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Abstract

The mitochondrial gene cytochrome-c-oxidase subunit 1 (COI) is useful in many taxa
for phylogenetics, population genetics, metabarcoding, and rapid species identifica-
tions. However, the phylum Ctenophora (comb jellies) has historically been difficult
to study due to divergent mitochondrial sequences and the corresponding inability
to amplify COI with degenerate and standard COI “barcoding” primers. As a result,
there are very few COI sequences available for ctenophores, despite over 200 de-

scribed species in the phylum. Here, we designed new primers and amplified the COI
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diversity within many groups that was not evident from more conserved 18S rDNA
sequences, in particular among the Lobata (Ctenophora; Tentaculata; Lobata). The
COlI phylogenetic results also revealed unexpected community structure within the
genus Bolinopsis, suggested new species within the genus Bathocyroe, and supported
the ecological and morphological differences of some species such as Lampocteis cru-
entiventer and similar undescribed lobates (Lampocteis sp. “V” stratified by depth, and
“A" differentiated by colour). The newly designed primers reported herein provide im-
portant tools to enable researchers to illuminate the diversity of ctenophores world-
wide via quick molecular identifications, improve the ability to analyse environmental
DNA by improving reference libraries and amplifications, and enable a new breadth of

population genetic studies.
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1 | INTRODUCTION

associated (Dunn et al., 2015). Ctenophores, also called comb jellies,
are found throughout the ocean, from both poles to the equator

Ctenophora is a phylum of marine, gelatinous animals with ~200 and from the surface to the deep-sea (Harbison et al., 1978), with

named species (Mills, 2017) that are mostly planktonic. Unique ge- the deepest ctenophore observed at over 7000 m depth (Lindsay

netic and morphological traits separate ctenophores from other ge- & Miyake, 2007). Many species are common and well-studied, par-

latinous plankton and from cnidarians with which they are sometimes ticularly coastal species such as Mnemiopsis leidyi, or to an extent,
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Pleurobrachia pileus. However, most deep-living ctenophores remain
undescribed because specimens are delicate, difficult to access, and
are often damaged during collection (Haddock, 2004). The use of
remotely operated vehicles (ROVs) and specialized sampling equip-
ment has expanded our ability to observe and collect ctenophores
in the deep-sea during the last 30 years (Haddock et al., 2017).
Morphological investigations of specimens collected from the deep
sea suggest that we have only begun to reveal the remarkable diver-
sity within this phylum. However, there are few taxonomic experts
on ctenophores, and morphological identifications often are stymied
by damaged specimens, cryptic morphology, and poor preservation
in all fixatives. Molecular data can provide relatively quick identifica-
tions, especially for taxa like ctenophores, although polymorphic loci
and good reference libraries are critical to achieve this goal.

Sequence data from the nuclear 18S ribosomal gene provide
a molecular phylogenetic framework for the broad relationships
within ctenophores (Podar et al., 2001; Simion et al., 2015), and
transcriptomes from a handful of species allow for more in-depth
studies of some representative diversity (Simion et al., 2017).
However, the 185 rDNA gene fragment is highly conserved, and
the phylogenies often do not effectively discriminate between
many species and closely related genera, particularly in groups
such as Lobata. For example, some genera, such as Bathocyroe,
Eurhamphaea, Deiopea and Kiyohimea, have nearly identical 18S
rDNA sequences, showing the limitations of the utility of the 18S
fragment with respect to species delineation (Haddock et al., 2021).
The “barcoding” mitochondrial cytochrome-c-oxidase subunit-I
(COI) sequence fragment is typically useful for species identifica-
tion and delimitation because it is (usually) easily amplified with uni-
versal primers, variable between species, and easy to align between
divergent taxa (DeSalle & Goldstein, 2019). Degenerate PCR primer
sets are available to amplify COl from many taxa, spanning bacte-
ria to humans (Folmer et al., 1994; Geller et al., 2013; Leray et al.,
2013; Siddall et al., 2009). While the COI barcode locus can be suc-
cessfully amplified for many taxa, it is often difficult for non-model
organisms (Vrijenhoek & Waples, 2012). For example, ctenophores
have extremely high rates of mitochondrial evolution, are rich in ad-
enine (A) and thymine (T) residues, and have variable gene order in
the mitochondrial genome, even within a genus (Arafat et al., 2018;
Kohn et al., 2012; Pett et al., 2011; Schultz et al., 2020). A conse-
qguence of high mitochondrial variability is that common primers are
often poorly suited to amplify the COI fragment. Unsuccessful am-
plification of ctenophores by commonly used barcoding primers has
a number of important ramifications including: a lack of quick and
easy molecular identifications that results in difficulties for reveal-
ing diversity, few ctenophore sequences in public databases, and a
deficiency of easily amplified phylogenetic and population-genetic
markers. The lack of COI primers and the resulting paucity of cteno-
phore sequences available in public repositories also hampers our
understanding of the role of ctenophores in ocean ecology. Despite
their seemingly low nutrient content, they are frequent prey for a
large range of animals (Choy et al., 2017; Thiebot & Mclnnes, 2020;
Yeh et al., 2020).

Metabarcoding and eDNA studies are powerful tools to assess
community diversity, ecosystem monitoring, and function (Eble
et al., 2020), but ctenophores are often excluded because they are
either missing from reference libraries or are unable to be amplified
because of divergent sequences. Some studies have noted the pres-
ence of ctenophores in zooplankton metabarcoding analyses based
on 185 rDNA fragments (Gunther et al., 2018; Lépez-Escardo et al.,
2018; Preston et al., 2020; Schroeder et al., 2020; Yeh et al., 2020).
However, since the fragment of 18S lacks resolution to discriminate
between most species of ctenophores, often all members of the en-
tire phylum are lumped together, obscuring diversity (Gunther et al.,
2018; Lépez-Escardo et al., 2018; Preston et al., 2020; Schroeder
et al., 2020; Yeh et al., 2020). In studies that used multiple loci in
a metabarcoding framework, a significant proportion of 18S se-
quences were from ctenophores, yet COI often failed to detect any
(Djurhuus et al., 2018; Gunther et al., 2018), or the ctenophore se-
quences had poor taxonomic assignments so the results were not
informative (Lacoursiére-Roussel et al., 2018; Leray & Knowlton,
2015; Pitz et al., 2020).

For this study, we designed multiple primers to amplify COl from
all major clades of ctenophores, including many deep-living, unde-
scribed species. We applied those primers across the phylum and
tested taxonomic assignments for various groups. Finally, as a case
study, we used our newly generated sequences as a library for an
eDNA study along the eastern Pacific coast, and provided species-

level resolution for taxonomic assignments of ctenophores.

2 | MATERIALS AND METHODS

2.1 | Sample collection

Ctenophores were primarily collected by remotely operated vehicles
(ROVs), blue-water SCUBA diving, and midwater trawls, along with
contributions from collaborators around the globe (Table S1). Tissue
samples for genomic DNA or RNA were flash frozen in liquid nitro-
gen, then stored at -80°C. Genomic DNA was isolated from frozen
samples using the DNeasy DNA Blood and Tissue kit (Qiagen) or the
Monarch Genomic DNA Purification Kit (New England Biolabs) ac-
cording to the manufacturers’ instructions. When possible, multiple
individuals within a species from different localities and depths were
separately amplified and sequenced.

2.2 | Primer design

Initial ctenophore COI primers were designed based on COI se-
quences from our unpublished ctenophore transcriptome data,
published mitochondrial sequences of Mnemiopsis leidyi (GenBank
accession nos. NC016117, JF760210), Pleurobrachia pileus (GenBank
accession no. JF760211), and from the ctenophores which we
could successfully amplify with universal Folmer primers (Folmer
et al.,, 1994; Figure 1). RNA extractions, transcriptome sequencing,
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M. leidyi TTTCTACTAATCACAAAGATATAGC M. leidyi TAAACTTCTGGATGGCCAAAAAATCA
*LCO1490 » CGTCAACAAATCATAAAGATATTG *HCO2198 <1 TAAACTTCAGGGTGACCAAAAAATCA

102 119
M. leidyi GCGTTTAGCTTTAGTTTGACCTTTTGC

Aula119F » GCGTCTTTCATTAGTATGACCTTATTC

202 227
M. leidyi ATGCCTTTTAGTATAGGTGGTTTATC

Cyd202F » ATGCCTTTTWSHWTWGGNGGNTT
SC204F »  GCCTTTTTCTATTGGTGGTTTA
LSC204F » GCCWTTTTCTATTGGNGGWTTR
253 281
M. leidyi CATTTGGCTGATATGTGTTTACCTCGTAT
*F259 > GCWGATATGTGTTTACCYMG
*F259Mod5 > GCNGATATGTGYYTNCCNMG
F259Bfor GCTGATATGTGYCTTCCTAG
F259MBBoli GCCGATATGTGCTTCGCCACG
F256Ct > CTGTAGATATGGTTTTACCTAG
F259CydB > ATTGATATGTGTTTACCTCG
F259Ne > CCTGATATGTCTTGCCCTAG
F2590cy GTTGATATGTGTTTGCCTCG
SC259F > GCTGACATGGTTCTTCCACGAGT
SC253F » GCTTCETGCTGACATGETTCTTCC

694 716
M. leidyi TTATTTTGATTTTTTGGCCATCC

*meta-COI-F2 » TTKTTYTGRTTYTTYGGNCAYCC

870 843
M. leidyi CATATGATGGGCTCAAACTAAACAACCT

*R866 <1 CATRTGRTGNGCYCANACNANAC
SC870R <1 GATGAGCTCAAACAATACAACCT

942 913
M. leidyi AGTAGGAATAGCTATGATTAAGGTAGC

SC942R <1 GGTAGGAACTGCAATAACTAARGTAGC
1060 1039

M. leidyi TACCGGATAGACCTCCAAATGT
*R1060 <1 ACCRGAYARCCCACCAAAAGT
*R1060Mod4 <1 TWCCAGAYARRCCWCCAAAAGT
Ct1060R <t ACCAGTTACACCACCAACTGT

1139 1117
GATAAAACGTAATGAAAATGAGC
GAKAAKACGTAGTGRAARTGNGC

M. leidyi
*meta-COI-R2

1307 1289
CGGGGTAAACCTCATAAAC
CGAGGTAAACCTCATAAAC

M. leidyi
Aula1307R

FIGURE 1 (a)Primer binding position, taxa amplified, and PCR reaction conditions for each primer set relative to published Mnemiopsis
leidyi sequence, including the “Folmer” region and fragment sequences were trimmed to for phylogenetic analyses (b) primer sequences and
position used to amplify and sequence all groups of ctenophores including LCO1490/HC0O2198 (Folmer et al., 1994) and meta-COI-F2/meta-
COI-R2 (Pett et al., 2011) (not used in this study). Differences from M. leidyi are indicated in bold and coloured according to base. Primers

marked with * are more universal

and analyses were conducted as previously described (Francis
et al., 2013). We designed primers for the mitochondrial COI gene
with Primer3 (Untergasser et al., 2012) within Geneious Prime (v.
2020.2.3, www.geneious.com), using PrimerQuest (www.idtdna.
com), or by eye based on nucleotide alignments. Primer design

was an iterative process, with multiplexed PCR assays suggesting
which variants and combinations of forward and reverse primers
worked best. Primer positions were numbered relative to the sites
as they occur in M. leidyi (JF760210; Pett et al., 2011), as indicated
in Figure 1.
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2.3 | Amplification and sequencing

Fragments of 18S rDNA were amplified using primers MitchA and
MitchB (Medlin et al., 1988). Both 18S and COI fragments were
amplified using Phusion High-Fidelity PCR Master Mix with HF
buffer (New England BiolLabs) in a Veriti PCR thermal cycler (Life
Technologies). PCR conditions were: 98°C for 30 s; 35 cycles of 98°C
for 30 s, 50°C for 10 s, and 72°C for 10 s; 72°C for 5 min. Gene
fragments were sequenced bidirectionally with PCR primers and the
BigDyeTerminator v3.1 sequencing kit according to the manufac-
turer's protocol and analysed on a 3500xL Genetic Analyser (Life
Technologies).

2.4 | Statistical methods

Sequence fragments were assembled, edited, and aligned with
MUSCLE (Edgar, 2004) within Geneious Prime. The COI alignment
was translated with the Mold, Protozoan, and Coelenterate trans-
lation mitochondrial code table to ensure that the sequences were
aligned in the correct reading frame based on annotated GenBank
sequences and that no stop codons were present. Where available,
we included published sequences for ctenophores for the COl frag-
ment in phylogenetic analyses (Figure 2).

We used jModelTest (Posada & Crandall, 1998) within Geneious
to select the best evolutionary model. We estimated phylogenies
with MrBayes (v3.2.7a, Ronquist et al., 2012) and I1Q-Tree 2 with
1000 bootstrap replicates (Minh et al., 2020) for all ctenophores
available based on the most appropriate models selected by the
AIC (Akaike, 1974). Bayesian phylogenies estimated with MrBayes
included multiple runs of 5 x 10° generations with a 10% burnin, and
six chains, that were sampled and printed every 1000 generations.
Convergence was determined with TRACER (v1.7, Rambaut et al.,
2018) and by comparing topologies of multiple runs.

Phylogenies were visualized with FigTree (v1.4.4, tree.bio.ed.ac.
uk/software/figtree/). To illuminate within-order diversity, align-
ments of lobate species for both COI and 18S fragments were an-
alysed separately with the same parameters that had been used
for the full alignment, and both Bayesian and maximum likelihood
support values were reported on the phylogeny. The lobate-specific
phylogenies were rooted with the cydippid Pleurobrachia bachei as
the outgroup.

To assess diversity within sequenced ctenophores for COI, we
calculated percent general time reversible (GTR) distance within
and between molecular operational taxonomic units (MOTUs). We
considered a clade a MOTU when it was <4% GTR distance. Base
composition was calculated with MegaX (v10.0.5, Kumar et al.,
2018) and pairwise distances were calculated in Geneious Prime.
We calculated the number of parsimony-informative sites within
the Lobata for both COl and 18S with DnaSP (v6.12.01, Rozas et al.,
2017). We tested for saturation of observed proportions of transi-
tions and transversions versus GTR distance among all MOTUs with
the software DAMBE7 (v7, Xia, 2018). We also examined saturation,

transitions, and transversions in five other loci from the published
mitochondrial genomes of eight species of ctenophores with
DAMBE?7 to determine if the COI fragment was an outlier.

2.5 | Environmental samples and metabarcoding

In 2012 on a transit from Monterey Bay, CA, USA to the mouth of
the Gulf of California, Mexico, Pitz et al. (2020) sampled 15 offshore
stations with 100 m-depth vertical net tows which they sequenced
for 185 and COI metabarcoding fragments. Primers mICOlintF (Leray
et al.,, 2013) and jgHCO2198 (Geller et al., 2013) were used to am-
plify the metabarcoding libraries for a ~300 bp fragment of COIl. The
authors found 9105 COI sequences from thirteen of the stations that
were assigned only to the family level or higher (K. Pitz, personal
communication). To illustrate how a more complete reference library
can affect metabarcoding sequence assignments, we queried the
COl sequences previously designated as ctenophores by the Banzai
pipeline from Pitz et al. (2020) with our ctenophore-specific library.
Data for stations where no ctenophore sequences were recovered
were not reported. We plotted original family and new species as-
signments based on the presence or absence of reads in each sample
in Rstudio (Rstudio Team, 2015) with ggplot2 (Wickham, 2016).

3 | RESULTS

In addition to 15 species with published data, we successfully am-
plified and sequenced 174 individuals of 72 distinct molecular op-
erational taxonomic units (MOTUs). We included published species
of Coeloplana, Pleurobrachia globosa, Beroe ovata, and Beroe sp. a
and sp. n that we either did not have access to or were undescribed
species (accession numbers in Figure 2). We defined a MOTU as
a sequence or group of sequences that were <4% GTR divergent.
Phylogenetic analyses of the resulting COl sequences revealed high
diversity and a number of cryptic species within all groups, but espe-
cially within Lobata, which had not been evident from previous 18S
rDNA sequence analyses. COIl and 18S sequence fragments were
deposited in GenBank with accession numbers (MW647008-75,
MW735695-832, MW804236-67, MZ391814) (Table S1). Taxon-
optimized primer sequences and positions are indicated in Figure 1.

3.1 | Primer design and combinations

Successful primer pairs varied by taxon (Figure 1 and branches of
Figure 2). Primer combinations amplified a range of fragment lengths
(Figure 1), so we trimmed the ends of the alignments used to generate
phylogenies, to exclude missing data. A few sets of primers such as
F259/1060R worked well for many species, and reverse primer R866
was successful for many species of cydippids (Figure 2). However,
amplification of many genera such as Euplokamis, Ocyropsis, Beroe,
and Lampea required customized primers. Some primers designed
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for one species also worked for other closely related taxa, such as
Bfor259F, which was specific to B. forskalii but also amplified most
Beroids. For several species, multiple combinations of primer pairs

successfully amplified the COI fragment (Figures 1 and 2).

3.2 | Phylogenetics and species delimitation
Combined with published data, the COI alignment included 179 se-
quences representing 77 molecular operational taxonomic units
(MOTUs). It was trimmed to a 765 base-pair (bp) fragment (Figure 1)
and we used a GTR+i+I" model for phylogenetic analyses based on
jModelTest results (Figure 2). Mitochondrial loci in ctenophores are
generally rich in the bases adenine (A) and thymine (T) (Pett et al.,
2011). Average base composition for all ctenophores sequenced
were ~50% A, 21% T, 16% C, and 13% G, and the vast majority of
changes were at the third codon position.

In order to examine saturation between and within taxa, we plot-
ted the proportion of transitions and transversions versus GTR dis-
tance among all sequences (Figure 3a). For ctenophores sequenced,
we found that the proportion of transversions was greater than that
of transitions, which is in contrast to the general rule (for verte-
brate and invertebrate mitochondrial DNA), where transitions are
often two-fold more common than transversions (Xia et al., 1996).
Transitions were saturated for species that were more than ~30%
distinct and transversions were saturated for species that were more
than ~25% distinct. We saw the same pattern for the other mito-
chondrial loci that we could align without the presence of stop co-
dons, including COII, COIlIl, CytB, ND4 and ND5 (Figure S1). In these
genes as well, transversions were more common than transitions,
and there were high levels of saturation.

The high levels of saturation between distantly related species
(Figure 3a) were reflected in the poor resolution of deeper level re-
lationships amongst taxa in the Bayesian and maximum likelihood
phylogeny trees. Phylogenetic relationships for COl among all the
ctenophores were therefore portrayed in a tree without support
values (Figure 2). In order to illustrate levels of diversity within the
phylum, we also plotted within and between pairwise GTR distances
for all individuals sequenced (Figure 3b). In comparison to other
phyla, distances between specimen sequences were relatively large,
ranging between from 0%-43%, and showed four peaks. The first
peak represented within-species variability, around 0%-4% GTR,
although we had few within-species samples for this estimate. The
second small peak centred at 10% GTR distance, was represented
by closely-related species complexes. The two largest peaks were
represented by the majority of our sequencing efforts and occurred
at ~17% (within group; pink, blue, or green) and 30% GTR distance
among different orders (grey) of ctenophores (Figure 3b).

The 18S alignment of the Lobata included 82 sequences for
29 MOTUs but included only 47 parsimony-informative sites, was
in sharp contrast to the high COI variability. We trimmed the frag-
ment to 1780 bp and had a TrN+i+I" model determined with jModel
Test for phylogenetic analyses. Phylogenetic results showed little

differentiation within and even between many genera (Figure 4a).
Posterior probabilities and bootstrap values in the 18S tree were low
for most nodes between species. Therefore, most phylogenetic rela-
tionships in the Lobata were unresolvable with 18S alone (Figure 4a).
Distinguishing taxa using the COI fragment limited to the Lobata was
more successful, since the marker is more variable than 18S. The COI
fragment had 199 parsimony-informative sites between 27 MOTUs
(Figure 4b). Although deeper level relationships amongst more dis-
tantly related taxa were still not well supported and some saturation
was evident (Figure 3a), analyses revealed high support for several
cryptic species complexes and new MOTUs. Conversely, other spe-
cies such as Ocyropsis maculata maculata and Beroe cucumis were
revealed to be truly cosmopolitan with worldwide or at least ocean-

basin-wide distributions (Figure 4b).

3.3 | Metabarcoding ctenophores

Pitz et al. (2020) sampled a transect with 15 stations from California
to Mexico with 100-m vertical net tows in 2012. They amplified
whole plankton samples for the COI metabarcoding fragment and
found 9105 sequences that were identified as Ctenophores but
were only able to assign taxonomy to the family level using the
“Banzai pipeline”. In order to illustrate the utility and importance of
a good reference library, we used our newly assembled ctenophore
sequence library and assigned ctenophore sequences from the five
nominal families that Pitz et al. (2020) found ten different species.
We reduced species identifications to a presence/absence matrix
(Figure 5).

4 | DISCUSSION

4.1 | Phylogenetic analyses

Newly-designed primers combined with a few existing primer pairs
enabled us to amplify ~700-1000 bp of the mitochondrial COI frag-
ment for 77 MOTUs from all groups of ctenophores (Figure 2). The
COI phylogeny illuminated a great deal of species-level diversity
that was not evident for the 18S fragment, within and between
groups. However, the levels of divergence and saturation for mito-
chondrial genes among ctenophores are some of the highest in the
Metazoa (Lavrov & Pett, 2016). Despite high levels of mitochondrial
variation, within-species diversity of ctenophores rarely exceeded
4% (Figure 3b). One example of high within-species variation was
B. infundibulum, which spanned a huge geographic range from the
Northern Pacific to the Northern Atlantic Ocean with many geo-
graphic barriers within its range (Johnson et al., In preparation).
Saturation within the phylum, especially at third codon positions,
obscured many higher-level relationships and resulted in basal poly-
tomies or poorly supported deep nodes. However, here we were
primarily interested in species delimitation rather than phyloge-
netic resolution. High levels of saturation and poor phylogenetic
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FIGURE 4 Bayesian and maximum likelihood estimated phylogenies for fragments of (a) 185 (1780 bp, TrN+i+I") and (b) COI (765 bp,
GTR+i+T") limited to Lobate ctenophores. Bolinopsis species are bolded, showing the scattered distribution with 18S. Coloured backgrounds
indicate the species of Lampocteis which are identical with 18S but form distinct clades with COI. Both likelihood and Bayesian support
values are indicated by triangles on the nodes, with unlabelled nodes having low support (<75). Locations (Table S1) are indicated in the blue
labels including: (AU) Australia, (BA) Bahamas, (CA) California, (FL) Florida, (GC) Gulf of California, (HI) Hawaii, (JP) Japan, (NO) Norway, (TA)
Tahiti, (WA) Washington, (WH) Woods Hole, (SB) Santa Barbara and (MB) Monterey Bay

resolution were not surprising given the large amount of diversity
we saw for the COI fragment in ctenophores. Phylogenetic analyses
based on transcriptomic data provide better resolution within the
phylum (S. Haddock, personal communication).

Curiously, we found a higher proportion of transversions than
transitions for the COI fragment among ctenophores (Figure 3a). For
protein-coding loci, transitions are often more common than trans-
versions because they usually result in synonymous mutations and
involve the exchange of bases of similar shapes (Xia et al., 1996). It
is plausible that the proportion of transitions within our data were
overly saturated and additional mutations were obscured. The mito-
chondrial genomes of ctenophores are enriched with A/T residues,
which also could contribute to a greater incidence of transversions
(purineszpyrimidines) than transitions. Plots of other mitochon-
drial loci also revealed the same pattern, where transitions satu-
rated quickly, often at ~20% GTR distance, and there were higher

proportions of transversions (Figure S1). Despite high levels of satu-
ration, closely related species and groups were well-supported, es-
pecially within the Lobata (Figure 4b). Although saturation among
divergent taxa resulted in poor phylogenetic resolution, and it was
difficult to make strong conclusions based on the COI fragment
alone, COI sequences were easily attributable to MOTUs, and

proved useful for species delimitation.

4.2 | The Lobata

When the COI phylogeny was limited to the lobate ctenophores,
which form a monophyletic clade (including Thalassocalyce and
Cestids; Podar et al., 2001), phylogenetic resolution was improved.
The COI fragment revealed that many genera were polyphyletic al-
though many relationships had low support so we were unable to
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North South FIGURE 5 Presence and absence
P. Conception| P. Conception South P. Eugenia matrix of ctenophore family and species
Original Assignment Species Assignment. assignments for a 311 bp fragment of COI
Pleurobrachiidae Pleurobrachia bachei from 100 m depth net tows collected in
Coeloplanidae . Coeloplana sp. 2012 along a transect that spanned from
Bolinopsidae Haeckelia rubra Central California, US, to Southern Baja
) ) California, Mexico from Pitz et al. (2020).
Bolinopsidae Ocyropsis aff. crystallina K -
Grey family names indicate sequences
Bolinopsidae

Ocyropsis maculata maculata that were misassigned
Thalassocalyce inconstans

Bolinopsidae ....I...
Beroidae Beroe cucumis
Beroidae ... .. Beroe gracilis
Cestidae Cestum veneris
Cestidae ......... . Velamen parallelum

FIGURE 6 Images and known depths in meters of specimens of (a) Lampocteis cruentiventer (~250-1500 m) (b) Lampocteis sp. “V (~1500-
3000 m), (c) Lampocteis sp. “A”, (~500-2800 m), (d) Bathocyroe aff. fosteri “A” (560-3572 m, small red gut), (e) Bathocyroe aff. fosteri “B”
(>3000 m, peach gut), (f) Bathocyroe aff. longigula (1900-2858 m)

draw strong conclusions (Figure 4b). Analysis of multiple isolates of (Hawaii) and B. ashleyi (Australia) all formed a well-supported clade
Bolinopsis suggested that the genus is polyphyletic. Tropical spe- with Mnemiopsis leidyi. The temperate species Bolinopsis infundibu-
cies of Bolinopsis mikado (Japan), B. vitrea (Bahamas), B. aff. vitrea lum (Atlantic Ocean) and an undescribed Bolinopsis MOTU from
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the eastern Pacific were in a distinct and well-supported clade
(Figure 4b; and Johnson et al., In preparation). This was in contrast to
the 18S fragment where species within Bolinopsis genus were undif-
ferentiated, with the exception of a few individuals of B. aff. vitrea
collected near Hawaii and Moorea (Figure 4a). Clearly, collections
from more localities, along with transcriptomes and genomes, are
critical in understanding phylogenetic relationships among cteno-

phores, but the COIl gene provides a useful starting point.

4.3 | Morphological and molecular concordance
Mitochondrial sequencing reinforced the designation of several
undescribed species that returned one 185 MOTU, but differed
morphologically or ecologically (Figure 4). Although we hesitate to
make conclusions about deeper-level phylogenetic relationships be-
cause of high degrees of saturation among more distantly related
taxa, we found several MOTUs that confirmed morphological dis-
tinctions. For example, for species that were unresolved with the
18S fragment, we found support with the COI fragment for subtle
morphological differences between undescribed species of Deiopea,
Kiyohimea, and Eurhamphaea and within the genera Lampocteis and
Bathocyroe. Specifically, L. cruentiventer (Figure 6a) and Lampocteis
“sp. V" (Figure 6b), differed by ~10% GTR distance and were segre-
gated by depth. A third suspected species within the genus was a
colour morph called Lampocteis “sp. A,” (Figure 6c) which differed
from the other two MOTUs by ~17% GTR distance, giving strong
support for a distinct species.

The COI fragment revealed three distinct Bathocyroe MOTUs
collected from the central California coast, and one from the Gulf
of California, Mexico, in contrast to only a single MOTU returned
by the 18S fragment (Figures 4a,b and 6d-f). We could not defini-
tively assign any Bathocyroe MOTUs to any of the three described
species, B. fosteri (Madin & Harbison, 1978) from the Gulf of Mexico,
B. paragaster (Ralph & Kaberry, 1950) from the South Western
Pacific, and B. longigula (Horita et al., 2011) from shallow waters in
Japan. We collected Bathocyroe aff. fosteri “A” (Figure 6d) from the
central California coast, which matched the description of B. fosteri.
Bathocyroe aff. longigula (Figure 6f), also from the central California
coast, resembled B. longigula somewhat, in having an elongated sto-
modaeum, but it lacked any coloured spots along the meridional ca-
nals and the gut appeared wider than that of B. longigula. In addition,
the B. aff. longigula was mainly found from ~2000 to 3000 m depth
and B. longigula from Japanese waters was collected at the surface
(although deep species are known to be occasionally upwelled to
the surface in that region). Off the central California coast, B. aff.
longigula (Figure 6f) and B. aff. fosteri “A” (Figure 6d) had overlap-
ping depth ranges and distributions, but had small distinctions in
gut shape and were the most divergent from one another molecu-
larly (15% GTR). The third MOTU from the central California coast,
Bathocyroe aff. fosteri “B” (Figure 6e), had a distinct gut shape and
colour from all the other MOTUs, was relatively rare, and was only
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collected below 3000 m depth. Unfortunately, specimens from type
localities of described species were unavailable for sequencing so
it is unclear if any of the MOTUs we sequenced match those al-
ready described or new to science. However, with our new primers
researchers worldwide can now amplify species of Bathocyroe and
help to confirm species identifications.

Previous work posited that the large ctenophore Deiopea ka-
loktenota (Chun, 1880) might be a juvenile form of Kiyohimea usagi,
in spite of the morphological differences between the two species
(Matsumoto & Robison, 1992). By sequencing the COI fragment we
resolved the relationships between Deiopea and Kiyohimea where
rather than just one clade, we found three clades from central coast
California, including two distinct Deiopea sp. and K. usagi. A single
specimen collected offshore of the Hawaiian Islands also was the
same MOTU as one of the Deiopea from central coast California,
showing this species has high dispersal capabilities and a broad oce-
anic distribution (Figure 4b). Specimens of D. kaloktenota, which were
described from the Mediterranean, and K. aurita (Komai & Tokioka,
1940) from Japan were unavailable for sequencing, so it is unclear
again whether one or both species of Deiopea from Monterey Bay
are undescribed.

4.4 | Population subdivision of Ocyropsis

The high levels of within-species diversity of ctenophores make the
COI fragment, and possibly mitochondrial sequencing in general,
a good marker for population genetics. Mitochondrial sequenc-
ing revealed many morphologically cryptic but genetically distinct
species. Within Lobata, phylogenetic relationships were better
supported and many cryptic species complexes were revealed for
those with both sympatric distributions and allopatric isolation
(Figure 4b).

The genus Ocyropsis was a good example. Currently, Ocyropsis
contains four robustly described subspecies including O. crystal-
lina crystallina and O. maculata maculata, which have sympatric
distributions and were both described from the Atlantic Ocean
(near Europe), but are thought to be distributed worldwide. The
COI fragment for specimens of O. maculata maculata sequenced
from Florida, Australia, and Tahiti were closely related and all rep-
resented one MOTU. In contrast, specimens of O. crystallina crys-
tallina sequenced from Florida, the Gulf of California, and Hawaii,
represented three distinct lineages. Each species of Ocyropsis has
a subspecies based on coloration, originally described from the
Gulf of Mexico. Of these, we sequenced O. crystallina guttata from
Florida and confirmed that it was distinct from O. crystallina crystal-
lina. Unfortunately, specimens from other regions were not available
for sequencing. Regardless, the Ocyropsis genus represents just one
interesting dichotomy where the subspecies O. crystallina crystallina
may have many genetic and morphological distinctions that lead to
many named subspecies, yet O. maculata maculata may have a nearly
worldwide distribution (Johnson et al., In preparation).
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4.5 | eDNA and metabarcoding

In order to explore biodiversity, ecosystem function, and population
genetics, a high-resolution marker with a good reference library is
critical. As of the writing of this manuscript there were COl sequences
(including mitochondrial genomes) for 15 species of ctenophores
on GenBank and BOLD databases. The paucity of mitochondrial
sequencing data is mostly a result of the failure of commonly used
barcoding primers to amplify the highly divergent phylum. In a study
that took 100 m depth vertical net tows at stations from Monterey
Bay, CA to the Gulf of California, Mexico, Pitz et al. (2020) success-
fully sequenced at least some ctenophores for COl and 18S, but
was only able to assign taxonomy mostly to the family level, that
were often incorrect. For example, all lobate ctenophores identi-
fied were mistakenly assigned to the family Bolinopsidae (Figure 5).
When net tow data were queried against sequences generated by
the new ctenophore primers, we were able to assign thousands of
sequences to 10 distinct species of ctenophores, illuminating how
diversity changed over two important biogeographic barriers, Point
Conception and Punta Eugenia (Figure 5).

In conclusion, the primers designed herein will enable research-
ers worldwide to amplify and sequence ctenophores for the mito-
chondrial COI locus for quick identification, as a population genetic
marker, and for metabarcoding studies. With the publication of our
sequences amplified from our new primers, researchers can in-
crease our understanding of marine biodiversity. As we continue
to sequence a broader diversity of ctenophores, new sequence in-
formation will help with species identification and descriptions, and
along with genomic data will also provide a better understanding of
relationships within Ctenophora.
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