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An in situ digital synthesis strategy for the discovery

and description of ocean life
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Revolutionary advancements in underwater imaging, robotics, and genomic sequencing have reshaped marine
exploration. We present and demonstrate an interdisciplinary approach that uses emerging quantitative imaging
technologies, an innovative robotic encapsulation system with in situ RNA preservation and next-generation ge-
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nomic sequencing to gain comprehensive biological, biophysical, and genomic data from deep-sea organisms.
The synthesis of these data provides rich morphological and genetic information for species description, surpass-
ing traditional passive observation methods and preserved specimens, particularly for gelatinous zooplankton.
Our approach enhances our ability to study delicate mid-water animals, improving research in the world’s oceans.

INTRODUCTION

The deep marine environment represents one of the lesser-known
and more difficult to study ecosystems on Earth, with better maps
for the surface of Mars than Earth’s deep oceans (1). While humans
have been able to access various terrestrial ecosystems for millennia,
it has only been several hundred years since humans have had the
capability to explore and study the ocean, beyond shallow ecosys-
tems. Most contemporary technological advancements that facili-
tate interactions with deep-sea life, such as remotely operated
vehicles (ROVs) equipped with titanium manipulators, have been
propelled by the industrial sector and defense-related industries (2).
However, in recent years, advances in fields such as soft robotics
have focused more on the delicate manipulation of fragile marine
life, developed in collaboration with and for the benefit of marine
biologists (3-8). This, combined with advanced underwater imag-
ing technology (9) has expanded biological inquiry that was previ-
ously only possible in controlled laboratory settings to delicate
animals of the deep sea.

In this study, we combine the cross-disciplinary synergy of robot-
ics, deep-sea specimen encapsulation, quantitative three-dimensional
(3D) imaging, and molecular biology to collect rich data that can be
used to identify, describe, and further understand deep-sea organ-
isms. By combining underwater imaging and mobile robotic plat-
forms, we unlock new mechanisms to achieve quantitative
observations of deep-sea marine biota (10). We report a workflow
and technology suite that includes structured imaging, encapsula-
tion, in situ preservation, and genomic sequencing to provide a
wealth of information about organismal systems.

This project involved two research expeditions onboard the
Schmidt Ocean Institute’s R/V Falkor with the ROV SuBastian, a
4500-m rated work-class ROV system. The first of these expeditions
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took place on 12 to 17 October 2019 off the west coast of Oahu, HI
and the second on 12 to 21 August 2021 off the coast of San Diego,
CA. The 2019 expedition focused on technical testing, while the
2021 expedition combined imaging and biological in situ investiga-
tion. During the integrated expedition in August 2021, a total of
seven ROV dives were conducted over the course of a 10-day period
off the coast of San Diego, CA (fig. S1), with details of each dive sta-
tion listed in table S1. Each dive averaged ~8 hours in length, with
the launch taking place in the mid-afternoon local time and recov-
ery toward midnight to observe the upward diel migration pattern
of ocean animals (11).

The ROV SuBastian was outfitted with three innovative midwa-
ter exploration systems consisting of the deep particle image velo-
cimetry (DeepPIV) laser imaging system mounted in the ROV sled
and extended out from the vehicle body, the EyeRIS (remote imag-
ing system) plenoptic (light field) camera system grasped in one of
the submersible’s movable manipulator arms, and the rotary-
actuated dodecahedron (RAD-2) for specimen encapsulation and
tissue sampling grasped in the other manipulator arm (Fig. 1). These
systems were operated near simultaneously during each ROV dive,
with target organisms identified visually using the ROV science
camera during forward-moving midwater transects.

When a biological organism of interest was encountered, we first
collected in situ morphological data using ROV science camera
footage in 4K, followed by quantitative imaging using the EyeRIS
and/or DeepPIV (12, 13) imaging systems. After imaging was com-
plete, we captured the animal using the RAD-2, and collected ani-
mal tissues using the RAD-2 tissue sampling apparatus coupled with
a McLane Labs suspended particulate rosette (SuPR) sampler (14)
that used a high-flow pump to pull tissue samples onto a filter with-
in a deep-sea fluid sampling rosette and then flood the filter with
preservative from a reservoir mounted on the ROV.

A shipboard-mounted fisheries echosounder system (EK60) was
used to identify layers of high biodensity before the start of the ROV
dive and monitored throughout to guide exploratory navigation.
While a total of 65 tissue and water samples were collected with
RAD-2 during the course of the expedition, not every sampled spec-
imen was considered appropriate for the imaging, and sampling sys-
tems and various technical considerations led to trade-offs and
compromises with each of these emerging technologies.
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Large target organisms, such as giant larvaceans and long sipho-
nophore colonies, remain challenging to image and sample, but a
wide range of sizes and morphologies can still be handled by the
ROV’s technical setup. Our impression is that our presented work-
flow is viable and efficient and can be improved upon by physical
consolidation of the imaging and sampling systems and further
practice in the field in less-explored midwater regions.

We present examples of rich quantitative imaging and full ge-
nome and/or transcriptome sequencing data for four representative
deep-sea midwater species attained using our approach. By combin-
ing emerging state-of-the-art imaging with innovative capture and
preservation techniques and genetic analyses, we create a compre-
hensive synthesis of an animal in its natural environment. In situ
digital representation is particularly important for gelatinous zoo-
plankton, whose delicate morphology is not usually preserved well
in physical specimens (15-17).

RESULTS

An average of five selected target specimens were encountered, im-
aged, and sampled during each 8-hour ROV dive using the ROV
SuBastian (Schmidt Ocean Institute), which is depth-rated to 4500 m.
The total time of specimen visualization (close approach) to 3D
imaging with DeepPIV and/or EyeRIS and to encapsulation and

Encapsulation,
tissue sample collection

ROV Su?astian

tissue sample preservation with the RAD-2 was often less than
20 min in total, and the time from tissue sampling to full in situ
preservation was often less than 2 min per sample.

Quantitative in situ imaging of deep-sea animals captures
their internal and external morphology
Imaging data were collected using DeepPIV and EyeRIS across nu-
merous individuals in groups representing Amphipoda, Annelida,
Cnidaria, Ctenophora, Echinodermata, Mollusca, Porifera, Radio-
zoa, Tunicata, and Vertebrata. Sizing data were collected on 61 dif-
ferent individuals using EyeRIS; 3D scan data were collected on 49
different individuals using DeepPIV (deep-sea) (table S2). Morpho-
logical measurements were conducted using EyeRIS data on four
individuals with corresponding genetic data, two siphonophores,
one salp, and one tomopterid (Fig. 2 and table S3). Siphonophore
features included nectosome length, number of nectophores, and
the lengths of mature and juvenile nectophores; salp features includ-
ed body length, dorsal midline length, gut width, and the atrial and
oral siphon widths; polychaete worm features included body length,
parapodia count, and lengths of representative parapodia from
anterior-most (P1) to posterior-most (P20) (table S4).

On the basis of its smooth, thick test, stolon wrapped around the
gut, and two sets of muscle bands in an “X” configuration, the solitary
salp specimen, RAD2-039, is identified as Pegea sp. (18). Its molecular
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3D measurement
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Fig. 1. An ROV-based digital synthesis strategy for in situ imaging and capture of midwater animals. ROV SuBastian’s technical layout highlighting the position of
our instruments in the manipulator arms and ROV sled and an example workflow for in situ digital synthesis of animal specimens for the August 2021 expedition. Imaging/
sampling steps are color-coded and enumerated in the typical order of data collection with example data for one animal, M. claudanielis, shown for each instrument. (1)
Initial specimen observations and video/still imagery using ROV 4 k scientific camera; (2) EyeRIS plenoptic light-field images; (3) DeepPIV laser imaging scans; (4) RAD-2
tissue sampling; and (5) in situ preservation. Genetic sequencing was completed on land following DNA and RNA extraction from in situ preserved tissues. ROV model by

J. Williams of the Schmidt Ocean Institute.
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A Cameras
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B Quantitative renders

Fig. 2. Quantitative imaging using the custom imaging systems EyeRIS and DeepPIV. Quantitative imagery of highlighted specimens used for genetic analysis.
(A) The two cameras that were mounted on ROV SuBastian and their operation in situ. EyeRIS was mounted in a manipulator arm, and DeepPIV was mounted to the cen-
ter of the ROV deck. (B) 2D images of quantitative renders for four representative specimens. (1) Siphonophore M. claudanielis, (2) salp Pegea sp., and (3) siphonophore
Erenna sp. reconstructed using DeepPIV laser sheet images. 4) Polychaete Tomopteris sp. imaged using the EyeRIS plenoptic light-field camera, with scale bar shown in top
left. Video fly-arounds of each specimen are available in the data linked through table S13. In situ images in (A) captured by the 4K science camera on the ROV SuBastian,
R/V Falkor, Schmidt Ocean Institute. 3D models in (B) generated by the Katija laboratory. Scale bars, 2 cm, do not represent depth or skew of animals or renders.

similarity to Pegea confederata (95% identity to 18S) and Pegea bicau-
data (96% identity to 18S) (table S5) supports this identification to the
genus level. We encourage further expert analysis of our data for more
a precise description and identification of the specimen.

On the basis of identifying features including a segmented body
plan, parapodia, swimming behavior, the presence of long tentacu-
lar (acicular) cirri, and near genetic identity (99.7%) to tomopterid
voucher specimen Tomopteris sp. USNM 1Z 1450332 (table S5), also
captured in the Eastern Pacific, we identify RAD2-055 as Tomop-
teris sp. (19) and encourage additional expert examination of our
data for species-level identification. We identify the siphonophore
specimen RAD2-064 as Marrus claudanielis (20) based on several
factors: its capture location and depth comparable to that of the ho-
lotype, a distinct deep red coloration, total nectophore count of 26
(table S4), closely packed bracts, and a 100% genetic match to the
mitochondrial 168 sequence of M. claudanielis (table S5).

We identify siphonophore specimen RAD2-065 as Errena sp.
(21) based on morphological measurements (table S4), flattened
nectophores, distinctive pronounced arrays of tentilla, and genetic
identity to 18S sequences of voucher specimens of Erenna richardi
isolate T751-D3 (table S5). We refrain from identifying it to the spe-
cies level due to the need for additional expert examination of its
features and location.

Of the 49 individual animals scanned using DeepPIV, data were
evaluated on the basis of a number of considerations (12), and 21 3D
models (e.g., siphonophores, medusae, and tunicates) were gener-
ated. Example image system and 3D model data for the siphono-
phore M. claudanielis can be found in movie S1.

Encapsulation of planktonic animals enables tissue
collection and in situ preservation

This study leverages recent advancements in deep-sea specimen en-
capsulation and presents an update on a self-folding polyhedron
encapsulation mechanism called the RAD (22). The design, inspired
by origami, has a single rotational input that transforms the hinged
faces of a polyhedron into a ball-like structure that quickly encapsu-
lates delicate specimens into a constrained volume (Fig. 3). Once
encapsulated, in situ biological experimentation is possible inside
the device while still in the open-water environment.

Burns et al., Sci. Adv. 10, eadj4960 (2024) 17 January 2024

Expressed reference transcriptomes for four deep-sea
animals provide new resources for evolutionary and
ecological inference

In situ preservation of samples allowed extraction and sequencing of
high-quality reference transcriptomes for all four specimens using the
long-read Isoform-Sequencing (Iso-Seq) method, which captures full-
length transcripts. The number of unique transcripts sequenced from
each organism ranged from 47,425 (RAD2-065, siphonophore Erenna
sp.) to 75,721 (RAD2-064, siphonophore M. claudanielis). Bench-
marking universal single-copy ortholog (BUSCO) completeness scores
for each ranged from detecting 63.0% of metazoan BUSCOs for
RAD2-064 (siphonophore, M. claudanielis) to detecting 90.3% of
metazoan BUSCOs for RAD2-039 (salp, Pegea sp.). The combined Iso-
Seq and short-read assembly of the tomopterid RAD2-051 captures
98.9% of metazoan BUSCOs (fig. S2). Marker gene analyses link the
specimens encountered in this study to voucher specimens, confirm-
ing or supporting reported identifications (table S5). Statistics for each
transcriptome assembly can be found in table S6.

The salp Pegea sp. genome and quantitative transcriptome
reveal insights into its structural composition

We report a high-quality draft assembly of the salp Pegea sp. genome.
The genome size is 106 mega-base pairs (Mbp), assembled from 389
scaffolds with an N50 of 840 kilo-base pairs (kbp) (table S7). Struc-
tural annotation of the genome predicts 21,615 transcripts, which
encode 10,464 predicted peptides. The genome of Pegea sp. is smaller
than the only other reported genome from a salp, Salpa thompsoni,
which has an estimated genome size of 602 Mbp and an assembled
genome size of 319 Mbp (23). Notably, a high BUSCO score of 89.3%
detected in the Pegea sp. genome is indicative of its functional com-
pleteness. This assessment is further supported by robust assembly
statistics, including a high N50 (840 kbp) and N90 (150 kbp), as well
as a low number of assembled scaffolds (389), all of which are indica-
tive of the genome’s high contiguity (Fig. 4).

A quantitative analysis of expressed transcripts enabled by in situ
preservation of the specimen allowed identification of highly ex-
pressed processes in Pegea sp. at the time of capture. Considering
the top 10% of expressed transcripts (1088 transcripts) from repli-
cate tissue samples (n = 2), we see expected enrichment in protein
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translation and energy metabolism (table S8). A notable highly ex-
pressed biological process from this soft-bodied organism was me-
tabolism of hyaluronan (table S8). The genes described for hyaluronan
metabolism in Pegea sp. all encode proteins with a hyaluronan bind-
ing domain, and homologs are associated with mediating binding
between extracellular matrix proteins and hyaluronan to regulate
hyaluronan synthesis, degradation, and localization. Hyaluronan is a

high-molecular weight polysaccharide usually associated with the
extracellular matrix of cells and animal connective tissues (24). Hyal-
uronan forms a structural hydrogel with other extracellular matrix
components such as collagen, with transcripts encoding many colla-
gens among the most highly expressed genes in Pegea sp. (Fig. 4).
Despite these results, Pegea sp. does not encode genes homolo-
gous to known animal hyaluronan synthases; however, its genome

A Sample encapsulation sequence
— —
B Cross-section view
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Fig. 3. An improved RAD sampler for encapsulation of pelagic animals. The RAD2 Sampler: (A) The RAD2 sampler geometry shown in full open, partial close, and full
close positions. (B) A cross section view of RAD-2 showing major components integrated to achieve tissue cleaving and sample collection to the SuPR sampler. (C) The
RAD2 system in operation, demonstrating a partial encapsulation of a tomopterid during an ROV dive. Image in (C) captured by the 4K science camera on the ROV SuBas-
tian, R/V Falkor, Schmidt Ocean Institute. Scale bar, 5 cm, based on the approximate focal plane of the tomopteris and does not represent size or skew of other objects in
the photograph due to their different distances to the camera.
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Fig. 4. Salp Pegea sp. genome statistics and gene expression. (A) Pegea sp.image captured by SuBastian’s 4K video recorder. (B) Blobtools snailplot describing statistics
of the Pegea sp. genome assembly including continuity statistics (e.g., assembly and scaffold lengths, N50, N90), GC content, and BUSCO completeness. (C) Violin plot
describing the distribution of transcript abundances of Pegea sp. Genes whose functions are enriched among the top 10% most highly expressed transcripts are shown
as colored dots. Gray points show relative expression levels of chondroitin synthesis genes, which are important for the extracellular matrix but have more moderate ex-
pression levels than other highly expressed extracellular matrix relevant genes such as those encoding collagen, cellulase synthase, and hyaluronan binding proteins.
Image in (A) captured by the 4K science camera on the ROV SuBastian, R/V Falkor, Schmidt Ocean Institute. Scale bar, 2 cm, based on total length of the animal; it does not
represent skew or distortion based on distance from camera.
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does encode a hyaluronidase, an enzyme with biomedical applica-
tions that breaks down hyaluronan. Although hyaluronan synthases
are only found in vertebrates and some bacteria (25), chemical anal-
yses of mollusks have uncovered hyaluronans in that group despite
a lack of hyaluronan synthase genes in molluscan genomes (26, 27),
indicating that there may be previously unidentified hyaluronan
synthesis enzymes to be found. Another highly expressed gene in
Pegea sp. is an animal cellulose synthase (Fig. 4), which is presum-
ably important for building the “tunic” epidermal structure of the
organism. The most highly expressed transcript encodes a galaxin
(Fig. 4), a protein involved with mineralization of coral skeletons
that may also interact with collagens. Given enrichment of tran-
scripts encoding extracellular matrix proteins and glycosaminogly-
cans, we also considered heparan and chondroitin sulfate synthesis
and see moderate expression of transcripts encoding chondroitin
sulfate synthesis and heparan synthesis proteins (Fig. 4).

Acicular cirri are neurosensory organs in tomopterids
Retrieval of an intact tomopterid animal coupled with rapid in situ
preservation of its tissues allowed dissection of specific tissues and
quantification of expressed transcripts in those tissues (table S9). We
focused on the acicular cirri of the tomopterid, which are long,
modified tentacles that reach approximately half the length of the
animal’s body (Fig. 5). Transcripts with enhanced expression in the
acicular cirri as compared to body segments highlight the role of
acicular cirri as neurosensory organs (28). Key processes enriched
in the acicular cirri include sensing with G protein-coupled recep-
tors (GPCRs) (table S10). GPCRs are a diverse group of sensory re-
ceptors involved in both chemosensory and light detection. The
GCPRs expressed in the tomopterid cirri include homologs of low-
light receptors, suggesting that the organs may function in accessory
light detection. In addition, transcripts encoding ammonia trans-
porters are highly enriched in the cirri. Ammonia transporters have
been confirmed as olfactory receptors in drosophila (29) and could
function as such for tomopterids, given that their prey of fish larvae
and chaetognaths (30, 31) release ammonia as a waste product (32).
Further evidence of chemosensing comes from enrichment of ex-
pression of ionotropic receptors (33) and two gustatory receptors
that are both homologs of trehalose receptors responsible for de-
tection of “sweet” tastes (34). The cirri are also enriched in expres-
sion of transcripts encoding neural-cadherin and protocadherins,
cell-cell adhesion molecules important for neural cell connectivity
(35). In comparison, the body segments, which include parapodia
and a cross section of the gut, are relatively enriched in transcripts
encoding cellular processes and components linked to digestion
(such as nutrient transport and proteolysis), as well as muscles
(such as muscle development) (table S11), while highly expressed
genes common to both tissues include more general cellular pro-
cesses such as the translation machinery and genes involved in
respiration (table S12).

DISCUSSION

In situ digital syntheses offer the potential to enhance type
material for deep-sea animals

Revolutionary strides in underwater imaging, robotics, and genom-
ics are reshaping marine exploration and initiating new avenues for
biological research. In this study, we integrate these advancements
to present in situ digital specimens from the deep sea (table S13)

Burns et al., Sci. Adv. 10, eadj4960 (2024) 17 January 2024

using cybertaxonomy—the digitization of taxonomic information
(36)—to enrich our understanding of delicate marine species.

In taxonomy, a holotype is the single, authoritative specimen
upon which the original description and naming of a new species is
based. This specimen serves as the primary reference for the species,
establishing a standard for future comparisons and identifications.
For many groups of plant and animal, holotypes are whole preserved
organisms or representative portions held in a museum collection,
but for gelatinous zooplankton, long-term preservation of morphol-
ogy is challenging (15). In these cases, the type material for species
description can be a drawing, image, or movie (17, 37).

In zoology, there is no official mechanism to augment a holotype
with new information. However, as species representation methods
advance, incorporating detailed elements such as 3D computer
models and linked genomic data can make digital information as or
more representative than existing type material and easier to share
than physical specimens (38). This has led researchers to propose
addendums to the International Commission on Zoological No-
menclature (ICZN) rules regarding type specimens (39-41). One
such proposal is the concept of “cybertypes,” digitized taxonomic
material that enriches existing type specimens. Our integrated im-
age, model, and genomic data align with the guidelines for collect-
ing and disseminating cybertype material (39). Alternatively, in
botany, “epitypes” serve as valuable addendums to species descrip-
tions, allowing the addition of new data types, such as in situ 3D
internal and external morphology and genome-scale data, to
species-type information (42). Although the ICZN does not offi-
cially recognize epitypes in zoology, they can be invaluable as tech-
nology enables new representations of organisms, especially among
gelatinous zooplankton, where holotype specimens may be frag-
ments and particularly information-poor (15, 17). While cybertypes
and epitypes have primarily been used to extend the information
available for existing physical specimens (43), when encountering
previously unknown species with our integrated methodology, the
digital data could have served as fully virtual, in situ digital holotypes—
potentially a crucial designation for future species identification in
the oceans.

Advances in underwater imaging enable more
comprehensive morphological descriptions of

gelatinous zooplankton

The field of underwater imaging has seen substantial advancements
in recent decades, notably the development of structured light tech-
nologies (13, 44, 45) capable of reconstructing 3D gelatinous struc-
tures of animals in their natural habitat (12). Coupled with newer
processing approaches such as photogrammetry (46, 47), these
in situ imaging techniques allow complex studies of animal behavior
and ecomechanics, enabling scientists to circumvent issues of struc-
tural integrity loss associated with biological fixation for long-term
storage (12, 48). These technologies also facilitate fine-scale mea-
surements of morphological features and time-varying deforma-
tions, aiding research into locomotion and reproduction (49, 50).
Beyond generating readily shareable digital representations of ma-
rine life (51, 52), the 3D models derived from these data can be har-
nessed for computational modeling (53), thus expanding our
understanding of the physical limitations inherent to swimming
and feeding. With these capabilities, underwater imaging is poised
to fill notable gaps in species description (17, 37), presenting a new
frontier in ecological studies.
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Fig. 5. Gene expression in the gossamer worm Tomopteris sp. reveals functions of the acicular cirri. (A) Tomopteris animal captured by SuBastian’s 4K
video recorder. Tissues sampled for quantitative gene expression include the acicular cirri, with n = 4 tissue samples from each cirrus and n = 4 body segments.
(B) An MA plot [log average (A) on the horizontal axis and the log ratio (M) on the vertical axis] showing the distribution of transcripts and their relative expres-
sion and enrichment levels in acicular cirri or body segments. (C) Heatmap of gene expression for genes involved in sensory perception in acicular cirri across
n = 8 tissue samples from the two cirri and n = 4 body segments. Image in (A) captured by the 4K science camera on the ROV SuBastian, R/V Falkor, Schmidt
Ocean Institute. Scale bar, 2 cm, based on total length of the animal; it does not represent skew or distortion based on distance from camera. GPCRs, G protein-

coupled receptors.

Innovative robotics, soft robotics, and encapsulation
devices advance our ability to study ocean

animals in situ

Before the RAD, only two other methods had been developed for
robotic deep-sea collection of delicate midwater species (22). Using
those methods, deep-sea animals are captured and brought to the
surface accompanied with: (i) complexities in keeping the animal
alive (54), (ii) preservatives, such as formalin or ethanol, harden and
alter tissue components (55), and (iii) there is an overexpression of

Burns et al., Sci. Adv. 10, eadj4960 (2024) 17 January 2024

stress genes as the animal has undergone a marked change in pres-
sure and temperature before tissue preservation (56). Because of
those issues, when a soft-bodied animal, such as a jellyfish, is pre-
served with alcohol or formalin after collection, it is no longer pos-
sible to obtain detailed and nuanced information regarding gene
expression from the animal at depth or of tissue volume, structure,
or dynamics. Gentle encapsulation of an animal with in situ preser-
vation of tissues with a preservative that captures the in situ tran-
scriptional state overcomes those challenges.

60f13



SCIENCE ADVANCES | RESEARCH ARTICLE

Genome and transcriptome sequencing provide reference
information for underwater species and offer insights into
gene expression

Modern genomic-sequencing techniques have also enabled deep ge-
nomic and transcriptomic analysis of organisms based on tens of
milligrams of tissue. These technologies combined with in situ pres-
ervation allows sequencing, assembly, and annotation of reference
genomes and transcriptomes for an organism as well as quantitative
analyses of expressed genes. For this study, sequencing was done
after samples were returned to the laboratory, but, in future efforts,
sequencing for initial identification could be done at sea (57), fur-
ther accelerating the process of discovery.

The challenges of applying taxonomic names to organisms
with widespread distributions underscore the need for more
focused research in this area

In this study, we provide detailed imaging and sequence data for
four specimens but achieve species-level identification for only one.
We emphasize the taxonomic challenges posed by soft-bodied ma-
rine animals, which can contain cryptic “sibling” species, similar in
morphology but distinct genetically (58). For example, our
M. claudanielis specimen aligns morphologically with the eastern
North Pacific holotype and shares an exact molecular match with a
regional specimen. However, the original description of the species
includes specimens from distinct ocean basins (20), which could
represent unrecognized species diversity under a single name. Look-
ing at available sequence information in more detail, while our spec-
imen is a 100% match with the mitochondrial 16S sequence of an
eastern North Pacific voucher specimen of M. claudanielis (59), it is
also a 98% match to a cytochrome 1 oxidase sequence for a speci-
men named M. claudanielis from the western North Atlantic (60).
These findings suggest a broad distribution for M. claudanielis, with
morphological and genetic similarity across ocean basins, consis-
tent with the species description (20); however, because of the lack
of uniform molecular markers for comparison, definitive conclu-
sions about molecular variation remain unattainable at this stage.
Similarly, the classification of our other specimens necessitates care-
ful examination of their capture locations, comparison with the lo-
cations of any corresponding holotypes, and consideration of
possible cryptic diversity. Expertise in the morphology and genetics
of siphonophores, salps, and polychaetes/tomopterids is essential to
confidently assign species names and understand their distribution.
Our study’s multifaceted imaging, alongside the assembly of one
complete reference genome and four reference transcriptomes, can
bridge knowledge gaps if comparable data are gathered widely. We
encourage the scientific community to integrate our findings into
their research and to contemplate additional digital data types, such
as shadowgraph imaging that may capture more traditional identi-
fying morphological features of gelatinous zooplankton (61), that
could further enhance taxonomic identification in future studies.

Cross-disciplinary integration opens new avenues for
marine research and shapes future outlooks

While each individual technological advancement has made its
mark, it is the simultaneous integration of these emerging fields that
promises to revolutionize marine species discovery, description, and
physiological characterization. The specimens analyzed in this study
serve as prime examples of the wealth of information these com-
bined methods can extract. In contrast to species descriptions that
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rely solely on imaging data (17, 37), our approach weaves together
diverse quantitative data types. This provides a comprehensive rep-
resentation of delicate, difficult-to-preserve marine species, bridg-
ing the gap traditionally filled by physical voucher specimens.

The proposed synthesis of digital data, which compiles quantita-
tive visual data, 3D models, and genomic data (table S13), not only
outstrips physical specimens in versatility but also greatly enhances
the accessibility, shareability, and comparability of the data. This de-
velopment complements contemporary efforts to digitize museum
collections (52, 62, 63) and aggregate imagery for species descrip-
tion (64, 65), thus expanding the possibilities for detailed and com-
prehensive species information beyond the scope of conventional
imaging data.

Confronted with the current, time-consuming and resource-
intensive approaches to species description, our demonstrated tech-
nologies provide a solution that aligns with the rapid pace of
scientific discovery. They offer a more streamlined and accessible
practice for the taxonomic community. In addition, they pave the
way for the incorporation of other technological innovations, set-
ting the stage for the development of more precise and less invasive
sampling techniques, such as micro-biopsies or swabs, and poten-
tially enabling autonomous exploration (66).

For example, our RAD system can be upgraded with visual and
force feedback mechanisms, thereby lowering costs and allowing
usage on platforms other than high-end ROVs. Visual feedback
could be provided by internal cameras, while force feedback could
come from tactile sensors built into the soft gaskets. Considering
the extraordinary longevity of some deep-sea organisms—up to
18,000 years for certain sponges (67)—these noninvasive techniques
are increasingly vital as we strive to explore and responsibly steward
our planet’s vast and underexplored oceanic regions. In addition,
the approach and data presented here could be useful to the scien-
tific community working at the de-extinction interface (68). If a spe-
cies documented with this approach was to later go extinct, these
comprehensive data included would be a rich repository to draw
upon, especially as current extinction rates are more than 100 times
higher than background extinction rates (69).

It is estimated that 33 to 66% of all ocean species are not yet
described (70), and with species description taking, on average,
21 years after the first observation (38), filling these gaps would re-
quire enormous effort and associated cost. The integrated strategy
offered here is one approach to gain a vast amount of information on
animals encountered within a relatively brief duration of observa-
tion. Given the costs of deep-sea exploration, integrative approaches
that maximize information gained are necessary to fill these knowl-
edge gaps. This is particularly urgent in the face of escalating climate
change and extinction rates that is leading to species disappearance
before they are ever studied or documented. The biological com-
munity has begun formal calls for the reduction and/or elimination
of morphology in new species descriptions (71), and undescribed
species are now recognized as having a higher extinction risk than
described species (72), underscoring the need for efficient species
description workflows and cross-linked species metadata (73).

Accelerating our understanding of these organisms is crucial for
formulating effective conservation strategies to understand and pro-
tect them. This also offers a roadmap for future studies to gain max-
imal amount of information obtained from single specimens.
Genomic information can be informative for understanding adapta-
tion to the deep-sea environment (74). Quantification of motility
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and rates of filtering/feeding enabled by advanced imaging can en-
hance our understanding of the ecological roles of deep-sea ani-
mals (12, 13, 75). In addition, artificial intelligence-enabled,
structured scanning of deep-sea environments, powered by the
integration of new technologies, can help quantify the distribu-
tion of animals in the water column and optimize the collection
of specimens (65, 76).

In a rapidly changing world, the deep sea, one of the last frontiers
for scientific exploration, faces biodiversity risks even before being
fully documented. The integrative approach used in this study har-
nesses cutting-edge technology to expedite the collection of digi-
tized taxonomic information, optimize sample collection, and
deepen our understanding of adaptations and ecological roles of
gelatinous zooplankton species. Only through these collaborative
efforts can we hope to document, comprehend, and ultimately pro-
tect the ocean’s rich biodiversity.

MATERIALS AND METHODS

DeepPIV

DeepPIV (particle image velocimetry; https://mbari.org/technolo-
gy/deeppiv/) is a ROV-deployable imaging device capable of 3D
in situ visualizations of soft-bodied deep-sea organisms. DeepPIV
pairs a high-resolution video camera with a laser sheet to image par-
ticles and fragile meso- and microscale gelatinous structures. The
instrument is mounted in the ROV sled and extended out from the
vehicle body for sampling. Pilots translate the ROV fore and aft to
scan the laser sheet through the target organism while the camera is
recording. DeepPIV scan data were collected on 49 different indi-
viduals during the research expedition (table S2) and only a subset
of data analyzed here. Recorded video is stabilized to minimize the
effect of vehicle motion, and data from an auxiliary camera, mount-
ed to the laser projection housing, are used to compensate for vehi-
cle acceleration/deceleration, using custom MATLAB software (77).
Additional processing steps are identical to previous work (48) and
consist of a segmentation using a combination of manual and auto-
matic luminosity-based methods in 3D Slicer and additional mesh
simplification in MeshLab. The output meshes represent 3D recon-
structions that provide new, quantitative views of gelatinous
structures.

EyeRIS

EyeRIS is an ROV-deployable lightfield (plenoptic) camera system
capable of imaging particle fields and tissue surface movement in
3D (https://mbari.org/technology/eyeris/). The instrument is built
around a plenoptic micro-lens array placed between the camera lens
and imaging sensor, functionally subdividing the image. EyeRIS in-
tegrates a Raytrix R26 camera with a Canon 70- to 200-mm lens,
resulting in a field of view of 12 cm by 12 cm by 6 cm at the widest
zoom. The imaged volume is 65 cm from the viewport and is illumi-
nated by five red (660 nm) spot lights. The light array is mounted on
a hydraulic umbrella frame that expands from the housing when
deployed. Real-time computer vision algorithms then use each
subimage to reconstruct the data such that every object in the frame
is in focus and associated with a 3D spatial coordinate. The resulting
depth maps can achieve z resolution on the order of the camera
pixel resolution. EyeRIS was used to collect imaging data on 61 dif-
ferent individuals during the research expedition (table S2), and
only a subset of data are analyzed here.
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Repeated quantitative measurements were made on the four in-
dividuals discussed in the present work: Erenna sp., Marrus clau-
danielis, Pegia sp., and the Tomopteris sp. Video sequences from
EyeRIS were loaded into RxLive, Raytrix’s real-time user interface,
and displayed as colored depth maps (Fig 2B, no. 4; table S13). A
human annotator selected 10 nonadjacent frames when the desired
structure was in the sample volume, measured the feature, and re-
corded the results. Measurements were averaged over the 10 frames
and reported with SE (table S4). Not all structures exist on each or-
ganism, and certain features were not visible between individuals.
Most notably, the siphonophore Erenna sp. nectosome was too long
to be captured in a single frame.

RAD-2 and SuPR sampling system

The RAD-2 encapsulation device was extensively modified and en-
hanced (Fig. 3), building upon progress presented in Teoh et al. (22).
The RAD-2 encapsulation volume was scaled up 3.375 times to
0.0105 m’. RAD-2 also has an assembly linkage layer and a folding
linkage layer. Unlike the design presented in Teoh et al. (22), the
input link of the assembly linkage layer rotates to cause encapsula-
tion as opposed to the input link of the folding linkage layer. As a
result, the folding linkage layer does not swirl during encapsulation.
This architectural change enables the central face of the dodecahe-
dral encapsulation volume to be instrumented by allowing the mo-
tor driving the encapsulation to be offset from the rotation axis of
the input link of the assembly linkage layer. The motor is connected
to the input link of the assembly linkage layer by a geared transmis-
sion. A pinion gear on the output shaft of the motor transmits torque
to a ring gear attached to the input link of the assembly linkage layer.
The fully encapsulated volume has 12 surfaces. Because the motor is
offset from the rotation axis of the input link of the assembly linkage
layer, this allows the central nonmoving surface to be instrumented
with a tissue sampling device and an inlet port for pumping sampled
tissue into the SuPR sampling system.

The other 11 surfaces each have mount points allowing custom-
izable integration of imaging and sensing devices. RAD-2 was not
only modified architecturally but was also enhanced by the use of
materials that could withstand the forces and harshness of the ma-
rine environment. For example, the mounting structure for the in-
put link of the assembly linkage layer and the input link of the
folding linkage layer is made of aluminum 6061-T6, which was
hard-anodized post machining for protection against saltwater cor-
rosion. All other links of the assembly linkage layer and the folding
linkage layer were made of Hydex 301. This material was chosen for
its transparency, impact strength, and saltwater corrosion resistance.
In the transmission, the pinion gear is made out of 17-4 PH stainless
steel, and the ring gear is made out of Nitronic 60 stainless steel. These
materials were chosen as a pair because of low wear, galling resistance,
and saltwater corrosion resistance. The RAD-2 encapsulation device
was constructed using a combination of anodized aluminum, stain-
less steel, and Hydex 301. The rotary actuator used for opening and
closing RAD-2 was a 2G Engineering 2000 Series high-speed rotary
actuator. The tissue cleaving apparatus was driven by a Maxon MT20
thruster motor, and the stainless steel four-blade design was derived
and scaled on the basis of culinary-grade blender designs. The camera
used for viewing inside RAD-2 was a DeepSea Power & Light Nano
SeaCam. All control electronics for the RAD-2 and SuPR systems
were enclosed in a 4500-meter rated custom titanium housing with
communication with the ROV achieved via gigabit ethernet.
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The in situ sample collection and preservation system was
a McLane Labs SuPR Sampler, with original design presented by
Breier et al. (14). This system allows for a specified amount of fluid
to be sampled using a high-flow pump (8 liter/min) addressed to
discrete fluid ports among 14 individual filter housings with in situ
preservative injectable immediately following the sample collection.
Filters were prepared onboard by layering two 160-mm support
mesh discs under the plastic support frit followed by a third 160-mm
support mesh disc, and lastly, a 147-mm, 100-pm mesh Nitex disc
on top for tissue sample collection. The arrangement allowed collec-
tion of tissue fragments on the 100-pm mesh Nitex dish, while the
assembly of the support disks and frits maintained the integrity of
the space inside the filter holder. Filter holders were assembled and
bolted closed and then were filled with Milli-Q water until the as-
sembly and tubing was full. Air bubbles were removed by rotating
and tapping the assembly on a table to remove as many bubbles as
possible before ROV deployment.

Custom RNA preservative (described as RNALater) was pro-
duced according to the formulation by Malmstrom (78). The pH of
the RNALater preservative was adjusted to 5.2 using concentrated
sulfuric acid. Sixty liters of RNALater was prepared ahead of the
cruise on site in San Diego using resources available in the Aluwi-
hare laboratory at the Scripps Institute of Oceanography. The SuPR
sampler was loaded with 10 liters of RNALater before each dive.

Animals were encased by the RAD2 sampler and then homoge-
nized with simultaneous pumping of water through the SuPR sampler.
Following capture of material, the filter was flooded with a custom for-
mulation of RNALater (0.5 to 1 liter volume per sample) to ensure that
all seawater in the tubing and filter holder with sample was replaced
with RNALater. Time that blade rotation was initiated was recorded, as
well as the time and volume of seawater pumped through the filter, and
lastly the time and volume of RNALater pumped through the filter.
The average time to complete preservation was 3:17 min with the
shortest time at 1:37 min and the longest time at 13:29 mins.

Once the ROV was back on deck of the research vessel, the filter
holders were immediately collected from the SUPRsampler array
and brought into the onboard wet laboratory. In the laboratory, filter
holders were first drained into a waste container to collect waste
RNALater. When large fragments were available (e.g. Fig. 1, no. 5),
tissue fragments were collected with forceps into 5-ml cryotubes
that were subsequently filled with additional RNALater. When there
was ample material or the material could not easily be separated
from the Nitex filter, the entire filter with tissue was rolled up and
placed in a 50-ml Falcon tube that was then filled with additional
RNALater to 40 ml. Samples collected in this way were incubated
overnight at 4°C in RNALater and were transferred to a —80°C
freezer the following day. Following removal of tissues and filters
from filter holders, the filter holder was rinsed with seawater and
wiped with a paper towel to mechanically remove any remaining
fragments. Filter holders and support frits and discs were then
placed in a bath of 0.1% HCI and soaked for at least 5 min. Follow-
ing soaking in HCI, filter holders and support disks and frits were
transferred through subsequent baths of Milli-Q water, soaking in
each for at least 5 min. All parts were dried on paper towels and then
reassembled and filled with Milli-Q water before the following dive.

RNA and DNA extraction
Samples from all animals were processed the same way for RNA and
DNA extraction. RNALater preserved samples were thawed, and
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tissue fragments were spread on a sterile petri dish. One hundred
milligrams of tissue was collected from each organism using a new
razor blade to cut tissue fragments and clean forceps. Tissue frag-
ments were placed into preweighed 1.5-ml microcentrifuge tube
and weighed to get the appropriate mass of tissue.

For RNA, Trizol reagent was used to extract and purify total
RNA. Following tissue collection, 100 mg of tissue fragments were
lysed in TRIzol reagent, and total RNA was extracted according to
the manufacturer’ instructions.

For DNA, QIAGEN Genomic-Tips were used to collect high-
molecular weight DNA. Approximately 100 mg of tissue fragments
was collected for each DNA extraction. The tissue fragments were
further dissected to small pieces by manual cutting using a new ra-
zor blade. Minced tissue fragments were suspended in Qiagen lysis
buffer ATL at a ratio of 220 pl of buffer ATL to 25 mg of tissue.
Twenty microliters of proteinase K (20 mg/ml) per 220 pl of buffer
ATL was added, and the mixture was incubated at 56°C for 1 hour
with gentle mixing of the tubes by inversion every 10 min. Follow-
ing proteinase K digestion, samples were centrifuged at 6000g for
5 min to pellet remaining tissue debris. The supernatant was recov-
ered, and 4 pl of ribonuclease (RNase) A (100 mg/ml) per 220 pl was
added to each tube. Samples were incubated at room temperature
(22°C) for 10 min. Following RNase A incubation, samples were
transferred to 15-ml falcon tubes containing QIAGEN buffer G2 to
a final volume of 10 ml. Following dilution of the lysates into buffer
G2, the samples were added to an equilibrated QIAGEN G-tip 100,
and DNA cleanup and elution were completed according to the
manufacturer’s recommendation. The average molecular weight at-
tainable from these samples was in the range of 25 to 50 kbp. We
tested several protocols for DNA extraction including grinding tis-
sue on dry ice and QIAGEN’s MagAttract HMW DNA kit but could
not improve the length profile of the extracted DNA. We suspect
that RNALater preservation has the effect of shearing DNA, cor-
roborating results from studies that note that RNALater can per-
form poorly in maintaining high-molecular weight DNA for some
samples (79, 80) and suggest future studies to test that. Forceps were
cleaned between samples by soaking in 0.1% HCI for 5 min, fol-
lowed by rinsing with Milli-Q water, wiping with Kimwipes, rinsing
with 70% ethanol, and a final rinse with Milli-Q water.

Transcriptome sequencing

Purified total RNA integrity was checked on an Agilent TapeStation
instrument using high-sensitivity RNA ScreenTape. RNA integrity
values for the four specimens reported here was >7.0. Total RNA
was shipped on dry ice to a sequencing facility (Azenta, Genewiz,
South Plainfield, NJ). Reference transcriptomes were generated us-
ing the Pacific Biosciences Iso-Seq method that sequences full-
length RNA and produces a reference transcriptome capturing all
expressed isoforms without need for assembly. Functional com-
pleteness of Iso-Seq transcriptomes was analyzed using the software
tool BUSCO (v5.2.2) (81) against the metazoan BUSCO database
(metazoa_odb10).

Quantitative mRNA sequencing was performed by selecting
samples for short-read sequencing on the Illumina HiSeq platform.
Replicate quantitative transcriptomes were generated from two
samples of salp Pegia sp. tissue fragments (table S9). Quantitative
mRNA sequencing of the acicular sensory cirri of Tomopteris sp.
was enabled by fortuitous collection and preservation of the entire
animal without dissection. Specific tissues were dissected in the
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onboard laboratory. Four 1-cm fragments from the end of each acic-
ular cirrus were dissected by cutting each cirrus at 1-cm intervals
starting from the distal tip. Comparative samples from the body
were collected by dissecting the body horizontally in four segments
from the middle of the animal, including left and right parapodia
and the trunk section between for each tissue fragment. Total RNA
was extracted using TRIzol reagent and sent on dry ice for library
preparation and sequencing on the Illumina HiSeq platform at
Azenta/Genewiz. We targeted 20 million 150-bp paired-end reads
per sample and recovered an average of 35 million paired-end reads
per sample (table S9).

To capture any tissue specific RNA, we completed a de novo tran-
scriptome assembly for the tomopterid (RAD2-51) using pooled il-
lumina reads from all tissues. Random sequencing errors in reads
were corrected using rCorrector (v1.0.5) (82), and unfixable reads
were removed with the python script FilterUncorrectabledPEfastq.
py (83). Adapter and quality trimming was performed with TrimGa-
lore (v0.6.7) (84). Ribosomal RNAs were removed by mapping reads
against the SILVA database (SILVA_138.1) (85) using Bowtie2
(v2.5.0) (86). Transcriptome assembly was completed on the pro-
cessed reads using the Trinity assembler (v2.14.0) (87). The resultant
de novo assembly was combined with the Pacific Biosciences Iso-
Seq assembly using the software cd-hit-est (v4.8.1) (88) with an
identity threshold of 95% for clustering. The assembly contained
some contamination from other organisms, likely from demulti-
plexing errors during short-read sequencing. Identifiable contami-
nants were removed at this stage by blastn of the combined assembly
against whole transcriptome data from Homo sapiens, Danio rerio,
and Drosophila melanogaster. Hits with 98% or better identity more
than 80% or more of the subject sequence for any of those three spe-
cies were removed from the assembly at this stage. The filtered, com-
bined assembly was used for quantitative analyses.

Genome sequencing and assembly

Whole-genome sequencing was completed for all four animals us-
ing a combination of short and long read sequencing. On the basis
available information from literature on related organisms (23, 89),
we anticipated genome sizes approximately on the order 1 to 3 Gbp
for each organism or around the size of the human genome, and we
conducted our sequencing effort accordingly. We found that the
salp, Pegia sp. (RAD2-039) had a smaller than anticipated genome
with an estimated size at this stage of approximately 200 Mbp based
on the inferred haploid peak in a k-mer plot (fig. S3), while the three
other specimens had much larger than anticipated genomes, likely
exceeding 23 billion bp for RAD2-051 (Tomopteris sp.) and RAD2-
064 (siphonophore, Marrus claudanielis) and approximately 27 bil-
lion bp or more for RAD2-065 (siphonophore, Erenna sp.)
(table S14). K-mer plots for RAD2-051 and RAD2-064 generated no
peaks (fig. S3), indicating that coverage was insufficient to capture
the sequence space of the genome despite having over 235 billion
bases of data for each. With 33% additional read data for RAD2-065,
the k-mer plot has a single peak at around 12X coverage (fig. S3),
indicating insufficient coverage for genome assembly but giving a
better lower bound estimate for the genome size of that specimen/
species (siphonophore Errena sp.). Assembly of the larger genomes
would require a sequencing effort about 10X greater than the cur-
rent depth of sequencing, which was beyond the budget of the proj-
ect. The apparent large genomes of soft-bodied deep-sea organisms
is notable for future sequencing efforts.
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Read coverage of the salp, RAD2-039 (Pegea sp.), genome was in
excess of that needed for assembly, which can be detrimental to as-
sembly efforts (90). Short-read coverage was reduced to 100X for the
haploid peak by randomly downsampling the reads using the tool
seqtk [v1.3 (r106)] (91). The 100X coverage short-read files and the
complete long-read files were used in a hybrid long- and short-read
assembly using the assembler MaSuRCA (v4.0.9) (92, 93). Assembly
quality and statistics were established using BlobTools (v1.1.1) (94).

Repeats in the newly sequenced and assembled genome were
found using the tool RepeatModeler2 (v2.0.3) (95), and the genome
was soft-masked using RepeatMasker (v4.1.4) (96). Structural an-
notation of the Pegea sp. genome was completed using the tool
FINDER (v1.1.0) (97), which used evidence from whole transcrip-
tome reads (the two Illumina libraries, RAD2-039-2 and RAD2-
039-3) to find coding regions in the genome using the tools
BRAKER? and associated software (98-106). Resultant protein pre-
dictions were annotated for function using the tool Interproscan5
(v5.60-92.0) (107).

Quantitative transcriptome analyses

For the salp Pegea sp. (RAD2-039), the reference transcriptome was
derived from the annotated genome assembly. For the tomopterid
(RAD2-051), the reference transcriptome was the combined long-
read IsoSeq plus short-read Illumina-Trinity assembly. Reads were
mapped to each reference assembly using the tool Salmon (v1.9.0)
(108) in mapping mode. For RAD2-039, decoy-aware mapping was
done using the whole genome as decoy sequence. For RAD2-051, no
genome was available, so mapping was done without decoys. Salm-
on quantification files were read into the R statistical environment
(v4.2.2) (109) using the tximport tool (110). Quantitative and statis-
tical analyses of transcriptome data were performed using edgeR
(v3.40.1) (111). Functional summaries of differentially expressed
genes were performed using topGO (v2.50.0) (112).
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