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Significance

The Cuvierian organ (CO), first 
described by the French zoologist 
Georges Cuvier (1831), serves as 
a defensive organ with 
bioadhesive properties that is 
sacrificially ejected in some sea 
cucumber species. The genome 
of Holothuria leucospilota, an 
ecologically significant tropical 
sea cucumber with prototypical 
CO, unravels the molecular 
underpinnings of CO defense, 
which includes characteristic 
long-repeat signatures in 
CO-specific proteins enriched 
with amyloid-patterns. Genomic 
evidence further reveals that H. 
leucospilota directly transduces 
predator-triggered mechanical 
pressure onto the CO surface, 
leading to CO expulsion 
mediated by transient receptor 
potential channels and 
acetylcholine. The present study 
thus offers new insights into the 
molecular underpinnings of this 
unique organ in holothurian 
species.
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GENETICS

The Holothuria leucospilota genome elucidates sacrificial 
organ expulsion and bioadhesive trap enriched with 
amyloid-patterned proteins
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Some tropical sea cucumbers of the family Holothuriidae can efficiently repel or 
even fatally ensnare predators by sacrificially ejecting a bioadhesive matrix termed 
the Cuvierian organ (CO), so named by the French zoologist Georges Cuvier who 
first described it in 1831. Still, the precise mechanisms for how adhesiveness genet-
ically arose in CO and how sea cucumbers perceive and transduce danger signals 
for CO expulsion during defense have remained unclear. Here, we report the first 
high-quality, chromosome-level genome assembly of Holothuria leucospilota, an eco-
logically significant sea cucumber with prototypical CO. The H. leucospilota genome 
reveals characteristic long-repeat signatures in CO-specific outer-layer proteins, anal-
ogous to fibrous proteins of disparate species origins, including spider spidroin and 
silkworm fibroin. Intriguingly, several CO-specific proteins occur with amyloid-like 
patterns featuring extensive intramolecular cross-β structures readily stainable by 
amyloid indicator dyes. Distinct proteins within the CO connective tissue and outer 
surface cooperate to give the expelled matrix its apparent tenacity and adhesiveness, 
respectively. Genomic evidence offers further hints that H. leucospilota directly trans-
duces predator-induced mechanical pressure onto the CO surface through mediation 
by transient receptor potential channels, which culminates in acetylcholine-triggered 
CO expulsion in part or in entirety. Evolutionarily, innovative events in two distinct 
regions of the H. leucospilota genome have apparently spurred CO’s differentiation 
from the respiratory tree to a lethal defensive organ against predators.

genome | tropical sea cucumber | bioadhesives | amyloid | transient receptor potential cation

As a shallow-water holothurian, the tropical sea cucumber (Holothuria leucospilota) is 
widely distributed on a global scale. It thrives primarily in tropical localities of the Pacific 
and Indian Oceans (1), including some delicate marine habitats such as coral reefs (Fig. 1A) 
(2, 3). Despite its soft body and slow motion, H. leucospilota is surprisingly resilient against 
predation (4). To highlight, it leverages the Cuvierian organ (CO; also known as Cuvierian 
tubules as a tissue) for specialized defense (4). Named after Georges Cuvier, a French 
zoologist who first described it in 1831, the Cuvierian organ is a peculiar anatomical 
structure found in several species within the family Holothuriidae (5). As an internal organ 
embedded next to the gut, it branches off from the left respiratory tree and stays inactive 
in the posterior coelomic cavity (Fig. 1B) (6). When provoked by an offending mechanical 
stimulus, for example, tropical sea cucumbers respond by sacrificially ejecting the stored 
tubules through the cloacal orifice (anus), which then dramatically expand in length and 
adhesiveness within seconds (4). An ensnaring sticky matrix eventually immobilizes 
and traps potential predators, often to their demise (Movie S1) (7).

Remarkable anti-predation efficiency of the sea cucumber Cuvierian organ is appar-
ently linked to markable tenacious and adhesive properties of its constituent molecules 
(Movie S2) (6, 8). During tubule elongation, externalization of granular cells in the 
outer layer of mesothelium occurs, which triggers granule release and rapid transfor-
mation of the Cuvierian organ into a sticky matrix upon encountering a foreign surface 
(9). The exact nature and operating principles of the tubules’ bioadhesive matrix remain 
poorly understood (7). In a similar vein, various forms of high-performance biological 
materials have been reported in animals, which exhibit either tenacity as seen in the 
silk fibers of spiders and silkworms (10, 11), or adhesiveness as seen in the byssus of 
mussels (12), cyprid footprint and cement of barnacles (13), and assemblies of other 
adhesive proteins in virtually unrelated species (14). With the advent of next-generation 
sequencing technologies, genomic approaches have proved useful in identification of 
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functional components and design of biomimetic materials 
(11, 15).

The complete genomes of three echinoderm species, namely 
the purple sea urchin (Strongylocentrotus purpuratus) (16), 
crown-of-thorns starfish (Acanthaster planci) (17), and Japanese 
sea cucumber (Apostichopus japonicus, a member of the family 
Stichopodidae, which does not possess the Cuvierian organ) (18, 
19), have been successfully sequenced, while low-coverage 
sequencing data have been made available for other species (20, 
21). However, it remains quite challenging to deduce functional 
patterns from comparative genomics in marine invertebrates. This 
is because high diversity in morphology and physiology prevails 
between echinoderms and chordates and even between different 
classes of echinoderms at the genomic level, as previously illus-
trated by the complexity of innate immune recognition receptors 
(16, 22) and olfactory receptors (17).

Thus far, it remains unclear how adhesiveness genetically arose 
in the Cuvierian organ during its differentiation from the respira-
tory tree and how sea cucumbers perceive and transduce danger 

signals for Cuvierian organ expulsion in defense (4, 6). Here, we 
present a high-quality, chromosome-level genome assembly of 
H. leucospilota. Guided by these genomic resources, we demonstrate 
that proteins subserving adhesiveness and tenacity in the Cuvierian 
organ are mostly unique to H. leucospilota and that several Cuvierian 
organ-specific proteins with long-repeat signatures share a novel 
intramolecular cross-β organization like amyloid assembly. We 
further illustrate how H. leucospilota perceives the external pressure 
and switches on expulsion of the Cuvierian tubules by an acetyl-
choline signaling system. Collectively, this study provides the first 
genomic insights into defensive ensnarement in a representative 
species of marine deuterostome invertebrates.

Results

Genome Sequencing, Assembly, Annotation, and Phylogenetic 
Analysis. Genomic DNA was isolated from a female individual 
of H. leucospilota and sequenced with 113.45-fold coverage of 
Illumina sequencing reads (Dataset S1 A) and 101.09-fold coverage 
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Fig. 1. Geographical niches, genome landscape, and defense behavior of the tropical sea cucumber H. leucospilota. (A) Global distribution of H. leucospilota within 
or near coral reefs. (B) Schematic diagram showing the Cuvierian organ within the anatomy of H. leucospilota. The Cuvierian organ is located in the posterior 
coelomic cavity and is expelled toward a potential predator (crab). Details on Cuvierian tubules being ejected from the anus, with a crab being subsequently 
ensnared by Cuvierian tubules. (C) From outer to inner circles: CI, marker distribution across 23 chromosomes on megabase scales; CIIgene density; CIIIabundance 
of repetitive sequences; CIVSNP density and CVsequencing depth across the genome; CII–CV are drawn in non-overlapping 500-kb sliding windows. (D) Phylogeny 
of Deuterostomia, highlighting the position of H. leucospilota. Divergence times were estimated, as shown.

http://www.pnas.org/lookup/doi/10.1073/pnas.2213512120#supplementary-materials


PNAS  2023  Vol. 120  No. 16  e2213512120� https://doi.org/10.1073/pnas.2213512120   3 of 9

of PacBio sequencing reads (Dataset S1 B). Based on these, a Hi-C 
library was constructed for chromosomal-level genome assembly 
(Dataset S1 C). On comparing several assemblers, we selected 
WTDGB for its advantages in continuity (Dataset S1 D). The final 
genome assembly is 1.39 Gb in size, with high heterozygosity 
(~2.11%) and multiplicity (~61.45%) (SI Appendix, Fig. S1). It 
encompasses 2,312 scaffolds with contig N50 and scaffold N50 
sizes of 55.5 Mb and 56.1 Mb (Dataset S1 E), respectively, and 
features 97.63% high-quality read alignments (Dataset S1 F) 
and 96.3% BUSCO completeness (Dataset S1 G), indicating a 
significant improvement to all previously reported echinoderm 
genomes (contig N50: 0.01 to 0.19 Mb; scaffold N50: 0.07 to 1.52 
Mb) (16–19). About 94.44% of the genome resides on the largest 
23 scaffolds, which most likely correspond to the 23 chromosomes 
in the H. leucospilota genome (Fig. 1C, and SI Appendix, Fig. S2 
and Dataset S1 H).

Genome annotation was approached by a combination of 
homologous comparison, Ribonucleic acid sequencing (RNAseq) 
prediction and ab initio prediction (Dataset S1 I). The H. leuco-
spilota genome was predicted to contain 36,089 protein-coding 
genes (Dataset S1 J), of which 75.24% were annotated based on 
known protein public databases (SI Appendix, Fig. S3 and Dataset 
S1 K). The repeat content and transposable elements (TEs) 
account for 50.41% of the assembly (Dataset S1 L).

Phylogenetic analysis positioned H. leucospilota with A. japon-
icus and H. glaberrima within the class Holothuroidea, which is 
close to the class Echinoidea and the class Asteroidea (Fig. 1D and 
SI Appendix, Fig. S4). Diversification times of the families 
Stichopodidae and Holothuriidae in the order Aspidochirotida are 
estimated to be ~270 Mya, which are equivalent to diversification 
times of their vertebrate counterparts at the level of classes 
(Mammalia and Aves). This implies that differentiation among 
echinoderm families occurred as long-term and large-scale 
processes.

Structural Basis of the Cuvierian Tubules. When encroached by 
a crab, for example, H. leucospilota veered its aboral end toward 
the source of assaults and underwent a whole-body contraction. 
The free ends of the Cuvierian organ were discharged through 
the anus to bind and entangle the crab, which was unable to 
break free upon ensnarement (Fig.  1B and Movie S1). When 
the microstructures were viewed in coronal sections by optical 
microscopy and transmission electron microscopy (TEM), the 
Cuvierian tubules of H. leucospilota were found to consist of an 
inner epithelium surrounding a narrow lumen (Fig. 2A), a thick 
connective tissue layer rich in mutable collagenous structures 
(Fig. 2 A and B), and a mesothelium lining the tubule surface 
decorated with adhesive molecules in granular cells (Fig.  2 A 
and B). Furthermore, two distant fibrils were observed inside 
and on the surface of the Cuvierian tubules by scanning electron 
microscopy (SEM), respectively (Fig. 2C). Of these, the collagen-
like fibrils are located in the middle connective tissue layer and the 
deduced amyloid-like fibrils are located in the outer mesothelium 
layer. The latter were stainable by the amyloid indicator Congo 
red (Fig. 2 C and D).

Expression of Outer-Layer Proteins Specific to the Cuvierian 
Organ. For gene expression analysis, transcript levels were examined 
by mRNA sequencing (SI Appendix, Fig. S5 and Dataset S1 M). 
As defined by counts per million mapped reads (CPM), 611 tissue 
highly (CPMCO > 100; Dataset S1 N) and 198 tissue specifically 
(CPMCO >20 folds of median CPM; Dataset S1 O) expressed 
genes in the Cuvierian organ were identified, of which 69 (34.8%) 
of the Cuvierian organ specifically expressed genes matched the 

Cuvierian organ highly expressed genes (SI  Appendix, Fig.  S6 
and Dataset S1 P). On the whole, these highly and specifically 
expressed genes were functionally implicated in extracellular 
matrix, stickiness, and neuroendocrine receptors (SI  Appendix, 
Fig. S7).

A total of 2,161 tandem repeats, satisfying the criterion of hav-
ing six repeats of no less than three amino acids in repeat length, 
were found in 1,488 genes from the H. leucospilota genome 
(SI Appendix, Fig. S8 and Dataset S1 Q). Transcript profiles in 
tissue distribution analysis reveal that the Cuvierian organ was the 
tissue most enriched with mRNA expression of tandem repeats 
containing genes (Dataset S1 R). Of the 20 most prolifically 
expressed tandem repeats contained genes, 18 were tissue highly 
expressed, and seven were tissue specifically expressed in the 
Cuvierian organ (Fig. 2E).

In immunofluorescence staining, Hl-25083, Hl-25084, 
Hl-25088, and Hl-30757 were located in the outer mesothelium 
layer of the Cuvierian tubules (Fig. 2F), and were accordingly 
named as Cuvierian organ outer-layer proteins (COOLPs). On 
the other hand, Hl-19376, Hl-19378, and Hl-25085 did not show 
such restricted localization (Fig. 2F).

Cuvierian Organ Outer-Layer Proteins Feature Long Tandem 
Repeats Signatures and Amyloid-pattern. Interestingly, among 
the aforementioned seven CO-specific tandem repeats containing 
proteins, the four COOLPs (Hl-25083, Hl-25084, Hl-25088, and 
Hl-30757) have neither orthologues in other species (Dataset S1 S), 
nor known functional domains in their amino acid sequences, as 
revealed by annotation (SI Appendix, Fig. S9 and Dataset S1 T). 
Yet, they likewise possess high percentages (55.9 to 76.9%) of 
tandem repeats with long repeats (33 to 46 amino acids) (Fig. 3 A 
and B), suggesting the existence of a common mechanism afforded 
by such structural patterns. In contrast, the tandem repeats 
covered only a small part (0.6 to 1.4%) of the total amino acid 
sequences of Hl-19376, Hl-19378 and Hl-25085 (SI Appendix, 
Fig.  S9). The repeat units seen in H. leucospilota CO-specific 
tandem repeats containing proteins turn out to be unique, with no 
sequence similarities with any known repeat motifs (Fig. 3A and 
SI Appendix, Fig. S9). Although tandem repeats have previously 
been observed in fibrous proteins in other species [such as spider 
spidroin (11) and silkworm fibroin (23)], the H. leucospilota 
COOLPs Hl-25083, Hl-25084, and Hl-25088 are arranged as 
full intramolecular β-sheets in their secondary structures, which 
are unprecedented in any fibrous proteins (Fig. 3B).

The protein structures for H. leucospilota tandem repeats con-
taining COOLPs and adhesive proteins in other species were pre-
dicted with AlphaFold (24) (SI Appendix, Fig. S10). Intriguingly, 
β-sheets are extensively present in Hl-25083, Hl-25084, and 
Hl-25088 which are serially arranged in an antiparallel manner 
to form cross-β structures that lie perpendicular to the peptide 
chain direction without polymerization (Fig. 3C). Thus, these 
proteins seem to be structurally defined by a novel amyloid archi-
tecture even as monomers, in comparison with known forms of 
amyloids including the canonical cross-β [as in human 
amyloid-beta (Ab) (25)], and cross-α [as in Staphylococcus aureus 
phenol-soluble modulin α3 (PSMa3) (26)], which are polymers 
from monomer aggregation (Fig. 3D). In addition, Hl-30757 does 
take the form of oligo-β-sheets similar to those reported for adhe-
sive or cement proteins in polychaetes (14) and barnacles (27) 
(Fig. 3 C and D).

Pressure Induction leading to Cuvierian Organ Expulsion. To 
stimulate Cuvierian organ expulsion in vivo, three methods of 
pressure application were used in five parts of H. leucospilota, 
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namely the oral tentacles, anterior-, middle-, and posterior-
bodies, and anus (Fig.  4A). Squeezing the internal organs to 
exert physical pressure on the middle- and posterior-bodies was 
the most effective way to trigger Cuvierian organ expulsion. On 
the other hand, sustained tactile stimulation on the posterior-
body and anus could only occasionally induce expulsion, whereas 
piercing the skin with a needle failed to work in any parts of the 
sea cucumber (Fig. 4A).

Mediation of Cuvierian Organ Expulsion by TRP Canonical 
(TRPCs). As two transient receptor potential (TRP) channel genes 
(Hl-21915 and Hl-16258) are highly expressed in the Cuvierian 
organ (SI  Appendix, Fig.  S6 and Dataset S1 P), we set out to 

analyze tissue expression profiles of all members of the TRP 
superfamily in H. leucospilota. In conjunction with phylogenetic 
analysis on TRP superfamily genes in Deuterostomia (Fig. 4B, and 
Dataset S1 U and Dataset S2), it was confirmed that these two 
CO-specifically expressed TRP genes belong to TRP canonical 
(TRPC) channels (Fig. 4C). Fluorescence in  situ hybridization 
showed that Hl-21915 and Hl-16258 mRNA co-localized in the 
outer mesothelium of Cuvierian tubules (Fig. 4D).

In RNA interference experiments, silencing of both TRPCs, 
Hl-21915, and Hl-16258, but not Hl-13522 (corresponding to 
Piezo-type mechanosensitive ion channel component 2; PIZ2), par-
tially reduced expulsion behaviors under pressure (Fig. 4E). Likewise, 
blockage of the TRPC mediated Ca2+ entry was effective in inhibiting 
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Fig. 2. (A) Microstructures as revealed by H&E staining. AI: Single Cuvierian tubules; AII: Adhesive Cuvierian tubules; middle layer with mutable collagenous 
tissues in single (AIII) and adhesive (AIV) Cuvierian tubules; outer-layer granular cells in single (AV) and adhesive (AVI) Cuvierian tubules. (B) Ultrastructures by 
TEM. BI: Overall appearance of a coronal section; BII–BIII: Middle-layer collagen-like fibrils; BIV–BV: Outer-layer granular cells. (C) Ultrastructures as revealed by 
SEM. Surface (CI) and inner (CII) of a Cuvierian tubule; BII–BIII: Middle-layer collagen-like fibrils; BIV–BV: Outer-layer amyloid fibrils. (D) Congo red-stained amyloid 
fibrils. Mt, mesothelium; CLT, connective tissue layer; IE, inner epithelium; Gc, granular cells; Pc, peritoneocytes; Vc, vacuole; MCT, mutable collagenous tissues; 
AM, adhesive materials; CF, collagen-like fibrils; AF: Amyloid-like fibrils. (E) Heatmap illustrating the most abundantly expressed genes with tandem repeats 
among different tissues. Full details on genes with tandem repeats in H. leucospilota and their expression patterns in different tissues are provided in Datasets 
S1 Q and S1 R. CO, Cuvierian organ; TS, testis; In, intestine; RM, rete mirabile; TV, transverse vessel; Cc, coelomocytes; Ms, muscle; BW, body wall; polian vesicle, 
PV; Ov, ovary; OT, oral tentacles; RT, respiratory tree. (F) Localization of putative CO-specific adhesive and reinforced proteins by immunofluorescence, including 
Hl-25083, Hl-25084, Hl-25088, Hl-30757, Hl-19376, Hl-19378, and Hl-25085. (G) Schematic diagram illustrating components of the Cuvierian tubules subserving 
tenacity and adhesion.
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pressure-induced CO expulsion (Fig. 4E). Experimental results for 
gene knockdown and signaling blockage support the involvement of 
TRPCs in this sea cucumber-specific defensive behavior.

Neurotransmission Effects of Ach/nAchR on Cuvierian Organ 
Expulsion. The ligand-gated ion channel (LGIC) superfamily 
emerged as another highly expressed gene family in the Cuvierian 
organ of H. leucospilota (SI  Appendix, Fig.  S7 and Dataset S1 
P). By phylogenetic analysis on LGIC superfamily genes in 
Deuterostomia, a highly expanded group of Ambulacraria-
specific genes was identified in addition to the typical nicotinic 
acetylcholine receptor (nAchR) genes (Fig. 5A and Dataset S1 V 
and Dataset S3). Among the novel Ambulacraria-specific LGIC 
genes, three (HL-07241, HL-07242, HL-07243) had the highest 
levels of tissue-specific expression in the Cuvierian organ (Fig. 5B). 
In addition, two other LGICs were highly and specifically 
expressed in the Cuvierian organ, within which Hl-33848 is a 
definite echinoderm nAchR, whereas Hl-09749 is relatively distant 
from the known nAchRs, based on phylogenetic classification 
(Fig. 5 A and B).

Exogenously administered acetylcholine potently triggered a 
surge in intracellular free Ca2+ levels in HEK293 cells solely 

overexpressing H. leucospilota Hl-07243 at a low dose (10 μM), 
but not in cells overexpressing Hl-07241, Hl-07242 or Hl-09749 
even at a high dose (1,000 μM) (Fig. 5C), suggesting a novel group 
of Ambulacraria-specific nAchRs being at work. In contrast, Ca2+ 
responses were triggered by acetylcholine on Hl-33848 (a typical 
nAchR) at a high dose (1,000 μM) (Fig. 5C).

In vivo administration of acetylcholine into the coelom of 
H. leucospilota induced ejection of the Cuvierian organ in time- 
and dose-dependent manners, which could be mimicked by nic-
otine, an exogenous ligand of nAchR (Fig. 5F). Additionally, two 
other aspects of motor behavior were collaterally stimulated by 
acetylcholine/nicotine injection. Body contraction preceded 
Cuvierian organ expulsion after, while non-CO organ expulsion 
only took place in a fraction (10.0 to 46.7%) of the tested indi-
viduals, following Cuvierian organ expulsion (Fig. 5D).

Within the novel group of Ambulacraria-specific nAchRs, the 
Cuvierian organ specifically expressed HL-07241, HL-07242, and 
HL-07243 were clustered into a subgroup present exclusively in 
the family Holothuriidae but not the family Stichopodidae 
(Fig. 5E). Based on evidence from synteny analysis, it could be 
logically deduced that Hl-07245 is an ancient gene in the class 
Holothuroidea, and that Hl-07243, Hl-07242, and Hl-07241 

A C

B

D

Fig. 3. Amyloid-patterned Cuvierian organ outer-layer proteins (COOLPs) with long tandem repeats signatures. (A) Repeat units in H. leucospilota COOLPs 
Hl-25083, Hl-25084, Hl-25088, and Hl-30757. (B) Secondary structures, repeat lengths, and repeat numbers of COOLPs Hl-25083, Hl-25084, Hl-25088, and Hl-30757, 
as analyzed in a comparative perspective with silkworm fiborin (BM_001113262.1) and spider spidroins (EF595246.1 and MG021196.1). (C) AlphaFold-generated 
three-dimensional structures of the amyloid-patterned proteins COOLPs Hl-25083, Hl-25084, Hl-25088, and Hl-30757 in H. leucospilota. (D) Three-dimensional 
structures of other pathogenic and functional amyloids including human amyloid-beta (classical cross-β architecture), S. aureus PSMa3 (cross-α architecture), 
and adhesive or cement proteins from polychaete S. alveolate and P. californica, and barnacles B. improvises, F. albicostatus, and M. rosa.
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were generated by gene duplication in a sequential manner 
(Fig. 5F). Evidently, duplication of Hl-07243 from Hl-07245 was 
a key event enabling Cuvierian tubules to acquire the capability 
of controlled expulsion in sea cucumbers.

Discussion

Echinoderms are ancient marine invertebrates of the superphylum 
deuterostomes, comprising at least 13,000 fossil species and 7,000 
living species (28). Sea cucumbers are representatives of the class 
Holothuroidea, form a large group (>1,693 species) with significant 
global distribution (29). Based on our genome-scale phylogenetic 
analysis, the divergence time between sea cucumber and sea urchin 
(~537 Mya) preceded the first appearance of sea cucumber fossil 
evidence in Middle Ordovician, or ~464 Mya (29). Thus, extreme 
evolutionary distances make it difficult to construe their specific life 
phenomena by comparison with mammals or other vertebrates, 
while genome-wide analysis serves as an attractive alternative (16).

Structural materials of living organisms generally evolve into 
functional maturity after long periods of selective processes and 
have served in many cases to inspire innovative materials design 
(10, 30, 31). The unique blend of strength and tenacity seen in 
some naturally occurring structural materials has often proved 

challenging to mimic synthetically (31). Examples include excep-
tionally tough insect silks (10), underwater adhesive mussel byssus 
(32), compression-resistant abalone nacre (33), and highly elastic 
insect resilin (34). In recent years, an impressive spectrum of pro-
teins with novel or unknown functions have been unveiled by 
genomic sequencing of marine animals (15). This has gradually 
brought advances to our understanding of functionally versatile 
adhesive materials, though it remains at times difficult to isolate 
and pinpoint the exact proteins or molecules responsible for adhe-
sion (35). Recently, AlphaFold has gained recognition as a pow-
erful computational approach capable of accurately predicting 
protein structures with atomic precision even in cases where no 
similar structures have been reported (24). In this present study, 
the steady-state structures of H. leucospilota CO-specific proteins 
and adhesive proteins in other species can be relatively accurately 
predicted by AlphaFold (Fig. 3 C and D and SI Appendix, 
Fig. S10), though with prediction confidence levels lower than 
that for proteins from the human proteome (36).

In histological analyses on micro- and ultrastructures, 
collagen-like fibrils were found in the middle connective tissue 
layer (Fig. 2 B and C), whereas amyloid-like fibrils were observed 
in the outer mesothelium layer (Fig. 2 C and D), indicating that 
H. leucospilota Cuvierian tubules are compositionally defined by 

A

C

D

E

B

Fig. 4. Pressure sensing governs H. leucospilota Cuvierian organ expulsion. (A) of Cuvierian organ expulsion upon three different modes of stimulation at five 
different parts of the organism. The stimulation methods were pressure by squeezing, piercing, and tactile stimulation. The stimulated parts included the oral 
tentacles, anterior, middle-, and posterior-bodies, and anus. (B) Phylogenetic tree of the transient receptor potential channel genes in H. leucospilota and other 
deuterostome animals. A detailed version of the tree is provided in Dataset S1. (C) Heatmap illustrating the tissue distribution of TRP genes in H. leucospilota. 
(D) Fluorescence in situ hybridization (FISH) of TRPCs Hl-21915 and Hl-16258 mNRA in the Cuvierian tubules. (E) Involvement of TRPCs on Cuvierian organ 
expulsion induced by pressure. EI: Effects of RNAi targeting the TRPCs Hl-21915 and Hl-16258 and PIZ2 Hl-13522 on CO expulsion; EII: Effects of TRPC signaling 
blockage by SKF-96365 on CO expulsion. Behavioral data presented are expressed as mean ± SE (n = 3 individual groups, each of which containing 10 biological 
replicates). *P <0.05 and **P <0.01.
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these two distinct types of fibrils in the thick middle layer for 
tenacity and the thin outer layer for adhesion, respectively 
(Fig. 2G). Importantly, the mutable collagenous tissue in the 
Cuvierian tubules is able to undergo rapid, though irreversible, 
changes in passive mechanical properties (Fig. 2A). The H. leucospilota 
CO-specific proteins containing long tandem repeats arranged in 
serial β-sheets (Fig. 3 A and B) are specifically located in the outer 
mesothelium layer (Fig. 2F). Extensive intramolecular serial 
β-sheets (n = 73 to 152 sheets) forming cross-β structures are a 
salient feature of some H. leucospilota CO-specific proteins (e.g., 
Hl-25083, Hl-25084, Hl-25088), which are not observed in 
known fibrous proteins, such as spider spidroin and silkworm 
fibroin (23) (Fig. 3B). Importantly, the H. leucospilota COOLPs 
share no sequence homology with any other marine adhesive pro-
teins (Dataset S1 S). The sequence signatures that critically enable 
protein nanostructures to function as bioadhesives remain hitherto 
unelucidated (37), which is being first addressed in this study 
through analysis on three-dimensional (3D) structures of H. leuco-
spilota CO-specific proteins (Fig. 3C and SI Appendix, Fig. S10).

Amyloid aggregates have been frequently implicated in the 
pathogenesis of various human diseases including Alzheimer’s 
disease, Parkinson's disease, type 2 diabetes, and prion diseases 
(38). However, some forms of amyloid fibrils occurring in bacteria, 
fungi, insects, and primates are known to perform physiological 
function in non-pathological contexts and are thus recognized as 

functional amyloids (39). The existence of amyloid-like fibrils on 
the surface of H. leucospilota Cuvierian tubules was strongly cor-
roborated by evidence from ultrastructural imaging and histolog-
ical staining with the amyloid indicator dye, Congo red (Fig. 2 C 
and D). For comparison, functional amyloids have been reported 
in bioadhesive materials formed by barnacle cement proteins, as 
revealed by amyloid dye staining (40).

In classical models of amyloid proteins including amyloid-β 
peptide (Aβ), islet amyloid polypeptide, and prion protein, for-
mation of amyloid-like fibrils is associated with elevated β-structure 
content within the protein structure as a cross-β architecture, 
ultimately leading to its fibrillar aggregation (38) (Fig. 3D). 
Interestingly, protein assembly of PSMa3 in S. aureus was revealed 
to assume a novel cross-α amyloid-like architecture (26) (Fig. 3D). 
Here, our findings indicate that amyloid-like fibrils in H. leucos-
pilota Cuvierian tubules arise possibly from proteins [COOLP124k 
(Hl-25083), COOLP73k (Hl-25084), and COOLP178k 
(Hl-25088)] containing serial oligo-β-sheets to constitute an intra-
molecular cross-β architecture (Fig. 3A), bearing resemblance to 
signatures of an amyloid assembly. On the other hand, the rela-
tively small H. leucospilota COOLP35k (Hl-30757; 35 kDa) do 
contain a few oligo-β-sheets (n = 9 sheets), as in the case of bar-
nacle cement proteins (19 kDa; n = 8 sheets) and polychaete 
adhesive proteins (22 to 27 kDa; n = 7 to 18 sheets) (Fig. 3 C and 
D), suggesting functional convergence via parallel mechanisms 

A B C

D E F

Fig. 5. Roles of acetylcholine signal transduction in H. leucospilota Cuvierian organ expulsion. (A) Phylogenetic tree of ligand-gated ion channel superfamily 
genes in H. leucospilota and other deuterostome animals. A detailed version of the tree is provided in Dataset S2. (B) Heatmap illustrating the tissue distribution 
of nAchR-like genes in H. leucospilota. (C) Functional coupling of acetylcholine and putative Cuvierian tubule specifically expressed LGICs (Hl-07241, Hl-07242, 
Hl-07243, Hl-09749, Hl-33848) in Ca2+ mobilization. (D) Pharmacological effects of acetylcholine and nicotine on the behaviors of body contraction, Cuvierian 
organ expulsion, and non-CO organ expulsion in H. leucospilota. Behavioral data presented are expressed as mean ± SE (n = 30 individuals). (E) Phylogenetic 
analysis on H. leucospilota CO-specifically expressed nAchR-like LGIC genes, as viewed within Holothuroidea. (F) A model for chromosomal organization and 
expansion of CO-specific expressed nAchR-like LGIC genes, as viewed within the H. leucospilota chromosome 3.
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for bioadhesion among different species. Given that COOLPs 
Hl-25083, Hl-25084 and Hl-25088 co-localize in a 194-kb region 
in chromosome 12, we inferred that this region is a fundamental 
genetic tool kit involved in bioadhesion of the Cuvierian tubules.

It has been proposed that sea cucumbers perceive their predators, 
at least partially, by sensing hydrodynamic forces with their oral 
tentacles, tube feet, and spines (41). However, the exact mechano-
receptors involved have not been identified, with the exception of 
an ankyrin TRP responsive to flow velocity (42). Our current study 
shows that when physical pressure from squeezing was directly 
applied to the Cuvierian organ of H. leucospilota (Fig. 4A), the 
TRPCs (Hl-21915 and Hl-16258) located on the Cuvierian tubules 
outer mesothelium mediate this pressure (Fig. 4D), instead of PIZ2, 
a channel traditionally deemed sensitive to mechanical stimuli 
(Fig. 4E). This was experimentally demonstrated by both gene 
knockdown and signaling blockage. In contrast, piercing and tactile 
stimulation on the skin surface only weakly induced Cuvierian organ 
expulsion (Fig. 4A). This suggests that a stimulus-selective response 
in H. leucospilota may be turned on only when an encroaching pred-
ator exerts a sufficiently large physical force directly onto the 
Cuvierian organ to provoke bioadhesive ensnarement.

During self-defense by H. leucospilota, physical assaults from 
predators sensed by the TRPCs may be transduced into 
acetylcholine-triggered signals, which are eventually received by 
a novel nAchR (Hl-07243) specifically expressed in the Cuvierian 
organ (Fig. 5 B and C). Key evolutionary events for Hl-07243 
duplication from Hl-07245 possibly allowed some tropical sea 
cucumbers in the family Holothuriidae to acquire the innovative 
capacity to expel Cuvierian tubules (Fig. 5 E and F), which was 
derived from the basal region of an otherwise non-defensive organ, 
the respiratory tree (6). Classically, acetylcholine is known to 
induce muscle shrinking (43) and gamete release (44) in sea 
cucumbers. Our study here has advanced the first mechanistic 
details on its regulatory roles in Cuvierian organ expulsion.

Taken as a whole, the complete genome of H. leucospilota, in 
conjunction with in vivo findings on transcriptional expression pat-
terns and multiple behavioral traits analyzed in this study, offers fresh 
insights into the biological innovations and significance of the 
Cuvierian organ, a unique defense system engineered with long 
repeats containing amyloid-patterned proteins. While amyloids with 
cross-β structures have been implicated in the pathogenesis of various 
human diseases (45), their invertebrate counterparts, such as those 
illustrated here in H. leucospilota Cuvierian tubules and elsewhere as 
adhesive materials in other marine animals (40), can operate as piv-
otal components of physiological functions. Our study also illustrates 
the genomic basis for differentiation of the Cuvierian organ from 
the respiratory tree in the family Holothuriidae. The proteins iden-
tified containing long tandem repeats with serial β-sheets (Hl-25083, 
Hl-25084, and Hl-25088, Fig. 3C) suggest that the CO might have 
evolved adhesive properties through a separate outer layer of amyloid 
materials, while the nAchRs (Hl-07241, Hl-07242 and Hl-07243, 
Fig. 5F) provide a coordinated machinery guided by Ach signals for 
expelling Cuvierian tubules. Further investigation on whether 
amyloid-patterned proteins attain adhesiveness at the intramolecular 
and intermolecular levels should help advance our knowledge on 
non-pathological functions of amyloids in marine animals.

Materials and Methods

Further detailed information on the materials and methods used in this study 
can be found in the SI Appendix.

Sample Collection and Genome Sequencing. The rete mirabile from a 
female adult H. leucospilota specimen was used for genome sequencing and 

construction of the Hi-C library. Short reads, long reads, and Hi-C sequencing 
were obtained on the HiSeq X Ten platform (Illumina), PacBio Sequel I system 
(PacBio), and BGI MGISEQ-2000 sequencer (BGI), respectively. All cleaned data 
were mapped onto contigs by using BWA aligner, while LACHESIS was used 
for scaffolds de novo assemblies. Chromosome-scale scaffolds were adjusted 
manually with the help of JucieBoxon, on the basis of an interaction map cre-
ated by Juicer.

Genome Annotation and Gene Family Analyses. Gene structures were pre-
dicted by homologous comparison, RNA-seq prediction, and ab  initio predic-
tion. Gene functions were annotated based on best-matched hits in SwissProt 
and Gene motifs and domains were identified by InterProScan. Proteomes for 
H. leucospilota, and other 12 genomes in typical deuterostome species were 
selected for gene family analyses. CPM of each gene was calculated. Cross-sample 
normalization was done by using DESeq2 based on the RNA sequencing of sam-
ples from 12 tissues, including the body wall, muscle, oral tentacles, intestine, 
rete mirabile, transverse vessel, polian vesicle, respiratory tree, Cuvierian organ, 
coelomocytes, ovary, and testis.

Histology. Microstructures of Cuvierian tubules were stained with hematox-
ylin and eosin (H&E) in optical microscopy. CO paraffin sections were stained 
with Congo red dye for visualization of amyloid fibrils. Ultrastructures were 
viewed under an S-3400N scanning electron microscope (Hitachi) and an 
HT7800 transmission electron microscope (Hitachi). For fluorescence in situ 
hybridization, Hl-16258 and Hl-21915 antisense cRNA probes were labeled 
at the 5′-ends with the Cy5 and 6-FAM dyes, respectively. For immunofluo-
rescence staining, CO paraffin sections were incubated with primary antibod-
ies against Hl-25083, Hl-25084, Hl-25088, Hl-30757, Hl-19376, Hl-19378, 
and Hl-25085, respectively, followed by FITC labeled secondary antibody. 
Fluorescence images were acquired with a Digital Eclipse C1 Microscope 
(Nikon).

Cuvierian Organ Component Analyses. High-expression genes in CO were 
defined with the following threshold: CPM of CO tubules 20 folds greater than 
the median CPM of 12 tissues. The tandem-repeated proteins were identified 
with Tandem Repeats Finder. 3D structures of the proteins were predicted by 
AlphaFold based on their amino acid sequences. Five models brought into the 
CASP14 and full databases were employed.

Gene Family Analyses. TRP genes were selected based on the keyword “transient 
receptor potential” in the SwissProt database. LGIC genes thereof were selected 
based on the domains “IPR006029” and “IPR006202” in the InterProscan data-
base. Multiple sequence alignments for all gene families mentioned above were 
built with the Multiple Alignment using Fast Fourier Transform (MAFFT) aligner, 
while their corresponding phylogeny was inferred with RAxML, followed by vis-
ualization with Evolview.

Receptor Function Analysis. ORFs of potential nAchR receptor Hl-33848 and 
novel LGICs Hl-07241, Hl-07242, Hl-07243, and Hl-07249 were subcloned into 
pcDNA3.1/Zeo(−) and functionally expressed in HEK293T cells. Transfected cells 
were preloaded with the Ca2+-sensitive dye Fluo3/AM, while test substances were 
subsequently loaded. [Ca2+]i measurements at the single-cell level were analyzed 
in the TCS-SP5 Confocal System (Leica).

In Vivo Experiments. Three methods, including physical pressure (by squeez-
ing), piercing and tactile stimulation (by stroking) were applied to test for any 
stimulatory effects on CO expulsion on five stimulated sites of the sea cucumbers, 
namely the front end (oral tentacles), anterior-body, middle-body, posterior-body, 
and rear end (anus). CO expulsion behaviors were observed by visual inspection 
and recorded within 1 min after stimulation.

dsRNA interference was carried out to test the roles of TRPCs (Hl-16258 and 
Hl-21915) and PIEZ2 (Hl-13522) in CO expulsion in the sea cucumber, and EGFP 
was used as a targeting negative control. Inhibition of TRPC was achieved by celo-
mic injection of its blocker SKF-96365. The effects of TRPCs on CO expulsion were 
evaluated following RNAi or signaling blockage. Pressure on the middle-body was 
applied to induce CO expulsion. Behaviors were observed by visual inspection 
and recorded photographically.

Pharmacological effects of acetylcholine and nicotine on CO expulsion and 
other behaviors were monitored following celomic injection. Behaviors such as 

http://www.pnas.org/lookup/doi/10.1073/pnas.2213512120#supplementary-materials


PNAS  2023  Vol. 120  No. 16  e2213512120� https://doi.org/10.1073/pnas.2213512120   9 of 9

body contraction, CO expulsion, and non-CO organ expulsion were recorded upon 
their appearance, 0 to 16 h after injection.

Data, Materials, and Software Availability. The H. leucospilota genome 
project has been deposited in the DNA Data Bank of Japan/European 
Nucleotide Archive/GenBank (DDBJ/ENA/GenBank) under the accession 
JAIZAY000000000. The raw reads were submitted to the Sequence Read 
Archive (SRA) database under BioProject number PRJNA747844. The whole-ge-
nome sequencing data and RNA-seq data from various tissue transcriptomes 
were deposited with the SRA database under accession nos. SRR15244370–
SRR15244388 and SRR15275174–SRR15275209, respectively (46).
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