habitat for microbes can be
modified by its diet; for example, a diatom-heavy diet has been shown to
acidify the gut of some calanoid copepods more so than a diet of cryp-
tophytes (Tang et al., 2011). This change to the internal environment, as
well as any undigested food items, alters the microbial diversity in the
copepod gut and the chemical reactions they mediate (Tang et al., 2009)
and may impact global biogeochemical cycles, such as iron dissolution
(Tang et al., 2011). Copepods have been known to harbor bacteria that
serve as a sink of dimethyl sulfoniopropionate (DMSP) in the sulfur cycle
(Dong et al., 2013), and has the potential to alter biogeochemical cycles
in the pelagic ecosystem.

The copepod gut provides a unique microhabitat for microbial
growth in the ocean, as this enclosed environment is acidic and suboxic
relative to average ocean conditions (Tang et al., 2011). Bacteria
hitchhiking on copepod prey items are likely to survive the digestive
process, since the lowest pH measured (5.40) in copepod guts is within
the range of survivability for most bacteria (Tang et al., 2011). Although
active bacteria are still detectable in the fecal pellets of copepods
(Hansen and Bech, 1996), the composition of this community is likely
altered during its passage through the copepod gut, resulting in a
community that is different from that of the ambient water. The acidic
and sometimes anoxic conditions along the copepod gut (Tang et al.,
2011) influence the metabolism and reproduction of bacteria contained
therein (Shoemaker and Moisander, 2017). Conditions in the copepod
gut — shaped by both copepod feeding choices and the resident micro-
biota — influence the microbial community of the surrounding ocean.
Given the abundance of copepods throughout the global ocean, pro-
cesses occurring in the guts of these tiny creatures could play key roles in
the functioning of ocean food webs and ecosystems on a wide range of
temporal and spatial scales. However, potential impact on this transient
microbial community is limited by rapid copepod gut clearance rates,
which can be on the order of minutes to hours (Atkinson et al., 1996;
Dam and Peterson, 1988; Tirelli and Mayzaud, 2005).

1.2. Approaches to the analysis of copepod diets

Prior studies of copepod feeding selectivity have largely been limited
to incubation studies, with analysis employing non-metabarcoding
techniques. Several studies have used polymerase chain reaction
(PCR), usually with cloning of the PCR products, of copepod gut con-
tents, including studies of Calanus species (Haley et al., 2011; Nejstgaard
et al., 2003; Vestheim et al., 2005) and other copepods (Craig et al.,
2014; Hu et al., 2014). Quantitative PCR (qPCR) studies of copepod gut
contents have been carried out for species of Calanus (Nejstgaard et al.,
2008; Ray et al., 2016; Troedsson et al., 2009) and other copepods
(Durbin et al., 2008, 2012). Additional studies have focused on
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laboratory-incubation experiments using field-collected specimens of
species of Acartia (Durbin et al., 2012; Hu et al., 2014) and Calanus
(Nejstgaard et al., 2008, 2003; Ray et al., 2016; Troedsson et al., 2009).
PCR analysis of gut contents of field-caught copepods has been
completed for species of Pseudocalanus from the Eastern Bering Sea
(Cleary et al., 2015), Centropages typicus from Narragansett Bay (Durbin
et al., 2008), and Calanus helgolandicus from the mid-Atlantic Bight
(Vestheim et al., 2005). The advances in our understanding of copepod
diet brought about by genetic methods can be further expanded through
the use of metabarcoding techniques.

Metabarcoding approaches (high throughput DNA sequencing of
target gene regions) have the advantage of comprehensive analysis
based on short DNA sequences (Amaral-Zettler et al., 2009). The di-
versity of pelagic communities has be assessed through metabarcoding
(Bucklin et al., 2016; de Vargas et al., 2015), with homogenization of
complex environmental samples for analysis (Durbin et al., 2012). With
an output of sequences that can number in the hundreds of thousands to
millions, metabarcoding dramatically increases the likelihood that rare
sequences will be detected that would otherwise have been missed using
standard PCR, cloning and sequencing techniques. The use of highly
conserved primers, which can detect most members of large groups such
as eukaryotes and prokaryotes, has allowed researchers to determine gut
contents semi-quantitatively (Amaral-Zettler et al., 2009; Elbrecht and
Leese, 2015). These attributes render metabarcoding a more powerful
genetic approach for the characterization of gut contents in copepod diet
studies. High throughput metabarcoding methods are increasingly
employed to study the composition of copepod diets, including Pseu-
docalanus spp. in the Eastern Bering Strait (Cleary et al., 2015), and
Calanus spp. in Japan (Hirai et al., 2017) and Norway (Ray et al., 2016).
One study, Ray et al. (2016), used both qPCR and metabarcoding to
examine the gut contents of field-caught copepod samples from the
Norwegian Sea.; Conducting metabarcoding studies for this species
across more locations and timepoints has the potential to provide a
detailed understanding of C. finmarchicus feeding behavior.

1.3. Basin-scale variation of the North Atlantic Ocean

The North Atlantic Ocean comprises several distinct heterogeneous,
dynamic, and productive ecosystems that are distinguished by both
bathymetry and circulation, and include the Labrador, Irminger, Ice-
landic, and Norwegian Seas. These regional seas or basins are charac-
terized by diverse environmental conditions and plankton dynamics.
The Labrador and Icelandic Seas are generally cooler, due to the stronger
influence of Arctic water inputs from the East Greenland current, which
brings cold and relatively fresh water into the region. The Irminger and
Norwegian Seas are warmer, due to the stronger influence of tropical
inputs from the North Atlantic current, which brings water that is warm
and relatively salty into the region. Basin-scale differences in sea surface
temperature, which may reach ~10° C, have been correlated with sig-
nificant differences in organismal size and life-history between pop-
ulations of C. finmarchicus in the Labrador and Norwegian basins (Head
et al., 2013).

The Euro-BASIN Program, led by the Norwegian Institute of Marine
Research, was designed to advance understanding on the variability,
potential impacts, and feedbacks of global change and anthropogenic
forcing on the structure, function and dynamics of the North Atlantic
and associated shelf sea ecosystems. Field collecting and sample analysis
have focused on key groups of the pelagic food web, including diatoms
and other phytoplankton; species of the copepod genus Calanus; and
various pelagic fish, including herring (Clupea harengus), mackerel
(Scomber scombrus), and blue whiting (Micromesistius poutassou) which
represent some of the largest fish stocks on the planet.

1.4. Goals and objectives of this study

This study seeks to examine the diet of C. finmarchicus, and to
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characterize differences in the trophic relationships of the copepod
among basins of the North Atlantic Ocean, based upon molecular
(metabarcoding) analysis of prokaryotic and eukaryotic diversity of the
gut contents of the copepods. Metabarcoding methods were designed to
allow characterization of the full breadth of taxonomic diversity
detectable within the copepod gut. including prey, pathogens, parasites,
and symbionts.

2. Methods
2.1. Sample collection

Zooplankton samples and environmental data used for this study
were collected during a cruise of the R/V G.O. Sars from May 1 — June
14, 2013 (Fig. 1) as part of the EuroBASIN Program led by the Institute
of Marine Research, Bergen and Tromsoé€, Norway. Hydrographic data
were collected during down- and up-casts of a SeaBird CTD (SBE
911plus) with sensors for temperature, conductivity, oxygen (SBE43),
fluorescence (Aqua-III), and irradiance/PAR (Biospherical/Licor).

Sea surface temperature (SST) was measured during this time period
by the CoastWatch Program, NOAA National Environmental Satellite
Data and Information Service (NESDIS). SST data analysis and figure
preparation were done using the M_map tool box in MatLab (Ver. 15B,
MathWorks, Inc., Natick, MA). The sampling grid selected for analysis
spanned 55-70 °N latitude and 60-7 °E longitude, where data were
collected in one-month intervals. Data from the SST, NOAA POES
AVHRR, GAC, 0.1°, Global, Day and Night dataset were utilized.

Zooplankton samples analyzed for this study were collected at 6
stations along the cruise track (Fig. 1) from 0 to 200 m depth using one
of three types of ring nets: WP-2 with 180-ym mesh, 1.5m ring net with
180-pm mesh, or T80 with 375-pm mesh (Table 1). Samples were pre-
served immediately after collection in 95% ethanol, which was changed
24 h after initial preservation. Samples were maintained at 4 °C for long-
term storage. Each sample was examined under a dissecting microscope
to identify and select adult female C. finmarchicus with full guts.

2.2. Species identification confirmation

To confirm species identification of C. finmarchicus and discriminate
the co-occurring congeneric species C. glacialis, genetic markers based
on Insertion-Deletion (InDel) variation were used (Smolina et al., 2014).
One antenna was excised from each copepod and individual DNA ex-
tractions were performed using Qiagen DNeasy DNA extraction kit
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(Hilden, Germany) according to the manufacturer’s instructions. PCR
reactions were done using reagents from the GoTaq Flexi Reaction
Buffer kit (Promega Life Science, Madison, WI). Purified DNA (15 ng)
was added to each reaction with the following reagents: 5.0 pl 5X Green
GoTagq Flexi Buffer, 2.5 pl MgCly, 0.7 pl ANTPs (10 mM), 0.25 pl GoTaq
Flexi DNA Polymerase, and 1 pl of each primer (10 pM). The G_150
forward and reverse primer set (Smolina et al., 2014) was used in the
following PCR reaction: 1 cycle of denaturation at 95 °C for 10 min;
followed by 40 cycles of 95 °C for 20 s, 55 °C for 20 s, and 72 °C for 25s;
a final extension cycle at 72 °C for 20 min; and an indefinite hold at 4 °C.
The PCR product was run in 2.8% MetaPhor high-resolution agarose gel
(Lonza Group Ltd., Basel, Switzerland) against a 50 base pairs (bp) Gel
Pilot molecular weight marker (Qiagen, Hilden, Germany). The species
were distinguished on amplicon size: C. finmarchicus (131 bp) versus
C. glacialis (161 bp; Smolina et al., 2014).

2.3. DNA extraction

After confirmation of species identification of C. finmarchicus, 10
specimens were selected for analysis from each sample and triple-
washed in 95% ethanol prior to gut dissection. The gut of each
copepod was dissected using sterile dissection needles on an autoclaved
microscope slide under a dissecting microscope. Samples used for met-
abarcoding of eukaryotic diversity V4 18S rRNA sequencing included
only the foregut, to limit the signal of more degraded DNA from digested
material in the hindgut; samples used for analysis of prokaryotic di-
versity included the whole digestive tract. Dissected guts of copepods
from each sample were pooled, with 5 guts in each pool, to create 2
technical replicates for each sample. Pools of copepod foreguts were
incubated for 24 h at 56 °C in SDS lysis buffer (10 mM Tris pH 8.0; 100
mM EDTA pH 8.0; 0.5% SDS; 200 pg/ml proteinase K was added
immediately before use). Then, 82.5 pl of CTAB (Cetrimonium bromide,
10% w/v) and a full volume of phenol:chloroform:isoamyl alcohol
(25:24:1) was added to the incubated solution. The supernatant of this
centrifuged solution was then treated following the kit instructions of
the E.Z.N.A. Mollusc DNA (Omega Bio-Tek Inc., Norcross, GA) kit to
produce purified DNA for subsequent analyses.

2.4. PCR and sequencing
Purified DNA (12.5 ng for analysis of eukaryotes, 20 ng for analysis

of prokaryotes) was added to a mixture with the following PCR reagents
(Promega GoTag® PCR Core Systems, Madison, WI): 5.0 pl 5X colorless

Latitude

Sea Surface Temperature (°C)

Longitude

Fig. 1. Regional Temperature Variation. Sea surface temperature across the sampled regions of the North Atlantic Ocean, including the Norwegian, Icelandic,
Irminger, and Labrador Seas. Lines show the cruise tracks of the EuroBASIN 2013 R/V G.O. Sars (westbound in mauve, eastbound in blue), with stars indicating
stations at which samples were collected for analysis for this study. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)



H.D. Yeh et al.

Table 1
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Environmental Data. Environmental data at stations where zooplankton samples were collected for examination of C. finmarchicus gut contents.

Date Station  Region/ Latitude Longitude GMT Net System Depth Temp Salinity Fluorescence (ug/ Oxygen (mL/
Sea (Y] (m) °0) (PSU) L) L)

04-May- 153 Norwegian 63.76 2.28E 124.46 T80 0-200 7.34 35.21 0.19 6.30
13

11-May- 163 Icelandic 68.17 15.33 W 131.44  WP2 0-200 1.88 34.90 0.13 7.28
13

14-May- 166 Irminger 63.83 2429 W 13497  WP2 0-200 7.37 35.15 0.99 6.84
13

25-May- 174 Labrador 63.69 53.4265W  145.25  1.5m Ring 0-200 0.92 33.41 0.28 8.32
13 Net

26-May- 175 Labrador 63.08 55.1507W  146.01  1.5m Ring 0-200 2.30 34.19 2.54 8.23
13 Net

02-Jun- 187 Irminger 60.61 38.3308W  152.94  WP2 0-200 5.85 34.89 0.51 6.89
13

buffer, 2.5 pl MgCly, 0.7 pl ANTPs (10 mM), 0.25 pl Taq Polymerase, and
1 pl of each primer (10 pM). The metabarcoding of eukaryotic diversity
used the 18S rRNA V4 hypervariable region, which was amplified using
the Reuk454FWD1 and ReukREV3 primers (Table 2; Stoeck et al., 2010)
using the following PCR protocol: 1 cycle of denaturation at 95 °C for 10
min; 25 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s; final
extension cycle at 72 °C for 5 min; and an indefinite hold at 4 °C. The
metabarcoding analysis of prokaryotic diversity used the 16S rRNA
V3-V4 hypervariable region, which was amplified using the Bact
341F/Bact 785R primers (Table 2) and the protocol from Moisander
et al. (2015), with the same ratio of PCR reagents as the 18S rRNA re-
actions. Primers were designed with adapter sequence overhangs at the
5 end (Table 2). A second PCR was performed to attach a matching
overhang plus Illumina p5/p7 and dual indexes (Lange et al., 2014), for
which the following PCR protocol was used: 1 cycle of denaturation at
95 °C for 3.5 min; 8 cycles of 95 °C for 30 s, 50 °C for 30 s and 72 °C for
90 s; final extension cycle at 72 °C for 10 min. PCR products were pooled
for quantification and visualization using the QIAxcel DNA Fast Analysis
(Qiagen, Hilden, Germany). PCR products were normalized based on the
concentration of DNA from 360 to 440 bp then pooled using the QIA-
gility liquid handling robot. The pooled PCR products were cleaned
using the Gene Read Size Selection kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s protocol. The cleaned pool was sequenced
on the MiSeq using Ver. 2 2 x 250 base pair kit (Illumina, Inc., San
Diego, CA).

2.5. Bioinformatics and statistics

Custom scripts were executed using the computational resources of
the Xanadu computing cluster of the University of Connecticut Health
Center (UCHC). A reference database for the specific hypervariable re-
gion used in this study was prepared for taxonomic identifications from
the Protist Ribosomal Reference (PR2) database (Guillou et al., 2013) for
eukaryotes and the SILVA reference database (Ver. 132; Quast et al.,
2013) for prokaryotes using the ‘pcr.seqs’ command (oligo option) of
Mothur (Ver. 1.40.1; Schloss et al., 2009). Following database trimming,
the database sequences were aligned in MAFFT (Ver. 7.305, Berkeley

Table 2

Software Distribution, Berkeley, CA), using the ‘retree 1’ option.

The custom databases for the specific hypervariable regions were
used for taxonomic assignments of the MiSeq-generated sequence reads
in Mothur. Contiguous sequences were created from bi-directional read
data (‘make.contigs’ command). Low quality sequences were removed
that contained any ambiguities or homopolymer runs of a length 8 bp or
greater and sequences less than 270 bp for 18S V4 rRNA and 406 bp for
16S V3-V4 rRNA were removed using the ‘screen.seqs’ command. Chi-
meras were identified using UCHIME (Edgar et al., 2011) and removed
from analysis. Pairwise distances were calculated (‘dist.seqs’) and OTUs
clustered (‘cluster’) according to the current common practices for the
respective gene regions: distances of 0.006 (2 bp difference in 18S V4
rRNA, ~99% similarity) for eukaryotes and 0.03 (~12 bp difference in
16S V3-V4 rRNA, 97% similarity) for prokaryotes. Taxonomic classifi-
cation was performed using the ‘classify.seqs’ command to compare the
quality-controlled sequences to the custom database for the specific
hypervariable region.

Following quality control and taxonomic classification steps, stacked
bar graphs were produced to highlight the contributions of selected
taxonomic groups to the overall number of sequence reads. Samples
were subsampled and merged by region to identify OTUs shared among
all groups. A Venn diagram was created to visualize the prokaryotic
OTUs shared between each combination of the regions.

Relationships among the diversity of gut content samples from
different North Atlantic regions were evaluated in R (Ver. 3.4.1, The R
Foundation for Statistical Computing) using the VEGAN package for
community ecology statistics (Oksanen et al., 2017) and Phyloseq
(McMurdie and Holmes, 2013). Similarities of the copepod gut content
among regions was visualized in a Principal Coordinates Analysis
(PCoA) plot, a two-dimensional representation of dissimilarity values
between samples. The significance of the most parsimonious arrange-
ment of samples along unconstrained axes was evaluated using “Adonis”
(PERMANOVA) and “betadisper” (Permutation test for homogeneity of
multivariate dispersions) tests. The percentage of the variability in the
unconstrained ordination explained by the relationship between region
and gut content diversity was assessed using constrained ordination.

Oligonucleotide List. Oligonucleotide primer sequences used to amplify insertion-selection markers from copepods, as well as barcode
regions of eukaryotic and prokaryotic genes from copepod gut contents.

Marker Primer name

Sequence (5'—3')

Calanus InDel G_150 Forward

G_150 Reverse

Eukaryotic V4 18S rRNA Reuk454FWD1
ReukREV3

Prokaryotic V3-V416S Bact 341F
Bact 785R

Adapter overhang Forward
Reverse

GACGCCATTGACCATCCAGT
GCTCCAGCGGTTAGGTTTCT
CCAGCASCYGCGGTAATTCC
ACTTTCGTTCTTGATYRA
CCTACGGGNGGCWGCAG
GACTACHVGGGTATCTAATCC
ACACTCTTTCCCTACACGACGCTCTTCCGATCT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
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3. Results
3.1. Environmental data

Sea surface temperature varied markedly across the sampled domain
(Fig. 1). Temperatures at the collection sites in the Norwegian (7.3 °C)
and Irminger (7.4 and 5.9 °C) Seas were notably warm, with cooler
temperatures observed in the Labrador (0.9 and 2.3 °C) and Icelandic
(1.9 °C) Seas (Table 1).

3.2. Prokaryotic diversity of gut contents

Prokaryotic diversity of the copepod gut contents was dominated by
Proteobacteria (Gamma-proteobacteria and Alpha-proteobacteria),
Bacteroidetes, Planctomycetes, Cyanobacteria, Acidobacteria, and
Actinobacteria (Fig. 2). Cyanobacteria, specifically Synechococcus,
dominated the V3-V4 16S rRNA reads in the gut from all Irminger Sea
stations and were present in all samples (Fig. 2). Proteobacteria
(Gamma-, Alpha-, and Delta-proteobacteria) dominated the remainder
of the sequences (Fig. 2). Gammaproteobacteria were most abundant
within this group, representing 75% of the sequences, and dominated
the proteobacteria in all but one sample: 163B from the Icelandic Sea, in
which Alpha- nearly matched Gamma-Proteobacteria abundance. The
dominant Gammaproteobacteria classes in order from most abundant to
least were: Betaproteobacteriales, Cellvibrionales, Nitrosococcales,
Alteromonadales, Oceanospirillales, Pseudomonadales.

Deltaproteobacteria were extremely rare in this dataset but were
found at most stations. Bacteroidetes was the second most abundant
phylum across the dataset, with a particularly strong presence in the
westernmost Labrador Sea samples, where the phylum was ~40% of
identified sequence reads for each sample. Flavobacteriaceae, sublevels
Aurantivirga and Pseudofulvibacter, accounted for most of these Bac-
teroidetes sequences.

Acidobacteria played a minor role in each sample, except the Ice-
landic Sea, where the phylum comprised an average of ~10% of reads.
Similarly, Actinobacteria, Firmicutes, Planctomycetes, and other phyla
(including those with <0.5% of sequence reads) were relatively rare and
were only slightly more abundant in the eastern regions (Fig. 2).

Principle Component Analysis (PCoA) explained 25.3% and 21.6% of
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the variation in the data along Axis 1 and 2, respectively (Fig. 3). The
PERMANOVA indicated that the groupings by North Atlantic region had
significantly different centroids (Pr > F = 0.001); these did not result
from differences in group dispersions, as indicated by a non-significant
Pr > F result (0.114). A total of 36 OTUs were found in samples from
all regions, based on clustering at 97% similarity threshold and
normalized with subsampling to the smallest library size (Fig. 4).

3.3. Eukaryotic diversity of gut contents

Phytoplankton (diatoms, dinoflagellates, green algae) were the
dominant groups of Eukaryotes found in the gut contents of copepods
collected at most stations (Fig. 5). Among diatom sequences identified to
the genus level, Chaetoceros and Thalassiosira were the most abundant,
especially in the Icelandic and Labrador Seas. Dinoflagellate sequences
identified to genus level were predominantly of the order Syndiniales,
specifically Hematodinium from a single sample in the Labrador Sea
(174B). Other, less abundant, dinoflagellate genera included Suessiales,
Ceratium, Gymnodinium, and Prorocentrum. Ciliate sequences were
prominent in a Labrador Sea sample (175A), with minor appearances in
all regions except the Irminger Sea, where they were notably absent.
Apostome ciliate (Subclass Apostomatia) sequences were found in one
Labrador Sea sample (175A). The ciliates found in the Icelandic Sea,
which were only a small portion of these samples (~1%), were
spirotrichs.

Several groups of organisms that were not expected to be found in
the diet of copepods were detected in the gut contents. Cnidarians
(mostly hydrozoans) were detected in samples from the Labrador Sea,
with smaller signals detected in most other samples. Ctenophores
(phylum Ctenophora) were only found in the Labrador Sea. Fungi rep-
resented a large portion of sequences in several samples, most notably
the Icelandic Sea. Nematodes (phylum Nematoda) were found in the
Icelandic Sea samples (163A and 163B) and a Norwegian Sea sample
(153A). Apicomplexa, a clade of parasitic Alveolata, dominated the
sequence reads from the gut of copepods in one Norwegian Sea sample
(153B) and a trace amount in the Icelandic Sea (163B).

Labrador Irminger

Icelandic Norwegian

Relative Abundance of Sequence Reads (%)
”

Taxa

D Alphaproteobacteria
. Deltaproteobactaria
D Gammaproteobacteria

Bl 2cidobacteria
[ ] Actinobacteria
- Bacteroidetes
I:‘ Firmicutes
D Planctomycstes
I:I Other Phyla

. Bacteria_unclassifisd

I:I Cyancbacteria

1744 174B 175A 173B 166A 166 187A

Station and Replicate

Fig. 2. Prokaryotic Fraction of C. finmarchicus Gut Contents. Relative abundances of V3-V4 16S rRNA sequence reads belonging to each bacterial phylum (or class in
the case of Protobacteria, which includes Gamma-, Delta-, and Alpha-proteobacteria). From left to right, samples are arranged by station from west to east. “Other”
comprises additional phyla that did not exceed 0.5% of the sequence reads for the whole dataset.
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Fig. 4. Venn Diagram Prokaryotic Diversity of C. finmarchicus Gut Contents. Venn diagram of OTUs shared among gut contents of C. finmarchicus collected from N.

Atlantic regions shown. Clustering of sequences used a threshold distance of 0.03.

4. Discussion
4.1. Molecular analysis of C. finmarchicus gut content biodiversity

DNA barcoding (Roslin et al., 2016) and metabarcoding (Bucklin
et al., 2016; Pompanon et al., 2012) are valuable tools to clarify trophic
interactions and food web dynamics in diverse ecosystems. These mo-
lecular approaches allow the detection of DNA from soft-bodied or-
ganisms, which may otherwise be unidentifiable. For example, spider

DNA was still detectable in the feces of lizards, despite the expectation
that these soft-bodied organisms would be degraded too quickly and
thoroughly for detection (Kartzinel and Pringle, 2015). Metabarcoding
was also successfully employed in the Gulf of Maine to identify phyto-
plankton consumed by herring that were then consumed by puffins in
the Gulf of Maine; the phytoplankton DNA sequences were still detect-
able in the feces of puffins (Bowser et al., 2013). That study demon-
strated that metabarcoding results can be confounded by secondary
predation when studying food web interactions at higher trophic levels,
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when comparison of predator and prey diets is required (Bowser et al.,
2013; Shehzad et al., 2012). Another advantage of metabarcoding gut
contents is the detection of unexpected dietary components. The ma-
jority of studies on copepod feeding behaviors have been conducted as
laboratory incubation experiments, which may be biased by the selec-
tion of phytoplankton cultures provided to the copepods. Consequently,
unexpected food preferences—such as an affinity for microzooplankton
among some copepods—were only recently discovered (Campbell et al.,
2016). Metabarcoding offers several unique advantages for studies of
diet, potentially achieving high taxonomic resolution despite the short
and degraded state of prey DNA sequences, and is useful for compre-
hensive studies of C. finmarchicus diet in the wild.

4.2. Eukaryotic diversity of C. finmarchicus gut contents

Calanus finmarchicus has been shown to be predominantly omnivo-
rous, acquiring nutrition through both phytoplankton grazing and pre-
dation, including the consumption of potential competitors (Ohman and
Runge, 1994). This species is known to consume and exhibit a selective
preference for microzooplankton (Campbell et al., 2016), such as ciliates
(Leiknes et al., 2014; Nejstgaard et al., 1997), diatoms (Koski and
Wesxels Riser, 2006; Meyer-Harms et al., 1999), and dinoflagellates
(Nejstgaard et al., 1997). The copepod is also known to consume cryp-
tophytes, haptophytes (Meyer-Harms et al., 1999), and rotifers (Nejst-
gaard et al., 1997). The diet of C. finmarchicus is diverse, and possibly
impacted by the ever-changing ocean environment in which they reside.
The C. finmarchicus diet is at least partially dependent upon the physical
environment, which plays a role in shaping the planktonic community
and will thus impact the assemblage upon which copepods graze (Melle
et al., 2014).

Targeted analysis of eukaryotic biota using V4 18S rRNA for meta-
barcoding analysis allowed detection of items from a wide array of
taxonomic groups. Although most items identified in the foregut are
likely to be prey items of the copepod, there are clearly some exceptions.
Previous studies (Guo et al., 2012; Ray et al., 2016; Shields, 1994) have
documented a variety of parasites and symbionts of C. finmarchicus and
other copepods, which were found in most of the samples examined in
this study. Identified sequences revealed the presence of phyla such as
Cnidaria and Ctenophora that are not expected as prey of
C. finmarchicus. In the Pacific Ocean, Calanus sinicus has been found to
graze on the organic particles/detritus of metazoans such as hydrozoans

and ctenophores over continental shelf waters off China, Japan and
Korea, when phytoplankton levels are low (Yi et al., 2017). In these
situations, it may be assumed that the prey items in question are either
the eggs or larvae of the much larger prey, or represent organic detritus
collected by the copepod through grazing on marine snow. Regardless of
the actual form in which cnidarian and ctenophore prey was ingested by
the copepod, this study provides evidence that these taxa include prey
items for C. finmarchicus in the North Atlantic.

Dinoflagellates are a well-documented component of the
C. finmarchicus diet (Koski, 2007; Koski and Wexels Riser, 2006;
Meyer-Harms et al., 1999; Mullin, 1963), but certain genera can also
parasitize copepods. Syndiniales sequences (specifically of the genus
Hematodinium) were found in the Labrador Sea sample, indicating that at
least one copepod sampled was infected by these dinoflagellates. Hem-
atodinium is a documented parasitic-castrator of amphipods and co-
pepods, impacting their ability to reproduce (Shields, 1994), and
infected zooplankton are believed to be the reservoir and means of
transmission of the parasite to economically-important crustaceans
(Small and Pagenkopp, 2011). Impacts of parasitism include impaired
functioning of muscles, hemolymph, and hepatopancreas, as well as
alteration of chitin deposition (Stentiford and Shields, 2005). Although
parasitism by the related dinoflagellate Blastodinium has been docu-
mented in C. finmarchicus (Shields, 1994), infection in C. finmarchicus by
Hematodinium has not yet been reported.

Evidence of nematodes was found in multiple samples. Cyclopoid
copepods have been found to become infected by feeding on nematode
larvae, which then served as a means of parasite transmission to fish
feeding on the infected copepods (Hubbard et al., 2016; Moravec, 2009),
but nematode infection in Calanus has not yet been documented.

Parasitic Apicomplexa have been found to infect amphipods (Pro-
kopowicz et al., 2010), other calanoid copepods, and one species of
apicomplexan, Ganymedes apsteini, has been found to infect
C. finmarchicus (Sano et al., 2016). If they are indeed parasites and not a
dietary item, this finding leads to new questions about the impact of
such parasites on copepods. Gregarine apicomplexan infections in Ant-
arctic krill have been known to negatively impact the microvilli of the
gut lumen (Takahashi et al., 2009).

Ciliates have been well-documented as part of the C. finmarchicus
diet (Koski, 2007; Koski and Wexels Riser, 2006; Nejstgaard et al.,
1997), but it is likely that sequences derived from the subclass Aposto-
matia were not components of the diet. Apostome ciliates are known to
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be copepod symbionts and invasive parasites (Guo et al., 2012), so the
presence of these sequences in a Labrador Sea sample most likely rep-
resents parasitism.

The parasitic taxonomic groups found in the gut contents of
C. finmarchicus may also be secondary parasites that had infested the
prey items of the copepods. It seems most likely that these sequences
were not derived from external contamination, since the copepod fore-
gut was dissected, and no external parts of the copepod were included in
the DNA extraction. This analysis suggests the occurrence of previously
unknown parasitic and symbiotic relationships with C. finmarchicus.
This finding is significant both for the potential to affect the reproduc-
tive rates and nutritional value of the species, as well as for possible
transmission of parasites to upper trophic levels.

4.3. Prokaryotic diversity of C. finmarchicus gut contents

The prokaryotic diversity of copepod gut contents is determined by
both feeding habits, including prey availability and selectivity, as well as
resident species comprising the microbiome (Tang et al., 2009). Para-
sites are an additional source of prokaryotic diversity of copepod gut
contents, as reported by Jepps (1937). Since it may take minutes to
hours for food to pass through the copepod gut (Atkinson et al., 1996;
Dam and Peterson, 1988; Tirelli and Mayzaud, 2005), the potential for
the gut environment to influence the transient microbiota may be
limited The prokaryotic diversity found in copepod guts has previously
been reported to be dominated by gram-negative Proteobacteria, and
this study provides further evidence of this (Mgller et al., 2007; Shoe-
maker and Moisander, 2015; Skovgaard et al., 2015). However, there
are conflicting reports about which class within the phylum is dominant,
and the differences are thought to be method-dependent (Gerdts et al.,
2013; Shoemaker and Moisander, 2017). Clone libraries of the whole
body copepod microbiome favored Gammaproteobacteria, whereas
PCR-DGGE showed a dominance of Alphaproteobacteria for the same
samples (Gerdts et al., 2013). There is also a difference when sampling
the excised copepod gut, rather than the whole organism: two studies
conducted by the same researchers compared gut to whole-organism
samples, and found that Alphaproteobacteria dominated when consid-
ering just the gut, while Gammaproteobacteria dominated in analysis of
the whole body (Dorosz et al., 2016; Shoemaker and Moisander, 2017,
2015).

The composition and abundance of the microbial community of the
copepod gut has been thought to be relatively stable, despite significant
variation in diet and trophic ecology over various temporal (e.g. sea-
sonal) and spatial (e.g. regional) scales (Brandt et al., 2010). Compar-
ative studies have shown distinct differences between the microbial
diversity of the copepod gut and the surrounding seawater, lower di-
versity in the gut than in the assemblage of microbes in the surrounding
waters (Corte et al.,, 2014; Gerdts et al., 2013; Mgller et al., 2007;
Shoemaker and Moisander, 2015, 2017), and a number of studies have
supported the concept of a core microbial community of the copepod gut
(Shoemaker and Moisander, 2017).

This study found a predominance of Gammaproteobacteria, which
could potentially indicate contamination from the exoskeleton micro-
biome during gut dissection. Alternatively, this could also be an
environmentally-driven difference between the C. finmarchicus pop-
ulations of two different regions: the North Atlantic population from this
study versus the population from the subtropical North Atlantic Ocean
(Shoemaker and Moisander, 2017). Determining which taxonomic
groups dominate is important for establishing which metabolisms are
favored in the environment of the copepod gut. However, these differ-
ences may have limited impact, since both tend to be Gram-negative,
aerobic, or facultatively anaerobic and rod-shaped.

Another abundant group was the Alphaproteobacteria, including
families that tend to be attached to surfaces, such as Rhodobacterales
and Caulobacterales, the latter of which is known to form biofilms
(Abraham et al., 2014). Rhizobiales was also found in abundance with
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sub-taxa that are known to fix nitrogen or are methanotrophs. One of the
less abundant taxa was Rickettsiales, a known intracellular pathogen of
crustaceans that causes host death following discoloration and weight
loss; however, it has been argued that this genus belongs in the Gam-
maproteobacteria (Cordaux et al., 2007). Classes that dominated among
the Gammaproteobacteria include a marine bacteria class with proteo-
rhodopsins: Cellvibrionales, which is known to prefer high nutrient
concentrations (Stingl et al., 2007), as can be found in the copepod gut.
Additionally, Class Oceanospirillales was abundant, which is a
gall-forming Gammaproteobacteria that infects corals, but also lives in
copepods, bivalves and snails (Shelyakin et al., 2018).

Bacteroidetes is thought to be derived from diet, as gut populations
were correlated with the spring bloom when copepod diets are
phytoplankton-heavy (Shoemaker and Moisander, 2017). Although
members of the Family Flavobacteriales were numerically dominant,
accounting for >91% of Bacteroidetes sequence reads, taxa from the
family Chitinophagaceae were the only Bacteroidetes found consistently
in the gut of C. finmarchicus from all basins. This chitin-degrading group
may maintain a constant presence in the chitin-rich environment of the
copepod gut, despite the taxon’s minor presence in this study. Pyr-
inomonas, a genus of Acidobacteria subdivision-group 4, dominated se-
quences of this phylum and was also found in samples from every basin.
It is heterotrophic and able to use chitin as a carbon source (Foesel et al.,
2013; Huber et al., 2014), which provides a likely explanation for a
single genus accounting for 5% of all sequence reads observed.

Sequences of the phylum Planctomycetes, which were less than 1%
of all sequence reads, were dominated by the family Pirellulaceae: an
ammonia-oxidizer, which is thought to be a core bacterial group in the
nitrogen cycle, performing nitrification (Kellogg et al., 2016). Despite
the low abundance of sequences from this phylum, it was found in gut
content samples from all North Atlantic regions, suggesting that co-
pepods carry out key components of the nitrogen cycle in their guts.
Phylum Actinobacteria was also rare, with just over 1% of all sequence
reads, yet two representatives of several classes were identified in all
samples.

Cyanobacteria were extremely abundant in the guts of copepods
from the Irminger Sea, with over 50% of 16S rRNA sequence reads in
every sample belonging to this group. Cyanobacteria have been reported
to be consumed by C. finmarchicus, but appear to be avoided when other
sources of food are available (Meyer-Harms et al., 1999). Whether
Cyanobacteria are a part of the copepod diet or its resident microflora
cannot be ascertained without controlled feeding experiments. Regard-
less, the dominance of this group among the sequence reads in this
dataset suggests that Cyanobacteria are an important component of the
prokaryotic assemblage found in the gut of C. finmarchicus in the North
Atlantic.

The prokaryotic diversity of C. finmarchicus gut contents varied
among the four North Atlantic regions sampled. In addition to the phyla
that were consistently found in the copepod gut in the Subtropical North
Atlantic (Bacteroidetes, Actinobacteria, and Proteobacteria) (Shoe-
maker and Moisander, 2017), Acidobacteria and Planctomycetes were
found in every sample from the North Atlantic. Additionally, Firmicutes,
a group occurring in anaerobic conditions, was described from the guts
of C. finmarchicus in the Subtropical North Atlantic but represented less
than 1% of all sequence reads in this study. The phylum did occur in
small numbers in samples from the Icelandic and Norwegian seas. This
suggests that copepod gut conditions are mostly aerobic, perhaps with
slightly more hypoxic hindguts in the eastern regions.

5. Conclusion

Analysis of eukaryotic and prokaryotic diversity in the gut contents
of the copepod C. finmarchicus were analyzed by metabarcoding, using
hypervariable regions of prokaryotic and eukaryotic rRNA to detect and
classify a broad range of taxonomic groups. DNA sequences obtained
were analyzed to infer the composition of the copepod diet, microbiome,
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parasites, and pathogens. New evidence was found for parasites and
pathogens that are known to occur in copepods and other crustaceans,
but have not been reported from C. finmarchicus. Analysis of copepods
collected from the Norwegian, Icelandic, Irminger, and Labrador Seas
revealed significant differences in gut content diversity among the North
Atlantic regions. Additional research is needed to examine the complex
determinants of the temporal and spatial variability of key elements of
the diet of C. finmarchicus, and to understand impacts on the pelagic
ecosystems of the North Atlantic Ocean.
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