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ABSTRACT OF THE THESIS

Phylogenetic and Mitogenomic Insights of Acrocirridae (Cirratuliformia; Annelida): A Trans-

Pacific Range Extension, New Genus, and Four New Species

by

Paul Proctor

Master of Science in Marine Biology

University of California San Diego, 2023

Professor Greg Rouse, Chair

Understanding the diversity, phylogenetic relationships, and evolutionary transitions

within Acrocirridae, a clade of polychaete worms, is crucial for unraveling the complexities of

benthic-pelagic evolutionary transitions in marine ecosystems. In this study, we describe four

new species, erect a new genus to accommodate two of these species, and provide an updated

phylogeny for Acrocirridae. Additionally, we assemble complete mitogenomes and present the

Xi



first mitogenome phylogeny for the broader Cirratuliformia, offering valuable insights into the
genetic characteristics and evolutionary history of benthic and pelagic species. The new species
described in this study significantly contribute to the known diversity within Acrocirridae.
Furthermore, the establishment of a new genus highlights the importance of taxonomic revisions
in capturing the true evolutionary relationships and diversification patterns within this clade. Our
updated phylogeny for Acrocirridae incorporates both morphological and molecular data,
providing a comprehensive understanding of relationships. By assembling complete
mitogenomes, we unravel the genetic composition and mitochondrial gene arrangement of key
taxa within Cirratuliformia. This dataset serves as a valuable resource for future studies
investigating the genomic features and evolutionary dynamics within this group of polychaetes.
Importantly, our mitogenome-based phylogeny reveals variation in gene arrangements and codon
usage. Overall, this study provides a comprehensive investigation of the diversity, phylogeny,
and evolutionary transitions within Acrocirridae. Our findings enhance our understanding of the
genetic and ecological factors driving benthic-pelagic transitions in polychaete evolution and

provides a framework for future research.
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CHAPTER 1: Phylogenetics and New Species Descriptions

INTRODUCTION

Acrocirridae Banse 1969 is a clade of polychaete worms comprising 10 genera with just
over 40 known species (Rouse 2022). Cirratuliformia, a clade comprising Acrocirridae,
Flabelligeridae de Saint-Joseph 1894, and Cirratulidae Ryckholt 1851, has limited DNA data.
While a phylogenetic analysis of Acrocirridae and Flabelligeridae has provided support for their
sister relationship, adding new DNA data aids in the phylogenetic resolution within
Cirratuliformia and improves evolutionary hypotheses that can be drawn from cirratuliforms
(Osborn & Rouse 2011). Some deep-sea genera within Acrocirridae lack DNA data and species
with DNA data have had only five or fewer genes sequenced.

The ten current accepted genera of Acrocirridae are as follows: (1) Acrocirrus Grube,
1873 and (2) Macrochaeta Grube, 1850 introduced in 1969 followed by the transfer of (3)
Flabelligella Hartman, 1965, (4) Chauvinelia Laubier, 1974, and (5) Helmetophorus Hartman,
1978 into Acrocirridae (Orensanz 1974; Averincev 1980; Glasby & Fauchald 1991). Then, (6)
Flabelligena Gillet, 2001 was split from Flabelligella, and Salazar-Vallejo et al. 2007 transferred
(7) Flabelliseta Hartman, 1965 into Acrocirridae. The newest member is (8) Actaedrilus Jimi,
Fujimoto, & Imura 2020, collected off the coast of Japan. While all taxa mentioned up to this
point are benthic, two deep-sea taxa noted above, Chauvinelia collected by epibenthic dredge
from the Gulf of Biscay (Spain) at 4455 meters and Helmetophorus collected by anchor dredge
from the Weddell Sea (Antarctica) at 3111 meters (Laubier 1974; Hartman 1978), have been
speculated to be pelagic due to their overall body plan and distinct chaetae with potential
swimming capability (Averincev 1980; Kirkegaard 1982; Salazar-Vallejo et al. 2007). These

putative swimmers have morphological descriptions, but the dredging method of collection



provided specimens in suboptimal condition. Pelagic organisms are often fragile, so key features
may have been lost or rendered difficult to recognize. Additionally, Chauvinelia and
Helmetophorus lack genetic data that could support their phylogenetic relationship within
Acrocirridae (Osborn et al. 2011b).

In recent years, expeditions off California (USA) and the Philippines collected deep-sea,
swimming acrocirrids later shown to represent a clade consisting of (9) Swima Osborn, Haddock,
Pleijel, Madin, & Rouse 2009, (10) Teuthidodrilus Osborn, Madin, & Rouse 2011, and two yet-
to-be-described genera. Remotely operated vehicle (ROV) recordings of these animals in situ
have revealed a peculiar swimming behavior through a form of chaetae undulation providing
direct evidence of pelagic members in Acrocirridae, the central focus of this thesis (Osborn et al.
2009; Osborn et al. 2011b).

Teuthidodrilus, a monotypic swimming genus collected from the Celebes Sea
(Philippines), is slightly larger than Swima with a darkly pigmented body surrounded by a thin
gelatinous sheath penetrated by clavate papillae. Their head possess a pair of grooved palps
longer than the body, eight filamentous branchiae equal to the body length, and branched nuchal
organs between the palps and branchiae (Osborn et al. 2011a). Teuthidodrilus swims with
paddle-like chaetae and is found ~100 meters from the seafloor. Teuthidodrilus samae Osborn,
Madin, & Rouse 2011 is the only described species of this genus.

Swima, the other pelagic genus, has a transparent body surrounded by a thick gelatinous
sheath penetrated by long, clavate papillae (Osborn et al. 2011b). Additionally, they possess four
pairs of elliptical "bomb" organs that can be dropped to release green bioluminescence and are
homologous to the segmental branchiae of their benthic relatives (Osborn et al. 2011b). Swima

bombiviridis Osborn, Haddock, Pleijel, Madin, & Rouse 20009 is the first described species of



this genus from Monterey Canyon (Monterey Bay, CA, USA), followed by Swima

fulgida Osborn, Haddock, & Rouse 2011 and Swima tawitawiensis Osborn, Haddock, & Rouse
2011, collected from Monterey Canyon (CA, USA) and Celebes Sea (Philippines), respectively
(Osborn et al. 2009; Osborn et al. 2011b). Swima is found neutrally buoyant or actively
swimming in the mesopelagic more than 400 meters above the seafloor propelling their bodies
with fans of long chaetae (Osborn et al. 2011b). Additional swimming species, such as the
Tiburon Bomber, Horned Bomber, and Juanita Worm, were scored for morphology and had
DNA sequenced but remained undescribed (Osborn & Rouse 2011). Swima is not rare in the
deep, seen on more than half the MBARI ROV dives to sufficient depth since 2001 (Osborn et
al. 2011Db). This point is further underscored by the discovery and collection of new species of
Swima and other swimming acrocirrids from Western Australia presented in this study.

Recent expeditions to the Galdpagos Rift and the deep-sea canyons off the West Coast of
Australia led to the collection of fourteen additional swimming acrocirrid specimens. This
provides an opportunity to extend the geographical range of existing species and improve the
resolution of relationships within Acrocirridae by sequencing new species' nuclear and
mitochondrial genes and describing their morphology. Further, this study adds to the known
diversity of acrocirrids, specifically pelagic acrocirrids, and builds on the ecological diversity of

understudied deep-sea annelids.

MATERIALS AND METHODS
Sample Collection
Sample collection took place in the deep-sea canyons of Western Australia during

research cruises using R/V Falkor with ROV SuBastian in 2020, while additional samples were



collected from a research cruise to the Galapagos Rift using E/V Nautilus with ROV Little
Hercules in 2015 (Table 1.1). Samples were fixed and stored in 95% ethanol or 10% formalin in
seawater and rinsed and preserved in 50% ethanol. Live specimens were photographed with a
Canon EOS M5, Olympus Corporation TG-5, or Olympus Corporation E-M5MarklI digital
camera. Acrocirrid specimens were collected from the Galapagos Rift off Ecuador and the
following canyons off Western Australia: Hood Canyon, Perth Canyon, Cape Range Canyon,
and Cloates Canyon, shown in Figure 1.1. Holotypes, paratypes, and additional material were
deposited at the Western Australia Museum Worms Collection (WAM:VER) Welshpool DC,
Western Australia, Australia and the Museum of Comparative Zoology, Department of

Invertebrate Zoology (MCZ:1Z) at Harvard University, Cambridge, MA, USA.

Morphological Analyses

Preserved specimens were observed and imaged using stereomicroscopy (Leica MZ12.5
and Canon RebelT6s camera), compound light microscopy (Leica DMR and Canon RebelT51),
and scanning electron microscopy (SEM) using Zeiss EVO10. Parapodia were mounted on slides
permanently using ‘Aquamount’® Thermo Fisher Scientific (Waltham, MA). For SEM
preparation, specimens were dehydrated through an ethanol series, transferred to
Hexamethyldisilazane (HMDS), and air-dried for at least 12 hours. Dried specimens were
mounted on aluminum stubs with double-sided carbon adhesive tape and sputter-coated with
gold-palladium (Au-Pd). A 28-character morphology matrix was used to compare the
relationships of the new taxa to acrocirrids and flabelligerids with and without published DNA

data (Table 1.2). These characters, listed in Table 1.3, were modified from Osborn & Rouse



2011, and they were coded from the type material when possible or from paratypes, original

descriptions, or revisions.

DNA Extraction and Amplification

DNA was extracted from subsampled tissues in 95% ethanol with the Zymo Research
DNA-Tissue Miniprep or Microprep kits (Irvine, California, USA), depending on tissue size,
using the manufacturer’s protocol. All specimens collected were sequenced for cytochrome c
oxidase subunit I (COI), except WAM:VER:9621, which was fixed in formalin only. One
representative of each new species was sequenced for four other genes, mitochondrial
cytochrome b (CYTB) and 16S rRNA (16S) and nuclear /8S ¥rRNA (18S) and 28S rRNA (28S).

DNA sequences for COI, CYTB, 168, 18S, and 28S were amplified using primers as
shown in Table 1.4. PCR amplification was carried out with 12.5 ul Apex 2.0 Taq Red DNA
Polymerase Master Mix (Genesee Scientific, San Diego, California, USA) or 12.5 ul Conquest
PCR 2.0x Master Mix 1 (Lamda Biotech, Ballwin, Missouri, USA), 1 ul each of the appropriate
forward and reverse primers (10 uM), 8.5 ul ddH>0O, and 2 pl eluted DNA.

Amplification was performed using thermal cyclers (Eppendorf, Hamburg, Germany)
under the following thermal profiles (Table 1.4): COI was amplified up to 683 base pairs using
polyLCO/polyHCO (Carr et al. 2011) by initial denaturation at 95°C (3 minutes), followed by 40
cycles of denaturation at 95°C (40 seconds), annealing at 42°C (45 seconds), elongation at 72°C
(50 seconds), and final extension at 72°C (5 minutes) or using LCO1490/HCO2198 (Folmer et
al. 1994) by initial denaturation at 94°C (3 minutes), followed by 5 cycles of denaturation at
94°C (30 seconds), annealing at 47°C (45 seconds), elongation at 72°C (60 seconds), followed

by 30 cycles of denaturation at 94°C (30 seconds), annealing at 52°C (45 seconds), elongation at



72°C (60 seconds), and final extension at 72°C (5 minutes). CYTB was amplified up to 394 base
pairs using CytB424F/CytB876R (present study) by initial denaturation at 94°C (2 minutes),
followed by 35 cycles of denaturation at 94°C (30 seconds), annealing at 45°C (1 minute),
elongation at 68°C (1 minute), and final extension at 68°C (7 minutes). Up to 512 base pairs
were amplified for /6S was amplified using 16SarL/16SbrH (Palumbi et al. 1996) by initial
denaturation at 95°C (3 minutes), followed by 35 cycles of denaturation at 95°C (40 seconds),
annealing at 50°C (40 seconds), elongation at 72°C (50 seconds), and final extension at 72°C (5
minutes). /8S was amplified up to 1,850 base pairs using three primer pairs: 18S-1F/18S-5R
(Giribet et al. 1996) and 18S-a2.0/18S-9R (Giribet et al. 1996; Whiting et al. 1997) by initial
denaturation at 95°C (3 minutes), followed by 40 cycles of denaturation at 95°C (30 seconds),
annealing at 50°C (30 seconds), elongation at 72°C (90 seconds), and final extension at 72°C (8
minutes); 18S-3F/18S-bi (Giribet et al. 1996; Whiting et al. 1997) by initial denaturation at 95°C
(3 minutes), followed by 40 cycles of denaturation at 95°C (30 seconds), annealing at 52°C (30
seconds), elongation at 72°C (90 seconds), and final extension at 72°C (8 minutes). 28S was
amplified up to 1,106 base pairs using Po28F1/Po28R4 (Struck et al. 2006) by initial
denaturation at 95°C (3 minutes), followed by 40 cycles of denaturation at 95°C (30 seconds),
annealing at 55°C (40 seconds), elongation at 72°C (75 seconds), and final extension at 72°C (5
minutes). PCR products were purified using Exo-SAP-IT with the manufacturer’s protocol

(USB, Affymetrix, Ohio, USA).

Sanger Sequencing
Sanger sequencing was performed by Eurofins Genomics (Louisville, KY, USA).

Consensus sequences were assembled using the “De Novo Assembly” option under default



settings using Geneious v.11.0.14 (Kearse et al. 2012). Complete COI, CYTB, and 16S sequences
from assembled mitogenomes, see Chapter 2: Materials and Methods, were used when available
for a complete evidence approach. Nuclear genes for Acrocirrus validus (28S), Macrochaeta
pege (188, 28S), Macrochaeta cf. westheidei (28S), Flabesymbios commensalis (28S), and
Flabelligella macrochaeta (18S, 28S) were assembled in Geneious using genome skimming data
from Chapter 2. MitoBIM v.1.9.1 (Hahn et al. 2013) was used to interleave forward and reverse
reads, then minimap?2 (Li 2018) and samtools (Danecek et al. 2021) were used to align, and map
reads to a list of reference /85 or 28S genes from close relatives to assemble a high-quality
consensus sequence in Geneious. All sequences generated for this study were deposited in

GenBank (Bethesda, Maryland, USA) (Table 1.5).

Phylogenetic analyses

A representative sequence for all published swimming acrocirrids, the new species of
acrocirrids, and closely related benthic genera were included in the analysis (Table 1.5). Four
members of Flabelligeridae, the sister family to Acrocirridae, were chosen as outgroup
representatives (Osborn & Rouse 2011). Individual genes were aligned in Mesquite v.3.8
(Maddison & Maddison 2023) using Muscle (Edgar 2004) with default settings for COI and
CYTB and MAFFT (Katoh & Standley 2013) with default settings for the rRNA genes. Two
concatenations were performed using SequenceMatrix (Vaidya et al. 2011): one with the five
gene partitions and one with the five genes and 28-character morphology matrix. A maximum
likelihood (ML) analysis was run with RAXML-NG (Kozlov et al. 2019) using RAXML GUI
v.2.0 (Edler et al. 2020) on the five gene concatenated dataset. Optimal models were chosen for

each partition using the RAXML GUI interface as follows based on Akaike Information Criterion



corrected (AICc): COI = TIM2+G4, CYTB = GTR+I+G4, 16S = TIM2+1+G4, 18S = GTR+I+G4,
and 28S = TIM3+G4. Node support was assessed through bootstrapping with 1000
pseudoreplicates.

Bayesian analyses were conducted on both the five gene concatenated dataset and the
five gene with morphological characters dataset using mrBayes v.3.2.7 (Ronquist et al. 2012)
with models chosen using jModelTest v.2.1.10 (Darriba et al. 2012; Guindon & Gascuel 2003)
according to AIC criterion. GTR+I+G was the optimal model for all genes. Morphological
characters were given a variable rate of evolution under the gamma model. Partitions were
unlinked in the analysis. Each Markov Chain, three heated and one cold, was started from a
random tree and ran simultaneously for 40000000 generations with trees sampled every 1000
generations. Tracer v.1.7.2 (Rambaut et al. 2018) was used to check for convergence,
stationarity, and decide the burnin of 10%. Support was assessed through posterior probabilities
generated through the Markov chain Monte Carlo (MCMC) method.

Maximum parsimony (MP) analyses were run on the morphological character matrix and
the two concatenated datasets with PAUP* v.4.0a168 (Swofford 2002) using an equally
weighted character matrix, heuristic search option, branch swapping algorithm, and 100 random
addition replicates. Bootstrap values were obtained with the same settings and 100 replicates. All
trees generated by these analyses were visualized using FigTree (Rambaut 2009) and enhanced
in Adobe Illustrator (Adobe Inc. 2019). Interspecific and intraspecific pairwise distances were
calculated in PAUP* v.4.0a168 (Swofford 2002) using untrimmed COI alignments (Table 1.6).
TCS haplotype networks (Clement et al. 2000) were constructed using PopArt (Leigh & Bryant

2015) using untrimmed COI alignments.



RESULTS

Range Extensions

Teuthidodrilus samae Osborn, Madin, & Rouse 2011
Type Locality.

Specimens known only from the Celebes Sea, Philippines between 2000-2800 meters
(Osborn et al. 2011a). Holotype NMA:04342 (GenBank Accession# FJ944537).

New Specimens.

Galéapagos Rift, Ecuador at 2555 meters. Paratypes MCZ:1Z:70186 (GenBank#
0Q716777) and MCZ:1Z:70357 (GenBank# OQ716778).
Remarks.

A new Eastern Pacific record indicating a trans-Pacific distribution with a distance just
over 17000 kilometers. Specimens were found at a depth range consistent with holotype and
previous paratype depths. Specimens found within ~100 meters of the seafloor and had four pairs
of elongate branchiae, a pair of body length palps, and branched nuchal organs consistent with
the diagnosis of Teuthidodrilus samae (Figure 1.2A-B). COI sequences revealed two unique
haplotypes, including the holotype, with a maximum intraspecific pairwise distance of 0.01%

(Table 1.6, Figure 1.3).

Swima tawitawiensis Osborn, Haddock, & Rouse 2011
Type Locality.
Specimens known only from the Celebes Sea, Philippines at ~2800 meters (Osborn et al.

2011b). Holotype NMA:04327 (GenBank# FJ944533).



New Specimens.

Cloates and Cape Range Canyon, Western Australia at ~2500 meters. Paratypes
WAM:VER:V9874 (GenBank# OQ716775) and WAM:VER:V9829 (GenBank# OQ716776).
Remarks. A new Northwest Australia record indicating a range extension from the Pacific
Ocean in the Philippines to the Indian Ocean off Australia, just over 3,000 kilometers.
Specimens found actively swimming over 400 meters above the seafloor. Each had three
subulate branchiae, with one positioned medially, in a single row behind a U-shaped nuchal
organ. Specimens had four pairs of elliptical branchiae with two pairs located on the achaetonous
region consistent with the diagnosis of Swima tawitawiensis (Figure 1.2C-D). COI sequences
revealed three unique haplotypes, including the holotype, with a maximum intraspecific pairwise

distance of 0.00% (Table 1.6, Figure 1.4).

Systematics

Teuthidodrilus Osborn, Madin, & Rouse 2011

Type species: Teuthidodrilus samae Osborn, Madin, & Rouse 2011
Diagnosis (emended).

A member of Acrocirridae having a pair of grooved palps longer than body length.
Branchial membrane dorsal, with four pairs of elongate, tapered branchiae equal in length to the
body. Nuchal organs as ciliated ridge continuous on five to six pairs of free-standing, oppositely
branched structures. Neuropodia contain two to four simple chaetae, which are flattened in the
distal three-quarters. Prominent notopodial lobes contain 50 or more simple, flattened, concavo-
convex chaetae that taper abruptly at the tip forming a fine point. All chaetae with fine rings of

tiny spines, most obvious at distal tips. First chaetiger with reduced number of chaetae, and no
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obvious achaetonous anterior segments. Adults with 25 or more chaetigers. Papillae small,
clavate, reduced to a small longitudinal row between noto- and neuropodial lobes and possibly a
single lateral row on ventrum of each segment. Gonopores as broad or digitate papillae
immediately ventral to neuropodia on the second, third, and possibly fourth chaetigers. Body
wall darkly pigmented and gelatinous sheath thin

Remarks.

Changes to the diagnosis involve including five pairs of nuchal organs as a variant to the
number of pairs of nuchal organs. Individual branching is difficult to determine in this genus and
more care should be taken into understanding the variability of these structures. Additionally,
rows of papillae on the ventrum are variable as they are not found in Teuthidodrilus australis n.
sp. as the papillae are restricted to the parapodial lobes only. Finally, gonopores are digitate
papillae and found on chaetigers 2-4 in Teuthidodrilus australis n. sp.; Teuthidodrilus diagnosis

is emended to reflect this change.

Teuthidodrilus australis n. sp.
Figure 1.5
Material examined.

Holotype: WAM:VER:V9804 (GenBank# 0Q784049 (COI), 0Q807205 (Whole
mitochondrion), 0Q724829 (18S), 0Q724825 (28S). Paratypes: WAM:VER:V9805 (GenBank#
0Q784048 (COI)), WAM:VER:V9831 (GenBank# 0Q784047 (COI)), and WAM:VER:V9662
(GenBank# 0Q784046 (COI)). Photographs of WAM:VER:V9831 and WAM:VER:V9662 not

shown. All specimens fixed in 95% ethanol.
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Diagnosis and description.

Teuthidodrilus australis n. sp. is between 72-100 mm long and has 28-29 chaetigers in
adults, while the juvenile has 16 chaetigers and is about 21 mm in length. Body brownish purple
in life with a thin gelatinous sheath showing clear distinct parapodia. Palps approximately body
length located antero-dorsal to a dark buccal organ. Branchial membrane posterior to palps
supports: five to six pairs of branched nuchal organs on a continuous, ciliated ridge, four pairs
elongate branchiae in two rows, and a pair of nephridiopores as dark papillae lateral to anterior
pair of branchiae (Figure 1.5D). Branchiae easily lost leaving large, circular scars, while palps
not easily lost leaving jagged, elliptical scars (Figure 1.5B-D). Gonopores present as broad,
digitate papillae on the neuropodia of chaetigers 2-4 and rows of papillae lacking on ventrum of
segments as is present for Teuthidodrilus samae (Figure 1.5C, E). Biramous parapodia with a
small bundle of simple neurochaetae (2 to 3) and a notochaetal fan consisting of broad, flat,
notochaetae with a spinous distal tip (Figure 1.5F).

Distribution.

The holotype, WAM:VER:V9804, and two paratypes, WAM:VER:V9805 and
WAM:VER:V9831, were collected between 2175-2525 meters in Cape Range Canyon of the
northerly Ningaloo canyon system (Western Australia) (Figure 1.1). A single paratype,
WAM:VER:V9662, was collected by ROV SuBastian at 1925 meters in Perth Canyon of the
southerly Bremer canyon system (Western Australia) (Figure 1.1).

Etymology.
From the Latin root “auster” meaning “south” in the third-declension two-termination

adjective in the singular genitive to mean “of the South” or may refer to “of Australia.”
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Remarks.

Teuthidodrilus australis n. sp. belongs to the swimming clade of Acrocirridae with
elongated branchiae and branched nuchal organs. Live specimens were observed and
photographed following collection by ROV SuBastian (Figure 1.5B-C). The holotype,
WAM:VER:V9804, was sequenced for /8S, 28S, COI, and the whole mitochondrial genome and
each paratype was sequenced for COI only. Teuthidodrilus australis n. sp. had a 0.00%
maximum intraspecific pairwise distance among the four sequences available (Table 1.6). The
haplotype network for Teuthidodrilus australis n. sp. had two unique haplotypes, one of which is
shared between the northern Cape Range Canyon and southern Perth canyon (Figure 1.6).
Teuthidodrilus australis n. sp. was recovered as the sister species to Teuthidodrilus samae with
100% bootstrap support in the ML analysis and a posterior probability of 1.0 in the Bayesian
analysis (Figure 1.7-1.8). Teuthidodrilus australis shares most morphological features with
Teuthidodrilus samae including branchiae structure, nuchal organ position, and general body
plan, but they differ by two observations. Teuthidodrilus australis lacks rows of papillae on the
ventrum of anterior segments and has three finger-like gonopores on the neuropodia of
chaetigers 2-4 (Figure 1.5C, E). Even with few morphological differences between the two, there
is sufficient evidence supporting the designation as separate species as their minimum pairwise
interspecific distance is 14.85% and the lowest observed interspecific distance between
acrocirrids is approximately 13% (Table 1.6). Specimen WAM:VER:V9831 is the first juvenile
of this genus to be collected. ROV SuBastian footage has offered key insight into the
benthopelagic natural history of Teuthidodrilus. Footage from paratype, WAM:VER:V9662, in
Perth Canyon showed Teuthidodrilus australis n. sp. actively swimming in the water column,

while video evidence collected from Cape Range Canyon showed the worm hovering near the
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seafloor with its palps full of sediment providing direct evidence for deposit feeding that had
been suggested previously from sediment gut contents (Figure 1.5A) (Osborn et al. 201 1a,

supplement).

Swima osbornae n. sp.
Figure 1.9
Material examined.

Holotype: WAM:VER:V9872 (GenBank# OQ713623 (COI)). Paratypes:
WAM:VER:V9873 (GenBank# 0OQ713622 (COI)) and WAM:VER:V9876 (GenBank#
0Q713624 (COI), OQ718583 (CYTB), OQ722175 (16S), 0Q724827 (18S), and OQ724823
(289)). All specimens preserved in 95% ethanol.

Diagnosis and description.

Swima osbornae n. sp. holotype is approximately 20 mm in length. Body is transparent
with a thick gelatinous sheath. There is a pair of grooved palps antero-dorsal to a muscular
buccal organ (Figure 1.9C). Only two pairs of elliptical branchiae noted with one shown as a
circular scar (Figure 1.9C). A single, medial subulate branchiae is present immediately posterior
to palps on a simple nuchal organ (Figure 1.9B). Anterior and mid-gut darkly pigmented with the
former appearing black in both the fixed and live specimens and the latter reddish-brown in live
specimens (Figure 1.9B). Notopodia and neuropodia smooth and continuous with lollipop-
shaped papillae between lobes (Figure 1.9D) with long (5 mm), simple chaetae with dehiscent

scales found on neuro- and notochaetae distal tips in organized rows (Figure 1.9E-F).
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Distribution.

The holotype, WAM:VER:V9872, and both paratypes, WAM:VER:V9873 and
WAM:VER:V9876, were collected by ROV SuBastian at 2600 meters known only from Cloates
Canyon (North Ningaloo canyon system, Western Australia) (Figure 1.1).

Etymology.

Swima osbornae n. sp. is named in appreciation for Dr. Karen Osborn, an invertebrate
zoologist and curator at the National Museum of Natural History, whose postdoctoral work at
Scripps Institution of Oceanography describing Swima laid the groundwork for the study of
pelagic acrocirrids. Latin feminine ending -ae.

Remarks.

Swima osbornae n. sp. is a part of the Swima clade of pelagic acrocirrids which have at
least one subulate branchiae positioned medially. The paratype, WAM:VER:V9876, was
sequenced for 168, 18S, 28S, COI, and CYTB and the others were sequenced for COI only. All
three available Swima osbornae n. sp. COI sequences were identical, a 0.00% maximum
pairwise intraspecific distance (Table 1.6). The nearest relative was Swima fulgida, a bomber
worm collected from 3300 meters in Monterey Canyon (Monterey Bay, CA, USA) with which it
shares a dark anterior gut, although the dark gut may extend further in Swima osbornae n. sp.
The minimum pairwise interspecific distance between these two was 13.45% (Table 1.6), which
is just above the minimum interspecific distance observed within acrocirrids (13%). Large
clutches of oocytes were present in all three specimens (Figure 1.9B). All specimens showed
artifacts of fixation or damage upon collection making some key morphological features of
Swima difficult to distinguish such as the positions of the elliptical, bioluminescent branchiae.

Two pairs were located on the achaetonous region, but the presence of the two segmental pairs
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found in neighboring species were not confirmed. Although key morphological features of
Swima were difficult to confirm and no obvious apomorphies were found, DNA evidence
supported its inclusion in Swima and delineation as a separate species from both Swima fulgida
and Swima bombiviridis as well as the more distantly related Swima tawitawiensis (Table 1.6;
Figure 1.7-1.8). Additionally, ROV SuBastian footage showed an identical body plan to Swima
and the same form of chaetae undulation swimming and neutral buoyancy behavior of Swima

(Figure 1.9A).

Paraswima n. gen.
Type species: Paraswima sonjae n. gen. n. sp.
Diagnosis.

Swimming acrocirrids with more than 30 chaetae per parapodium. Eyes absent and head
not retractable. Thin gelatinous sheath penetrated by clavate papillae. Two pairs of grooved palps
with nuchal organs immediately posterior as convoluted, ciliated ridges. Subulate branchiae
found in pairs and positioned in rows on head. Anterior achaetonous segments support four pairs
of bioluminescent, elliptical branchiae or large branchiae more than half body length at widest.
Subulate branchiae not easily lost, while main branchiae are lost easily leaving circular scars.
Parapodial lobes obvious with two or more lollipop-shaped interramal papillae. Notochaetae
simple, while neurochaetae are compound with a simple, ‘blade-like’ distal element.
Etymology.

Paraswima is a Latin combination of the preposition “para” meaning near and “swima”
an arbitrary combination of letters with the feminine ending -a. Named for the sister relationship

and morphological similarity to Swima.
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Remarks.

Paraswima n. gen. shared achaetonous anterior segments, prostomium shape, four pairs
of dehiscent branchiae, and simple, spinous notochaetae with Acrocirridae. Paraswima n. gen.
differed from benthic acrocirrids by overall body form, lack of eyes, large bundles of chaetae,
and presence of notochaetae. The genus was most like Swima with which it shares swimming
behavior, structure of the buccal organ, and lollipop-shaped interramal papillae and potentially
Helmetophorus and Chauvinelia with which it shares a similar structure to the buccal organ and
potentially the ability to swim. Paraswima n. gen. differed from these three genera by having
subulate branchiae in pairs and main branchiae only present on achaetonous segments.
Paraswima n. gen. further differed from Helmetophorus and Chauvinelia by possessing over 30
chaetae per parapodium and a larger body size. Paraswima n. gen. formed a well-supported
clade distinct from all other acrocirrids (Figure 1.7-1.8). Analyses excluding species with no
genetic data (Figure 1.7) placed Paraswima sister to Swima with high bootstrap support 79% (1.0

in Bayesian analysis).

Paraswima sonjae n. gen. n. sp.
Figure 1.10
Material examined.

Holotype: WAM:VER V9877 (GenBank# 0OQ713620 (COI), OQ718584 (CYTB),
0Q722174 (165), 0Q724828 (18S), 0Q724824 (28S)). Paratype: WAM:VER:V9878
(GenBank# 0Q713621 (COI)). Photos of paratype WAM:VER:V9878 are not shown. Both

specimens preserved in 95% ethanol.
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Diagnosis and description.

Paraswima sonjae n. gen. n. sp. is 55 mm long and has 33 chaetigers. Body light beige in
situ with a thin gelatinous sheath that obscures internal features (Figure 1.10C). Mid-body
enlarged and tapers narrowly at both ends. Pair of grooved palps antero-dorsal to buccal organ,
which has a reddish-brown color (Figure 1.10A). Brachial membrane posterior to palps supports
digitiform branchiae laterally, a single pair of subulate branchiae evenly spaced in a row behind a
convoluted, ciliated nuchal organ (Figure 1.10D). Achaetonous anterior region narrow and
muscular supporting four pairs of small, elliptical branchiae (Figure 1.10A-B). A distinct red
color is obvious throughout the digestive tract including the buccal organ, pharynx, midgut, anus,
and possibly outside the digestive tract on the branchial membrane as well, although the color
may be slightly different here appearing browner (Figure 1.10A-B). Biramous parapodia with
fans of numerous, 30 or more, long chaetae with three or more lollipop-shaped papillae between
lobes (Figure 1.10E). Notochaetae simple, broad, and flat, and neurochaetae compound with a
simple, “blade-like” distal tip (Figure 1.10E-F).

Distribution.

Known only from Cloates Canyon (North Ningaloo canyon system, Western Australia) at
3400 meters (Figure 1.1).

Etymology.

Paraswima sonjae n. gen. n. sp. was named for Sonja Hu¢, a master’s graduate of the
Rouse lab, with the Latin feminine ending -ae.

Remarks.
Paraswima sonjae n. gen. n. sp. belonged to a clade sister to Swima with paired subulate

branchiae arranged in rows and main branchiae located only on the achaetonous region. The
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holotype, WAM:VER:V9877, was sequenced for /6S, 18S, 28S, COI, and CYTB and the
paratype, WAM:VER:V9878, was sequenced for COI only. The maximum pairwise intraspecific
distance between the holotype and paratype was 0.00% (Table 1.6). Paraswima sonjae n. gen. n.
sp. was recovered as the sister species of the undescribed Tiburon bomber, a bomber worm with
paired subulate branchiae collected from Juan de Fuca Ridge (USA) at 2400 meters, with high
bootstrap support of 80% and posterior probability of 1.0 (Figure 1.7). The minimum pairwise
interspecific distance between the Tiburon bomber and Paraswima sonjae n. gen. n. sp. was
15.83% (Table 1.6) which is above the minimum interspecific distance we observe in
Acrocirridae (13%). The main branchiae of this species was more like Swima than the other
members of the Paraswima clade in that they were small and elliptical, though it cannot be ruled
out that these “bomb” organs may have been in the middle of regenerating. Paraswima sonjae n.
gen. n. sp. differed from Swima in that all four pairs of main branchiae were positioned in the
achaetonous region and the subulate branchiae were arranged in pairs. ROV SuBastian footage
showed the benthopelagic lifestyle of this species swimming within a couple hundred meters
from the seafloor unlike Swima which is more mesopelagic found more than 400 meters above

the seafloor (Figure 1.10C).

Paraswima ethanquicki n. gen. n. sp.
Figure 1.11
Material examined.
Holotype: WAM:VER:V9620 (GenBank# OQ713618 (COI), 0OQ718582 (CYTB),

0Q722173 (165), 0Q724826 (18S), 0Q724822 (28S)). Paratypes: WAM:VER:V9621 (no DNA)
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and WAM:VER:V9663 (GenBank# OQ713619 (COI)). Specimens fixed in 95% ethanol except
WAM:VER:V9621 fixed in formalin.
Diagnosis and description.

Paraswima ethanquicki n. gen. n. sp. holotype is 25 mm long and has 29 chaetigers.
Body transparent with a thin gelatinous sheath obscuring internal features (Figure 1.11A-B).
Two pairs of grooved palps antero-dorsal to a buccal organ that is darker than the surrounding
body (Figure 1.11A-B, D). Branchial membrane supports three pairs of subulate branchiae in two
rows behind a convoluted nuchal organ (Figure 1.11B, D). Muscular achaetonous region
truncated or fused supporting four pairs of large, elliptical branchiae with length at least half
body width at widest part (Figure 1.11D). Parapodia biramous with fans of numerous, more than
30, long chaetae and 3 or more lollipop-shaped papillae in between the lobes (Figure 1.11E).
Notochaetae simple, broad, and flat, while neurochaetae are compound with a simple, “blade-
like” distal tip (Figure 1.11E-F).
Distribution.

Known only from Hood Canyon (South Bremer canyon system, Western Australia) at
1550 meters (Figure 1.1).
Etymology.

Paraswima ethanquicki n. gen. n. sp. was named for Mr. Proctor’s partner, Ethan Quick,
with the Latin masculine ending -i.
Remarks.

Paraswima ethanquicki n. gen. n. sp. belonged to a clade sister to Swima with paired
subulate branchiae arranged in rows and main branchiae located only on the achaetonous region.

The holotype, WAM:VER:V9620, was sequenced for /6S, 18S, 28S, COI, and CYTB and the
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paratype, WAM:VER:V9663, was sequenced for COI only, while paratype WAM:VER:V9621
had no DNA sequenced and was used for morphological analysis only. Paraswima ethanquicki
n. gen. n. sp. holotype and paratype, WAM:VER:V9663, had a maximum pairwise intraspecific
distance of 0.01% (Table 1.6). Paraswima ethanquicki n. gen. n. sp. was recovered as the sister
species of the undescribed Horned bomber, a bomber worm with paired subulate branchiae from
Astoria Canyon (USA) at 1850 meters, with a high bootstrap support of 99% and posterior
probability of 1.0 (Figure 1.7). The minimum pairwise interspecific distance between the
undescribed Horned bomber and Paraswima ethanquicki n. gen. n. sp. was 16.58% (Table 1.6),
well above the minimum expected interspecific distance for acrocirrids of 13%. ROV SuBastian
footage showed a close interaction with the seafloor with a large gathering of worms in Hood
canyon swimming just above the seafloor (Figure 1.11C). It was unclear if this large group is a

mating event or a unique life history trait of Paraswima ethanquicki n. gen. n. sp.

DISCUSSION

The phylogenetic results of this study recovered the same swimming clade as Osborn &
Rouse 2011. The position of the Juanita Worm was unstable when comparing the ML and
Bayesian trees from this study with the Bayesian tree from Osborn & Rouse 2011. The Osborn &
Rouse 2011 tree found the Juanita Worm sister to the other pelagic acrocirrids (1.0 posterior
probability), the ML analysis of this study found the Juanita Worm sister to Teuthidodrilus but
with low bootstrap support of 41% (Figure 1.7), and the Bayesian analysis including the
morphological matrix found the Juanita Worm sister to a clade of Chauvinelia, Helmetophorus,
Paraswima n. gen., and Swima with high support (0.74 posterior probability) (Figure 1.8). The

tree also differed by the addition of Actaedrilus yanbarensis, Macrochaeta pege, and
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Macrochaeta sp. from unpublished mitogenome data, note that data attributed to Macrochaeta
sp. from Osborn & Rouse 2011 were changed to Macrochaeta cf. westheidei due to the sampling
location and morphology aligning the specimen to Macrochaeta westheidei, an important
distinction to avoid confusion with the unpublished mitogenome data under Macrochaeta sp.
The analyses consistently recovered a clade, including the undescribed Horned and Tiburon
bombers and two of the new species now placed in Paraswima n. gen. Paraswima n. gen. is like
Swima sharing features such as swimming ability, elliptical segmental branchiae, and subulate
branchiae but differ by the positioning of their subulate branchiae and location of the segmental
branchiae. When taxa with no DNA data were included in the analysis, the tree topology was
consistent with Osborn & Rouse 2011 except for the position of the clade consisting of
Helmetophorus and Chauvinelia, which have character traits aligning them with members of
Flabelligeridae such as the presence of a cephalic hood, Swima such as a medial, subulate
branchiae, and Paraswima n. gen. such as short body papillae and a convoluted nuchal organ.
Osborn & Rouse 2011 found that Chauvinelia and Helmetophorus formed a clade with
Paraswima with a posterior probability of 0.52, while the tree from this study finds that
Chauvinelia and Helmetophorus formed a clade with Swima with similar support, 0.42. The
Bayesian analysis reveals a clade that consists of Paraswima n. gen that has paired subulate
branchiae and a clade that consists of Swima, Chauvinelia, and Helmetophorus that have at least
one medial subulate branchiae (Figure 1.8). Morphology alone has provided unstable positions
for Chauvinelia and Helmetophorus. Expeditions to the Arctic and Southern Oceans with the
goal of collecting and extracting DNA from these taxa should be of top priority to resolve a
stable position in the tree and draw more refined conclusions on the evolutionary history of these

deep-sea acrocirrids.
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This study represented the first record of swimming acrocirrids from the Indian Ocean off
the Western coast of Australia. Additionally, the recovery of two new species into a clade with
two undescribed swimming acrocirrids, the Tiburon Bomber and Horned Bomber, and the
presence of Chauvinelia and Helmetophorus between this clade and Swima, provided sufficient
evidence for the erection of a new genus, Paraswima n. gen. This new genus formally consists of
Paraswima sonjae n. gen. n. sp. and Paraswima ethanquicki n. gen. n. sp. bringing the total
number of described swimming acrocirrid genera to three. The addition of Teuthidodrilus
australis n. sp. expanded the range of the previously monotypic Teuthidodrilus to include the
deep-sea canyons of the Indian Ocean west of Australia, while the addition of Swima osbornae n.
sp. expanded the range of Swima to include the deep-sea canyons of Northwest Australia. Given
that Swima bombiviridis and Swima fulgida were discovered off California, over 14000
kilometers from Western Australia, were shown to be more closely related in the phylogeny to
Swima osbornae n. sp. (Figure 1.7-1.8) than Swima tawitawiensis discovered off the Philippines,
~3000 kilometers from Western Australia, suggests that the connectivity of Swima likely
includes other continental margins across the global ocean, which has profound implications for
the biodiversity and evolutionary history of swimming annelids.

All three described swimming genera have large geographic ranges, and Swima
tawitawiensis and Teuthidodrilus samae had high connectivity despite distances of over 3000
and 17000 kilometers, respectively. Swima tawitawiensis differed by two base pairs in CO/
between the Celebes Sea and Northwest Australia, and Teuthidodrilus samae differed by only
five base pairs in COI between the Celebes Sea and the Galapagos Rift (Figure 1.3-1.4). This
high level of connectivity suggests that deep-sea canyons across the globe should be a high

priority for sampling. Describing new species and improving the ranges of existing swimming
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annelids is an exciting avenue of continued research for understanding the high diversity of body
plans and life history strategies in a family currently containing relatively few taxa. Additionally,
this study provided evidence for habitat use and life history strategies for swimming acrocirrids.
Direct evidence of Teuthidodrilus australis n. sp. with palps full of sediment and
Paraswima n. gen. associated within a couple of hundred meters of the seafloor underscored a
benthopelagic lifestyle, while evidence of Swima osbornae n. sp. and Swima tawitawiensis
neutrally buoyant or swimming in the water column more than 400 meters above the seafloor
suggested a consistently pelagic lifestyle, which was additionally supported by past observations
(Osborn et al. 2011b). These histories differ drastically from the life history strategies of their
benthic acrocirrid relatives. These swimming worms were shown in a phylogenetic context to
represent a third origin of pelagicism within Cirratuliformia, with Flota and Poeobius, two
members of Flabelligeridae with drastic body plan changes from their benthic flabelligerid
relatives, representing the other two independent origins (Osborn & Rouse 2008; Figure 1.7-1.8).
Understanding how selective pressures such as deep-sea environments could have altered the
genomes of these worms, particularly the mitogenome, may improve evolutionary explanations
for body plan differences and habitat diversity that we see within Cirratuliformia, and that is the

focus of Chapter 2.

24



LSEOLZIZOIN

€EVIH €90VN| S1-0C-9 9994 M 066868 -N c99L°0 Jopendg Yry soSede[en 9ST0LZEZON VWS SHILIPOPIING |
LEEOS 80€00TA| 0T-91-¢ [Y4%4 d.976'CI1 S o0€8'1C v [E€86ATIANVM
‘DN ‘UOS[IM 2 "D Osnoy . . . . BI[RNSNY WINSIA\ ‘UoAue)) aSuey ade)| SOS6ATIANVM e o
7€€0S 80€00TA| 0T-F1-€| L'SLIT |dITI'EIT S oCH6'IT T0R6ATAA NV ds u syp.ysn snjripopiyna |
'V ‘BIeH % NV QIO 8TE0S 9T100TAA|0T-02-C| L+T61 |do¥98TI1 S oS60°TE BI[ENSNY UIISOA ‘UOAURD) Iod| TI96AMHAINVM
NV 9ISOH % "D'N ‘UOS[IM 6¥€0S 80€00TAd| 0C-+-C 08T doT68°TI1 *S o£ST'TT BI[ENSNY UIRISOA ‘UOAURD) Sa)eO[D| $£86 AMAA NV M StSUMBIMD] DUANG
"D'N ‘UOS[IA\ % "D asnoy 9€£0S 80£00TA|0T-ST-€| S96vT [H oFIOEIT S oFb8 1T | EHEDSNY UINSIA UOAURD) dBuey ode]| 6Z86AMAAINY M o ’
9ILBO6ATIHATNVM
"IN’V ISOH % "D'N ‘UOS[I| 6%7€0S 80€00C3d| 0C--C 009C d,C68CI1 'S 0€STTT BI[eNSNY WIRISIM ‘UOAUED) SAjeO[D |  €L86AMHATNVM ds “u avu10gso pUMG
*CLEOATIHA'NVM
‘IN'V 9ISOH % "D'N ‘UOS[IM 0S€0S 80€00TA | 0T-¥F 98¢¢ d 066S°TIT *S 080T°CT BI[ENSNY UIRISOA ‘UOAUBD) SOJe0[D) wnwo>umm>“2<>> ‘ds u U985 u 20[U0S DUIMSDAD
. i . +LLS6AMIANVAN
€996 ATIHANVM
'V ‘eIeH % N’V “9ISOH SI€0S 92100 | 0C-C-1 0SS1 d6SS9'611 S oEPLPE BI[ENSNY UIYSOM ‘UOAURD POOH | TTIGAMIANVM| ds U uod ‘u pyornbuniyio putlisving
*0T96 ATIHA'NVM
TR UIPT/I03II[[0D JAI(] 2 ASINID eq| (w) pdoq $9)EUIPI00)) s JOYINO A sa109dg

" v = o[IuaAN( ¢, = 9dAI0[OH ‘UOBWLIOJUI UONIJ[[0D pue ‘Yidap ‘9)1s IYINOA YIM APnis SIY} J0J PAIOI[[0D SUdWIIAAS MIN :1°[ 9]qeL

25



Jaquiog uoinq],

IDWDS SNJ1APOPIYINS |

ds ‘u SDAISND SNJ1IAPOPIYING |

SISUDINDIIND] DULING

-ds ‘u IDUAOGSO DUING

p13|nf vuImg

SPLIAIGUIOG DUING

‘ds "u ‘ua3 ‘u avluos PUINSDADT

‘ds 'u 'uag ‘u wombuvy PUINSDID]

“ds pravyd0.00

a3ad p1avy20.000D

S1UAO0I1AD]D DJODYIOAIDIN

19P121f] SOM “JO DJODYI0LOD N

SOOI — |~ NN NN | —| —]|—

ULIOA\ B)IUBN[

S|— NN AN N|O|D

Joquiog pauIoH

—|

upyup. snioydojpula fy

—_—
~| —
S

DISNAOUL DIISIOGD]]

‘ds puadijjaqoyy

DJODYI0.10D UL DJ]ASIPGD]]

[\l Bl Bl Bl He Il He I Mo\ I Bl Band Hanl Hanl No\l o\l Rl Reoll el Il No\l No\l No\l
il Rl Bl Knll Bmll Ko\ Ko\ Bl Bl Bl Bamdl ES\ 1 Ko\ ES\ T Ko\ 1 Ko\ Ko\ R=1 K==1 No\

DI1OAD DIIUIANDY))

SISUDADQUDA STJLIPIDIDY

OIQO|IQ|IQ|IQ|IQ|Q|Q|Q|Q|Q|Q|Q|Q|IQ|IQ|Q|I@|—|—|—|>
——] o~~~ —] |~~~ —]—]—~—]—]—~— ]| |||~ | O] —~
N E=1 =1 =1 = k=1 E=1 =1 =1 = = = k=1 E=1 k=1 k=] k=1 =1 k= k=)
OIQO|IQ|Q|Q|IQ|QIQ|IQ|IQ|IQ|IQ|Q|Q|Q|IQ|Q|Q|Q|Q|@o|<
AN|njn|—|flen|en| AN AN |en|enjen|en| S <F [N en

[\l Ko\l K== No\ll No\} Ne=)

SnpIDA SNL4120.0F | 9ePLIIO0IOY

$§24259W SN1GOI0J

SISU2IDSUDG DSNADY ]

“ds mpopy

——] ]| ||~ o~~~ —]|—~]|—]—]|—]—|—~]—
——] =]l —=| ||| —=—=|Ol0| ||~ —]|—=]|—]—]|—]—]|—]—
bl Il Banll Kool Ha\i N il Ha\l Bull Ho i Ha\l Ho\ I N\l o\l No\l Ko\l Ko\l Ha\ll Ha\l Ho\ I No\l o\l No\l Ha\} Ko\l Na il No\|
—]—] OO~ | O] —| ||| —]|—]|— ||| ]| ] —]|—]—]—]r—]—]—
Ol OO — || =] =] || = ]| O] =] ]| —] | —]—]— ]| O| —
ol o|lo|— | ] === =~~~ = =] =] =] —
(=] f=} =) foj o) fo) o) fe) o) k=] kol Lo\l E=] k=] k=) fo) fal Bl Kol Rul Rl Benll Benl Kl Re) Nl
Ol —| O] —~len|enjen|—|len|en| —| —]| —]—]—~]—]—~]—~]—~]—~]N|—~]—]—~]—
] QIO QIQIQ|IQIQ|IQ|IQ|IQ|IQ|Q|IQ|IQ|IQ|IQ|IQ|IQ|IQ|IQ| <@
OIQ|IQ|IQ|Q|IO|— Q||| —|—|Q|Q|Q|Q|O|—|—|—|—|—|—|2|>|—
Ll Bl Rl Bl Bl E==1 Bl Kl Kl Kl Bl Bl Kool Banll Bl Bl Bl Rl Bl Bl Bl Rl Bl Ko\ Ko\ Bl
bl K= Rl K= Bl =2 E=2 B=J L Bl R =] K= Rl Bl Bl Bl Rl Rl Rl o) el Heo) B} Nl Ban) Nen)
o\l Ka\l Ko\l Bl Bl Ke2 ) Bl Bamll Bl Bl Bl Bl Bl Bl Bl Bl Bamll Bl Bl Bl Bl Bl Bl Bl Bl Bl

1
(=) e e
—|o o
(=) R el
(=] R}l B}l Rl Ho\|

Sypsuauiiod soiquidsaqgoy.q | sepro3ifoqe[

RO~ ||| —|—|— ||| —|—|—|— ||| O

~jo|o|e | e o
("o} Re=j Reuh Reul o) Reel Bl Rl Bl Ranll Banll Ko=) Rl Reo) Jeo) N} Jeo} Nl Jeo) N} Jeo) Neof N} Nl Ko E=1 K=

(o} Ranll Banll Ronll Bonll Kol Beod Bl Reo) Reo) Beo) Bl feo) feo) feo) feo) feo) Jeo) feo) Jeo) feo) Jeo) feo) Jeo) Jeo) Ren) Rew)
Al Banll Rl Renll Rl Kol e} el B Feo) Juu)l feo) B Jeo) feo) Jen] Jeo) feo) Beo) Jeo) Jer) Juo} Jeo) Bl Jeo) Nao) Hen]

A=l E=l Bl Rl Bl el Fe) ) fe) Fe) el feo) o) Je) Fe) Bl Je) Nl Be) Bl Rl bl Bl Rl K2 K=l R =

=Y Raull Ko\l K==] Ho || K==j e) o\ | e e ) No\l

S| — || —

LejoTseyve|ecyee|ic

<
(o}
=)
—
o
—
~
—
o
—
wn
—

45 18 (4!

—
—
=
—

s1)EIRY)

"€°1 9]qeL Ul PpaqLIdSIp SIojoeIeyd Ym xiew A3ojoydIoy (7' 9[qeL

26




- - Juasaid JuIsqe deryoueIq pedy [BIPIN "ST
- - padooy ySrens mo /g
- - Juosaxd Juasqe S)UOWIZOS MIJ UT SPeUos 9)10SI(T "9T
- payooy PoAIND ySrens (JUSWD[O PUOIIS) FLJOLYIOINDN] ‘ST
- - Juasaxd Juasqe QeIORYD PAUAL[) ‘PeOIf T
- - uasaid Juasqe Jejoeyd punodwo) ‘€7

Judsqe snourds PaIIOWIZAS ‘PalIeg-SSoId oows JejoRY)) 7T
- - snoweIun snowelq (210U 10 9UO) SIATNILYO JOLUY [T
- - Juosaxd Juasqe [Tes Apoq woxy Jounsip erpodered "7
- [erwoystd [eyuow3os QUEIQUIAW [BIYOURIq (uoneoor) sazodorpuydaN 61
- - juosaxd Juasqe deqided se sazodorpuydoN g1
- [ S GMMNW&MMM__W MMMM Teondiypo ‘ews pa1ade) ‘Suoy (odeys) semjoueiq U L]

sned g smed ¢ sared 4 sared 1 uey orow (sared 1oquunu) seryouLIq UIRIA "9

QUBIQUIOUI [RIOURIq

- Juasqe QUEIqUIdW [RIYOURI] UO deIyoURIq UIRA “G|

U0 JOU ‘SJUdUISIS 2I0W IO JUO U0

- - 150] AJIsea jou ‘aje[nqns Juosqe Qeryouelq pedy |
. (s9a13ap (8] uey) d10W Spuaq S[dninur yrrm) (puaq 2a130p (087 o[3urs im)|  (pueq 22139p (Y] UBY SSI] YIIM) (adeys 05pir) suSio [PyONN €]
PAN[OAUOD padeys-n ySrens :
saxmonns re[id fends pue ‘paydueiq amonys payouelq Kjaysoddo
: y . Ajuo a3pL1 aerfio Kquo nd suedio [eyonN ‘z|
Ajonsoddo ‘Burpueys-0a1y uo a3pui jo ed jsed] 1| ‘Surpue)s-091j & U0 d3PLI pajerfio Jo red 1sed] je
- - Juasaxd Juasqe SOAT 11

winnwostRd Suroaod Ajjesiop ‘padeys-1reay

s)uaWFs 1040 A1oLsod
Sunoafoxd wrSrew Jor)sod ‘axi-ojerd ‘resiop

SO0 DA
Apouzysod Sunoafoid jou ‘ypoows
urSrew Jouysod ‘oyif-operd ‘resiop

wrew Jouojue
Sunoofoxd yym ‘aIj-2qoy ‘euruLId)

adeys wnmuoyso1d ‘01

- el fepodered se yons saImeaj SaIN0sqo “Yory) SINJBIJ SINSQO 1,USAOP ‘UIY) Juasqe IeayS Snounen 6
- - jJuosaxd Juosqe Apoq 0} PaIOYpE JUSWIPAS ']
uoojfeq dodijor AR J10Us seqnided jewesoy </

- - qeAR[O ‘Suo| J10ys aeyided Apog ‘9
- - Juasqe Juosaxd Apoq Jo Ayuofewr uo surSrewr JUSWSas SNOIAQO AJ[eUIANXT G
j R Josoxd Juesqe (Apoqprw Jo 9soyy ueyy JOFUO| ¢/] ISed] Je 101aLRYD IS JO dBIoR(D)
a8eo0 oreyde) 4

3 4 I juosqe S)UOWIZOS JOLIG)UE SNOUORROY ¢
- - Juosaxd Juasqe pooy oreyda) 7
- - Juosaxd Juosqe (s108108YD 1SIIJ OPISUT) PLay 9[qeIoendy ‘|
€ [4 1 0 $ape)§ PRPeIeY)

‘71 91qeL ur xigew A3ojoydiow 10 Surpod 1ajoeIey)) ¢ d[qeL

27



S00£/D0CL = SPRAD Ot 5 (SSL/DoTL - SOV/DoSS - S0E/D0S6) - S081/D056 900T v 12 Yonng £M870d/14820d| S8
S08%/D0TL = SPIRAD O % (S06/D0TL - S0E/D00S = SO0E/D0S6) - S081/D056 | L66T 1P 12 SUBIYM/966T 7P 2 I9qLID U6-S81/0°Ce-S81
S081/D0CL = SPIPKD OF 4 (S06/D0CL = S0E/D6TS = S0E/D0S6) -~ S081/D056 | L6GT 1P 12 SUBYM/966] 7P 12 RqLID 19-S81/d€-S81| S8/
S081/D0TL = SFIPKD O % (S06/D0TL = S0E/D00S = SO0E/D0S6) - S081/D056 9661 7V 12 19QUID) AS-S81/41-S81
S00£/D0TL - SPIRAD G€ 4 (S0S/DoTL - SOH/Do0S - S0H/D0S6) - S081/D056 9661 *[v Jo Iqunjed H1qS91/11eS91| S9/
S0TH/D089 - SFIPAD € 4 (509/D089 - S09/D0St - S0E/DoP6) - SOTI/Dob6 Aprys Juasaid | Y9LSDAD/APTHAD | gD
S00€/D0CL = SAAI Ot 4 (S0S/D0TL - SSH/DoTh - S0¥/D0S6) - S081/D056 110T 742 1me)|  ODHAI0d/0DTAI0d
S00£/D0CL = SAPAD 0€ 4 (S09/D6CL - SSH/D0TS . 10D
= 80€/D0t6) SAIPLD G 4 (S09/DoTL = SSH/DoLt = SOE/Dot6) - SO8T/Dot6 r661 1772 Ao ) 861COOH/06YIO0T
[030)0.1J uUondeY Auoyiny 19§ JOULIJ | dUd5)

"Apn3s siy} ur pasn s]02030.d pue ‘srownid ‘soudn) 4 d[qe L,

28



600 "/ 2 UI0GSQ WO PaGLOSdpun 88TIV:OIA:OIS|  8FSHord| sesvvord| cesvvord| 10svverd| €1svvord J_quiog uoInqr,
) . . LSEO0LZIZOW| +07L08OO| #07L0SOO = 3 #07L080OO DUIDS SHJLIPOPIYING |
10T ‘@Snoy % ‘UIpEJN ‘UI0qsQ i R R R

THEVO:VIAN vesvyord|  €0Strerd DUWDS SHILIPOPIYING |
Apmisjuasald|  OS6AMAAINVM| S0TLOSOO| S0ZLOBDO| SI8HILOO| 678%TLOO| S0ZLOSOO « 'ds U syp.ysnp snjLpopiying |
S — 6Z86AMHANVM| 90ZL08OO| 907L08OO = 3 907L0800 SISUDIMDIMD] DU
LTEVO:VIAN = = 0TSHrord|  66vrr6rd = SISUDIADIIND] DULNG
Apmsyudsald|  €L86AMAAINVM| €8S8ILOO| €T9€ILOO| €I84LOO| LI8FILOO| SLITILOO « 'ds U avuiogso bumg
€10V V:OId:0IS| 10ZL0800| T07ZL08OO = 3 102L0800 DpL3|Nf DULNG
[10T 9snoy 2 “YOOppeH ‘wioqsQ 9871 V:DId:0IS = = 61SY6ld = = vpL3nf DUING
S8TIV:DIF:0IS = = = L6YY6rd = ppISInY DUIMG
T — Y10v1V:OI9:0IS| T07L0800| 70ZL0SOO = S 707L0800 SIPLIAIQUIOq DUING
: - 78TIV:0I4:0IS = = ¥r1TCrOD| €viTTyOD = SIPLIAIQUIOq DUING
Apmsyudsald|  LLS6AMAAINVM| ¥8S8ILOO| 0T9€ILOO| $I8vILOO| 8I8¥ILOO| ¥LITILOO x ds U "UdS U avfuos PuIMSDAD

Apmsyudsald|  0T96AMAAINVM| T8S8ILOO| SIIEILOO| TI84ILOO| 9T8%ILOO| €LITILOO s dS "W UdB U pyombuvys puNMSD.DJ| SePLIDOIOY
0S81 9qnID| [V-Sounoydy-10aN| 61T1LLSLIN| 61T1LLSLIN - - 61TLLSLIN (paysiqndun) “ds vravy20.0D)
6961 ‘suegq 0L9STV:DIF:0IS| 002L0800| 00ZL080O| SI8¥08O0| LOFH08OO| 007L08SOO 232d D12VY20.ODN
(ce81 ‘SIES ‘W) 6T8SLHNINS E E 9696LL0A = B SILIOIIAD]D DIIDYIOIDJN
L80T1V:DIL:0IS = €9v16LNd = 19716LN9| LS69TEOH SILIOIIAD]D DIIDYIOIDIN
. €L8YV:DIA:0IS| 961L0800| 961L08DO| 1870800 = 961L0800 12PI2YISON "JO DIGDYI0LIDIN

€661 ‘BA[LS 2 SOJUES e .
LTITV:DIL:0IS = = = Y1¥00LNT = 10p12Y}SIN "JO DIDDYD0LIDIN
600€ " [P 2 UI0GSQ WO PAGLOSIPUN 68TIV:OIA:0IS|  6vsSyverd| 9ocsvvord| c€csvvord| cosvverd| visvvord WO Ejuen(
600C "V 2 UI0GSQ WO PAGLOSIPUN LSTIVOIA:OIS|  LyShverd| vesvvord| 1csvverd| oosvverd| Tisvvord Joquiog pauIoH
100T RIIO 9ZIT1V:OIF:0IS| 861L080O0| 861L0800| 1TI+69Nd| 0TI¥69Nd| 861L08OO “ds puasijjaqo].]
(TL61 “Preyone,) 68L6V:DIF:OIS| L6T99TUO | L6199TUO | €1840800| 90v+0800] L61991UO DIODY20.00D U D]JISI]]9qD]]
020 ‘eanwi] ‘ojownifn,{ ‘Terf 608-d [0d-LINSN| 8S6StSIT| Tv9erSOT| LS6SHSIT| 9S6SHSOT| SS65HSIT SISU2ADGUDA SNJLIPIDIOY
. WIPV:OIE:0IS| L6IL0SOO| L61L0SOO| TI1840800 = L61L0SOO SHPIDA SNLD0.ADY
6L81 “IO[[OZUAIBIN -

0621 V:DIL:0IS = = = 16vvy6rd = SHPIDA SNLID0ADY
JUp— 6TS6V-OIL:0IS| 661L0800| 661L0800 = = 661,0800 $2.4259Ul SNGOIO]
0€1TV:DIL:0IS = -l €TIpe9nd| STIve9Nnd = $2.4259Ul SNGOIO]
(ze61 ToAneq) - LYSLSSZIN| LYELSSZIN - - LYELSSZIN (paysiqndun) sisusjpsUsq DSNYJ

. 8LOY1V:OIF:0IS| €07L08OO| €07L08OO = = £07L0800 "ds 110].f| oepuodioqer
S [ETTV:DId:0IS S S TTIy69Nd| 911¥69Nd = ‘ds vrog
(6061 ‘21001 9bTHIV:OIA:OIS| 9619910 | 9619910 | 00SEISOO = 96199140 SYDSUIUUIOD SOIqUIASID]]
£P8IV:0Id:0IS = S = $969C€OH = SYDSUIWUIOD SOIqUIASID]]

Auoyiny 1YONOA 4140 100 VN¥1S8C| VNY-SSI| VNY4S9I sapadg Apureq

" = sadKjo10y wosy pooudnbag *proq a1e saouanbas maN "Apnis siy ur saoudnbas 103 sroquinu Juegquorn) pue sa10adg G 9[qe L

29



SESHYOIA
- | €20T | €661 | 91°0T | ¥81T | ¥1'IT | 61'1C | vTIT | $8'1T | 8F1T | ¥6'1T | 1€61 | 1€61 | 1€61 | IL1T | 61T | 0091 | €8°ST [ 9T61 | 8061 | LL'6T | 89°0T | 20'IT soquiog tomgy | £
. . . . . . . . . . . . . . . . . . . Jopenog “Yryg sosedgen 8..91.00
- 100 | T0°0 | TOST | ¥8°ST | €8°ST | ¥8°ST | K61 | 2961 | OL'61 | €661 | €661 | €661 | 0S'TT | S9°61 | 6€0T | 80°0T | 1661 | €20T | SO'8I | 8%0C | €8'IT ooups sppopugnag|
. . . . . . . . . . . . . . . . . . . Jopenog “Yryg sosedgen £LL91.00
- 10°0 | 6S°ST | 8TST | #EST [ 1SST | 8961 | 0961 | 9561 | 6961 | 69°61 | 6961 | 91T | 9561 | T1°0T | 1861 | LEGT | 8961 | SOST | 9861 | €L°TC ovuips smpapopymay| X
. . . . . . . . . . . . . . . . . . . soutddi[iyd 8o $2GA[)) «LESHYOI
- LSST | S8FL | LOST [ 0E'ST | 0661 | LS'6T | 90°0T | T6'6T | T6'61 | T6'61 | TSIT | 6561 | 0L°0T | ¥TOT | TI'6L | #¥61 | TH8T | 9561 | 6T 1T sewres spupoprymay | 9%
. . . . . . . . . . . . . . . . . . Ly0¥8LOO
- 000 | 000 | 000 | 9,61 | ¥1°0T | S0°0T | TL'61 | TL'6L | TL61 | 16°TT | TL'8I | OF'TT | ¥OTT | 8861 | OL'61 | 161 | LIOT | TI'TT ds -u sypasno smapopiymag| 1
- 000 | 000 | 06'8T | €9°81 | T1T6T | L9°61 | L96T | L9°6T | TL'TT | TT6T | STTT | 60°TT | L8'8T | TL'8T | TO'6L | 9161 | 8S'IT 8507800 8T
“ds ‘u syv.gsnp snjripopuying
. . . . . . . . . . . . . . . . x670¥8LOO
- 000 | ¥6'81 | 1061 | 9761 | OL'61 [ OL'61 | OL'61 | 68TCT | 9761 | 6TTT | €1'CT | €681 | 8L'8L | 6T61 | €T61 | ¥8'1C ds ‘u sypasno snpapopiygnag| L1
. . . . . . . . . . . . . . . 9r0r8LOO
- 0061 | €61 | 0561 | 9L6T | 9L°61 | 9L'61 | ¥0'€T | €€61 | v€TT | 61°CT | 0061 | $881 | O¥'61 | 961 | 81'CT ds 'u syogsno snpapopugnag| O
. . . . . . . . . . . . BIENSNY U0AUE)) SALO[) §LLITLOO
- 000 | 0000 | 96°ST [ 96°ST | 96°ST | L¥'ST | SE9T | SH6T | €61 | 81T | 61°CT | IL'61 | 87°0T | 68°TC stsuoopm; pug| ST
eliensny ‘uokue) asuey ade) 9//,91.00
- 00°0 | 90°91 | 9091 | 90°91 | 0EST | ¥¥'91 | TH61 | 9T61 | TSIT | €1°TT | 161 | SS°0T | TETT [ ——
. . . . . . . . . . . . soutddi[iyq 8o $9qO[0)) 4 EESHYOIA
- PPOL | #7791 | #9791 | 6¥'ST | 2991 | #¥°61 | T1°61 | LOTT | 69°TT | €561 | 9S°0T | 61°€T siswormenme ewing| €1
. . . . . . . . . . . ¥29€1L00
- 000 | 0000 | SPEL | vI'ST | $881 | 6981 | ST'61 | 1961 | 1181 | LT61 | 66'1C ds “u apuiogso punmg|
. . . . . . . . . TT9EILOO
- 000 | SY'El | PI'ST | S8'8T | 6981 | ST'6T | 1961 | TT'ST | LT6I | 66'1C ds ‘u op1:0qs0 pumg| I¥
. . . . . . . . . *€T9EILOO
- SEEL | $I'ST | S8'8T | 69°81 | SI'6T | 1961 | 1181 | LT6I | 66'1C ds “u apui0qso vumg| O
. . . . . . . . % 1ESPPOrA
- 681 | 8T6I | L6'81 | 89°0T | SI'IT | 1T61 | 90°0T | T8CT opiSny vuimg|
. . . . . . . *LTSYPOrd
- 97’61 | €6'81 | 6v°0T | ¥9°0T | I8'LI | 11°0T | T€TT sprasquiog puamg| 8
. . . . . 129€1L00
- 000 | 0061 | SI'6T | 89°0T | ¥E8T | 9v'CT ds ‘u snfiios puamsvang|
. . . . . *0T9€1LOO
- 0061 | ST'61 | T$'0T | 10°81 | 00°CT ds u avfiios punnsning| 9
R . . . . 619€1L00
1000 | €v7ic | 891 | LI70C “ds "u pyombuyo DUIMSDADT s
. . . . *819€1L00
LTTT | vO'LL | £0°0C “ds "u pombupyo DUIMSDDT 4
. 9ESHP6rd
- €8°61 | 85TC wiopy wweny| €
i . PESTYOrd
v Joquiog pauwIoy 4
. 9T1¥69Nd
“ds puadijagny !
€7 [44 17 07 61 81 L1 91 SI [ €1 4] 1 0L 6 8 L 9 S v € [3 1 IEPLLIDODY

"« = 9dK10[0H "pIoq ur o, ¢ uey) ssof saoue)sIp osimired ym sooe[d [BUIIOOp OMm]}
031 popunoy ‘dnoigino oy se ‘ds puasijag,y YIM SPLUIOOIOR SUTIWIMS J0J S9OUR)SIp asimited 70 PaioaLIodu :9'1 d[qe ],

30



"(610T U] 2q0pPY) 10jeNsN[[] 9QOPY Uil payIpow pue (€[ 1oynog-uowrs % sjue ) o3exoed
¥ dewrewr o8esoed 3y oY) Suisn pAjeIdudd [ 9[qe] Ul PIISI] SANI[BIO] UOTII[[0d UdWIIAAS mau Jo dejy :1°] 2IngIg

opn1buo]
09— 00}- 0) 45 08l ovl 00}

| | | | | | | | | &
A SlLE il G 0] | > O
: aewes snjLpopiyInal ¢ o —— 5 uoAue) yyed
Amm ds ‘u syesysne snjpopiynaL ¢ & L Mho>:wo pOOH ._V
‘ sisuaime}ime} eWIMS S — O
ds U 9EUIOQSO BWIMS O %u
"ds "u ‘uab ‘u aefuos ewimselred ¢ ‘ |
"ds “u "uab 'u 1yoinbueyjo ewimseled ¢ - [ %
uoAue9 sajeo|d- -
R abuey ade)y ™ .~
qg szl ozt Shi o
By sobedejen \!/&a
8 i 8
A <
N
obyw/w saqoo = ©
P ; 0\ - JUSA] UONO9||0D V¥ P
- -
! Ajjeoo] adA] e e))

31

apnyyeT



Figure 1.2: Teuthidodrilus samae (A-B) and Swima tawitawiensis (C-D). A) ROV Little
Hercules footage of Teuthidodrilus samae from the Galdpagos Rift at 2555 meters showing palps
(p), elongate branchiae (br), and branched nuchal organ (no). Credit: Nautilus Live Ocean
Exploration Trust. B) Ventral view of Teuthidodrilus samae paratype, MCZ:1Z:70186, scalebar
=40 mm C) ROV SuBastian footage of Swima tawitawiensis paratype, WAM:VER:V9874, from
Cloates Canyon at 2480 meters. Credit: Schmidt Ocean Institute. D) Dorsal view of Swima
tawitawiensis paratype, WAM:VER:V9829, head showing the single row of three subulate
branchiae (sb) and elliptical, main branchiae (br). ch= chaetae.
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Figure 1.3: COI haplotype network for Teuthidodrilus samae. Circles are haplotypes and the
dash is a single nucleotide substitution. Holotype= *.
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Figure 1.4: COI haplotype network for Swima tawitawiensis. Circles are haplotypes and the dash
is a single nucleotide substitution. Holotype=*.
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Figure 1.5: Teuthidodrilus australis n. sp. A) ROV SuBastian footage of Teuthidodrilus australis
n. sp. just above the seafloor, 2175 meters, with palps (p) full of sediment (s). Credit: Schmidt
Ocean Institute. B) Live dorsal view of Teuthidodrilus australis n. sp. holotype,
WAM:VER:V9804, scalebar = 10 mm. C) Live ventral view of Teuthidodrilus australis n. sp.
paratype, WAM:VER:V9805, scalebar = 10 mm. D) Dorsal view of Teuthidodrilus australis n.
sp. paratype, WAM:VER:V9805, head showing branchial scars (bs) as numbers with a white
arrow pointing to the hidden eighth scar, scalebar = 5 mm. E) Anterolateral view of
Teuthidodrilus australis n. sp. paratype, WAM:VER:V9805, ventral parapodia, scalebar = 5 mm,
and inset showing magnified gonopore (g), scalebar = 1 mm. F) SEM image of Teuthidodrilus
australis n. sp. holotype, WAM:VER:V9804, notochaetae distal tip, scalebar = 100 microns.
br=branchiae, no=nuchal organ, Ig=looped gut, ch=chaetae, bo=buccal organ, pa=parapodium,
ne=nephridiopore, ps=palp scar.

34



OF

10 samples I sample

' Northwest Australia
‘ Southwest Australia

Figure 1.6: COI haplotype network for Teuthidodrilus australis n. sp. Circles are haplotypes, and
the dash is a single nucleotide substitution. Holotype=*.
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Figure 1.7: Maximum likelihood Acrocirridae phylogeny of five concatenated genes with data
partitioned by gene with Flabelligeridae as the outgroup. The topology of the Bayesian tree was
the same except that the Juanita Worm formed a clade with Paraswima n. gen. and Swima with
high support, 0.85. The topology of the strict consensus tree from the parsimony analysis was the
same except Actaedrilus yanbarensis was sister to rest of Acrocirridae with high bootstrap
support of 100%, Macrochaeta sp. formed a clade with Flabelligella macrochaeta and
Flabelligena sp. with low bootstrap support of 47%, and Swima fulgida and Swima bombiviridis
formed a clade sister to Swima osbornae n. sp. with 54% bootstrap support. Support is indicated
as bootstraps from the maximum likelihood analysis/posterior probabilities from the Bayesian
analysis/bootstraps from the maximum parsimony analysis with asterisks representing 100%
bootstrap support or 1.0 posterior probability. Taxa in gray boxes are pelagic.
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Figure 1.8: Bayesian Acrocirridae phylogeny of five concatenated genes and 28 morphological
characters including species with no DNA data in bold with parameters the same as the analysis
in Figure 1.7 with Flabelligeridae as the outgroup. The topology of the strict consensus tree from
the parsimony analysis was the same except Macrochaeta sp. formed a clade with Flabelligella
macrochaeta, Flabelligena sp., and Flabelliseta incrusta with low bootstrap support of 25%,
Juanita Worm formed a clade with Teuthidodrilus with bootstrap support 64%, Chauvinelia and
Helmetophorus were sister to all other swimming acrocirrids with 44% bootstrap support, and
Swima fulgida and Swima bombiviridis formed a clade sister to Swima osbornae n. sp. with 50%
bootstrap support. Support is indicated as posterior probabilities from the Bayesian
analysis/bootstraps from the maximum parsimony analysis with asterisks representing 1.0
posterior probability and 100% bootstrap support.
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Figure 1.9: Swima osbornae n. sp. A) ROV SuBastian of Swima osbornae n. sp. from Cloates
Canyon at 2600 meters. Credit: Schmidt Ocean Institute. B) Live dorsal view of Swima osbornae
n. sp. holotype, WAM:VER:V9872 showing medial subulate branchiae (sb) and the dark anterior
gut (white arrow), scalebar = 5 mm. C) Live ventral view of Swima osbornae n. sp. holotype,
WAM:VER:V9872, head showing muscular buccal organ (bo), elliptical branchiae (br), and
branchial scar (bs), scalebar = 2 mm. D) Compound image of Swima osbornae n. sp. holotype,
WAM:VER:V9872, parapodia showing interramal lollipop papillae (pap), scalebar = 100
microns. E) Compound image of Swima osbornae n. sp. paratype, WAM:VER:V9876, chaetae
distal tip, scalebar = 1 mm. F) SEM image of Swima osbornae n. sp. paratype,
WAM:VER:V9873, notochaetae, scalebar = 10 microns. p= palp, ch= chaetae.
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Figure 1.10: Paraswima sonjae n. gen. n. sp. A) Dorsal view of Paraswima sonjae n. gen. n. sp.
holotype, WAM:VER:V9877, showing elliptical branchiae (br) and red midgut and anus (a),
scalebar = 10 mm. B) Ventral view of Paraswima sonjae n. gen. n. sp. holotype,
WAM:VER:V9877, showing elliptical branchiae (br) and red midgut and buccal organ (bo),
scalebar = 10 mm. C) ROV SuBastian footage of Paraswima sonjae n. gen. n. sp. in Cloates
Canyon at 3386 meters. Credit: Schmidt Ocean Institute. D) Dorsal view of Paraswima sonjae n.
gen. n. sp. holotype, WAM:VER:V9877, head showing pair of subulate branchiae (sb) posterior
to palps (p), scale bar = 1 mm. E) Chaetiger six of Paraswima sonjae n. gen. n. sp. holotype,
WAM:VER:V9877, showing lollipop interramal papillae (pap), scale bar = 1 mm. F) SEM
image of Paraswima sonjae n. gen. n. sp. holotype, WAM:VER:V9877, showing distal tip of
neurochaetae. ch=chaetae, db=digitiform branchiae, noch=notochaetae, neurochaetae.
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Figure 1.11: Paraswima ethanquicki n. gen. n. sp. A) Dorsal view of Paraswima ethanquicki n.
gen. n. sp. paratype, WAM:VER:V9621, scalebar = 10 mm. B) Ventral view of Paraswima
ethanquicki n. gen. n. sp. holotype, WAM:VER:V9620, scalebar = 10 mm. C) ROV SuBastian
footage of Paraswima ethanquicki n. gen. n. sp. in Hood Canyon at 1550 meters. Credit: Schmidt
Ocean Institute. D) Enlarged image of Figure 1.11B showing rows of subulate branchiae (sb),
elliptical branchiae (br), and branchial scars (bs), scalebar = 3 mm. E) Chaetiger six of
Paraswima ethanquicki n. gen. n. sp. holotype, WAM:VER:V9620, showing lollipop-shaped
interramal papillae (pap), scale bar = 1 mm. F) SEM image of Paraswima ethanquicki n. gen. n.
sp. neurochaetae distal tip from holotype, WAM:VER:V9620. ch=chaetae, no=nuchal organ,
p=palp, bo=buccal organ, noch=notochaetae, nech=neurochaetae.

40



Acknowledgments
Chapter 1 is currently being prepared for submission for publication of the material.
Proctor, Paul P.; Wilson, Nerida G.; Hara, Ana; Hosie, Andrew; Rouse, Greg W. The thesis

author was the primary investigator and author of this material.

41



CHAPTER 2: Mitogenomic Insights of Cirratuliformia

INTRODUCTION

Prior to the development of Sanger sequencing, morphological data was the primary
evidence used to generate phylogenies for evaluating evolutionary relationships (Wiens 2004).
However, morphology alone provides poorly resolved phylogenies with homoplasy, making the
ability to track the origin of traits such as habitat use challenging. For example, histological and
morphological analyses created unstable positions for Flota and Poeobius in the annelid family
tree (Salazar-Vallejo & Zhadan 2007). When Rouse and Pleijel 2003 addressed the paraphyly of
Flabelligeridae, it laid the groundwork for the transfer of pelagic annelids Flota and Poeobius
into Flabelligeridae (Osborn & Rouse 2008; Burnette et al. 2005). This focus provided the
opportunity to use DNA evidence to answer the question: do Flota and Poeobius share a
common pelagic ancestor or has pelagicism originated more than once within Flabelligeridae? A
Bayesian analysis of Flabelligeridae did not recover Flota and Poeobius as sister taxa suggesting
two independent origins of pelagicism within Flabelligeridae (Osborn & Rouse 2008). The
discovery of a pelagic clade of annelids in Acrocirridae revealed a third origin of pelagicism
within Cirratuliformia (Osborn et al. 2009; Osborn et al. 2011b), which was confirmed in
Chapter 1 of this study even with the addition of new data and species.

Pelagicism is rare in annelids, with most residing within Phyllodocida (Halanych et al.
2007). Lopadorrhynchidae, lospilidae, Typhloscolecidae, and Tomopteridae are exclusively
pelagic families, while other families have pelagic members: Phyllodocidae (Alciopini),
Chaetopteridae (Chaetopterus pugaporcinus), Polynoidae (Drieschia, Podarmus, Drieschiopsis,
Gesiella, and Pelagomacellicephala), and Acrocirridae (Teuthidodrilus, Swima, and Paraswima

n. gen.) (Gonzalez et al. 2021). Prior to the transfer of Flota and Poeobius as well as the
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discovery of pelagic acrocirrids Swima and Teuthidodrilus, all representatives of Cirratuliformia
were benthic (Rouse & Pleijel 2001).

The body plans of benthic and pelagic cirratuliforms are drastically different, with
pelagic cirratuliforms having modifications such as transparent bodies, specialized feeding
modes, defensive strategies like the bioluminescent ‘bombs’ of Swima, modified chaetae, or, in
the case of Poeobius, the complete loss of morphological traits common in most annelids such as
chaetae, parapodia, and obvious segmentation (Gonzalez et al. 2021; Osborn & Rouse 2008).
Given that these pelagic members are nestled within a primarily benthic group suggests different
evolutionary constraints on these organisms. Researchers have been interested in the
evolutionary shift from benthic to pelagic habitats and whether that shift drives macroevolution
in metazoan lineages, even as DNA was actively becoming a standard in phylogenetics (Fuiman
1997; Hollingsworth Jr et al. 2013; Lindgren et al. 2012). One way to study this is using
information from mitochondrial genomes or mitogenomes.

Mitogenomics is a rapidly advancing field in phylogenetics due to the ability to study
evolutionary history deeply with high resolution because of an increase in total DNA evidence
and the fact that mitogenomes are highly conserved across Metazoa (Bernt et al. 2013b). There
are other traits that make mitogenomes desirable for resolving evolutionary relationships as well
such as genes evolving at different rates within the mitogenomes, uniparental inheritance to trace
lineages, and low recombination rates (Gissi et al. 2008). This improves the resolution of
phylogenetic hypotheses, but also provides a complete genome to study mechanisms underlying
the evolution of the mitogenome. Mitogenome features such as genome size, gene content, gene
order, and the location and size of non-coding regions can be used to compare and unravel

changes in lineages over time (Gissi et al. 2008). Another advantage to using mitogenomes is
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that advancements in high-throughput sequencing technologies and next-generation sequencing
platforms have made getting large amounts of sequencing data in a short time both accessible
and cost-effective.

Next-generation sequencing and bioinformatic software have provided the tools to
assemble and compare complete mitogenomes affordably and quickly. This improves the study
of phylogenetic relationships and provides an avenue to further explore the mechanisms behind
genomic evolution that can help understand evolutionary transitions among closely related taxa.
Chapter 2 of this thesis provides the first mitogenome phylogeny of Cirratuliformia and further
supports the phylogenetic results of Chapter 1. Additionally, assembling whole mitogenomes for
pelagic and closely related benthic members of Cirratuliformia will aid in understanding
ecological transitions from benthic to pelagic habitats by analyzing what effects the varying

evolutionary pressures have on the composition of the mitogenomes within Cirratuliformia.

MATERIALS AND METHODS
Taxa Included

Representative taxa were chosen carefully due to monetary and time constraints. Within
Acrocirridae, the goal was to select a member of each benthic and pelagic genus with DNA
extractions available, with an emphasis to choose the type species when possible. Additionally,
to make up for the lack of flabelligerid sampling, two benthic taxa closely related to Flota and
Poeobius were chosen for in-family comparison. Three cirratulids with complete mitogenomes
available on GenBank were chosen as the outgroup to root the tree and properly analyze the three
independent origins of pelagicism within Cirratuliformia. All taxa chosen had their whole

mitochondrial genome annotated and submitted to GenBank or were already published
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sequences (Table 2.1). Unverified or unpublished GenBank sequences were included in the
analysis after careful verification using NCBI Blast (Altschul et al. 1990) and Geneious Prime
v.11.0.14 (Kearse et al. 2012). Voucher specimens are housed in the Scripps Institution of
Oceanography Benthic Invertebrate Collection (SIO:BIC) at the University of California San
Diego, San Diego, CA, USA, National Marine Biodiversity Institute of Korea (MABIK),
Seocheon County, South Korea, Western Australia Museum Worms Collection (WAM:VER),
Welshpool DC, Western Australia, Australia, National Museum of the Philippines (NMA),
Manila, Philippines, and Museum of Comparative Zoology, Department of Invertebrate Zoology

(MCZ:1Z) at Harvard University, Cambridge, MA, USA.

Genomic Sequencing

Genomic DNA (gDNA) was extracted from tissue subsamples using the Zymo Research
DNA-Tissue Miniprep or Microprep kits (Irvine, California, USA), depending on tissue size,
using the manufacturer’s protocol. Extracted gDNA was visualized on a 1.5% agarose gel and
quantified using a Qubit dsSDNA HS Assay Kit (ThermoFisher, Pittsburgh, PA, USA) then
shipped to Novogene (en.novogene.com) for library preparation and whole genome sequencing.
This was completed using the Illumina NovaSeq6000 platform to generate 150 base pair (bp)
paired-end aligned reads. Reads were cleaned and trimmed with Trimmomatic v.0.39 (Bolger et
al. 2014). Table 2.2 shows the number and total length of paired-end 150 bp raw reads per

sample along with the number of reads after trimming.
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Genome Assembly, Annotation, and Composition

Mitogenomes were assembled using MitoFinder v.1.4 (Allio et al. 2020) using the UC
San Diego Research Cluster (research-it.ucsd.edu) using the Invertebrate Mitochondrial Code
(NCBI; transl_table = 5) to translate the 13 protein-coding genes. The reference file used for
MitoFinder contained the complete records for all RefSeq annelid mitogenomes publicly
available on NCBI GenBank. The integrated MitoFinder pipeline with MEGAHIT v.1.2.9 (Li et
al. 2016) and Arwen v.1.2.3 (Laslett & Canbick 2008) parameters were used to annotate the
assembled mitochondrial genomes. The MITOS Web Server (Bernt et al. 2013a) was used to
check annotations for completeness and accuracy, and Geneious Prime v.11.0.14 (Kearse et al.
2012) was used to manually modify annotated assemblies where necessary, extract nucleotide
sequences of genes, and translate protein coding genes into amino acids using the Invertebrate
Mitochondrial Code (NCBI; transl_table = 5). The paired-end reads were also used to obtain
mapped /8S and 28S sequences as referenced in Chapter 1. AT and GC nucleotide skew patterns
were calculated independently for all newly assembled mitogenomes according to the following
formulas: AT-skew =(A —T) /(A +T) and GC-skew = (G — C) / (G + C) (Perna & Kocher

1995).

Comparison of Mitochondrial Gene Order
The software CREx63 (Bernt et al. 2007) was used to conduct pairwise comparisons of
the mitogenomes orders within Cirratuliformia taxa. CREx inferred the most plausible scenarios

for gene rearrangements based on common intervals.
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Mitogenome Phylogeny

All taxa in Table 2.1 were included in the analysis including unverified or unpublished
GenBank sequences. Cirratulidae was used as the outgroup to root the tree using three published
cirratulid mitogenomes. The dataset used the 13 protein coding genes (PCGs) of the mitogenome
either as nucleotides or amino acid translations, mitochondrial /28 »RNA (12S) and 16S, and
nuclear /85 and 28S. Individual genes were aligned in Mesquite v.3.7 (Maddison & Maddison
2023) using MAFFT (Katoh & Standley 2013) with default settings for the rRNA genes and
Muscle (Edgar 2004) with default settings for the other genes. The 17 gene partitions were
concatenated using SequenceMatrix (Vaidya et al. 2011), and a maximum likelihood analysis
was run once with PCGs as amino acids and once with PCGs as nucleotides using RAXML-NG
(Kozlov et al. 2019) and RAXML GUI v.2.0 (Edler et al. 2020). Optimal models were chosen for
each partition using the RAXML GUI interface and are shown in Table 2.3. Node support was
assessed through bootstrapping with 1000 pseudoreplicates. The mitogenome maximum
likelihood tree was visualized using FigTree (Rambaut 2009) and enhanced with Adobe

lustrator (Adobe Inc. 2019).

RESULTS

The maximum likelihood analysis using the 17 gene dataset recovered both families,
Flabelligeridae and Acrocirridae, as monophyletic (Figure 2.1). The nucleotide only analysis
differs from the PCGs as amino acid translations analysis by Flota sp. and Flabesymbios
commensalis forming a clade with 58% support sister to the clade of Poeobius meseres and
Pherusa bengalensis. Within Acrocirridae there are three clades, two benthic and one pelagic.

One benthic clade consists of Macrochaeta and Acrocirrus while the other consists of

47



Flabelligena sp. and Flabelligella macrochaeta. All nodes have over 50% bootstrap support with
all being 100% supported in either the amino acid or nucleotide analysis except the node
supporting the clade of Poeobius meseres and Pherusa bengalensis and the node supporting the
benthic clade Flabelligena and Flabelligella as sister to the pelagic acrocirrid clade.

Complete, circularized mitogenomes from a single contig were found with the following
coverages: 20X (Acrocirrus validus), 73X (Flabelligella macrochaeta), 77X (Flabelligena sp.),
64X (Flabesymbios commensalis), 11X (Flota sp.), 75X (Poeobius meseres), 66X (Macrochaeta
cf. westheidei), 20X (Macrochaeta pege), 191X (Swima bombiviridis), 123X (Swima fulgida),
142X (Swima tawitawiensis), 35X (Teuthidodrilus australis n. sp.), and 86X (Teuthidodrilus
samae). Mitogenome sizes are included in Table 2.4 as well as in the center of their complete
assembled mitochondrial genomes (Figure 2.2-2.14).

The putative control region (CR) within Cirratuliformia is found between tRNA L1 /
tRNA L2 (Cirriformia cf. tentaculata and Timarete posteria), tRNA N/ 16S (Raricirrus sp.),
tRNA I/ tRNA N (Flabesymbios commensalis, Flota sp., and Pherusa bengalensis), tRNA C/
tRNA I (Poeobius meseres), tRNA I/ tRNA K (Acrocirrus validus, Swima bombiviridis, Swima
fulgida, Swima tawitawiensis, Teuthidodrilus australis n. sp., and Teuthidodrilus samae), ND4 /
tRNA-C (Flabelligella macrochaeta), tRNA E / tRNA S1 (Flabelligena sp.), tRNA K / ND3
(Macrochaeta ct. westheidei and Macrochaeta sp.), and tRNA I/ tRNA S1 (Macrochaeta pege).
Excluding tRNAs, which are highly variable, the CR is found between 16S/ ND1I (Cirriformia
cf. tentaculata and Timarete posteria), COI / 16S (Raricirrus sp.), ND1 /| COX2 (Flabesymbios
commensalis, Flota sp., and Pherusa bengalensis), ND4 / 125 (Poeobius meseres), ND1 /| ND3
(Acrocirrus validus, Macrochaeta cf. westheidei, Macrochaeta sp., Swima bombiviridis, Swima

fulgida, Swima tawitawiensis, Teuthidodrilus australis n. sp., and Teuthidodrilus samae), ND4 /
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12§ (Flabelligella macrochaeta) and ND3 /| ND2 (Flabelligena sp. and Macrochaeta pege). The
length of the CR for each species is as follows: Cirriformia cf. tentaculata 524 bp, Raricirrus sp.
443 bp, Timarete posteria 532 bp, Flabesymbios commensalis 604 bp, Flota sp. 1943 bp,
Pherusa bengalensis 952 bp, Poeobius meseres 2472 bp, Acrocirrus validus 897 bp,
Flabelligella macrochaeta 808 bp, Flabelligena sp. 950 bp, Macrochaeta ct. westheidei 1231 bp,
Macrochaeta pege 1013 bp, Macrochaeta sp. 1366 bp, Swima bombiviridis 1540 bp, Swima
fulgida 1267 bp, Swima tawitawiensis 1692 bp, Teuthidodrilus same 1364 bp, Teuthidodrilus
australis n. sp. 654 bp.

Other notable non-coding regions (>50 bp) include: Raricirrus sp. between COX2 / ATPS
(66 bp) and tRNA-S1 / ND2 (70 bp), Timarete posteria between tRNA-V / 16S (55 bp),
Flabesymbios commensalis between CYTB /tRNA-H (101 bp), tRNA-E / tRNA-C (63 bp), tRNA-
C /125 (60 bp), tRNA-L2 / tRNA-G (525 bp), ND6 / tRNA-W (123 bp), tRNA-R / tRNA-S (100
bp), ND2 / ND5 (84 bp), ND4 / tRNA-M (70 bp), and tRNA-S2 / ND1 (62 bp). Flota sp. between
tRNA-Q / ND6 (52 bp), tRNA-K / ND5 (61 bp), tRNA-V / 16S (173 bp), and 165/ tRNA-L (55
bp), Poeobius meseres between tRNA-1/tRNA-M (164 bp) and ND1 / tRNA-N (220 bp),
Acrocirrus validus between 16S /tRNA-L (58 bp) and tRNA-V / 16S (159 bp), Flabelligella
macrochaeta between tRNA-V / 16S (150 bp) and ND1 /tRNA-I (609 bp), Flabelligena sp.
between tRNA-G / COX3 (94 bp), tRNA-C / tRNA-M (213 bp), tRNA-1/tRNA-T (81 bp), tRNA-P
/ND3 (70 bp), and ND3 /tRNA-E (91 bp), Macrochaeta pege between tRNA-V / 16S (87 bp) and
ND1 /tRNA-K (59 bp), and Macrochaeta sp. between ND2 / COI (93 bp), tRNA-V / 16S (158
bp), 16S/tRNA-L (55 bp), and tRNA-1/ tRNA-K (112 bp).

All 13 mitochondrial PCGs, 22-23 tRNAs, and both ribosomal genes were recovered in

all complete mitogenomes with all genes encoded on the same strand with unique gene orders
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presented in Figure 2.15. All taxa have duplications of tRNA-L and tRNA-S and duplications of
tRNA-M are present in the following species: Cirriformia cf. tentaculata, Raricirrus sp.,
Timarete posteria, and Flota sp. (Figure 2.15A-B, D). Gene order is highly variable within
Cirratuliformia with nine different arrangements including tRNAs, Pherusa bengalensis (Figure
2.15E) has the same order as Flota sp. (Figure 2.15D) but lacks a duplicated tRNA-M and
Macrochaeta cf. westheidei and Macrochaeta sp. (Figure 2.15J)) have the same gene order as the
swimming acrocirrids and Acrocirrus validus as they only differ by the position of the CR so
considered here an identical gene order. When excluding tRNAs, there are five different
arrangements. When excluding the variable position of the non-coding CR, Poeobius meseres
(Figure 2.15P) has the same gene order as Flota sp. and Pherusa bengalensis (Figure 2.150),
and all the acrocirrids (Figure 2.15Q-S) share the same gene order. Inferred genomic
rearrangements including tRNAs are presented in Table 2.5 as a pairwise distance matrix and
inferred genomic rearrangements excluding tRNAs are mapped onto the mitogenome phylogeny
in Figure 2.16 with the putative ground pattern for Cirratulidae suggested by Struck et al. 2023.
There are gene overlaps between adjacent PCGs between ND4L and ND4 (7 bp) in all
mitogenomes and ND6 and CYTB (8 bp) in all mitogenomes except Cirriformia cf. tentaculata,
Timarete posteria, Flabesymbios commensalis, Macrochaeta ct. westheidei, Macrochaeta pege,
and Macrochaeta sp. There are also additional overlaps between PCGs, tRNAs, and both PCGs
and tRNAs included in Table 2.6. Noteworthy overlaps include between ND2 and COI (23 bp)
for Pherusa bengalensis, between COX3 and tRNA-Q (5 bp) for Acrocirrus validus,
Macrochaetae cf. westheidei, Macrochaeta pege, and Macrochaeta sp., between COI and tRNA-
K (16 bp) for Flabesymbios commensalis, and between 128 and tRNA-V (5-8 bp) for Cirriformia

cf. tentaculata, Flota sp. and Macrochaeta sp.,
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All mitogenomes are AT rich (>52%) with flabelligerids and acrocirrids being noticeably
more AT rich than cirratulids (Table 2.4). T is slightly more frequent than A in all except
Macrochaeta sp. where T is almost double A and Pherusa bengalensis and Raricirrus sp. which
have more A than T. C is less frequent than A or T except in Raricirrus sp. where it is most
frequent. G is least frequent in all mitogenomes except Macrochaeta sp. where G is more
frequent than C but less than A or T (Table 2.4). AT-skew is negative for all mitogenomes
except Pherusa bengalensis and Raricirrus sp. and GC-skew is negative for all mitogenomes
except Macrochaeta sp. The GC-skew is more pronounced than the AT-skew in all mitogenomes
except Flabesymbios commensalis that has a slightly lower GC-skew, Flabelligena sp. where the
AT-skew is slightly higher, and Macrochaeta sp. where GC-skew is weaker than a more
pronounced AT-skew (Table 2.4).

All PCGs for all newly assembled mitogenomes, Cirriformia cf. tentaculata, and Pherusa
bengalensis have start codon ATG. Timarete posteria has one TTG start codon, while Raricirrus
sp. has 4 ATA start codons and Macrochaeta sp. has 5 ATA and 1 ATT start codons. It should
be noted that both Raricirrus sp. and Macrochaeta sp. are unverified by NCBI GenBank and the
PCGs could have an ATG start. The most common stop codon was TAA occurring 13 times in
Flabesymbios commensalis, 12 times in Poeobius meseres, 11 times in Timarete posteria, 10
times in Pherusa bengalensis, 9 times in Cirriformia cf. tentaculata, Flota sp., Flabelligella
macrochaeta, and Macrochaeta pege, 8 times in Raricirrus sp., Swima bombiviridis, Swima
fulgida, Teuthidodrilus australis n. sp., and Teuthidodrilus samae, 7 times in Acrocirrus validus
and Swima tawitawiensis, 6 times in Macrochaeta cf. westheidei and Flabelligena sp., and 5
times in Macrochaeta sp. TAG was the stop codon 3 times in Cirriformia cf. tentaculata,

Raricirrus sp., Pherusa bengalensis, and Macrochaeta ct. westheidei, 2 times in Flota sp.,
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Acrocirrus validus, Macrochaeta sp., Flabelligena sp., and Swima tawitawiensis, and once in
Timarete posteria, Macrochaeta pege, Swima bombiviridis, Swima fulgida, Teuthidodrilus
australis n. sp., and Teuthidodrilus samae. Truncated stop codons (T, TA) occurred 6 times in
Macrochaeta sp., 5 times in Flabelligena sp., 4 times in Acrocirrus validus, Flabelligella
macrochaeta, Macrochaeta cf. westheidei, all Swima sp., and both Teuthidodrilus sp., 3 times in
Macrochaeta pege, 2 times in Raricirrus sp. and Flota sp., and 1 time in Cirriformia cf.
tentaculata, Timarete posteria, and Poeobius meseres.

Codon usage bias is favored toward NNA as the most common followed by NNT, then
NNC, and NNG being the least frequent (Table 2.7). This pattern differs for all three cirratulids
with NNC being the most used for Cirriformia cf. tentaculata and Raricirrus sp. and NNC being
more frequent than NNT for Timarete posteria. Flabesymbios commensalis differs with NNC as
the most frequent, Flabelligena sp. differs with NNT the most frequent, Macrochaeta sp. differs
with NNT the most frequent and NNC the least frequent, and Teuthidodrilus australis n. sp.
differs with NNC being more frequent than NNT (Table 2.7). Relative synonymous codon usage
(RSCU) analysis reveals that those with A and T occur more often than G and C with some
exceptions: Cirriformia cf. tentaculata (Arginine, Asparagine, Aspartic acid, Cysteine, Histidine,
and Tyrosine), Raricirrus sp. (Alanine, Asparagine, Aspartic acid, Cysteine, Histidine,
Isoleucine, Phenylalanine, Tyrosine), Timarete posteria (Asparagine, Aspartic acid, Cysteine,
Histidine, and Tyrosine), Flota sp. (Aspartic acid), Pherusa bengalensis (Histidine), Acrocirrus
validus (Cysteine), Flabelligella macrochaeta (Aspartic acid), Macrochaeta sp. (Glutamic acid,
Glycine, and Tryptophan), Teuthidodrilus australis n. sp. (Alanine, Cysteine, Glycine, Histidine,
and Tyrosine), and Teuthidodrilus samae (Alanine, Aspartic acid, Cysteine, Glycine, and

Histidine) (Figure 2.17-2.20). Three of the four most common codons (ATT, TTA, and TTT)

52



encode for three of the four most common amino acids (Isoleucine, Leucine, and Phenylalanine)
with amino acid frequencies shown in Figure 2.21-2.24.
DISCUSSION

The maximum likelihood analysis on the mitogenome dataset revealed four observations.
First, the combined clade of Acrocirridae and Flabelligeridae were both recovered as
monophyletic families that are sister to Cirratulidae consistent with the tree presented by Rouse
2001. Second, the swimming clade of acrocirrids was recovered along with two benthic
acrocirrid clades, one consisting of Acrocirrus and Macrochaeta and the other Flabelligella and
Flabelligena. Third, this tree confirms with DNA evidence the delineation of Flabelligella as a
separate genus sister to Flabelligena. Lastly, this tree provides further evidence supporting three
independent origins of pelagicism as parsimony principles suggest that Flota sp. and Poeobius
meseres came to be pelagic independently of one another, the same conclusion as Osborn &
Rouse 2008, and the maximum likelihood analysis using only nucleotides recovered two
independent origins. The mitogenome phylogeny is highly supported with all nodes above 62%
bootstrap support, and the phylogeny provides further support to the findings of Chapter 1 and
clarity to the relationship between Flabelligella and Flabelligena.

All cirratuliform mitogenomes for this study are between 15350 and 17500 bp, which is
mostly consistent with the usual mitogenome size of annelids which is around 16000 bp (Weigert
& Bleidorn 2016). Notable larger mitogenome sizes include: Swima tawitawiensis (16402 bp),
Flabesymbios commensalis (16629 bp), Flota sp. (16793 bp), and Poeobius meseres (17500 bp).
The control region is highly variable in annelids (Cejb et al. 2022), and this study provides
further support to this as the CR is found in 9 different locations including tRNAs and 6 different

locations excluding tRNAs. The length of the CR also varies between 443-2472 bp. While the
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benthic taxa tend to have shorter CR length, 443-1366 bp, than the pelagic taxa, 654-2472 bp, the
lengths overlap with some benthic acrocirrids like Macrochaeta having a long, 1013-1366 bp,
CR and the pelagic acrocirrid Teuthidodrilus australis n. sp. having a shorter CR, 654 bp.
Flabesymbios commensalis, Flota sp., Poeobius meseres, Flabelligella macrochaeta,
Flabelligena sp., Macrochaeta sp., Swima bombiviridis, Swima tawitawiensis, and
Teuthidodrilus samae all have a CR longer than 1600 bp. All taxa except Cirriformia cf.
tentaculata, Pherusa bengalensis, Macrochaeta cf. westheidei, and the pelagic acrocirrids have
at least one other non-coding region besides the CR that is at least 50 bp.

The gene order of Acrocirridae from this study were consistent with the ancestral pattern
of Sedentaria Lamarck, 1818 suggested by Weigert et al. 2016 (Figure 2.15), while Cirratulidae
and Flabelligeridae both showed two different arrangements between three taxa. Pelagic and
deep-sea taxa showed identical gene orders to benthic relatives in Cirratuliformia. This finding is
consistent with work on other invertebrates like vesicomyids, alvinocaridids, and actiniids that
have found that gene order is often the same in deep sea taxa as compared to shallower relatives
suggesting that gene order may not always be affected by mitochondrial evolution (Yang et al.
2019, Yu et al. 2015, Zhang et al. 2017). All cirratuliform mitogenomes have slightly more T
than A except Raricirrus sp. and Pherusa bengalensis, while the mitogenomes also have
approximately a quarter more C than G except Macrochaeta sp. Gene content differs slightly
between cirratuliform taxa, but there are as many differences between all taxa as there are
between benthic and pelagic relatives of the same family suggesting that the evolution of gene
content of the mitogenome has undergone relatively few changes and a better understanding of

genome nucleotide skews can explain or predict gene rearrangements (Sahyoun et al. 2014).
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The assembly of 13 mitogenomes and the 5 mitogenomes available on GenBank provide
the first complete mitogenome data for Cirratuliformia. While looking at gene content and gene
order has not revealed a clear explanation for how the different evolutionary pressures of deep-
sea and shallow taxa have shaped their individual mitogenomes, there are future directions that
could help answer these questions. More care should be taken into looking at the variation and
conserved regions in tRNAs within the mitogenomes of benthic and pelagic cirratuliforms. The
tRNAs are essential for protein synthesis and its co-evolution with molecular components and the
genetic code make it a prime candidate of study to better understand evolutionary relationships
(Farias et al. 2014; Lei and Burton 2020). Additionally, a natural selection analysis would
provide evidence for the different selection pressures between shallow and deep-sea taxa.
Mitogenomes typically have a higher mutation rate than nuclear genomes and generally are
affected by strong purifying selection that does not favor new variants, but organisms in extreme
conditions such as the deep-sea environment have shown more adaptive evolution through a
relaxation of the purifying selection as has been reported in deep-sea fish and annelids
(Castellana et al. 2011; Shen et al. 2019; Zhang et al. 2018). Finally, this work could be
advanced through the addition of more assembled genomes from Cirratuliformia.

Chapter 2 of this study provides the first cirratuliform phylogeny constructed using whole
mitochondrial genome data. The tree presented in Figure 2.1 shows high support where the trees
generated in Chapter 1 had low to moderate support, such as the nodes supporting Macrochaeta
and Swima (Figure 1.7-1.8). In Chapter 1, the swimming clade of acrocirrids is mostly resolved
except the ambiguous positioning of the Juanita Worm. This worm is an important link in the
evolutionary story as it is nearly benthic with less pelagic characteristics than Teuthidodrilus

making it a prime candidate for mitogenome assembly to gain a better understanding of the
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benthic to pelagic habitat transition within Acrocirridae (Osborn & Rouse 2011). It would also
prove valuable to skim the genome of the three other new species from Chapter 1 with an
emphasis on Paraswima, so that the mitogenome can be compared to the closely related Swima.
The assembly of 13 cirratuliform mitogenomes added to the 5 mitogenomes previously published
and not only improved the resolution of the Cirratuliformia phylogeny, but also provides data for

future work to explore the evolutionary history of benthic worms and their pelagic relatives.
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Table 2.3: Data type, nucleotide (NT) or amino acid (AA), and RAXML model test results for
individual genes in the 30 gene concatenated dataset for mitogenome maximum likelihood

analysis.

Gene Data Type | Substitution Model | Stationary Frequencies | Proportion of Invariant Sites | Rate Heterogeneity
12SrRNA |INT GTR +F (empirical) +I (ML estimate) +GAMMA (mean)
165 rRNA |INT TIM?2 +F (empirical) +I (ML estimate) +GAMMA (mean)
185 rRNA |INT TN93 +F (empirical) +I (ML estimate) +GAMMA (mean)
28§ rRNA [NT TIM3 - - +GAMMA (mean)
ATP6 AA MTZOA +F (empirical) - +GAMMA (mean)
ATP6 NT GTR +F (empirical) +] (ML estimate) +GAMMA (mean)
ATPS AA MTREV - - +GAMMA (mean)
ATPS NT TPM3uf +F (empirical) - +GAMMA (mean)
COol AA MTZOA - +1 (ML estimate) +GAMMA (mean)
COol NT GTR +F (empirical) +1 (ML estimate) +GAMMA (mean)
cox2 AA MTREV +F (empirical) - +GAMMA (mean)
cox2 NT TIM3 +F (empirical) - +GAMMA (mean)
COX3 AA MTZOA - +1 (ML estimate) +GAMMA (mean)
COX3 NT TVM +F (empirical) +1 (ML estimate) +GAMMA (mean)
CYTB AA MTZOA - +] (ML estimate) +GAMMA (mean)
CYTB NT TIM?2 +F (empirical) +1 (ML estimate) +GAMMA (mean)
NDI AA MTZOA +F (empirical) +1 (ML estimate) +GAMMA (mean)
NDI NT TIM2 +F (empirical) +1 (ML estimate) +GAMMA (mean)
ND?2 AA MTMAM +F (empirical) +] (ML estimate) +GAMMA (mean)
ND?2 NT GTR - +1 (ML estimate) +GAMMA (mean)
ND3 AA MTMAM - +I (ML estimate) +GAMMA (mean)
ND3 NT TIM?2 +F (empirical) +I (ML estimate) +GAMMA (mean)
ND4 AA MTZOA +F (empirical) - +GAMMA (mean)
ND4 NT TVM +F (empirical) +1 (ML estimate) +GAMMA (mean)
ND4L AA MTREV - - +GAMMA (mean)
ND4L NT K81luf +F (empirical) +] (ML estimate) +GAMMA (mean)
ND5 AA MTART +F (empirical) +] (ML estimate) +GAMMA (mean)
ND5 NT TVM +F (empirical) +] (ML estimate) +GAMMA (mean)
ND6 AA MTREV +F (empirical) +] (ML estimate) +GAMMA (mean)
ND6 NT GTR +F (empirical) +] (ML estimate) +GAMMA (mean)
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Table 2.7: Codon frequencies calculated from the mitogenome content of each species.

Family Species NNA (%) NNT (%) NNC (%) NNG (%)
Cirratulidae Cirriformia cf. tentaculata 32.3149528| 26.403378 | 33.3333333| 7.94833582
Raricirrus sp. 35.4409769 | 15.8208955 | 40.6784261 | 8.05970149
Timarete posteria 38.6120043| 26.9292605| 28.6173633 | 5.84137192
Flabelligeridae | Flabesymbios commensalis 32.3149528| 26.403378 | 33.3333333| 7.94833582
Flota sp. 43.721307 | 36.9430192| 15.879017 | 3.45665676
Pherusa bengalensis 46.1352006 | 27.7673041 | 22.6770805 | 3.42041476
Poeobius meseres 44.0755735 | 38.4075574 | 14.5748988 | 2.94197031
Acrocirridae Acrocirrus validus 41.6688329| 34.5983884 | 19.5736938 | 4.159085
Flabelligella macrochaeta 37.5472717| 33.2522961 | 24.1220962 | 5.07833603
Flabelligena sp. 33.9280887| 43.3090024 | 17.2749392 | 5.48796972
Macrochaeta cf. westheidei 44.0091507 | 40.6062339| 13.7546468 | 1.62996854
Macrochaeta pege 47.3925966 | 39.1786004 | 11.1591462 | 2.26965685
Macrochaeta sp. 25.433526 | 49.5183044 | 5.31241398 | 19.7357556
Swima bombiviridis 43.3819557 | 37.817396 | 14.8838466 | 3.91680173
Swima fulgida 42.3824959| 36.358725 | 17.3960022 | 3.86277688
Swima tawitawiensis 42.0199838 | 36.7809884 | 17.0942479 | 4.10477991
Teuthidodrilus australis n. sp. | 37.1590602 | 27.7072644 | 28.1123413 | 7.02133405
Teuthidodrilus samae 36.0691145 | 29.5896328 | 27.4838013 | 6.8574514
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Flota sp.

Flabesymbios commensalis

98/ *

Poeobius meseres

99/92

Pherusa bengalensis
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— */99
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Figure 2.1: Maximum likelihood Cirratuliformia mitogenome phylogeny of 17 concatenated
genes with PCGs as amino acid translations or nucleotides with data partitioned by gene with
Cirratulidae as the outgroup. Nucleotide tree differs from the amino acid tree by Flota sp. and
Flabesymbios commensalis forming a clade with 58% support sister to the clade of Poeobius
meseres and Pherusa bengalensis. Blue circles represent pelagic taxa. Support is indicated as
bootstraps from the amino acid maximum likelihood analysis/bootstraps from the nucleotide
maximum likelihood analysis with asterisks representing 100% bootstrap support.
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Figure 2.2: Circularized mitochondrial genome of Acrocirrus validus. Black outer circle is the
nucleotide sequence with numbers representing individual nucleotides. Green arrows are genes,
yellow arrows are protein-coding genes, red arrows are non-protein-coding genes, and pink
arrows are tRNAs. The direction of the arrows is the direction of transcription.
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Figure 2.3: Circularized mitochondrial genome of Flabelligella macrochaeta. Black outer circle
is the nucleotide sequence with numbers representing individual nucleotides. Green arrows are
genes, yellow arrows are protein-coding genes, red arrows are non-protein-coding genes, and
pink arrows are tRNAs. The direction of the arrows is the direction of transcription.
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Figure 2.4: Circularized mitochondrial genome of Flabelligena sp. Black outer circle is the
nucleotide sequence with numbers representing individual nucleotides. Green arrows are genes,
yellow arrows are protein-coding genes, red arrows are non-protein-coding genes, and pink
arrows are tRNAs. The direction of the arrows is the direction of transcription.
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Figure 2.5: Circularized mitochondrial genome of Flabesymbios commensalis. Black outer circle
is the nucleotide sequence with numbers representing individual nucleotides. Green arrows are
genes, yellow arrows are protein-coding genes, red arrows are non-protein-coding genes, and
pink arrows are tRNAs. The direction of the arrows is the direction of transcription.
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Figure 2.6: Circularized mitochondrial genome of Flota sp. Black outer circle is the nucleotide
sequence with numbers representing individual nucleotides. Green arrows are genes, yellow
arrows are protein-coding genes, red arrows are non-protein-coding genes, and pink arrows are
tRNAs. The direction of the arrows is the direction of transcription.
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Figure 2.7: Circularized mitochondrial genome of Macrochaeta cf. westheidei. Black outer circle
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genes, yellow arrows are protein-coding genes, red arrows are non-protein-coding genes, and
pink arrows are tRNAs. The direction of the arrows is the direction of transcription.
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arrows are tRNAs. The direction of the arrows is the direction of transcription.
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Figure 2.9: Circularized mitochondrial genome of Poeobius meseres. Black outer circle is the
nucleotide sequence with numbers representing individual nucleotides. Green arrows are genes,
yellow arrows are protein-coding genes, red arrows are non-protein-coding genes, and pink
arrows are tRNAs. The direction of the arrows is the direction of transcription.
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Figure 2.10: Circularized mitochondrial genome of Swima bombiviridis. Black outer circle is the
nucleotide sequence with numbers representing individual nucleotides. Green arrows are genes,
yellow arrows are protein-coding genes, red arrows are non-protein-coding genes, and pink
arrows are tRNAs. The direction of the arrows is the direction of transcription.
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Figure 2.15: Unique Cirratuliformia gene orders for complete mitogenomes with tRNAs (A-K)
and without tRNAs (L-S). A) Cirriformia cf. tentaculata & Timarete posteria B) Raricirrus sp.
C) Flabesymbios commensalis D) Flota sp. E) Pherusa bengalensis F) Poeobius meseres Q)
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Macrochaeta ct. westheidei & Macrochaeta sp. K) Macrochaeta pege L) Cirriformia cf.
tentaculata & Timarete posteria M) Raricirrus sp. N) Flabesymbios commensalis O) Flota sp. &
Pherusa bengalensis P) Poeobius meseres Q) Acrocirrus validus, Macrochaeta cf. westheidei,
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Figure 2.16: Inferred genomic rearrangements excluding tRNAs mapped onto the mitogenome
phylogeny. Putative ancestral state from (Struck et al. 2023) with genes color-coded.
T = transposition, TDRL = tandem-duplication random loss.
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