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Introduction: Botrynema, a genus of medusozoans in the trachyline family
Halicreatidae, currently contains two species: B. brucei and B. ellinorae,
distinguished by the presence or absence, respectively, of an apical knob as a
diagnostic character. However, no study has corroborated if these taxonomic
diagnoses have a biological and evolutionary basis. Therefore, in this study we
attempted to address the question “do the two nominal species in the genus
Botrynema represent independent phylogenetic lineages, or two phenotypic
variants of a single species?

Methods: In this study we took advantage of legacy collections from different
research expeditions across the globe from 2000 to 2021 to study the
phylogenetics and taxonomy of the genus Botrynema.

Results: B. brucei and B. ellinorae present partially overlapping vertical distributions
inthe Arctic and as a whole in the Arctic the genus seems to be limited to the Atlantic
water masses. The phylogenetic reconstruction based on the concatenated
alignment corroborates the validity of the family Halicreatidae and of genus
Botrynema as monophyletic groups. However no clear differentiation was found
between the two presently accepted species, B. ellinorae and B. brucei.

Discussion: Based on the evidence we gathered, we conclude that while the
genus Botrynema does contain at least two species lineages, these lineages are
not concordant with current species definitions. The species B. ellinorae is
reassigned as a subspecies of B. brucei and diagnostic characters are provided.

KEYWORDS

Arctic gelatinous zooplankton, cryptic species, phylogenetic, B. brucei, B.
brucei ellinorae
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1 Introduction

Gelatinous zooplankton communities are present in all the
oceans of the world and occur across all latitudes and depths
(Madin and Harbison, 2001). Nonetheless the diversity of
gelatinous communities is often overlooked, not only because
of the small number of active taxonomic experts, but also due to
difficulties concerning collection and preservation of specimens,
and at least in some cases high morphological variability that
masks underlying species diversity (Cunha et al., 2016; Abboud
et al, 2018; Lawley et al, 2021). The use of submersibles
(Lindsay and Hunt, 2005; Robison et al., 2010), remotely
operated vehicles (ROVs), imaging and video processing
technologies (Gorsky et al., 2010; Easson et al., 2020) has
facilitated observation and collection of specimens. However,
the occurrence of cryptic species among gelatinous communities
remains a recalcitrant problem to solve (Lindsay et al., 2017).

Halicreatidae, a family of medusozoans commonly found in
gelatinous communities throughout the globe, was first erected by
Fewkes in 1886, and is generally characterized by the presence of
eight or more radial canals, a wide, circular stomach with no
peduncle nor proboscis, and marginal tentacles with a soft flexible
proximal portion but a stiff spine-like distal portion (VanHoffen,
1902; Bouillon and Boero, 2006). The family presently contains
five genera (WoRMS - World Register of Marine Species),
including Botrynema, the target of this study. The genus
Botrynema was erected by Browne in 1908 with B. brucei,
collected from the Southern Ocean, as the type species. Browne
(1908) described the diagnostic features of the genus as being a
trachymedusa “with sixteen groups of tentacles (two groups
containing many tentacles in a single row in each octant) and
eight solitary perradial tentacles (without perradial tubercles or
outgrowths of jelly near the margin of the exumbrella).” Almost
simultaneously, Botrynema ellinorae was described by Hartlaub in
1909 from the Greenland Sea as Alloionema ellinorae, with the
genus being later synonymized with Botrynema by Bigelow
(1913). After acknowledging that the species were very similar,
Bigelow distinguished B. ellinorae from B. brucei using the shape
of the margin of the umbrella and the position of the perradial
tentacles. However, Kramp (1942) proposed the apical knob as the
key diagnostic character to differentiate B. brucei from B. ellinorae,
based on newly collected specimens of B. ellinorae and the original
sketches of B. brucei by Browne (1908), and followed this
supposition in his highly influential Synopsis of the Medusae of
the World (Kramp, 1961). Since then, the apical knob has
effectively been the only character used to differentiate species in
the genus Botrynema (Buchanan and Sekerak, 1982; Kosobokova
and Hirche, 2000; Lindsay, 2005; Hosia et al., 2008; Raskoft et al.,
2010; Wang et al., 2014).

However, no studies have followed up on the conclusions of
Kramp (1942); Kramp (1961), and tested the validity of this

Frontiers in Marine Science

02

10.3389/fmars.2022.1101699

distinction with modern techniques. The rise of sequencing
technologies has allowed taxonomists to flag problematic
groups for focused morphological analyses, and facilitate the
discovery of species (Hajibabaei et al., 2007). In particular,
molecular techniques have played a crucial role in the
discovery of cryptic species in marine environments (Moura
et al,, 2011; Daglio and Dawson, 2017; Johansson et al., 2018;
Lawley et al., 2021), where a significant portion of the diversity is
thought to be hidden below the morphospecies level (Knowlton,
20005 Bickford et al., 2007). Although less common, molecular
techniques have also aided taxonomists in identifying
geographically-delineated phenotypic variants as a single
species rather than multiple independent lineages
(Johannesson et al., 1993; Hay et al., 2010; Apolonio Silva de
Oliveira et al, 2017). For the particular case of the genus
Botrynema, no comprehensive molecular studies are presently
available, and therefore it is difficult to assess the hypothesis that
the presently accepted taxonomic distinction between B. brucei
and B. ellinorae has a biological and evolutionary basis. Several
observations about the genus Botrynema are puzzling: a) apart
from the apical knob, B. brucei and B. ellinorae appear to be
morphologically indistinguishable from each other and b)
despite these remarkable phenotypic similarities, the two
putative species exhibit dramatic differences in their
geographical distributions, with B. ellinorae being found
exclusively at higher latitudes in the northern hemisphere and
B. brucei apparently being distributed globally. Therefore, the
key question of this study was do the two nominal species in the
genus Botrynema represent independent phylogenetic lineages,
or two phenotypic variants of a single species?

In this study we take advantage of legacy collections from
multiple research cruises around the globe, from the year 2000 to
2021, to present the most comprehensive study on the genus
Botrynema to-date. Using in-situ imaging, data on vertical
distributions, and basic molecular and morphological analyses,
we aimed to untangle the biological bases for the distinction
between B. brucei and B. ellinorae through the following
endeavours: first, we gathered a set of all the molecular data
publicly available for Botrynema and other members of the
family Halicreatidae and its corresponding collection data
through searches of the literature, databases and personal
communications; second, we sequenced the commonly used
molecular markers COI-mtDNA, 16S-rDNA, 18S-rDNA, and
28S-rDNA; and third, we performed thorough phylogenetic
analyses based on maximum likelihood and Bayesian posterior
probability. Finally, in the light of the evidence gathered thereby,
we discuss the taxonomic and phylogenetic validity of B. brucei
and B. ellinorae and the potential selective forces leading to the
evolution and retention of the apical knob. Additionally, to place
our findings in a broader context, we give suggestions for future
studies on the molecular taxonomy of medusozoans.
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2 Material and methods
2.1 Sample collection

Samples from the Chukchi Borderlands, Arctic Ocean, were
collected using either the ROV Global Explorer or a Multinet of
mouth area 0.5 m* and mesh aperture 150 pm during Cruise
HLY1601 of the U.S. Coast Guard Cutter (USCGC) Healy
between 2 July to 10 August 2016. An additional sample was
collected in a vertical haul of a ring net with a mouth diameter of
80 cm and mesh aperture of 335 um during R/V Mirai Cruise
MR21-05C from 31 August to 21 October 2021. Samples from
the high Arctic were sampled by vertical tows of a Bongo net
with a mouth diameter of 60 cm and mesh aperture of 300 pm or
Multinet of mouth area 0.5 m* and mesh aperture 150 pm
during R/V Polarstern Cruise ARK-XXVI/3 from 5 August to 6
October 2011.

Samples from the northwest Pacific Ocean were collected
using the crewed submersibles Shinkai 2000 (R/V Natsushima
Cruise NT00-12, 30 October to 6 December 2000) and Shinkai
6500 (R/V Yokosuka Cruise YK00-04 Leg 2, 6 June to 22 June
2000), the ROV Hyper-Dolphin (R/V Kaiyo Cruise KY02-06, 20
April to 6 May 2002), an ORI net with a mouth diameter of
160cm and a mesh aperture of 330 um (T/V TanseiMaru Cruise
KT12-01, 4 March to 9 March 2012) or 690 pum (T/V
TanseiMaru Cruise KT10-11, 24 June to 28 June 2010), and an
opening-closing IONESS net system with a mouth area of 1.8 m”
and a mesh aperture of 330 um (R/V Kaiyo Cruise KY06-03 Leg
1, 13 March to 28 March 2006).

The sample from the southeast Pacific Ocean was collected
by an IONESS net system with a mouth area of 1.8 m* and a
mesh aperture of 330 um during R/V Mirai Cruise MR18-06-03
from 27 January to 2 March 2019. Samples from the Southern
Ocean were collected during the CEAMARC Cruise of the
Training and Research Vessel (TR/V) Umitaka-Maru from 28
January to 8 February 2008 using a rectangular midwater trawl
(RMT) with a mouth area of 8 m® and a mesh aperture of
4.5 mm. Samples from the Clarion-Clipperton Zone (CCZ) in
the eastern tropical Pacific Ocean were collected by the ROV
Odysseus during Maersk Launcher campaign 5b from 11 March
to 21 April 2021. In addition to the samples sequenced for this
study (Supplementary Table 1), further samples and sequences
were kindly provided by coauthors and colleagues, or directly
downloaded from GenBank (Supplementary Table 2). The single
sequence from the northwest Atlantic, harvested from GenBank,
was from a specimen sampled by a MOCNESS net with a mouth
area of 1 m” and a mesh size of 180 um (Transatlantic G.O. Sars
2013 Cruise, 1 May to 14 June 2013).

Previously published papers focusing on trachyline medusae
taxonomy have sometimes used markers sequenced from
multiple different individuals, sometimes from different
geographic areas, concatenated for downstream analyses (eg.
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Bentlage et al., 2018; Matsumoto et al.,, 2020). Although this is a
valid approach when addressing the questions outlined in those
studies, for analyses addressing the intersection of populations
and species, marker resolution at the individual organism level is
necessary. Sometimes the same individual was sequenced for
different markers in separate studies and the GenBank IDs did
not make this readily apparent. The results of this detective work
are outlined in Supplementary 2, where all specimens have also
been given unique specimen IDs for use in future studies. The
specimen distribution map (Figure 1) and density curves by
depth (Figure 2) were plotted using the statistical software
package R (Core Team, 2009), and the package ggplot2
(Wickham, 2016).

2.2 Video records

Specimens sampled by ROVs or submersibles were located
on the original video media (Shinkai 2000 & Shinkai 6500: Digi-
Beta tapes, ROV HyperDolphin: HDCAM tapes) and digitized
using an AJA Video Systems KiPro Ultra Plus recorder as
Quicktime (.mov) videos files using the Apple ProRes 4:2:2
codec. Video from the ROV Global Explorer was recorded
directly onto these same AJA Ki Pro systems in the same
format as above, while video from the ROV Odysseus was
retrieved from the video-recording NAS as Apple ProRes 4:2:0
codec Quicktime video files. Videos of sampled specimens in
phototanks or under a dissecting microscope were digitized
using Adobe Premiere Pro (version 22.6.2) for HDV or
Quicktime Player (version 10.5) for MiniDV or DVCAM, and
captured frames were processed using Adobe Photoshop
(version 23.5.1) to remove video interlace artifacts. The
observations by the ROV in the Arctic Ocean were annotated
using SQUIDLE+ (Friedman, 2022) with a video player plugin
and exported as comma-delimited text (.csv) files before being
used to produce the density curves by depth in Figure 2. Contrast
and brightness of images were edited in Adobe Photoshop
(version 23.5.1) to improve clarity.

2.3 Genomic DNA extraction

Total DNA was extracted from chilled ethanol- or cold-
preserved samples stored at -20°C, using the Promega Wizard®
HMW DNA Extraction Kit as indicated in the protocol for tissue
cultured cells with the following modifications. Steps 1 to 5 were
skipped, instead samples were predigested in a solution made of
540 ul of HMW Lysis Buffer-A and 60 pl of Collagenase I (cat.
031-17601, FUJIFILM Wako) at a concentration of 1 mg/ml in 1
M Tris-HCL. The predigesting step was performed at 37°C for
30 min in a heat-block shaker at 400 rpm (Funakoshi TS-100C).
Additionally at step 11, 23 pl of sodium acetate (3 Molar at pH
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FIGURE 1
Geographical distribution by ecoregions of the samples analyzed in this study. Circles correspond to specimens of the genus Botrynema, and

blue diamonds correspond to the genera Haliscera, Halitrephes and Halicreas in the family Halicreatidae. The ecoregion map was modified from
Sutton et al. (2017). Numbers in black represent unique specimens as indicated in Supplementary Table 1.
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FIGURE 2
Density distribution plot for the recorded depths of occurrence of Botrynema in the Arctic Ocean during Cruise HLY16-01 of the U.S. Coast
Guard Cutter (USCGC) Healy between 2 July to 10 August 2016. Empty circles indicate records for B. brucei ellinorae comb. nov. without an
apical knob, and full circles records for B. brucei ellinorae comb. nov. with a knob.
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5.2) and 3 pl of Ethachinmate (cat. 312-01791, FUJIFILM Wako)
were added to the solution and mixed by pipetting with wide
bore tips as indicated in the protocol (Supplementary 1).

2.4 PCR amplification and sequencing

Four molecular markers were targeted: 16S-rDNA, 18S-
rDNA, 28S-rDNA and COI-mtDNA, and partial sequences
were amplified. These markers were selected following
previous studies and based on the availably of information in
public databases for multiple medusozoan groups and the family
Halicreatidae. For the 16S-rDNA region, the primers med-rnl-F
(GAC TGT TTA CCA AAG ACA TAG C) & med-rnl-R (AAG
ATA GAA ACCTTC CTG TC) (Lawley et al.,, 2016) or primer1-
F (TCG ACT GTT TAC CAA AAA CAT AGC) & primer2-R
(ACG GAA TGA ACT CAA ATC ATG TAA G) (Cunningham
and Buss, 1993) were used with PCR cycles of 94°C for 5
minutes, 35 cycles of 94°C for 30 seconds, 53°C for 30
seconds, 72°C for 2 minutes, and a final extension at 72°C for
10 minutes. For the 18S-rDNA region, three consecutive primer
sets were used: 18SPrm-F (AAC CTG GTT GAT CCT GCC
AGT) & 18SL-R (CCA ACT ACG AGC TTT TTA ACT G),
18SC-f (CGG TAA TTC CAG CTC CAA TAG) & 18SY-r (CAG
ACA AAT CGC TCC ACC AAC), 18SO-f (AAG GGC ACC
ACC AGG AGT GGA G) & 18SB-r (TGA TCC TTC CGC AGG
TTC ACC T) (Apakupakul et al,, 1999). All 18S-rDNA primer
sets were amplified with the following PCR cycles of 94°C for 2
minutes, 38 cycles of 94°C for 45 seconds, 48°C for 60 seconds,
72°C for 2 minutes, and a final extension at 72°C for 10 minutes.
28S-rDNA was amplified using the primers 28SF63-f (AAT
AAG CGG AGG AAA AGA AAC) & 28SR635-r (GGT CCG
TGT TTC AAG ACG G) (Medina et al., 2001) and PCR cycles of
94°C for 3 minutes, 35 cycles of 94°C for 1 minute, 54°C for 1
minute, 72°C for 2 minutes, and a final extension at 72°C for 10
minutes. For COI-mtDNA, PCR reactions were performed with
the primer sets LCO1490-f (GGT CAA CAA ATC ATA AAG
ATA TTG G) & HCO2198r (TAA ACT TCA GCC TGA CCA
AAA AAT CA) following (Ortman et al., 2010) and primers
jgLCO1490-f (TIT CIA CIA AYC AYA ARG AYA TTG G) &
jgHCO2198-r (TAI ACY TCI GGR TGI CCR AAR AAY CA)
following Geller et al. (2013). All PCR reactions were performed
using the QIAGEN Taq PCR Master Mix Kit (cat. 201443,
QIAGEN) following the manufacturer’s instructions, except
for the primer set jgLCO1490/jgHCO2198 where the Q5U
master mix was used (cat. M0597S, New England BioLabs).

PCR amplifications were verified by electrophoresis using
1.5% agarose gels, NEB gel loading dye (cat. B7021S, New
England BioLabs) and GelRed nucleic acid stain (cat. 41003,
GelRed). Positive reactions were selected and cleaned using
Shrimp Alkaline Phosphatase (cat. 2660A, SAP, TaKaRa) and
Exonuclease T (cat. 2650A, Exo-I, TaKaRa) as follows: for each
positive reaction 0.4 ul of SAP, 0.2 pl of Exo-I and 3.4 ul of TE
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buffer were prepared and the reaction was carried at 37°C for 30
minutes and then at 83°C for 30 minutes. The resulting
amplicons were sent for Sanger sequencing to FASMAC Co.
Ltd (Kanagawa, Japan). All sequences generated in this study
were deposited in GenBank (Supplementary Table 2).

2.5 Phylogenetic analyses

Newly generated sequences were manually curated and
flanking regions were trimmed. Additional sequences relevant
to this study were downloaded from GenBank (Supplementary
Table 2) and alignments were generated per marker. Preliminary
alignments were generated in Geneious Prime 2022.2.2 <www.
geneious.com> using the algorithm for global alignment with
free-end gaps and default settings. These alignments were
manually trimmed and thereafter realigned using MAFFT
v7.450 (Katoh and Standley, 2013) with the algorithm L-INS-I
and default settings. The resulting alignments were manually
curated, concatenated, and missing data and gaps were replaced
with Ns. The concatenated alignment was used to perform
phylogenetic reconstructions using Maximum Likelihood (ML)
and Bayesian Posterior Inference (BI). Additionally, because
16S-rDNA is known to have a high resolution at the species
level in Hydrozoa (Miglietta et al., 2009; Moura et al.,, 2011;
Zheng et al., 2014; Lindsay et al., 2015), independent ML and BI
analyses were performed for this marker. The best fitting models
were estimated using SMS (Lefort et al, 2017) for ML and
ModelTest-NG v0.2.0 (Darriba et al., 2020) for BI trees. In both
cases the Akaike information criterion (AIC) was used as the
selecting criteria.

For the concatenated alignment, ML was estimated using the
RAXML plugin in Geneious (Stamatakis, 2014), and BI was
calculated in MrBayes 3.2.7a (Ronquist et al., 2012). RAXML was
set to use the algorithm for rapid bootstrapping and search for
the best-scoring tree ML-tree (-f a -x1), the partition scheme was
specified, parsimony random seeds were set as 12345 and 1000
bootstrap trees were estimated. MrBayes was configured
following the models and parameters as indicated by
ModelTest-NG, with 4 MCMC heated chains, 10,000,000
generations, and a temperature of 0.2 for the heated chain.
Chains were sampled every 200 generations. Burn-in length was
set to 25%, at which point the average standard deviation of split
frequency (ASDOSF) was steadily below 0.01. In both analyses
Colobonema sericeum, Pantachogon haeckeli, Ptychogastria
polaris, Solmissus incisa, and Solmundella bitentaculata were
used as outgroups.

In order to gain further insights into the phylogenetic
relationships within the family Halicreatidae, with a particular
interest in the genus Botrynema, a new set of ML and BI
phylogenetic analyses were performed for the 16S-rDNA
region with no missing data. ML trees were constructed using
PhyML v3.3.20220408 (Guindon et al., 2010) and the best fitting
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model was automatically selected using SMS with the AIC
criteria. The PhyML tree was constructed using the ATGC
server platform < http://www.atgc-montpellier.fr/phyml > as
follows; one BioN]J tree (Gascuel, 1997) and 10 random trees
were generated as starting trees, 1000 bootstraps were run using
the transfer bootstrap approach (Lemoine et al., 2018) and the
branch support was estimated with the aLRT_SH-like method.
The BI was run as before, but with no missing data and for
5,000,000 generations. All alignments and associated data used
in the phylogenetic reconstructions were deposited on figshare
with a DOI: 10.6084/m9.figshare.21665519.

3 Results
3.1 Specimen distribution

Specimens corresponding with the presently accepted
morphological diagnosis of Botrynema brucei, i.e., presence of
a distinct apical knob, were distributed across multiple
mesopelagic ecoregions, following (Sutton et al., 2017); Arctic
Ocean (1), Subarctic Pacific (2), Northern Central Pacific (4),
Eastern Tropical Pacific (5), Southern Central Pacific (8),
Antarctic/Southern Ocean (33) and Northwest Atlantic
Subarctic (21). In contrast, specimens classified as Botrynema
ellinorae were only recorded from the Arctic Ocean (1).
Numbers in parentheses follow the nomenclature of Sutton
et al. (2017) (Figure 1). Therefore, the Arctic Ocean (1) is the
only ecoregion where both morphotypes in the genus
Botrynema, with and without a knob, have been historically
reported. Interestingly, B. ellinorae was mostly distributed at
shallower depths between 461-815 m, but up to a maximum
depth of 1544 m, while B. brucei was recorded from 1125-
1988 m depth. Therefore, B. brucei and B. ellinorae had partially
overlapping vertical distributions between the range of 1100 m
~1600 m depth (Figure 2), and as a whole the genus in the Arctic
seems to be limited to the Atlantic water masses, characterized
by a high salinity and stable decrease in temperature from 0.75°C
at 400 m to -0.5°C at 2000 m depth (McLaughlin et al.,, 2005;
Raskoff et al., 2010).

3.2 Phylogenetic analyses

The genomic regions were amplified with different degrees of
success (Supplementary Table 2). In total 98 sequences were
used; 38 for 16S-rDNA, 28 for 18S-rDNA, 25 for 28S, and 7 for
COI-mtDNA, including the sequences downloaded from
GenBank. The final concatenated alignment consisted of 39
taxonomic units and 3113 bp. For BI the best fitting models
were GTR+G4, HKY+I+G4, GTR+G4 and GTR+I, for 16S-
rDNA, 18S-rDNA, 28S-rDNA, and COI-mtDNA respectively.
For ML reconstructions in PhyML the best fitting model was
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GTR+R4 for 16S-rDNA, and for the concatenated alignment the
substitution rates and parameters were automatically estimated
by RAXML per partition.

The phylogenetic reconstruction based on the concatenated
alignment corroborates the validity of the family Halicreatidae as
a monophyletic group. The inclusion of Haliscera conica within
the family Halicreatidae as the earliest standing diverging species
was fully supported by BI in the concatenation, and by ML and
BI based on the 16S-rDNA region. However, no support was
found from ML based on the concatenated dataset. The genus
Halicreas was clearly monophyletic with a bootstrap support >
98 in ML and full support for BI in all analyses. Halitrephes
maasi was well supported as sister to Halicreas minimum with a
likelihood support of >96 and full support for BL. The genus
Haliscera was found to be polyphyletic in origin across all
analyses; the phylogenetic position of Haliscera bigelowi
remains uncertain, but it was determined to be basal to
Halicreas and Halitrephes with moderate support in the ML
analyses of the 16S-rDNA region (Figures 3, 4).

The monophyletic group formed by the genus Botrynema,
which is the focus of this study, was well supported in all ML
(=80 boostrap) and BI (>0.98 probability) analyses. However no
clear differentiation was discovered between the two presently
accepted species, B. ellinorae and B. brucei. Nonetheless, two
distinct clades were found, Clade A and Clade B, in all
phylogenetic reconstructions (Figures 3, 4). Clade A is strongly
supported with a bootstrap >92 in ML and full support in BI
across all analyses, and it was exclusively comprised of
specimens of B. brucei (Figures 3, 4). Similarly, Clade B was
strongly supported in all ML and BI analyses, however, in this
case, specimens of both B. brucei and B. ellinorae were mixed
within a monophyletic group. This result was the same for both
the phylogenetic reconstructions based on the concatenated
alignment and on the 16S-rDNA region alone (Figures 3, 4).

3.3 Systematics

Phylum Cnidaria Hatschek, 1888

Class Hydrozoa Owen, 1843

Subclass Trachylinae Haeckel, 1879

Order Trachymedusae Haeckel, 1866

Family Halicreatidae Fewkes, 1886

According to VanHoffen (1902) and Bouillon and Boero
(2006): Trachymedusae with a flattened, wide and circular
manubrium; mouth circular and projected into the
subumbrellar cavity as a short funnel, without peduncle;
without centripetal canals; radial canals usually eight or more
in number, with the exception of the genus Varitentaculata He,
1980. Marginal tentacles of different sizes, structurally similar,
and arranged in a single series. Marginal tentacles with a soft,
flexible, proximal portion but a stiff, spine-like distal portion.
Ectodermal statocysts are free (Bouillon and Boero, 2006)
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FIGURE 3

[S38] HD519SS4 Solmissus incisa

Maximum likelihood phylogenetic reconstruction based on the concatenated alignment (16S-rDNA + 18S-rDNA + 28S-rDNA + COI-mtDNA)
Values on branch nodes represent likelihood bootstrap support over 50%. Full black circles on branch nodes represent Bayesian posterior
probability support over 95%. Diamonds correspond to the genera Haliscera, Halitrephes and Halicreas in the family Halicreatidae. Circles refer
to the genus Botrynema, in green Clade A, red Clade B, and in orange single lineages not corresponding to either Clade A nor B Note how the
presence/absence of an apical knob is variable across clade B — B brucei ellinorae comb. nov. (see Figure 5).

3.3.1 Genus Botrynema Browne, 1908

urn:lsid:zoobank.org:act:BECCCF10-5F75-4393-
9D1E-C870A6FC5869

According to Browne (1908) and Bouillon and Boero (2006):
Trachymedusae with 16 distinct groups of 11-12 tentacles,
comprised of 2 groups with many tentacles in a row per
octant; 8 solitary perradial tentacles. The genus name is
derived from the Greek masculine noun Potpug
(botrys=grape), meaning clustered in this context, and another
Greek neuter noun VAud (nema=thread) referring to the
clustered tentacles (Figure 6F.1).

3.3.2 Species Botrynema brucei Browne, 1908
urn:lsid:zoobank.org:act:4F4EE1B6-EB13-4D06-
9574-2B49A74D70DA

Frontiers in Marine Science

B. brucei was described based on material from the northern
Weddell Sea, Antarctica (type locality: GPS coordinates lat.
-64.800, long. -44.433; Station 301) collected by the Scottish
National Antarctic Expedition on 13 March 1903 in an open
trawl deployed to 4545 m depth. The holotype was 25 mm in
both diameter and umbrellar height, with a conspicuous conical
projection on its summit (Browne, 1908). The specimen’s
tentacles were arranged into distinct groups or clusters: sixteen
adradial groups of tentacles, each group containing around
twelve tentacles, as well as eight solitary perradial tentacles. It
is worth noting that specimen UM080129-RMTD83-Bb (S1) in
Supplementary Table 1 was collected from the same mesopelagic
ecoregion as the holotype of B. brucei.

Analyzed material: For details on the analyzed material and
collection metadata see Supplementary Table 1. In addition to
molecular analyses and records on the presence or absence of the
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Maximum likelihood phylogenetic reconstruction based on the 16S-rDNA region. Values on branch nodes indicate likelihood bootstrap support
over 50%. Full black circles on branch nodes represent Bayesian posterior probability support over 95%. Diamonds correspond to the genera
Haliscera, Halitrephes and Halicreas in the family Halicreatidae. Circles refer to the genus Botrynema, in green Clade A, red Clade B, and in
orange single lineages not corresponding either to Clade A nor B Numbers in brackets are concordant with the “S#" in Supplementary Table 1,
2. Note how the presence/absence of an apical "knob” is variable across clade B — B brucei ellinorae comb. nov. (see Figure 5).

apical knob (see Figures 3, 4 and Supplementary Table 1), the
number of tentacles per cluster and number of statocysts
between clusters were counted on the following samples:
specimen 6K549SS2_DLMG4 (S7), had 10-14 tentacles per
cluster and 2-1 statocyst in-between clusters, and specimen
HD101GS1b (S8) had 14 tentacles per cluster and three
statocysts between clusters.

3.3.3 Subspecies Botrynema brucei ellinorae
(Hartlaub, 1909) comb. nov.

urn:lsid:zoobank.org:act:00AD4909-D695-49C8-
8A68-B722ACC87AD7

B. brucei ellinorae comb. nov. was initially ascribed to the
newly erected genus Alloionema Hartlaub, 1909, which was later
made a junior synonym of Botrynema by Bigelow (1913)
according to precedence. Hartlaub (1909) described A.
ellinorae from five individuals (1 specimen from St. 17, lat.
79.567, long. 2.617, 1200-1800 m, 12 July 1905; 3 specimens
from St. 22, lat. 78.083, long. 5.350, 800-1350 m, 16 July 1905;
one specimen from St. 48, lat. 71.367, long -18.967, 800-1000 m,
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15 August 1905) collected in the Greenland Sea by the Belgica
Expedition (Hartlaub, 1909). The only recognizable differences
from B. brucei Browne, 1908 were the presence of “genéralement
de onze” (generally eleven) tentacles in each of the adradial
tentacle clusters, rather than 12, and “Gelée épaisse,
particuliérement au sommet ou elle est développée en une
masse epaisse et plus ou moins conique” (Thick jelly,
especially at the top where it is developed into a thick, more
or less conical mass), with no mention of a conspicuous conical
projection at the bell summit, or an apical “knob”.

Bigelow (1913) described a further five specimens of B.
ellinorae from the Bering Sea (3 specimens from St. 4760, lat.
53.883, long. -144.883, 0-549 m, 21 May 1906; 1 specimen from
St. 4763, lat. 53.950, long. -168.100, 0-549 m, 28 May 1906; 1
specimen from St. 4764, lat. 53.333, long. -171.000, 0-2067 m, 29
May 1906) of 8-13 mm umbrellar diameter. His specimens had
apical gelatinous projections and 7-11 tentacles per adradial
cluster (Bigelow, 1913). His identification was based not by the
presence or absence of an apical knob or the exact number of
tentacles in each group, but rather on his belief that the
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Botrynema brucei
Clade A

10.3389/fmars.2022.1101699

Botrynema brucei ellinorae comb. nov.

Clade B

Apex Specimen

Radial canals

FIGURE 5

Comparison between specimens of B brucei and B brucei ellinorae comb. nov. Circles refer to specimens of Botrynema within Clade A in
green, and red for Clade B (Figures 3, 4). Note the clear differences in the shape of the apical knob, when present, between clades A and B
White arrows show the location of statocyst and numbers indicate the number tentacles per octant.

characters diagnostic for B. brucei were that the umbrella margin
is cleft into lobes and that the perradial tentacles lie in exumbral
grooves. Bigelow “retained provisionally” both species and
moved Alloionema ellinorae into the genus Botrynema.
Analyzed material: For details on the analyzed material and
collection metadata see Supplementary Table 1. In addition to
molecular analyses and records on the presence or absence of the
apical knob (see Figures 3, 4 and Supplementary Tablel), the
number of tentacles per cluster and statocysts between clusters
were counted on the following samples: specimens HLY160718-
Box-3_DL293 (S12), HLY160721-MN-deep-Bb2_DL291b (S14),
HLY16-GEX7P-SS5_DL290 (S16), HLY16-GEX12P-
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SS2_DL297 (S18) had three statocysts in between tentacle
clusters while specimen HLY16-GEX12P-SS3_DL288 (S19)
had two. The tentacle numbers were variable, nine per cluster
in specimens S18 and S19, 12 tentacles in S12, between 10-11
tentacles in S14, and 13 tentacles in S16.

Diagnosis: multiple nucleotide substitutions across the 16S-
rDNA region differentiate B. brucei ellinorae comb. nov. (Clade
B) from other B. brucei populations. Botrynema brucei ellinorae
comb. nov. always has the following combination of positions
and bases in the 16S ribosomal DNA sequence alignment: 47=C,
115=G, 160=T, 210=G, 219=G, 283=G, 295&296=deletion,
321=C, 335=T, 349-351=TTT, 380=T, 381=A, 382=T, 384=G,
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FIGURE 6

In-vivo pictures of some of the specimens in the genus Botrynema analyzed in this study. Specimens belonging to Clade A are marked with a
green circle, belonging to Clade B with a red circle, and specimens not included in either of the clades with an orange circle. Numbers in
brackets are concordant with the "S#" in Supplementary Tables 1, 2. Note how Clade A (A, B, F) is exclusively comprised of specimens where
the apical knob (F2) is present, while for specimens in Clade B (D, E) the presence/absence of the knob is variable. The images in frames (C) and
(C1), belong to two different specimens recorded from the Clarion-Clipperton Zone on different expeditions; frame (c) corresponds to specimen
[S3], while specimen (c.1) was recorded on campaign TMC5e, ROV dive OY030, date 2021-11-27 at 2086 m depth.

388=G (Figure 7). The apical knob in B. brucei ellinorae comb.
nov. can be present or not, when present the knob is round and
without pronounced perpendicular surfaces while, in contrast, in
B. brucei the knob is always present and prismoidal in
aspect (Figure 5).

Comments: B. brucei ellinorae comb. nov. appears to be
primarily distributed across the Arctic Ocean and higher
latitudes in the North Atlantic Ocean, in particular the
Northwest Atlantic Subarctic and the North Atlantic Drift -
ecoregions 1, 21 and 22, respectively (Figure 1). However, given
the global distribution of B. brucei, and the lack of further
genomic and morphological information from the Arctic and
nearby ecoregions we consider that it is safer to refer to B. brucei
ellinorae comb. nov. as a subspecies, rather than as stand-alone
species within the genus Botrynema. Furthermore, Botrynema
from ecoregions 5, 8 and 33 appear to each represent single
lineages apart from clade A or B (Figure 4), but additional
samples and analyses are needed to verify these suspicions.

The present material suggests that other minor physical
differences may allow the lineages to be separated
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morphologically. For example, B. brucei from Clade A appears
to have between 10-14 tentacles per cluster and 1-3 statocysts
between clusters, while in B. brucei ellinorae comb. nov. the
tentacle number per cluster ranges between 9-13 and it has 2-3
statocysts between each cluster. Additionally, B. brucei ellinorae
comb. nov. often has whitish radial canals and gonads
(Figures 6D, E), while B. brucei from most other ecoregions
are pinkish, orangish or reddish in color (Figures 6A- C, F),
though it is worth mentioning that Browne (1908) described B.
brucei from the type locality (ecoregion 33), as having a whitish
coloration and with no traces of red or reddish brown pigments.

4 Discussion

4.1 Heterogeneity of diagnostic
characters in Genus Botrynema

Since Kramp (1942), B. brucei and B. ellinorae have been
considered easy to differentiate by using the presence or absence

frontiersin.org


https://doi.org/10.3389/fmars.2022.1101699
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Montenegro et al.

10.3389/fmars.2022.1101699

16S-rDNA (bp)

sit Species Knob|  ge59e BZZEE BE2E §RF ER] SU888 R388RE
Haliscera |32 | H. bigelowi na | [ATGAT AATTA ANAG AAT A.A AAMMA A T A TT
Halitrephes | 34 | H. maasi na |[O[ATRIAT AABcT AMAG AAA ATA AAMAA TA TA
Halicreas |29 | H. minimum na |O|(ATBAT AGHMTT AMAA AAA TIAA AAMAA TA AT
Halicreas | 30 | H. minimum na [O|AT@AT AGATT AlMAA AaA AlBA AA[MlAA TA AT
Halicreas | 31 | H. minimum na [O|aTi@laT aclllTT AMlaA AnA AJAlA AAMAA TAREAT
5 | B. brucei v AT ARSNTT ARJAA GAT AFNA AARNSAA T AREET T
P 8 | B. brucei v AT AEWNTT ABSAA GAT AESA AARNAA TARBETT
O] 9 [ B. brucei v AT AESNTT AEBSAA GAT AESA AARNAA T A TT
g 6 | B. brucei v AT ARRNTT ARNSAA GAT AESA AARNAA TARSET T
4 | B. brucei v AT AGENTT ARJAA GAT AFNA AARSAA TARSETT
7 v AT AGENTT ARNAA GAT AFNA AARNAA TA TT
1 v AT Acle[TT AllflaA caT AlB[a AT[BAA TA TT
[T [ SAVY (B39 [YSYSE Y VT [EYVCORasE
v AT AGIBITT AMAA GAT ABlA AABAA TA TT TATTTAT
15 | B. brucei ellinorae comb. nov. | v AT AGEETT ARJAA GIT AlSIA AA[AA TARHT T TTT TTn~ TTTTTAT TTAAA
[, 25 | B. brucei ellinorae comb. nov. | X AT AGETT ARRAA GET AlEA AA[AA TARRTT TTT TTT- TTTTTAT TTAAA
g 19 | B. bruce elinorae comb. nov. | X At Aot aldaa ot Al8a aafdaa TaT T TT TTT- TTTTTAT TTAAA
‘1:’ 24 | B. brucei ellinorae comb. nov. | X AT acfdtT aldaa ot Ala aafdaa TaABMTT TTT.-TAT- TTTTTAT TTAAA
b 26 | B. brucei ellinorae comb. nov. [ X AT AcleTT ARSAA GEIT AldA AAAA TARRRTT TTT--TTT- TTTTTAT TTAAA
-~ 11| B. brucei ellinorae comb. nov. | v AT acfdtT aldaa cflT Alda aAadaa TARRTT TTT--TTT- TTTTTAT TTAAA
o 14 | B. brucei ellinorae comb. nov. | v AT AGETT ARHAA GT A[SIA AA[AA TARHTT TTT--TTT- TTTTTAT TTAAA
Q o |23 | B bruceielinorae comb. nov. X AT AGEITT ARRAA GEET AfEIA AA[AA TAEHT T TTT--TTT- TTTTTAT TTAAA
g |28 B brucei ellinorae comb. nov. X AT AGEITT ARJAA GIT AlA AA[AA TARRHT T TTT--TTT- TTTTTAT TTAAA
& | 22| B. brucei elinorae comb. nov. | X AT AcETT aAfldaa T AlSA AAlgAA TARETT TTT--TTT- TTTTTAT TTAAA
12| B. brucei elinorae comb. nov. | v AT acfdrT aldaa ot Alda aAaldaa TABRRTT TTT--TTT- TTTTTAT TTAAA
13 | B. brucei ellinorae comb. nov. | - cT AGEETT ARSAA GET AfSA  AA[AA  TAERNT T TTT--TTT- TTTTTAT TTAAA
18 | B. brucei ellinorae comb. nov. | X AT AGEITT ARBAA GIET AlGIA AA[AA TARRHT T TTT--TTT- TTTTTAT TTAAA
20 | B. brucei ellinorae comb. nov. [ X AT AGEETT ARHAA GIT AlSA AA[AA TARHTT TTT--TTT- TTTTTAT TTAAA
21 | B. brucei ellinorae comb. nov. [ X AT acfdrT afdaa cflT Alda aaldaa TARRTT TTT--TTT- TTTTTAT TTAAA
17 | B. brucei ellinorae comb. nov. | v AT AcaTT aAldaa T AlSA AAfgAA TARETT TTT--TTT- TTTTTAT TTAAA
10 | B. brucei ellinorae comb. nov. | v AT acftT aldas ot alda aafdaa TARETT TrTAAAAl- TTTTTAT TTAAA
27 | B. brucei ellinorae comb. nov. | X AT AcfdrT aldaa ot Alda aaldaa TABTT TTT--ATT- TTTTTAT TTAAA
FIGURE 7

Differential molecular diagnosis between B brucei (Clade A) and B brucei ellinorae comb. nov. (Clade B) across the 16S-rDNA region. Nucleotide
bases with a black background show substitutions unique to each clade within the family Halicreatidae. Bases with a grey background indicates
polymorphic positions that are characteristic but not unique to any particular clade within the family Halicreatidae. Blue diamond symbols
correspond to the genera Haliscera, Halitrephes and Halicreas in the family Halicreatidae. Circles refer to the genus Botrynema, in green Clade
A, red Clade B, and in orange single genotypes not corresponding either to Clade A nor B Note how the presence/absence of an apical "knob”

is variable across Clade B.

of an apical knob (Figure 6.F2) as the primary diagnostic
character - the knob being conspicuous in B. brucei but absent
in B. ellinorae. Nonetheless, our results refute this hypothesis
and demonstrate that the presence or absence of a knob is
taxonomically irrelevant across ecoregions 1 and 21, and
perhaps 22 (Hosia et al,, 2008), while Botrynema from all
other ecoregions have an apical knob. Furthermore, molecular
analyses failed to identify any genetic differences between the
two phenotypes in the Arctic Ocean, though ecological
differences may explain the presence or absence of the knob.
In our records, individuals with a knob, at that time
identified as B. brucei, were exclusively recorded at depths
below 1000 m, while individuals without a knob, at that time
identified as B. ellinorae, were reported at shallower depths -
commonly between 461-815 m (Figure 2) but up to a maximum
of 1544 m depth. Our results mirror those of Raskoff et al. (2010)
from the Arctic Ocean expedition of 2005. After surveying 400
individuals, Raskoft et al. (2010) found that B. ellinorae inhabits
between 300-2000 m depth and that B. brucei is found
exclusively below 1000 m, with higher abundances between
2000-3000 m. Buchanan and Sekerak (1982) also reported B.
ellinorae from 1245-1900 m in Baffin Bay (ecoregion 1).
Interestingly, consistent depth ranges were found for
specimens of B. brucei across most of the ecoregions,
regardless of large variations in physico-chemical
environmental parameters. Lindsay (2005) reported maximum
abundances of B. brucei in the Japan Trench between 1700-
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2400 m depth (ecoregion 2). Vinogradov and Shushkina (2002)
reported B. brucei maximum abundance at 1700-2500 m in the
Kurile-Kamtchatka region (ecoregion 2). In the Southern Ocean,
near the type locality, Pages et al. (1994) reported that B. brucei
was most commonly collected in the 1000-2000 m depth layer,
and Toda et al. (2014) also reported it was most common
between 1000-2000 m depth in East Antarctica (ecoregion 33).
Although several individuals of B. brucei have been reported
within the range of 500-1000 m depth in ecoregions 2 (Lindsay,
2005), 3 (Thuesen and Childress, 1994), 13 (Grossmann et al.,
2015), 24 (Larson et al., 1991) and 33 (Pages et al., 1994; Toda
et al, 2014), it is remarkable that B. brucei appears to
preferentially inhabit the 1000-3000 m depth layer (Pages
et al., 1994; Vinogradov and Shushkina, 2002; Lindsay, 2005;
Toda et al., 2014; Katija et al., 2022). Therefore, it is reasonable to
think that the absence of Botrynema from shallower waters at
lower latitudes might be a reflection of ecological constraints, i.e.
temperature or inter-species competition, and that whatever that
constraint is, it might be relaxed or not existent at
higher latitudes.

Our working hypothesis is that the preferential distribution
of Botrynema at deeper ranges outside the Arctic is the result of
niche displacement due to competition with other medusozoans
(Lindsay and Hunt, 2005; Robison et al., 2010). In contrast, in
the Arctic where the diversity and richness of medusozoans is
much lower than in other ecoregions (Raskoft et al, 2010),
Botrynema has successfully colonized shallower environments.
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However, the association between the knob and the vertical
distribution of B. brucei ellinorae comb. nov. at higher latitudes
remains obscure. We think that the knob could play a role in
predator avoidance; for instance, the knob could play an
important function by breaking the surface tension between
prey and predator nematocyst-laden surfaces, facilitating escape,
or the knob could physically push apart the mouth-lips of
gelatinous predators after successful ingestion, allowing B.
brucei to escape, or the knob could facilitate pivot turns at
sharper angles to avoid predation.

Whatever the function of the knob might be, it is interesting
to note that most of the common predators of gelatinous
zooplankton such as the narcomedusae, e.g. Solmissus, are
prolific across most ecoregions (Raskoff, 2002; Lindsay and
Hunt, 2005; Robison et al., 2010; Choy et al., 2017) but absent
from shallower depths at higher latitudes (Raskoff et al., 2010)
precisely the same depths where the B. brucei ellinorae comb.
nov. morphotype without a knob occurs, and preferentially
inhabiting between 461 m to 815 m (Figure 2). Furthermore,
Bathykorus boullini, a narcomedusae and a major predator of
gelatinous taxa in the Arctic, is known to be restricted to waters
deeper than 1300 m and inhabit preferentially between 1400-
2000 m, indeed the same depths inhabited by the B. brucei
ellinorae comb. nov. morphotype with a knob. Figure 8 shows
video framegrabs of Poralia rufescens, a scyphomedusa, foraging
on Botrynema brucei at 1002 m depth in the Japan Trench,
ecoregion 2 (Figure 1). Poralia rufescens is absent from the
Arctic and known to inhabit between 500~1679 m depth
(Lindsay et al.,, 2004; Hughes and Lindsay, 2017). Therefore,
the vertical distribution of the genus Botrynema could be the
result of niche displacement due to competition with other
medusozoans, while the presence/absence of the knob could be
determined by a differential regimen of selection by predation
across ecoregions.

4.2 Phylogeny of the Family Halicreatidae

The family Halicreatidae was well-supported as a single
monophyletic lineage across most of the analyses, and in
general the same was true for the genera Halicreas, Botrynema
and Halitrephes. However, the genus Haliscera was found to be
paraphyletic, in concordance with Bentlage et al. (2018). While
at first sight these results seem to erode the validity of Haliscera
as a taxonomic unit, we think further considerations are
necessary. Little taxonomic work has been done on the genus
Haliscera since Kramp (1947) and an updated re-examination of
characters using modern techniques might be necessary.
Furthermore, currently all sequences available for the genus
Haliscera come from only one specimen of each of the species,
and given the coherence of the phylogenetic signal across the
molecular markers in Bentlage et al. (2018), and the obvious
morphological similarities between the two currently accepted
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FIGURE 8

Footage of Poralia rufescens foraging on Botrynema brucei;
frontal (A) and (B) lateral view of B brucei. The footage was
recorded during cruise KY02-06 on ROV HyperDolphin dive
#103 (HPD0103) in the Japan Trench (lat. 38.334, long.143.917)
on 29 April 2002 at 1002 m depth, ecoregion 2 in Figure 1.

Haliscera species (DJL, personal observation), we suspect that,
this is likely a case of misidentification of one of these specimens
rather than an actual paraphyly within the genus Haliscera.
Our analyses clarify the phylogenetic position of Halitrephes
maasi, which has been challenging to determine. Our analyses
revealed H. maasi to be the sister to a clade of Halicreas
minimum with almost full support across all phylogenetic
reconstructions. However, this relationship was only weakly
supported in Bentlage et al. (2018), and discordant with the
results of Matsumoto et al. (2020), where the genus Halitrephes
was placed as sister to all halicreatids with total support. During
our analyses we found that the 16S-rDNA sequence
“MG979380” was highly discordant with other sequences in
the family Halicreatidae. After comparing this sequence against
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the information available in GenBank it was discovered that
“MG979380” is actually attributable to the rhopalonematid
trachymedusa Crossota alba, rather than to a Halitrephes
species, but it has been repeatedly used in the concatenations
for Halitrephes maasi across multiple studies (Bentlage et al.,
2018; Matsumoto et al.,, 2020). Therefore, in Supplementary
Table 2 we present new sequencing information derived from
the same specimen analyzed in Bentlage et al. (2018), voucher
USNM1452212, with a correct 16S-rDNA sequence under the
GenBank accession number “OP921299”. Our data provide
strong evidence that the genus Halitrephes is sister to the
genus Halicreas, rather than it being an earlier diverging
lineage within the family Halicreatidae (Bentlage et al., 2018;
Matsumoto et al., 2020).

The source of the mistake in the specific attribution of the
sequence “MG979380” could have occurred anywhere in the
analysis pipeline but it is worth noting that in medusozoan
studies cross-contamination is not always the result of human
error. When stressed, some medusozoans, such as the
rhopalonematid medusae to which Crossota alba belongs, have
the tendency to autotomize tentacles and these often get attached
to nearby specimens (DJL, personal observation). Furthermore,
the low-rate of DNA/tissue wet-mass in gelatinous taxa makes
this issue particularly problematic. A solution to this common
problem could be the use of single molecule sequencing
technologies along with bioinformatic tools to differentiate
target sequences from contaminants, i.e. CD-HIT (Fu
et al,, 2012).

4.3 Phylogeny of the Genus Botrynema

Our results ratify the validity of the genus Botrynema as a
taxonomic and evolutionary unit across ecoregions with strong
support (Figures 3, 4). Botrynema morphotypes with an apical
knob are widely distributed throughout the Arctic, Pacific and
Antarctic Oceans, in ecoregions 1, 2, 4, 5, 8, 21 and 33, while the
morphotype without a knob is restricted to the Arctic Ocean,
ecoregion 1 (Figure 1). Additionally, Hosia et al. (2008) reported
both morphotypes from the North Atlantic Drift, ecoregion 22.
Nonetheless, our phylogenetic analyses revealed major
incongruences with the use of the knob as a diagnostic
character, and contrary to expectations, specimens with a knob
were found to be paraphyletic, and present in the two main
monophyletic clades, A and B in Figures 3 and 4. Furthermore it
is possible than Botrynema brucei, a lineage comprising
exclusively individuals with a knob may be a species complex
with multiple putative populations represented by single lineages
in ecoregions 5, 8 and 33. Unfortunately, currently no sequences
are available for Botrynema specimens sampled anywhere
between the far North Atlantic and the Southern Ocean or the
Indian Ocean, which oceanographically would be expected to
have the highest possibility of containing hybridization zones
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between the Arctic population and other currently sampled
populations. The single sequence from the Southern Ocean
sequenced in this study clustered as sister to the Arctic clade
in both ML and BI analyses, as would be expected
oceanographically due to the lack of deep-water exchange
between the Arctic and North Pacific Oceans. Interestingly,
the sequence from the CCZ was found to be sister to the
Arctic+Antarctic Botrynema clade, possibly due to the
influence of Antarctic Intermediate Water (AAIW) flowing
northwest across the Pacific from the subantarctic zone near
Chile. The single sequence from the southeast Pacific Ocean was
ostensibly from ecoregion 8 (the southern central Pacific) but
was in fact very close to ecoregion 7 (Peru upwelling/Humboldt
Current) and therefore presumably not as strongly influenced by
the AAIW (Figure 1). Its genetic placement within the
Botrynema world population remains uncertain.

In summary, our molecular analyses clearly demonstrate the
Arctic Ocean population of Botrynema is monophyletic,
regardless of the presence or absence of an apical knob.
Botrynema from the Arctic Ocean (ecoregion 1) are hereby
amalgamated as the subspecies Botrynema brucei ellinorae
comb. nov., diagnosed by sometimes lacking an apical knob
and by multiple unique substitutions and deletions in the 16S
ribosomal DNA sequence (Figure 7). At least some B. brucei in
ecoregions 21 and 22 are also referable to this subspecies, but
splitting the globally distributed species B. brucei into multiple
subspecies, other than B. brucei ellinorae comb. nov., is not
presently possible due to a lack of geographic sampling and an
exhaustive study of morphologies.

Phylogenetic analyses clearly support B. brucei ellinorae
comb. nov. as a monophyletic group, referred to as clade B in
Figure 3 and 4. Furthermore, multiple SNP sites across the 16S-
rDNA region set clade A and B apart (Figure 7), corroborating
the view of phylogenetic independence between those clades.
Our personal observations also suggest that there may be stable,
recognizable morphological differences between representatives
of clades A and B, specifically in terms of coloration, number of
tentacles per cluster, and the shape of the knob when present
(Figure 5, see section 4.3). The delineation of these characters
and their relationship to the taxonomy awaits the collection and
analysis of further material.

Based on the data presented in this study concerning B. brucei
ellinorae comb. nov., we hypothesize that this lineage might be
currently in an ongoing process of speciation (i.e. Johannesson
et al, 1993; Levy et al,, 2021) as follows: after B. brucei ellinorae
comb. nov. successfully colonized ecoregion 1, an environment
relatively free from large narcomedusan predators at shallower
mesopelagic depths (Raskoff et al., 2010), the selective pressures
maintaining the presence of a knob in the other ecoregions were
relaxed. Under these circumstances, it is theoretically possible for
the apical knob, an adaptive trait, to be drifting neutrally across the
population of B. brucei ellinorae comb. nov. but passively
segregating individuals across a depth gradient, e.g., by leading to
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differential optimal distribution depths determined by the
mesogleal mass’s contribution to buoyancy (Mills, 1981), and
thus slowly favoring the evolution of reproductive isolation
between phenotypes. Alternatively, the presence or absence of
the knob could represent two extremes of the morpho-space in
B. brucei ellinorae comb. nov. The development of the knob might
be favored at mesopelagic and bathypelagic habitats as an
epigenetic response against predation by Bathykorus bouilloni,
which is most common between 1400-2000 m depth (Raskoff,
2010). Hence B. brucei ellinorae comb. nov. individuals without a
knob are mainly reported above 1000 m while the B. brucei
ellinorae comb. nov. individuals with a knob are often seen
below 1000m. Whichever the reason supporting the existence of
two morphotypes in B. brucei ellinorae comb. nov., the genetic flow
remains strong at the contact zone between 1100 m to 1600 m
depth (Figure 2), hence our inability to detect genetic differences
between the two phenotypes of B. brucei ellinorae comb. nov.
Although the two morphotypes may represent different species
according to the ecospecies concept, they appear to be a single
species according to the phylogenetic species concept.

It is important to note that the molecular analyses performed
in this study are limited and lack the power necessary to draw
further conclusions. Therefore, future studies should perform
whole genome analyses, for SNP calling and comparative
genomics to detect regions of genetic differentiation associated
with the segregation of individuals by depth and phenotype (e.g.,
Durand et al,, 2022). Furthermore, if our hypothesis of the knob as
an adaptive trait is correct, the genomic region associated with the
knob should exhibit differential genetic variation across
ecoregions; with a larger variation in regions where the
predation pressure is relaxed, and lower variation in regions
where narcomedusan predators are more common (e.g.,
Lamichhaney et al., 2015). The genomic regions associated with
the knob could be narrowed down by doing a population-wide
association mapping study or bulk segregation analyses over the
Arctic population of B. brucei ellinorae comb. nov. where both
phenotypes are present (e.g., Johnston et al., 2011; Montenegro
et al., 2022).

4.4 Points to be aware of for
future studies

In this study we sequenced commonly used taxonomic
markers for the characterization of medusozoans (Supplementary
Table 2). Partial amplifications of 16S-rDNA, 18S-rDNA and 28S-
rDNA were easily achievable across most of the specimens
analyzed, with 16S-rDNA being the marker with the highest
success rate. However, in our experiments COI-mtDNA was
notoriously difficult to amplify and, because of the unpopularity
of publishing negative results, this issue remains a known fact
amongst medusozoan taxonomists, though it has not been
formally acknowledged.
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In particular, for the family Halicreatidae only two studies have
successfully amplified COI-mtDNA (Bucklin et al,, 2010; Ortman
et al, 2010), and therefore sequences are conspicuous for their
absence in phylogenetic studies (Collins et al., 2008; Bentlage et al,,
2018) and public repositories. Accordingly, multiple studies have
found COI-mtDNA difficult to amplify in medusozoans, and
instead have targeted 16S-rDNA as a more informative and
easier-to-amplify marker for barcoding and phylogenetic analyses
(Hellberg, 2006; Miglietta et al., 2009; Moura et al, 2011; Zheng
etal, 2014; Lindsay et al., 2015). In the near future, advantage should
be taken of long-read sequencing technologies such as ONT
nanopore (Wang et al, 2021) and genome skimming approaches
that can result in longer portions or complete mitochondrial
genomes in the absence of PCR. The resulting data should
facilitate the design of new primers targeting adjacent conservative
regions, and open the door to more widespread voucher-based
amplification of COI-mtDNA across medusozoans. Such a step will
have many benefits, not the least of which will be the ability to more
readily detect medusozoan diversity captured within metabarcoding
profiles derived from environmental samples. We encourage future
studies to release negative results with the aim of avoiding wastage
with respect to resources and time.

5 Conclusions

In synthesis, our study reports for the first time a
comprehensive molecular analysis of the genus Botrynema in
the family Halicreatidae across mesopelagic ecoregions around
the globe. Based on the evidence from molecular analyses, field
observations, and video footage we conclude that:

1. The use of the presence or absence of an apical knob to
distinguish species in the genus Botrynema lacks
systematic and phylogenetic support, and therefore
should be discontinued.

2. Botrynema brucei ellinorae comb. nov. is a valid
taxonomic and evolutionary unit that contains two
phenotypes, one with and one without an apical knob.

3. Botrynema brucei ellinorae comb. nov. is mainly
distributed across higher latitudes in the Arctic Ocean,
the Northwest Atlantic Subarctic and the North Atlantic
Drift; ecoregions 1, 21 and 22 in Figure 1.

4. Until further samples and molecular analyses are
performed, all other specimens of Botrynema with an
apical knob and from ecoregions others than 1, 21 and
22 (Figure 1), should be referred to as B. brucei.

5. Genome wide SNPs and whole genome comparative
analyses will be necessary to understand the
evolutionary basis for the differential segregation of B.
brucei ellinorae comb. nov. individuals of different
phenotypes across the depth gradient.
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The answer to the question do the two nominal species in the
genus Botrynema represent independent phylogenetic lineages,
or two phenotypic variants of a single species? was partially
addressed, and we are certain that at least two primary
phylogenetic lineages exist within Botrynema. However,
contrary to our expectations, these lineages were not defined
by the presence or absence of an apical knob. Rather, our results
clearly indicated that the lineages are geographically defined, and
that the presence or absence of the knob might be determined by
differential selective pressure across ecoregions.
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