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Abstract

Collagenous connective tissue, found throughout the bodies of metazoans, plays a crucial role in maintaining struc-
tural integrity. This versatile tissue has the potential for numerous biomedical applications, including the develop-
ment of innovative collagen-based biomaterials. Inspiration for such advancements can be drawn from echinoderms,
a group of marine invertebrates that includes sea stars, sea cucumbers, brittle stars, sea urchins, and sea lilies. Through
their nervous system, these organisms can reversibly control the pliability of their connective tissue components

(i.e, tendons and ligaments) that are composed of mutable collagenous tissue (MCT). The variable tensile properties
of the MCT allow echinoderms to perform unique functions, including postural maintenance, reduction of muscu-
lar energy use, autotomy to avoid predators, and asexual reproduction through fission. The changes in the tensile
strength of MCT structures are specifically controlled by specialized neurosecretory cells called juxtaligamental cells.
These cells release substances that either soften or stiffen the MCT. So far, only a few of these substances have been
purified and characterized, and the genetic underpinning of MCT biology remains unknown. Therefore, we have
conducted this research to identify MCT-related genes in echinoderms as a first step towards a better understanding
of the MCT molecular control mechanisms. Our ultimate goal is to unlock new biomaterial applications based on this
knowledge. In this project, we used RNA-Seq to identify and annotate differentially expressed genes in the MCT struc-
tures of the brittle star Ophiomastix wendftii. As a result, we present a list of 16 putative MCT modulator genes, which
will be validated and characterized in forthcoming functional analyses.
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Introduction

Collagenous connective tissues are ubiquitous in meta-
zoans, including humans. These tissues are found in all
body parts, as they maintain body integrity by provid-
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osteogenesis imperfect and Ehlers-Danlos syndrome that
range in their manifestation from a moderately increased
susceptibility to other ailments to devastating lethal out-
comes [2-5].

In most animals, the mechanical properties of colla-
genous tissues either remain stable with time or change
very slowly due to developmental processes, aging, exer-
cise, or disease (e.g., fibrosis) [2, 6]. The only known ani-
mals in which collagenous connective tissues undergo
rapid (within seconds) drastic changes in tensile strength
and elastic stiffness are echinoderms. Echinoderms are
a phylum of deuterostome marine invertebrates, which
includes asteroids (sea stars), holothuroids (sea cucum-
bers), ophiuroids (brittle stars and basket stars), echi-
noids (sea urchins and sand dollars), and crinoids (sea
lilies). The connective tissue capable of such rapid stift-
ening or softening in echinoderms is called mutable col-
lagenous tissue (MCT) [6—8]. MCT appears to be unique
to echinoderms, likely representing a synapomorphy of
the phylum which is supported by indirect evidence of
MCT in fossil echinoderms, including Middle Cambrian
stylophorans and other Paleozoic species [9].

The unique dynamic nature of the echinoderm MCT
allows it to perform additional functions, along with
the standard roles that the collagenous tissue plays in all
metazoan phyla. One such echinoderm-specific func-
tion is autotomy (i.e., defensive self-detachment of arms
in stellate echinoderms and viscera in holothuroids).
This process involves irreversible softening of other-
wise mechanically stable collagenous structures at pre-
determined anatomical locations in response to various
mechanical, physical, and chemical stimuli [10-13]. The
same mechanism of irreversible MCT destabilization is
also thought to facilitate asexual reproduction through
body fission [14, 15]. Reversible stiffening and de-stift-
ening of the MCT are the main mechanisms behind the
energy-saving acquisition and maintenance of posture in
echinoderms [16, 17].

As an echinoderm synapomorphy, the MCT has con-
tributed to the evolutionary success of the phylum over
the last 500 million years. A better understanding of
the molecular physiology of echinoderm collagenous
structures will yield valuable insights into the echino-
derm evolutionary biology, development, regeneration,
and other aspects of the biology of this taxon. Aside
from the value in basic biology, the echinoderm MCT
has the potential to inspire the development of new
biomaterials with dynamic properties [8]. For example,
one of the outstanding challenges in the field of tissue
engineering is to design implantable extracellular mate-
rials with time-varying mechanics that mimic native
tissue development that progresses in the direction of
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increasing stiffness. Moreover, the mechanical proper-
ties of such materials need to be amenable to manipu-
lation at the fine scale to closely recapitulate natively
non-uniform structures and anisotropic environments
[2]. The echinoderms’ mutable collagenous struc-
tures have the potential to solve these challenges. In
this paper, we execute the first steps to understand the
genetic underpinnings of the molecular mechanisms
that control the dynamic properties of MCT.

The tensile properties of the MCT are under nervous
control [12]. Echinoderms have evolved a unique ana-
tomical relationship between their nervous system and
the collagenous connective tissue. The MCT is associ-
ated with specialized neurosecretory cells called jux-
taligamental cells (JLCs), which receive motor nervous
input and extend their long processes into the extracel-
lular matrix [12, 18, 19]. When stimulated by motor
neurons, the JLCs are thought to release secretory sub-
stances that modulate the strength of cohesive forces
between collagen fibrils [12]. Some of those secretory
substances enhance interfibrillar cohesion, thus locking
the collagen fibrils in place and increasing stiftness. In
contrast, other substances decrease the strength of the
interfibrillar bonds, resulting in a more pliable state of
the connective tissue [9].

Several protein modulators presumably released by
the JLCs were purified with classical biochemical tech-
niques [9, 20, 21]. In physiological assays, these protein
modulators had either stiffening or softening effects
on the MCT. However, except for one protein called
tensilin [20, 22, 23], the corresponding protein-coding
genes remain to be identified at the sequence level.

Furthermore, little is known about how protein
modulators induce changes in the MCT. Therefore, the
identification and characterization of MCT modulator
genes remain a major bottleneck in better understand-
ing the molecular physiology of the echinoderm colla-
genous tissues.

This study aims to identify genes that are differently
expressed in tissues rich in JLCs and, thus, are poten-
tially associated with MCT modulation. The identifi-
cation of these putative MCT modulators will inform
future cell-level gene expression assays and functional
studies that will be able to confirm the involvement
of key genes in MCT modulation. To this end, we
employed a transcriptome-wide high-throughput gene
expression analysis approach (RNA-Seq) to quantify
gene expression in the inner arm core region (enriched
in JLCs) of the brittle star Ophiomastix wendtii com-
pared to the whole arm (containing the basal level (i.e.,
neither enriched nor depleted) of the JLCs) and stom-
ach (which is devoid of JLCs).
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Methods

Animal collection, maintenance, and tissue sample
harvesting

Adult individuals of O. wendtii were collected at the Keys
Marine Laboratory (Layton, FL) and transported in the
natural seawater chilled in a box with water ice to the
University of North Carolina at Charlotte. Once in the
laboratory, the animals were allowed to acclimate gradu-
ally to the ambient room temperature overnight. The
next day, the brittle stars were transferred to a tank with
artificial aerated seawater (Instant Ocean, by Spectrum
Brands, Blacksburg, VA), whose salinity was adjusted to
the natural seawater from the animal habitat (40 ppt).
The animals were allowed to acclimate for five days.
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The animals were anesthetized in 0.1% solution of
1-phenoxy-2-propanol (Millipore Sigma, cat. no. 484423)
in seawater until they stopped responding to touch. Tis-
sue samples for both RNA-Seq and microscopic analy-
sis were harvested from three individuals, including one
male and two females (Fig. 1).

Three types of tissue samples were collected from each
animal. (A) Since the MCT in brittle stars is known to
be most prominent in the arm [18, 19, 24], we collected
whole arm segments with all anatomical components
being intact (Fig. 2A). (B) Within the arm, the mutable
collagenous structures (ligaments and tendons) and the
associated system of juxtaligamental nodes (ganglia) are
mostly enriched in the inner core, which is surrounded

Fig. 1 Ophiomastix wendtii individuals, from which tissue samples were collected. Animal 1 is male, and animals 2 and 3 are female

Fig. 2 Two types of tissue samples harvested from the arm. A “Whole arm segments” with all anatomical components left intact. B The “inner

arm core”with the peripheral arm plates and associated structures removed. The oral side is shown for both specimens in A and B. C Diagram

of the cross-section through the arm. The faded region indicates the peripheral tissues that are surgically removed when the inner arm core
samples are prepared for RNA extraction. The dotted line indicates where the peripheral and inner arm core tissues are separated. Abbreviations: ac -
arm coelom; am — aboral muscle; as — aboral skeletal shield; il — intervertebral ligament; /s - lateral skeletal shield; om — oral muscle; os — oral skeletal
shield; p — podium; rnc - radial nerve cord; s - spine
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by the peripheral skeletal plates. Therefore, we removed
the peripheral plates to obtain MCT and JLC-enriched
samples for analysis (Fig. 2B, C). (C) Stomach samples,
which are devoid of MCT and JLCs (see the Results sec-
tion), were used as a negative control.

RNA isolation

The tissue samples for RNA isolation (13-95 mg) were
homogenized in 500 uL of ice-cold TRI Reagent (Mil-
lipore Sigma, cat. no. T9424) using sterile closed-system
disposable microtissue homogenizers (Kimble, cat. no.
K7496250030). The homogenized samples were briefly
vortexed, and an additional 500 uL of the TRI Reagent
was added to each sample. The samples were frozen
at -80°C for one week before RNA extraction. Upon
retrieval from storage, the samples were thawed on ice,
the insoluble material was precipitated by brief centrifu-
gation, and the clear supernatant was transferred into
fresh tubes. After a 5-minute incubation at room tem-
perature, 100 ;L of 1-bromo-2-chloropropane (BCP) was
added to each tube. The samples were then emulsified by
vigorous shaking and allowed to sit at room temperature
for 10 minutes. The organic and aqueous phases were
separated by centrifugation at 16,000xg for 45 min at
4°C, and the aqueous phase was carefully aspirated and
transferred into a fresh tube. The RNA was precipitated
by adding 500 uL of isopropanol to each sample, incubat-
ing at -20°C for 1 hour, and centrifugation. The pellet was
washed twice with ice-cold 70% ethanol and dissolved
in 50 uL of RNase-free water. The quantity of total RNA
was determined with a NanoDrop Spectrophotometer
(Thermo Scientific, USA) and a Qubit Fluorometer (Inv-
itrogen, USA).

Microscopy

Tissue samples were immersion fixed overnight at 4°C
in 2.5% glutaraldehyde prepared in 0.05 M cacodylate
buffer, pH 7.8, 1030 mOsm. The fixed samples were
extensively washed and then postfixed in 1% OsOy in the
same buffer for 1 hour. The hard calcite endoskeleton was
dissolved by incubation in a decalcifying solution com-
posed of 1% ascorbic acid and 0.15M NaCl for seven days
at 4°C. The decalcifying solution was changed every 12
hours and freshly prepared each time.

The decalcified specimens were dehydrated in a graded
series of ethanol and propylene oxide and embedded in
Araldite 502/DDSA. Semithin (0.8 um) and ultrathin
(~70 — 80 nm) sections were cut with a PowerTome
ultramicrotome (RMC Products) using glass knives.
The semithin sections were collected on gelatin-covered
slides, stained with toluidine blue, and coverslipped
with the DPX mounting medium (Electron Micros-
copy Sciences). The ultrathin sections were collected on
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pioloform-covered copper slot grids and sequentially
stained with 1% uranyl acetate in 10% ethanol, followed
by Reynold’s lead citrate.

The semithin sections were photographed with an
Olympus IX83 compound microscope. The ultrathin sec-
tions were imaged with the JEOL JEM 2100 LaBg trans-
mission electron microscope at 80 kV.

We note that our experimental design and the results
presented in the manuscript do not include enough
details to identify and categorize different types of JLCs
in our tissues. Such categorization is beyond the scope of
the manuscript, and the interested reader may find addi-
tional information in numerous studies published else-
where [24, 25, 18].

Library preparation and sequencing

At the time we conducted our experiments, protocols
for single-cell or single-nuclei sequencing optimized for
brittle stars were not commercially available. The RNA-
Seq libraries were prepared using the Illumina® Stranded
mRNA Prep kit (Illumina, USA), following the “Illumina
Stranded mRNA Prep Reference Guide” [26]. The frag-
mentation was enzyme-based. We conducted quality
control on the final libraries to assess RNA concentration
with a Qubit dsDNA BR (broad range) assay kit and qual-
ity by Tapestation 4200 analysis using the High Sensitiv-
ity D1000 Screentape (Agilent, USA). We prepared 16
[llumina paired-end read sequencing libraries to account
for both the biological and technical replicates (Table 1).
Sequencing was performed on an Illumina NextSeq
2000 (Illumina, USA). The adapter trimming feature in
the Illumina FASTQ file generation pipeline was used to
eliminate the library adapters and avoid problems with
subsequent alignment and assembly steps [27].

Transcriptome assembly

After acquiring the raw transcriptome data, a series of
quality preprocessing steps were executed. The quality
of the raw sequencing data was assessed with FastQC
v0.11.9, focusing on identifying and correcting common
issues, such as low-quality bases and leftover adapter
sequences. Next, the de novo transcriptome assembly
[28, 29] was performed with Trinity v2.14.0 [30] installed
as part of the OmicsBox v3.3 [31] bioinformatics software

Table 1 Alist of 16 lllumina paired-end read libraries prepared
from three individuals and three sample types

Animal Whole arm Inner arm core Stomach
segments

1 2
1
1 2 2
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platform on an iMac computer. The computer ran the
macOS 13.3.1 (22E772610a) operating system and was
equipped with a 2.3 GHz 18-core Intel Xeon W proces-
sor, Radeon Pro Vega 64 16 GB graphics, and 128 GB of
2666 MHz DDR4 memory.

The following Trinity parameters were chosen to
ensure an accurate and efficient assembly while accom-
modating the unique characteristics of the sequenc-
ing data. The assembly was not strand-specific, with a
minimum contig length of 200 base pairs. Our approach
included a thorough assessment of the read content with-
out read normalization to maintain the original sequence
data integrity. For paired-end reads, a pair distance of 400
base pairs was chosen. The minimum k-mer coverage was
set to 1 during the Inchworm stage, allowing all k-mers to
be included. In the Chrysalis stage, we limited the maxi-
mum reads per graph to 200,000 and set the minimum
glue (i.e., the minimum number of reads required to join
the Inchworm contigs) to 2 and the maximum cluster
size to 25, thus balancing the complexity and manage-
ability of the graphs. Finally, at the Butterfly stage, the
default assembly algorithm was used. The path reinforce-
ment distance was set to 25, with a minimum percent
identity of 98%, a maximum of 2 allowed differences, and
a maximum internal gap of 10 base pairs.

To evaluate the assembly quality, we assessed the
number of full-length or nearly full-length (>80% of the
length) protein-coding transcripts that were recovered in
the de novo assembly by aligning our contigs to the refer-
ence proteome of the sea urchin S. purpuratus [32].

The completeness of the protein-coding gene represen-
tation in the assembled transcriptome was assessed with
BUSCO v5.4.5 [33], which was run in the “transcriptome”
mode against the OrthoDB v10 database [34] for the
“Eukaryota” lineage. The Blast E-value threshold was set
at 1.0 x 1073 to balance sensitivity and specificity while
identifying orthologous genes.

Differential gene expression analysis and gene annotation
We quantified transcript and gene abundance across
three different sample types (Fig. 2, Table 1): the whole
arm segments, the inner arm core, and the stomach
(control). The count tables were generated by the RSEM
v1.3.3 [35] and Bowtie v2.5.1 [29] tools in OmicsBox and
used as input for a comprehensive differential expression
analysis with edgeR v3.18 [36].

The differentially expressed genes (DEGs) were iden-
tified in two pairwise comparisons among the sample
types: whole arm segments vs stomach and inner arm
core vs whole arm segments. A gene was considered dif-
ferentially expressed in each comparison if the adjusted
p-value was less than 0.05 and the fold-change was
greater than 2 in either direction.
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Following the DEG analysis, we combined the findings
from the two comparisons to refine the list of candidate
MCT-related genes. We kept only the genes that consist-
ently exhibited upregulation in both scenarios. This strat-
egy allowed us to filter out the genes that were less likely
to be relevant.

The target genes were annotated using a suite of spe-
cialized tools in OmicsBox. We used InterProScan v5.63-
95.0 [37] including searches against structural domains
(Superfamily and Gene3D), other sequencing features
(Phobius, SignalP, Coils, and TMHMM), and other cate-
gories (AntiFam, FunFam, and PIRSIR). Furthermore, the
InterProScan parameters included searches against the
following families, domains, sites, and repeats: NCBIfam,
SFLD, Panther, HAMAP, ProSiteProfiles, ProSitePat-
terns, SMART, CDD, PRINTS, PfamA, and PIRSE.

Additionally, we used Diamond BLAST v2.1.9 [38]
in the BLASTX mode. We set the E-value threshold at
1.0 x 1073 for Diamond BLAST and examined each top
5 hits with a 33 HSP length cut-off for a quick alignment
against the NCBI nr (2023-02-01) database. Diamond
Blast matches the sensitivity of NCBI BLAST but dem-
onstrates a much higher throughput.

Gene Ontology (GO) mapping and annotation were
performed to assign terms to the sequences and facili-
tate functional biological interpretation of the sequenc-
ing data [39-41]. We selected the latest database version
(Goa version 2023.08) and performed fast GO mapping
of the protein Blast hits against extensively curated GO
annotated proteins to obtain functional labels. The refer-
ence data were retrieved from the Gene Annotation Files
and by UniProt ID mapping. The annotation rule param-
eters were set as follows: the annotation cutoff to 55, the
GO weight to 5, the E-Value-Hit-Filter to 1.0 x 107°, the
HSP-Hit Coverage cutoff to 0, and the Hit Filter to 500.
Redundant terms for each sequence were removed, thus
ensuring the assignment of only the most specific GO
terms to a given sequence and avoiding the simultaneous
assignment of multiple GO terms from the same branch
to the same sequence. The individual GO term annota-
tions were organized and summarized into higher-level
GO slim sets.

Since the molecules that modulate the mechanical state
of the MCT are secreted proteins that are produced and
released by the JLCs [12], we further narrowed down
the pool of the candidate genes by incorporating two
advanced prediction tools that identify the proteins that
are targeted for the extracellular or cell membrane locali-
zation. SignalP 6.0 was employed to predict the presence
of signal peptides that direct candidate proteins toward
the secretory pathway [42, 43]. The tool was run in the
“fast” prediction mode with “Eukarya” specified as the
“organism of origin” Additionally, DeepLoc 2.0 was run
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in the “high-quality” mode to predict if the proteins are
extracellular or can be in one of nine locations inside the
cell [44].

For the final list of putative MCT modulators, we
used Emboss v6.6.0.0 to retrieve the longest open read-
ing frame (ORF) for one isoform per gene. We then used
Expasy to calculate the molecular weight and isoelec-
tric point for each corresponding amino acid sequence
[45-48].

GO enrichment analysis

We ran Fisher’s exact test for over-representation to iden-
tify which GO terms are enriched among the candidate
MCT-related genes, as implemented in the OmicsBox
platform [31, 49]. The test set comprised the transcripts
that exhibited upregulation in both contrasts (whole arm
vs. stomach and inner arm core vs. whole arm), whereas
the reference set contained all annotated transcripts. The
p-value of the test was adjusted for multiple tests with
the Benjamini-Hochberg method, and the cutoff value
was set at 0.05. The enrichment results were represented

Stomach
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Fig. 3 Representative micrographs showing the microanatomical and histological organization of the stomach (A) and the whole arm segments
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by the most specific GO terms (i.e., the lowest possible
level in the GO direct acyclic graph) and plotted as GO
charts (Fig. 6).

Results

Microscopic analysis

We implemented light and electron microscopy to dem-
onstrate the absence of MCT structures in the stomach
and their abundance in the inner arm core region of the
brittle star O. wendetii. The stomach wall in O. wendtii, as
in other echinoderms [50, 51], is composed of the inner
digestive epithelium, outer mesothelium, and a connec-
tive tissue layer that separates the two epithelia (Fig. 3A).
The connective tissue partition contained loosely organ-
ized bundles of collagen fibrils, which were never asso-
ciated with neurosecretory cells (Fig. 4A). In contrast,
MCT structures were abundant in the arm, including
the centrally located intervertebral ligament, which
connects adjacent vertebral ossicles, and the ligaments
attaching the peripheral skeletal shields to the inner arm
core (Fig. 3B — B2). The ligaments in the arm are made

10um !
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(B - B3) tissue samples used as a starting material for RNA-Seq. A High-magnification view of the stomach wall. B A general view of the whole arm
segments in a cross-section. Boxed areas indicate the regions that are shown at a higher magnification in B1 - B3. B1 - lateral ligament. B2 - oral
part of the intervertebral ligament. B3 — aboral part of the intervertebral ligament. Abbreviations: ac — arm coelom; am — aboral intervertebral
muscle; ctl — connective tissue layer; de — digestive epithelium; g/ — gut lumen; il - intervertebral ligament; jn — juxtaligamental node; // - lateral
ligament; Is - lateral shield; me — mesothelium; om — oral intervertebral muscle; rnc — radial nerve cord; vo - vertebral ossicle. Dotted line in B
indicates where the separation of the peripheral tissues took place when preparing the inner core arm tissue samples for RNA-Seq. Arrowheads

in B1 - B3 indicate bundles of neurites extending from juxtaligamental nodes into the extracellular matrix of ligaments. Plastic semithin sections

stained with toluidine blue
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Fig. 4 Representative TEM micrographs showing the ultrastructural organization of the connective tissue compartments in the stomach
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(A) and whole arm segments (B - D) tissue samples used as a starting material for RNA-Seq. A Connective tissue layer of the stomach wall. B
Juxtaligamental cells in the aboral juxtaligamental node. C A bundle of neurites projecting from the aboral juxtaligamental node into the aboral
part of the intervertebral ligament. D Neurites of the juxtaligamental cells in the aboral part of the intervertebral ligament. Abbreviations: il —
intervertebral ligament; jn — aboral juxtaligamental node; np — neurites. Arrowheads in B - D indicate secretory granules in juxtaligamental cells

of densely packed collagen fibrils and are abundantly
supplied with processes of neurosecretory JLCs (Fig. 4B
— D). These processes contain abundant characteristic
dense-core vesicles and originate from perikarya clus-
tered in ganglion-like structures called juxtaligamen-
tal nodes (Fig. 3B2 and B3; Fig. 4B and C). Such direct
association between the JLCs and the extracellular col-
lagenous matrix is a typical microanatomical feature of
the echinoderm MCT [18, 52]. When the peripheral arm
shields were surgically removed (Fig. 2B), the majority of
the MCT structures remained in the inner arm core sam-
ples (note the dotted line in Figs. 2C and 3B which indi-
cates where the separation between the peripheral tissue
from the inner arm core took place).

RNA sequencing and de novo transcriptome assembly

The sequencing of the 16 libraries (Table 1) representing
three sample types (whole intact arm segment, inner arm
core, and stomach) yielded a total of 116,785,071 paired-
end reads with an insert size of 160 bp and the maximum
and minimum length of 76 bp and 35 bp, respectively.

All quality-processed reads were pooled together for a
de novo assembly with Trinity [30] into 586,658 contigs
corresponding to 325,320 Trinity “genes” with the aver-
age/median contig length of 713.25/412 bp, N50 of 1,067
bp, and L50 of 98,061 (Table 2).

As one of the assembly quality metrics, we assessed
the representation of full-length and near full-length
(>80% length) protein-coding transcripts. To this end,
we aligned our contigs to the reference proteome of the
purple sea urchin S. purpuratus, the echinoderm species

Table 2 Summary metrics of the de novo transcriptome
assembly

Metric Value

Total assembled bases 418,431,402
Number of contigs 586,658
Number of Trinity ‘genes” 325,320
Average contig length, nt 713.25
Median contig length, nt 412

Contig N50, nt 1,067

L50 98,061

with the best-annotated genome to date. This analysis
showed that 6,745 (out of 41,631) sea urchin orthologs
were represented in the newly assembled O. wendtii tran-
scriptome as complete/nearly-complete transcripts.

The quality of the de novo transcriptome assembly
was further evaluated by assessing the representation of
conserved eukaryote protein-coding genes with BUSCO
[33]. Overall, 98.82% of these genes were recovered in the
O. wendltii transcriptome (Table 3), of which the majority
were “complete” (i.e., their length was within the length
threshold established for the BUSCO dataset).

Differential gene expression analysis: identification
and annotation of the candidate MCT-related genes
Clean isolation of MCT structures and associated juxta-
ligamental nodes from brittle stars for the subsequent,
direct analysis of molecular components remains a chal-
lenge. We thus implemented an alternative strategy by
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Table 3 BUSCO analysis results for assessing the de novo
transcriptome assembly

Type Number of BUSCOs  Percentage
Complete Single-Copy 60 23.53%
Missing 3 1.18%
Fragmented 1 4.31%
Complete Duplicated 181 70.98%

comparing gene transcript abundance among the three
tissue samples with progressively higher levels of MCT
abundance: the stomach, the whole intact arm segment,
and the microsurgically isolated inner arm core. Micro-
scopic analysis (see above) demonstrated the absence of
MCT and associated JLCs in the stomach, while both
structural elements are abundant in the arm, particu-
larly in the central arm core. Also, we estimated the
enrichment of JLCs in the inner arm core samples based
on sample weight and assumed a consistent quantity of
JLCs within arm tissues. Specifically, inner arm core sam-
ples from animals 1, 2, and 3 had 2.3, 2.5, and 2.56 times
more JLCs than the corresponding whole arm samples,
respectively.

To identify the genes that are preferentially expressed
in the MCT-rich inner arm core, two pairwise compari-
sons were made: whole arm vs stomach and inner arm
core vs whole arm (Fig. 5A and B, respectively). Given
this study design, the MCT-related genes are expected
to be recovered as upregulated in both those contrasts
(Fig. 5C). We identified 94 such genes (Additional File
1), which were then subjected to further annotation and
analysis (Figs. 6 and 7). A significant proportion (46 out
of 94, or ~49%) of these genes are novel as they have not
been previously studied. Of these 46 novel genes, 38 did
not have a BLAST match, 8 genes mapped to “unchar-
acterized” or “hypothetical” proteins in all of their top 5
BLAST hits (Fig. 7A, Additional File 1). The vast major-
ity of the annotated genes with a mapped BLAST hit
encoded muscle-specific products, including cytoskel-
etal proteins, regulatory proteins, and proteins respon-
sible for ion transport (Additional File 1). Other genes
were predicted to be involved in regulating cell pro-
liferation, differentiation, and migration, as well as in
stress response (Additional File 1). Except for two genes
that mapped to “uncharacterized” proteins, none of the
BLAST-annotated transcripts in the 94 gene subset had
a signal peptide that would direct them to the secre-
tory pathway (Additional File 1) [53]. Likewise, the GO
enrichment analysis (against the background set of all
annotated genes in the transcriptome) of those BLAST-
annotated genes did not reveal any functions specific to
the connective tissue or extracellular matrix (Fig. 6; also
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see Additional File 2). Detailed annotations of all tran-
scripts are provided in Additional File 3.

Unlike the genes with mapped annotations, the 46
novel genes (boxed area in Fig. 7A) overexpressed in the
inner arm core appear more relevant to the MCT func-
tion. SignalP [43] identified the presence of N-terminal
signal peptides in 11 of those genes (Fig. 7B, Additional
File 1), suggesting that they code for proteins targeted
for a secretory pathway [53]. Similarly, DeepLoc [44]
predicted extracellular localization for 14 proteins in
the novel gene cohort (Fig. 7C, Additional File 1). The
total set of novel proteins that contained a predicted
signal peptide by SignalP or were identified as extracel-
lular by DeepLoc constitutes the final dataset of interest
for 16 putative MCT modulators (Additional File 1 and
Table 4).

The authors did not conduct an in silico analysis to pre-
dict the 3D structures of the candidate MCT modulators
due to concerns about the accuracy of predictions when
closely related homologous sequences were not used to
train current methods. Such an analysis would require
careful consideration and more space than is feasible in
the current manuscript. While this is beyond the scope of
our manuscript, we hope that the amino acid sequences
provided in our supplementary digital materials will be
valuable to researchers interested in exploring properties
not covered here.

Other specific characteristics of the 16 putative MCT
modulator

The annotation of the longest and most complete open
reading frames (spanning from start to stop codon) from
16 representative isoforms of the putative MCT modu-
lators reveals several notable patterns. While their top
five BLAST hits, when available, primarily correspond
to uncharacterized or hypothetical proteins, the results
obtained from InterProScan analysis display greater
diversity. These findings should be interpreted with cau-
tion, as the genetic distances between our sequences and
those in the annotation databases may result in mislead-
ing or spurious matches. Nevertheless, in the interest of
providing a comprehensive account of our results, we
present the most salient patterns observed below.

Together, these sequences accumulate 62 putative
topological domains that are either extracellular or cyto-
plasmatic, 48 signal cleavage regions, 11 different SignalP
hits, and 7 THHMM hits. They also contain 186 putative
antigenic regions that could indicate parts of a protein
likely to be recognized by the immune system.

Three sequences (TRINITY_DN1888_c0_gl_il,
TRINITY_DN1888 c0_g2_il, and TRINITY_DN3456_
c0_g2 i1) contained predicted regions within proteins
that do not fold into a fixed 3D structure, known as
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Table 4 Summary of the main characteristics of 16 putative modulators of mutable collagenous tissue (MCT): top BLAST hit, the
status of the open reading frame, number of amino acids (Size), molecular weight in Daltons (Weigth), the isoelectric point (pl), the
presence of a signal peptide, as predicted by SignalP, and localization of the protein product, as predicted by Deeploc. Sequences are
identified by their suffix name, and all of them have the prefix “TRINITY_"The corresponding amino acid sequences are available on
Zenodo under DOI 10.5281/zenodo.13830943

Sequence Top BLAST hit ORF status Size,aa Weight (Da) pl SignalP Deeploc

DN1888_c0_g1 KAF6027037.1 hypothetical protein EB796_014653  3'partial 872 87914.35 9.02 NoSP Extracellular
(Bugula neritina)

DN9695_c0_g1 XP_038071724.1 uncharacterized protein 5'partial 941 105049.37 512 'SP Cell Membrane
LOC119740469 (Patiria miniata)
DN894_c1_g2 XP_022109156.1 uncharacterized protein Complete 574 62324.95 525 'SP Extracellular
LOC110989228 (Acanthaster planci)
DN819_c1_g1 No hit Complete 45 5243.09 412 SP Extracellular
DN81063_c0_g1  XP_022104884.1 uncharacterized protein Internal 525 58241.64 718 NoSP Extracellular
LOC110986900 (Acanthaster planci)
DN1190_c0_g1 No hit Internal 366 36461.54 11.07 NoSP Extracellular
DN722_c0_g2 No hit Complete 86 9508.15 84 SP Extracellular
DN3456_c0_g2 No hit 3'partial 109 11956.31 374 SP Extracellular
DN4715_c0_g1 No hit Complete 176 18570.72 735 SP Cell membrane
DN130227_c0_g1 No hit 3'partial 47 5507.32 391 SP Extracellular
DN2540_c0_g1 No hit Complete 451 45656.43 569 SP Extracellular
DN1888_c0_g2 No hit 3'partial 104 904043 1086 NoSP  Nucleus/ extracellular
DN4472_c0_g1 No hit 3'partial 50 5673.68 438 SP Extracellular
DN24708_c1_g1  No hit Complete 86 9219.84 839 SP Extracellular
DN2166_c2_g1 No hit Complete 23 2274.83 834 NoSP Extracellular
DN107250_c1_g1 No hit Complete 65 7394.73 756  SP Extracellular
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Fig. 5 Differential gene expression analysis in A whole arm segments vs stomach and in B the inner arm core vs whole arm in O. wendtii.

Volcano plots show the log, fold difference in expression (X-axis) plotted against — log;, FDR (Y-axis). The significantly upregulated transcripts

(red) are to the right, and the significantly downregulated transcripts (green) are to the left. The differentially expressed transcripts were defined

as those with at least a two-fold difference in expression (log, FC > Tor < —1) and the associated adjusted p-value (FDR) below 0.05. Red dots
indicate significantly upregulated genes (FDR < 0.05,1og;, FC > 1.0), and green dots represent significantly downregulated genes (FDR < 0.05,
logo FC < —1.0). Black dots represent transcripts whose expression was not statistically different in the respective pairwise comparisons. The
numbers on the plots refer to the number of up or downregulated transcripts. C Venn diagram showing the common set of 94 upregulated genes
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intrinsically disordered regions (IDRs), as categorized by = Ectodomain shedding produces soluble TGFBR3, which

MobiDB-lite. may inhibit TGFB signaling. Decreased expression of this
Only one sequence (TRINITY_DN9695_cO_gl il) receptor has been observed in various cancers. Alterna-

had a PANTHER hit to transforming growth factor beta  tively, spliced transcript variants encoding different iso-

receptor 3 (TGFBR3). The encoded receptor is a mem-  forms have been identified for this gene.

brane proteoglycan that often functions as a co-receptor In the same sequence (TRINITY_DN9695_c0_gl_il),

with other TGEF-beta receptor superfamily members. the TGFBR3 annotation overlaps with a Pfam annotation
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for the Zona pellucida (ZP) domain. This ZP domain hit
matched a zp_4 SMART annotation. The ZP domain is
a ~260 amino acid polymerization module that is found
at the C terminus of many secreted eukaryotic glycopro-
teins that play fundamental roles in development, hear-
ing, immunity, and cancer. In this sequence, the domain
is between positions 566 and 816 of a sequence that has
941 amino acids. None of the other remaining sequences
had a Pfam hit. This sequence also has a hit on the PROS-
ITE database, which is related to the ZP domain (ZP_2)
between positions 565 and 823.

Phobius predicted 43 domains in 9 of these protein
sequences, including the cytoplasmic domain, non-
cytoplasmic domain, transmembrane region, and signal
peptides. A separate file with detailed annotations for the
amino acid sequences of proteins encoded by the 16 can-
didate genes is provided in Zenodo at https://doi.org/10.
5281/zenodo.13830943.

Discussion

The aim of the present study was to address an impor-
tant gap in our knowledge of the molecular constituents
of the echinoderm MCT. The phenomenon of the vari-
able tensile strength of echinoderm collagenous tissues
has been known for decades [6, 8]. Its importance in
echinoderm biology has been studied in the context of
defensive autotomy, asexual reproduction, and energy-
saving posture maintenance [10—17]. Careful and exten-
sive microscopic surveys identified a unique population
of specialized juxtaligamental neurosecretory cells as a
potential source of secretory regulators of the MCT ten-
sile strength [12, 18, 19]. Some of those modulatory pro-
teins were purified biochemically, and their effect on the
MCT properties has been tested in physiological assays
[9, 20, 21]. Although those proteins were assigned names
and their role in the MCT function was confirmed, they
have remained largely unidentified at the sequence level,
and the genes that code for them remain unknown.

Here, we performed high-throughput transcriptome
sequencing and differential gene expression analysis
to identify the genes that are preferentially expressed
at high levels in the inner arm core of the brittle star O.
wendtii. The inner arm core is enriched in MCT struc-
tures, including the large intervertebral ligament. There-
fore, the genes that are overexpressed in this anatomical
location are expected to contain MCT-specific genes.

The BUSCO results for the transcriptome assem-
bly show that only 3% of genes, are missing, while gene
duplication levels exceed 70%. This gene duplication
level is expected given our experimental design. RNA-
seq inherently amplifies regions with higher expression,
leading to increased duplication levels. This effect can be
further intensified in experiments that compare multiple
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tissue types, resulting in higher redundancy in the reads
(for example, see [54] ). However, we found no indication
that this is impacting our downstream analysis.

The differential gene expression analysis initially identi-
fied 94 genes that were overexpressed in the inner arm
core compared to the whole arm and the stomach. Fur-
ther analysis allowed us to refine this list of potential
candidates by excluding genes with known functions
in unrelated tissues. For example, many excluded genes
code for proteins specific to muscle cells. The detection
of overexpressed muscle genes in the inner arm core was
expected, as it was impossible to isolate pure interverte-
bral ligaments (i.e., the MCT), and the samples used for
RNA-Seq inevitably included intervertebral muscles.

Another filtering strategy involved identifying extra-
cellular proteins with two state-of-the-art bioinformatic
tools, SignalP [43] and DeepLoc [44]. This approach led
to the identification of the 16 gene products with pre-
dicted extracellular or cell membrane localization, form-
ing our final target candidate gene set. These genes will
be further investigated in subsequent experiments aimed
at (a) validating their expression in MCT-specific cell
types, particularly JLCs; (b) functionally validating their
involvement in the regulation of the MCT mechani-
cal properties through expression perturbation (e.g., via
RNA interference-mediated knockdown); and (c) isolat-
ing or synthesizing the protein products and character-
izing their direct physiological effects.

The fact that no single of the 16 genes in the final can-
didate gene set has an ortholog with known functions
underscores two key points: (a) the MCT phenomenon
may be unique to echinoderms, with no conserved ubiq-
uitous extracellular matrix proteins being co-opted in
regulating the mechanical properties of the mutable col-
lagenous structures; and (b) how much there is to learn
about echinoderm MCT biology.

Confirming the role of the identified candidate genes
in controlling MCT tensile strength will open up a wide
range of new possibilities for both fundamental biology
and biomedicine. The confirmed molecular and genomic
identity of the MCT modulators will enable studies that
would facilitate a better understanding of the evolution
and molecular mechanisms of the echinoderm MCT.
This enhanced fundamental understanding will, in turn,
inform the design of new collagen-based biomaterials
with dynamic, tunable mechanical properties for tissue
engineering and regenerative medicine.

Conclusion

The present study is the first attempt at discovering
novel genes specific to the echinoderm MCT using
state-of-the-art sequencing, differential gene expression,
and annotation approaches. We identified 16 putative
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candidate genes overexpressed in the brittle star inner
arm core, an anatomical region enriched with MCT
structures. All these genes displayed sequence features
suggesting the localization of their protein products in
the extracellular matrix (mostly) or cell membrane (in
two cases) and represent novel proteins. This study ena-
bles further in silico and wet lab experiments in which
the candidate genes will be probed for expression analy-
sis at the cellular level and in which their molecular func-
tions and physiological significance will be elucidated.

Supplementary informationThe raw sequencing
data were deposited at the NCBI Sequence Read
Archive (SRA) under BioProject number PRJNA
1095919.

This Transcriptome Shotgun Assembly project has
been deposited at DDBJ, ENA, and GenBank under
accession GKWMO00000000. This paper describes the
first version, GKWMO01000000. Also, the assembled tran-
scriptome is available in EchinoDB (under “Ophiomastix
wendtii”). The gene expression data were also submitted
to the GEO database under accession GSE278778. Addi-
tional digital material is available in Zenodo at https://
doi.org/10.5281/zenodo.1383094:3.
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