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Abstract 

The ability of octocorals and stony corals to deposit calcium carbonate (CaCO 3 ) has contributed to their ecological success. Whereas 
stony corals possess a homogeneous aragonite skeleton, octocorals have developed distinct skeletal structures composed of different 
CaCO 3 polymorphs and a skeletal organic matrix. Nevertheless, the molecular basis of skeletal structure formation in octocorals re- 
mains inadequately understood. Here , w e sequenced the genomes and skeletal proteomes of two calcite-forming octocorals, namely 
Par agor gia papillata and Chrysogorgia sp. The assembled genomes sizes were 618.13 Mb and 781.04 Mb for P. papillata and Chrysogorgia 
sp., r especti v el y, with contig N50s of 2.67 Mb and 2.61 Mb. Comparati v e genomic anal yses identified 162 and 285 significantl y expanded 

gene families in the genomes of P. papillata and Chrysogorgia sp., r especti v el y, which ar e primaril y associated with biomineralization 

and imm une r esponse. Furthermor e, comparati v e anal yses of skeletal proteomes demonstrated that corals with different CaCO 3 poly- 
morphs share a fundamental toolkit comprising cadherin, von Willebrand factor type A, and carbonic anhydrase domains for calcified 

skeleton deposition. In contrast, collagen is abundant in the calcite-forming octocoral skeletons but occurs rar el y in ara gonitic stony 
corals. Additionall y, certain colla gens hav e dev eloped domains r elated to matrix adhesion and imm unity, which may confer nov el ge- 
netic functions in octocoral calcification. These findings enhance our understanding of the di v erse forms of coral biomineralization 

processes and offer preliminary insights into the formation and evolution of the octocoral skeleton. 

Ke yw or ds: Octocor allia, genomes, CaCO 3 polymorphs, skeletal proteomes, biomineralization toolkit 
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Introduction 

The history of calcium carbonate (CaCO 3 ) biomineralization by 
organisms spans at least 541 Myr, and biomineralization as an in- 
nov ativ e mec hanism in the e v olutionary history of life has play ed 

a significant role in species de v elopment and global carbon cycles 
[ 1 ]. The class Anthozoa, an ecologically important and morpho- 
logicall y div erse clade of metazoans, pr oduces extensiv e biogenic 
structur es thr ough their ability to form colonies, and precipitates 
CaCO 3 skeletons to support entir e cor al ecosystems in both shal- 
low and deep waters . T he ability to produce CaCO 3 skeletons is 
found in two distinct clades of Anthozoa, namely the order Scle- 
r actinia (ston y cor al, subclass Hexacor allia) and the subclass Oc- 
tocor allia (octocor al). As the primary r eef builders, ston y cor als 
possess homogeneous ar a gonite skeletons, and their calcification 

process has been elucidated through skeletal proteome analysis 
and imm unohistoc hemical v erification [ 2–5 ]. In contr ast, octoco- 
r als hav e e volv ed div erse skeletal structur es, mainl y including dif- 
fer ent CaCO 3 pol ymor phs (i.e., ar a gonite or calcite) and or ganic 
components (e.g., gorgonin) as well as different types of sclerites 
[ 6 , 7 ]. T hus , skeletons of octocorals provide a unique opportu- 
nity to compare different calcification strategies involving varied 

skeletal structures and CaCO 3 polymorphs with those of stony 
corals. 
Recei v ed: December 2, 2024. Revised: February 10, 2025. Accepted: Mar c h 4, 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess GigaScience. This is an
Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), which permits 
the original work is pr operl y cited. 
The formation of coral skeletons is biologically controlled by 
he supply of ions required for CaCO 3 deposition and the se-
retion of a diverse organic matrix at the site of calcification
 Supplementary Fig. S1 ) [ 8–10 ]. Major components of the organic

atrix include pr oteins, carbohydr ates, and lipids [ 6 , 8 ]. Despite
omprising a minimal portion of the coral skeletal organic ma- 
rix space, the organic matrices secreted by the calicoblastic ec-
oderm play an important role in promoting nucleation, growth,
nd spatial orientation of v arious CaCO 3 pol ymor phs [ 11 ]. A pr e-
ious study sho w ed that, although mollusks possess a set of con-
erv ed biominer alization-r elated pr oteins, the calcite and ar a g-
nitic layers within the shell use specific shell matrix proteins
o deposit different polymorphs [ 12 ]. A fundamental question
elated to coral calcification is elucidating the mechanisms by 
hic h cor als r egulate calcite and ar a gonitic pol ymor phs thr ough

keletal organic matrix proteins (SOMPs), and how they control 
he de v elopment of complex and div erse skeletal structur es. How-
 v er, the lac k of compr ehensiv e genomic and pr oteomic data for
ctocor als has constr ained our understanding of the molecular 
ec hanisms underl ying the formation of skeletal structures with

iffer ent CaCO 3 pol ymor phs. 
In the present study, we generated draft genomes of two 

alcite-forming octocorals Paragorgia papillata (NCBI: txid2853639; 
 Open Access article distributed under the terms of the Cr eati v e Commons 
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arinespecies .org:taxname:1545268) and Chrysogor gia sp. (NCBI:
xid3051262) and c har acterized their skeletal pr oteomes. We fur-
her performed compr ehensiv e phylogenetic analyses, gene fam-
l y e volution studies, and compar ativ e skeletal pr oteomic anal-
ses to understand the molecular mechanisms of skeleton for-
ation in octocorals . T he obtained genome and proteome infor-
ation can contribute significantly to our understanding of the
olecular mechanisms of coral skeletal formation and its evolu-

ionary de v elopment. 

ethods 

ample collection and DNA extraction 

amples of P. papillata and Chrysogorgia sp. were collected using the
ubmersible vehicles Faxian and Jiaolong from seamounts of the
aroline Ridge (10 ◦06 ′ 46.80 ′′ N, 140 ◦14 ′ 31.79 ′′ E, 858 m deep) and the
yushu-Palau Ridge (13 ◦20 ′ 18.24 ′′ N, 134 ◦33 ′ 37.44 ′′ E, 2,086 m deep)

n the tropical Western Pacific (Fig. 1 a,b). The coral samples were
r eserv ed in a sealed sample chamber placed inside the sample
asket of the submersible . Following reco very, the samples were
ectioned into small pieces and immediately preserved in liquid
itrogen. All experimental protocols were approved by the rele-
ant guidelines and regulations established by the Institutional
nimal Care and Use Committee of the Institute of Oceanol-
gy, Chinese Academy of Sciences. Genomic DN A w as extracted
r om the pol yps by using the Ma gAttr act HMW DNA kit (Qia gen,
tuttgart, Germany). The quality and quantity of the extracted
N A w er e v alidated with standard a gar ose gel electr ophor esis
nd a Qubit Fluor ometer, r espectiv el y. 

llumina sequencing and genome size estimation
 air ed-end libr aries with insert sizes of 300 bp were con-
tructed using the TruSeq DNA Sample Prep Kit in accor-
ance with the manufacturer’s instructions . T he resulting li-
r aries wer e then sequenced on an Illumina NovaSeq 6000
latform ( RRID:SCR _ 016387 ). Low-quality reads and sequencing-
da pter-contaminated r eads wer e trimmed using Trimmomatic-
.36 ( RRID:SCR _ 011848 ). A k -mer frequency distribution map of
he clean reads was constructed to estimate the genome size, het-
r ozygosity, and pr oportion of re petiti ve sequences by using the
ellyfish v.2.2.7 ( RRID:SCR _ 005491 ) [ 13 ]. The genome size ( G ) was
alculated using the following form ula: G = K num 

/ K depth , wher e
 num 

is the number of k -mers and K depth is the peak depth. The
rimmed Illumina paired-end reads were assembled into scaffolds
sing SOAPdenovo v.2.04 ( RRID:SCR _ 010752 ) [ 14 ] with the follow-

ng specified parameters: -K 45 -d 1 -D 1 -F. 

acBio sequencing and genome assembly 

igh-molecular-weight genomic DNA (gDNA) was used for con-
tructing Pacific Biosciences (PacBio) sequencing libraries . T he
DN A w as fr a gmented with the g-TUBE de vice (Cov aris) to ac hie v e
 size range of 6–20 kb to construct 20 kb libraries . T he fragmented
N A w as then concentrated and purified using AMPure XP beads

Agencourt). The SMRTbell Template Prep Kit reagents were used
o repair various DNA damage, including abasic sites, nicks,
hymine dimers, blocked 3-ends, oxidized guanines/pyrimidines,
nd deaminated cytosines. T4 DNA pol ymer ase was utilized to
olish the ends of the fr a gments deemed suitable for ligation. The
MRTbell hair pin ada pters wer e then ligated to the r epair ed ends.
ubsequently, size selection was conducted by BluePippin elec-
r ophor esis (Sa ge Science), with a cut-off threshold size of 20 kb.
ubsequentl y, AMPur e PB Beads were used to concentrate and
urify the SMRTbell templates after size selection. Finally, these
urified SMRTbell templates were utilized for primer and poly-
erase binding. The SMRTbell libraries were then sequenced on
 Pacbio Sequel II platform ( RRID:SCR _ 017990 ). 

PacBio long reads were subjected to quality control by us-
ng SequelQC software ( RRID:SCR _ 017279 ), and the clean reads
er e corr ected using the err or-corr ection module of Canu v.1.5

 RRID:SCR _ 015880 ) [ 15 ] to select longer subreads. Contaminated
 eads containing c hlor oplast, mitoc hondrial, bacterial, or vir al se-
uences wer e r emov ed thr ough comparison of the genome as-
embly with the nucleotide sequence database from the Na-
ional Center for Biotechnology Information (NCBI) using BLASTN
.2.2.26 with an e -value threshold of ≤1 × 10 −5 . The data were then
ssembled using NextDenovo v.2.2 ( RRID:SCR _ 025033 ) with de-
ault parameters . T he ra w assembly was subjected to 3 rounds of
olishing with Illumina short reads using Pilon ( RRID:SCR _ 014731 )
 16 ]. Finall y, the P acBio r eads wer e aligned to the initial assem-
ly by using minimap2 v.2.24-r1122 ( RRID:SCR _ 018550 ) with the
ar ameter: -x ma p-bp. Ha plotigs and contig ov erla ps in the re-
ulting assembl y wer e eliminated using Pur ge_dups v.1.2.5 ( RRID:
CR _ 021173 ) [ 17 ] with the parameter minimumAlignmentScore
0 for P. papillata and minim umAlignmentScor e 80 for Chrysogor-
ia sp. To e v aluate the accur acy of the genome assembl y, the Illu-
ina r eads wer e first ma pped to the genome assembl y by using

wa v.0.7.10 ( RRID:SCR _ 010910 ). The completeness of the genome
ssembly was assessed by mapping 954 metazoan benchmarking
niversal single-copy orthologues to the genome by using BUSCO
.5.0 ( RRID:SCR _ 015008 ) [ 18 ]. 

ranscriptome sequencing 

otal RN A w as extr acted fr om the pol yps of P. papillata and Chryso-
orgia sp. by using Invitrogen TRIzol reagent (Thermo Fisher Sci-
ntific) b y follo wing the manufacturer’s instructions . T he integrity
nd quality of the extracted RN A w ere evaluated using a Fragment
nalyzer 5400 (Agilent Technologies). Sequencing libraries were
enerated using the NEBNext UltraTM RNA Library Prep Kit for Il-
umina (NEB, USA) in accordance with the manufacturer’s instruc-
ions, with an insert size of 300–500 bp. Illumina RNA sequencing
RNA-seq) libraries wer e pr epar ed and sequenced on the Illumina
ov aSeq 6000 platform, r esulting in 150-bp pair ed-end r eads. Af-

er performing quality score-based trimming using Trimmomatic-
.36, the clean reads were aligned to the coral genomes by using
tringTie v.2.1.5 ( RRID:SCR _ 016323 ) [ 19 ]. 

enome annotation 

he protein-coding genes were annotated through a combina-
ion of ab initio prediction methods, homology searches, and RNA
equencing. Ab initio gene prediction was performed using Au-
ustus v.3.1.0 ( RRID:SCR _ 008417 ) and SNAP v.2006–07-28 ( RRID:
CR _ 007936 ) with default parameters. For the homolog-based ap-
r oac h, GeMoMa v.1.7 ( RRID:SCR _ 017646 ) [ 20 ] software was per-
ormed by using a r efer ence gene model from a selection of other
nidarians: Acropor a digitifer a , Acropor a millepor a , Astreopor a myrio-
hthalma , Dendronephthya gigantea , Porites australiensis , Paramuricea
lavata , and Stylophora pistillata . Gene prediction based on the RNA-
eq data was conducted by aligning clean RNA-seq reads to the
 efer ence genome using Hisat2 v.2.0.4 ( RRID:SCR _ 015530 ) [ 21 ] and
ssembling them with StringTie v.2.1.5. The coding regions were
redicted using GeneMarkS-T v.5.1 ( RRID:SCR _ 017648 ) [ 22 ] and
ASA v.2.0.2 ( RRID:SCR _ 014656 ) [ 23 ]. Gene models from these dif-
er ent a ppr oac hes wer e integr ated using EVM v.1.1.1 with default
arameters ( RRID:SCR _ 014659 ) [ 24 ] and updated by PASA. The
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F igure 1: Ev olution of the genomes of P. papillata and Chrysogorgia sp. (a,b) Fr eshl y collected samples of P. papillata (a) and Chrysogorgia sp. (b). Scale bar 
(a): 10 cm. (c) Proportions of DNA transposons and LTR, LINE, and SINE retrotransposons in the genomes of 6 re presentati ve anthozoans including P. 
papillata (Ppap), Chrysogorgia sp. (Csp), D. gigantea (Dgig), P. clavata (Pcla), Trachythela sp. (Tsp), and A. digitifera (Adig). The tr ee illustr ates the evolutionary 
relationships among the 6 corals . T he pie charts are scaled according to the genome size ( Supplementary Table S9 ). (d) A phylogenetic tree was 
constructed using 275 single-copy orthologues from 19 anthozoans and Hydra vulgaris (outgroup). Divergence time was estimated with the 
a ppr o ximate lik elihood calculation method together with a corr elated r ates molecular cloc k. The 95% confidence interv al of the estimated div er gence 
time at each node is denoted as a blue bar. The positive and negative numbers adjacent to the species abbr e viations r epr esent gene family numbers of 
expansion/contr action deriv ed fr om the CAFE anal ysis. Species abbr e viations in Supplementary Table S1 . Geological er a abbr e viations: T o: T onian; Cr: 
Cryogenian; Ed: Ediacaran; Cm: Cambrian; O: Ordovician; S: Silurian; D: Devonian; C: Carboniferous; P: Permian; T: Triassic; J: Jurassic; K: Cretaceous; P: 
Palaeogene; N: Neogene. 
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weights assigned to ab initio pr ediction, pr otein alignment, and 

tr anscript wer e 4, 7, and 8, r espectiv el y. The final gene models wer e 
annotated b y sear c hing a gainst the GenBank Non-Redundant,
Gene Ontology, KEGG, and SwissProt databases, with an e -value 
thr eshold of 1 ×10 −5 . Additionall y, these pr edicted genes wer e an- 
notated against the Pfam database using HMMER v.3.3.2 ( RRID: 
SCR _ 005305 ) software. 

Transposable elements (TEs) were analyzed using the Repeat- 
Modeler pipeline v.2.0.1 ( RRID:SCR _ 015027 ) [ 25 ] and LTR_r etrie v er 
v.2.9.0 ( RRID:SCR _ 017623 ) [ 26 ]. Initially, RECON v.1.0.8 ( RRID: 
SCR _ 021170 ), RepeatScout v.1.0.6 ( RRID:SCR _ 014653 ), LTRharvest 
v.1.5.10 ( RRID:SCR _ 018970 ), and LTR_FINDER v.1.0.7 ( RRID:SCR _ 
015247 ) were utilized to construct a de novo repeat library using de- 
fault parameters . T he pr edicted r epeats wer e classified using Re- 
peatClassifier and integrated with the Dfam database v.3.5. Subse- 
quently, Re peatMask er v.4.1.2 ( RRID:SCR _ 012954 ) [ 27 ] was used to 
identify the div er gence of TEs in the coral genomes based on the 
onstructed re petiti ve sequence database . T he r epeat landsca pe
as obtained using a modified R script from GitHub. 

hylogenetic analysis and gene expansion and 

ontraction 

he ortholog groups (OGs) were identified through a BLASTp 

earch of protein sequences from the genomes of 19 antho-
oans and Hydra vulgaris (outgroup) ( Supplementary Table S1 ).
he BLASTp results were used by OrthoFinder v.2.4.0 ( RRID:SCR _
17118 ) [ 28 ] to construct OGs. To construct phylogenetic rela-
ionships, the protein sequences from 275 single-copy orthologs 
er e extr acted fr om all 20 species and anal yzed thr ough m ultiple
lignment using MAFFT v.7.310 ( RRID:SCR _ 011811 ). Subsequently,
oorl y aligned r egions wer e trimmed using Gbloc ks v.0.91b ( RRID:
CR _ 015945 ), and all alignments were combined into one su-
er gene. ModelFinder softwar e was used to identify the optimal
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odel for the trimmed alignment, and the maximum-likelihood
ree was generated using IQtree v.2.2.0 ( RRID:SCR _ 017254 ) [ 29 ]
ith 1,000 bootstr a p r eplicates . T he div er gence times wer e es-

imated using the MCMCTree program from PAML v.4.9j ( RRID:
CR _ 014932 ) [ 30 ] with a correlated rates molecular clock. Five fos-
il calibration points ( Supplementary Table S2 ) were selected for
ating the phylogeny of anthozoans. Finally, the OGs comprising
 100 copies in a single species were excluded, and the remain-

ng OGs were used for the gene family expansion and contraction
nalysis performed with CAFÉ v.4.2.1 ( RRID:SCR _ 005983 ) [ 31 ], with
he parameter lambda -s and estimated divergence times between
pecies as the input. An e v ent of significant expansion or contrac-
ion was consider ed onl y when the gene family-wide P- value was
 0.01 and the taxon-specific Viterbi P- value was < 0.05. The signif-

cantly expanded and contracted gene families were extracted for
he Gene Ontology term enrichment analysis with Fisher’s exact
est, and the P- value was adjusted for multiple testing by using
he false discovery rate method. 

orphological observ a tion, CaCO 3 pol ymorph 

nal ysis, and v an Gieson staining of octocor al 
keletons 

o observe the skeletal ultrastructure, the axial skeletons of P.
apillata and Chrysogorgia sp. were isolated by digestion of the tis-
ues in a sodium hypochlorite solution and washed repeatedly by
ultiple rinses in milli-Q water. The axial skeletons were subse-

uently mounted on carbon double-adhesive tape, air-dried, and
oated for scanning electr on micr oscopy (SEM) examination. SEM
cans were performed using a Hitachi TM3030Plus scanning elec-
r on micr oscope at 15 kV and optimal magnification for each ax-
al skeleton. To determine the CaCO 3 pol ymor phs of cor al skele-
ons, confocal Raman spectroscopy (Alpha 300R + , WITec, Ulm,
ermany) was conducted to detect the axial skeleton after the
 emov al of the coenenchyme. Van Gieson (VG) staining was per-
ormed to determine the distribution of collagen fibers in axial
keletons . T he protocol in volved the following steps. First, the de-
alcified axial skeleton was embedded in par affin, de waxed with
ylene and ethanol, and stored in tap water. Next, the samples
er e tr eated with the VG staining solution (Servicebio) for 1 min,

insed r a pidl y with water, and dehydr ated r a pidl y in 3 grades of
nhydr ous ethanol. Finall y, the slides wer e immersed in xylene
ntil they were transparent, coverslipped with neutral resin, ob-
erved under a microscope, and photographed. 

roteomics analysis 

he axial skeletons of P. papillata and Chrysogorgia sp. were
leached in a 10% hypochlorite solution for 5 h to r emov e
he tissue and other potential contaminants. Subsequently, the
keletons were thoroughly rinsed with milli-Q water and dried
 vernight at 60 ◦C. T he dried axial skeletons were pulverized to a
ne powder in liquid nitr ogen, and bleac hed a gain, rinsed, and
ried. The skeleton powder was decalcified with 10% acetic acid
or 24 h at room temperature on an orbital shaker, and the de-
alcified solution was centrifuged (14,000 × g , 10 min, 4 ◦C) to
eparate the acid-soluble matrix (ASM) and acid-insoluble ma-
rix (AIM). The resulting insoluble pellets (AIM) were rinsed re-
eatedly with milli-Q w ater, ly ophilized, and reconstituted with
 M urea (with 1% SDS). Both AIM and ASM were concentrated
sing Amicon Ultr afiltr ation de vices (15 ml, 10 kDa cut-off), pu-
ified with methanol/c hlor oform, and subsequentl y r econstituted
n 8 M urea. 
The ASM and AIM samples wer e dissolv ed in solubilization
uffer (1% SDS, 10 mM DTT, 50 mM Tris–HCl (pH 8.0)) for sodium
odec yl sulfate–poly acrylamide gel electr ophor esis . T he samples
er e subsequentl y pr epar ed for HPLC-MS/MS anal ysis thr ough a

eries of steps, including reduction, alkylation, trypsin digestion,
rying, and solubilization. Label-free MS was conducted using a
hermo Orbitr a p Fusion mass spectrometer. The scan e v ents wer e
onfigured as a full MS scan in the range of 250–1450 m / z at a mass
esolution of 120,000, follo w ed b y CID MS/MS scan repetition on
he 20 most abundant ions selected from the previous full MS scan
ith an isolation window. The r esulting MS r aw data wer e im-
orted into MaxQuant v.1.5.2.8 ( RRID:SCR _ 014485 ) [ 32 ] and com-
ar ed a gainst their r espectiv e genomic data. For this study, pr o-
eins were considered identified if they exhibited a spectral count
xceeding 2 in each sample Identified proteins with at least 2 dis-
inct peptides were considered for the analysis. 

Protein annotation was performed based on sequence simi-
arity search against the NR database in NCBI and the UniPro-
KB/SwissProt database using BLASTP with an e -value thresh-
ld of 1 × 10 −5 . Protein sequences were analyzed for signal pep-
ides and tr ansmembr ane domains by using Signal IP v.5.0 ( RRID:
CR _ 015644 ) and TMHMM v.2.0 ( RRID:SCR _ 014935 ), r espectiv el y.
onserv ed domains wer e detected using the Inter pr oScan plat-

orm ( RRID:SCR _ 005829 ). In pr e vious studies, pr otein identifica-
ion was based on matching nucleotides or EST databases with
nique peptides, which resulted in incomplete functional annota-
ions . Here , we conducted a comparative analysis of the domains
f SOMPs by including these two octocorals and two ar a gonitic
cleractinians ( A. millepora and S. pistillata ) [ 3 , 4 ]. The interspecies
omparison of the SOMPs from each species was performed using
 locally installed NCBI BLAST tool (v.2.2.25 + ). 

esults 

enomic characteristics of P. papillata and 

hrysogor gia sp .
sing a combination of PacBio long reads and Illumina short

eads ( Supplementary Fig. S2 and Supplementary Table S3 ), we
enerated high-quality genomes for P. papillata and Chrysogorgia
p. The genome sizes of P. papillata (618.13 Mb) and Chrysogorgia
p. (781.04 Mb) closely agreed with the k -mer-based estimates of
96.50 Mb and 774.93 Mb, r espectiv el y ( Supplementary Fig. S3
nd Supplementary Table S4 ). The contig N50 of the P. papillata
ssembly is 2.67 Mb and the Chrysogorgia sp. assembly is 2.61
b ( Supplementary Table S4 ). The integrity of genome assem-

l y was e v aluated by bac k-ma pping one libr ary of pair ed-end
ata for each coral to its respective assembly. The analysis re-
ealed that 99.34% ( P. papillata ) and 99.40% ( Chrysogorgia sp.) of
he Illumina paired-end reads aligned to the assembled genomes
 Supplementary Table S5 ). B USCO anal ysis with the metazoan
atabase sho w ed that the genome assemblies of P. papillata and
hrysogorgia sp. contained 91.61% and 88.36% complete BUSCO
enes, r espectiv el y. Mor eov er, the pr oportion of duplicated B USCO
enes in both genomes was 1.89%, which was comparable to that
n pr e viousl y published octocor al genomes ( Supplementary Table
6 ). 

The genomes of P. papillata and Chrysogorgia sp. have a rela-
iv el y high number of protein-coding genes as compared to the
enomes of other anthozoans . T hrough the integration of multi-
le methodologies, 41,723 and 52,329 protein-coding genes (PCGs)
er e pr edicted in the genomes of P. papillata and Chrysogorgia sp.,
 espectiv el y ( Supplementary Table S7 ). Among these PCGs, 37,974

https://scicrunch.org/resolver/RRID:SCR_017254
https://scicrunch.org/resolver/RRID:SCR_014932
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_005983
https://scicrunch.org/resolver/RRID:SCR_014485
https://scicrunch.org/resolver/RRID:SCR_015644
https://scicrunch.org/resolver/RRID:SCR_014935
https://scicrunch.org/resolver/RRID:SCR_005829
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
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(91.01%) in P. papillata and 47,126 (90.06%) in Chrysogorgia sp.
were assigned functional annotations by comparing with public 
databases, including SwissProt, Pfam, NR, TrEMBL, eggNOG, KOG, 
KEGG, and GO ( Supplementary Table S8 ). While considerable vari- 
ation exists in the number of PCGs among differ ent cor als, octo- 
cor al genomes typicall y demonstr ate higher counts than hexaco- 
ral genomes ( Supplementary Table S9 ). The BUSCO completeness 
of the predicted genes in each genome was 94.23% for P. papillata 
and 92.87% for Chrysogorgia sp. ( Supplementary Table S10 ), indi- 
cating that our predicted genes are highly complete. TEs influence 
genome ev olution b y modifying genomic ar c hitectur e and affect- 
ing gene expression regulation. Using a combination of homology- 
based and de novo a ppr oac hes, 294.04 Mb and 374.71 Mb (47.58% 

and 47.98%) of the P. papillata and Chrysogorgia sp. genomes (re- 
spectiv el y) wer e identified as TEs (Fig. 1 c and Supplementary 
Tables S11 and S12 ), with 23.76% and 23.84% of these TEs being 
class II DNA transposons and 23.81% and 24.14% of these TEs be- 
ing class I r etr otr ansposons (long interspersed nuclear elements 
[LINEs], long terminal repeats [LTRs], and short interspersed nu- 
clear elements [SINEs]). Additionall y, Kim ur a distance-based copy 
div er gence anal ysis r e v ealed similar expansion patterns for TEs 
acr oss differ ent cor al linea ges, except for Trac hythela sp. (Tsp), with 

high compositional similarity (Fig. 1 c and Supplementary Fig. S4 ).

Phylogenomic analysis and gene-family 

evolution 

The results of phylogenetic analysis clearly sho w ed an Ediacaran 

origin for Anthozoa and the r ecipr ocal monophyl y of the sub- 
classes Octocorallia and Hexacorallia (Fig. 1 D). The 5 octocorals 
examined belonged to 2 ne wl y established orders Scleralcyonacea 
( P. papillata [Ppap] and Chrysogorgia sp. [Csp]) and Malacalc y onacea 
( Paramuricea clavata [Pcla], Tsp, and Dendronephthya gigantea [Dgig]).
Ppap and Csp formed a sister group, and their div er gence was 
estimated at a ppr oximatel y the Triassic–Jur assic boundary (181 
Ma), whic h corr esponds to the tr ansition period fr om ar a gonitic 
to calcite seas . T he r emaining 3 octocor als , i.e ., Dgig, Pcla, and 

Tsp, originated in calcite seas during the Jurassic to Cretaceous 
periods. Additionall y, the r esults supported the monophylies of 
Actiniaria (true sea anemones), Cor allimor pharia (naked cor als,
m ushr oom anemones), and Scleractinia (stony corals) within Hex- 
acor allia. The div er gence between Scleractinia and Corallimor- 
pharia (Amplexidiscus fenestrafer [Afen] and Discosoma sp. [Dsp]) 
occurred at 281 Ma (95% confidence interval: 349–221 Ma). Stony 
cor als e volv ed the ca pacity to deposit ar a gonitic crystals in typi- 
cal ar a gonitic seas during the Late Carbonifer ous to Triassic peri- 
ods (281–214 Ma). Subsequentl y, ston y cor als div ersified into two 
crown clades (“robust” and “complex”) in aragonitic seas during 
the mid-Triassic period (228–193 Ma). 

Compar ativ e anal yses among a selection of the av ailable an- 
thozoan genomes sho w ed that 286 gene families were expanded 

in P. papillata and 444 in Chrysogorgia sp., with 162 and 285 gene 
families showing significant expansion, r espectiv el y (Viterbi P- 
value < 0.05) (Fig. 1 d and Supplementary Tables S13 and S14 ). The 
GO enric hment anal ysis of the expanded gene families identified 

24 ov err epr esented GO categories in both P. papillata and Chryso- 
gorgia sp. genomes ( Supplementary Fig. S5 ). The significantly ex- 
panded gene families were involved in multiple processes: the 
phosphatidylinositol signaling pathway (PIP5 kinase activity and 

G-pr otein-coupled neur otr ansmitter r eceptor), cell–cell adhesion 

(cadherin binding and actinin binding), ion-transport processes 
(potassium c hannel r egulator, v acuolar tr ansport, and endosomal 
tr ansport), and imm une-r elated pathways (e.g., scavenger recep- 
or activity, imm unoglobulin pr oduction, and T-cell-r eceptor sig-
aling pathway); this finding suggests their contributions to both 

iomineralization and immune responses. 

keletal structure char acteriza tion and 

iomineralized protein toolkit 
o determine the types of the octocoral skeletons, we utilized Ra-
an spectroscopy and SEM to analyze the skeletal structures. We

ound calcified sclerites embedded at both polyps and coenosarc 
issues in P. papillata and Chrysogorgia sp. The axial skeleton of
. papillata sho w ed the accumulation of high-magnesium calcite
HMC) sclerites with div erse mor phologies in the form of a ring
f r egularl y arr anged centr al por es. In contr ast, the axial skeleton
f Chrysogorgia sp. exhibited a completely calcified HMC structure 
ith a growth pattern resembling that of annual rings (Fig. 2 and
upplementary Fig. S6 ). 

We further investigated the molecular basis of skeletal forma- 
ion in octocorals and identified 64 and 37 SOMPs in the skeletal
rganic matrix space of P. papillata and Chrysogorgia sp., respec-
iv el y ( Supplementary Tables S15 and S16 ) by using LC-MS/MS
rotein sequencing and reference genome search. These SOMPs 
er e v alidated by m ultiple unique peptides ( Supplementary
ables S17 and S18 ). To c har acterize the conserv ed biominer al-
zation toolkit, we performed a compar ativ e skeleton pr oteomics
nalysis of the two calcite-forming octocorals and the two ar a g-
nitic scleractinians, A. millepora and S. pistillata . To detect mul-
iple domains in the same protein from different evolutionary 
our ces, w e performed domain prediction and further compared
he SOMPs in their functional context. Despite substantial differ- 
nces in the skeletal morphology and micr ostructur es of cor als,
e identified the following 3 functional domains common to the

or al skeletal or ganic matrix space acr oss all 4 species (Fig. 2 ):
adherin, von Willebrand factor type A (VWA), and carbonic an-
ydrase (C A). T he cadherin domain, whic h contains conserv ed
ysteine residues and calcium-binding motifs , is in volved in in-
ercellular adhesion, and this domain was exclusiv el y detected
n protocadherin-like or classical cadherin ( Supplementary Tables 
15 and S16 ), which belongs to the cadherin superfamily. The VWA
omain was identified in pr otocadherin, colla gen, and fibrillin-
 ( Supplementary Tables S15 and S16 ). CA occurred in a su-
erfamily of predominantly zinc-binding metalloenzymes that 
atal yze the interconv ersion of CO 2 into HCO 3 

−, all of which
ontain predicted signal peptides or transmembrane domains 
 Supplementary Tables S15 and S16 ). 

unction and composition of SOMPs 

he SOMPs embedded within octocoral skeletons can be clas- 
ified into 5 main categories according to their domain func-
ion pr ediction, namel y cell adhesion, structur e support, imm une
egulation, enzymes, and other functional proteins (Fig. 2 and 

upplementary Tables S15 and S16 ). The composition of SOMPs
ar gel y v aried among cor als with differ ent skeletal types, and eac h
or al r etained distinct functional domains, with the proportion of
nique functional domains of up to 47% in P. papillata (Fig. 2 ). Com-
ared to stony corals, we found that octocorals possess numer-
us proteins containing immunity-associated domains, includ- 
ng alpha-2-macroglobulin, spondin 2, agrin, and putative defense 
rotein 3 (Fig. 2 and Supplementary Tables S15 and S16 ). The pres-
nce of these proteins is consistent with the expansion of gene
amilies related to immune regulation ( Supplementary Fig. S5 ),
uggesting the presence of immune regulatory pathways within 
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Figure 2: Venn dia gr am of the protein domains identified from the four coral SOMPs. SEM images illustrate the skeletal morphology of these four 
corals. Domains shown in bright green are related to the structural support of the skeleton. Domains shown in blue are mainly involved in cell 
adhesion. Imm unity-r elated domains are represented in red. 
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he coral skeletal organic matrix that enhance defense mecha-
isms during skeletal formation and pr e v ent pathogen invasion. 

We identified 7 and 5 collagen types in the skeletons of P. papil-
ata and Chrysogorgia sp., r espectiv el y, and the helical regions of
ll collagens exhibited the c har acteristic Gl y-X-Y periodic r epeats
Fig. 3 a and Supplementary Tables S15 and S16 ). Pfam domain
nal ysis r e v ealed that some colla gens hav e under gone r ecombi-
ation with VW A, W AP, and laminin G domains, potentially con-
ributing to the diverse functions of collagens. To observe the dis-
ribution of collagen fibers in tissues, VG staining was performed
n the axial skeleton of P. papillata and Chrysogorgia sp. The results
ho w ed that collagen fibers in P. papillata wer e mainl y distributed
n the calcified sclerites along its unconsolidated and unfused
cleritic axis; in contr ast, colla gen fibers in Chrysogorgia sp. a p-
eared deep red throughout the axial skeleton, indicating their
idespread distribution in the mineralized skeleton (Fig. 3 b,c and
upplementary Fig. S7 ). 

iscussion 

his study presents the sequenced and assembled draft genomes
nd skeletal proteomes of 2 octocoral species, P. papillata and
hrysogorgia sp., contributing to the growing collection of octoco-
al genomes and enhancing our understanding of skeletal forma-
ion and evolutionary history in octocorals. We found that, except
or P. clavata , the genome sizes of the 2 octocoral species, P. papillata
nd Chrysogorgia sp., were considerably larger than those of the
ublished genomes of octocorals and hexacorals; this could be po-
entially attributed to the large number of re petiti ve sequences in
he genomes of P. papillata and Chrysogorgia sp. Phylogenetic anal-
ses r e v ealed that the 5 calcite-forming octocor als examined be-
onged to 2 ne wl y established orders, namely Scleralc y onacea and

alacalc y onacea [ 33 ], all of which emerged in calcite seas during
he Jurassic to Cretaceous periods . T he origin of corals with dif-
er ent CaCO 3 pol ymor phs is gener all y consider ed to be r elated to
he palaeoclimate ocean conditions [ 34 ], suggesting that ele v ated
g/Ca ratios in calcite seas ma y ha ve fa vored calcite skeleton for-
ation in octocorals [ 35 ]. 
The skeletal structure of corals contains an embedded organic

atrix with a specific set of proteins that can stabilize amorphous
alcium carbonate and regulate the nucleation, orientation, and
ol ymor ph selection [ 9 , 36 ]. Understanding the composition of
OMPs in the coral skeleton is essential for elucidating the an-
ient mec hanisms underl ying cor al skeleton formation and evolu-
ion. By comparing the proteomes of differ ent cor al skeletons, this
tudy r e v ealed a conserv ed pr otein toolkit utilized by both calcite-
orming octocorals and aragonitic stony corals for biomineraliza-
ion. Despite variations in skeletal morphology and polymorphs,
he biomineralization toolkit composed of cadherin, VWA, and CA
s e volutionaril y conserv ed and r epr esents a fundamental com-
onent of the biominer alization pr ocess for skeletal construction.
he cadherin domain, a Ca 2 + -dependent tr ansmembr ane gl yco-
r otein pr esent in both pr otocadherin and classical cadherin, be-

ongs to extracellular matrix-like proteins. A potential role of cad-
erin in coral skeleton formation is mediating connections be-
ween calicoblastic cells and the organic matrix within the skele-
on [ 4 , 5 ]. The VWA domain is pr edominantl y associated with pro-
eins involved in cell adhesion and structural support. This do-

ain interacts with chitin or fibronectin to form a cross-linked
rganic matrix netw ork, thereb y guiding skeletal growth and mor-
hological differentiation [ 11 , 37 ]. CA is a k e y enzyme involved

n a wide range of physiological functions and is present in all
etazoan clades [ 38 , 39 ]. CA proteins identified in the skeletal

r oteomes of octocor als and ston y cor als possess tr ansmembr ane
omains or signaling peptides, suggesting their role as secreted
r membrane-associated CAs that catalyze the interconversion of
O 2 to HCO 3 

− in the extracellular calcifying medium (ECM) and
r ovide inor ganic carbon for CaCO 3 pr ecipitation. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf031#supplementary-data
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Genomic and proteomic insights into octocoral calcification | 7 

Figure 3: Structural domain and distribution of collagen in the axial skeleton of P. papillata and Chrysogorgia sp. (a) Schematic representation of 5 and 7 
colla gen pr oteins identified in the pr oteomes of P. papillata and Chrysogorgia sp., r espectiv el y. (b,c) VG staining results of axial skeletons of P. papillata (b) 
and Chrysogorgia sp. (c). The axial skeleton areas containing collagen fibers appear dark red. In P. papillata , the wart-like br anc hing structur es ar e 
sclerites with distributed collagen fibers. 
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Skeletal pr oteome anal ysis and colla gen fiber staining r e v ealed 

substantial colla gen pr esence in the octocor al skeletons. Abun- 
dant colla gen-like pr oteins hav e also been detected in the pre- 
cious r ed cor al Corallium rubrum and a gorgonian coral with a cal- 
cite skeleton [ 40 , 41 ]. The presence of abundant collagen in the 
skeletal organic matrix space appears to be a distinctive charac- 
teristic of calcite-forming octocor als. Pr e vious studies hav e indi- 
cated that, during the skeleton formation process, the initial col- 
lagen triple-helix structure contains negatively charged carboxyl 
groups on its exterior; these groups bind with calcium ions to form 

miner alized colla gen fibers that pr ovide a template for miner al 
deposition and promote CaCO 3 nucleation [ 42 , 43 ]. This finding 
suggests that collagen may serve as the fundamental structural 
fr ame work of octocor al skeletons. We also observ ed fr equent r e- 
combination of collagen domains in the axial skeletons of octoco- 
rals, including binding to VWA, laminin G, and WAP domains . T he 
binding of new domains may confer novel genetic functions to 
collagen during the deposition of CaCO 3 skeletal structures . T he 
VWA and laminin G domains, typically found in ECM proteins,
ar e involv ed in cell–substr ate adhesion and the arr angement of 
CaCO 3 crystals [ 36 , 44 ]. The presence of these proteins may fa- 
cilitate the cross-linking of collagen with other non-collagenous 
proteins to establish the core matrix framework. The WAP do- 
main plays a pivotal role in regulating innate immunity, protect- 
ing against microbial invasion, and promoting mucosal tissue re- 
pair [ 45 ]. A pr e vious study demonstr ated that pr oteins involv ed 

in innate immune responses can assist stony corals in resisting 
skeletal pathogen infiltr ation, ther eby enhancing their calcifica- 
tion capacity [ 46 ]. Based on these findings, we propose that the 
binding of the collagen domain to the WAP domain enhances im- 
munity in a matrix fr ame work envir onment, ther eby pr omoting 
the deposition of calcified skeleton in octocor als. Octocor als ar e 
pr edominantl y passiv e suspension feeders, and their colonies fre- 
uently adopt a clumped, tree-like, or net-like structure oriented 

o w ar d ocean currents [ 47 ]. In this context, collagen might play
 critical role in strengthening skeletal structure and enhancing 
keletal flexibility to withstand ocean current conditions. 

ata Description 

his study presents the assembly, annotation, and comparative 
enomic analyses of genomes of two octocoral species: P. papillata 
nd Chrysogorgia sp. We also c har acterized the axial skeletal pro-
eomes of these two octocorals to identify a fundamental toolkit 
or coral calcification by comparison with the skeletal proteomes 
f ar a gonitic cor als. We found that colla gen in the axial skeleton of
ctocor als has e volv ed structur al domains linked to matrix adhe-
ion and imm unity, whic h may confer novel genetic functions for
alcification in octocorals . T he data obtained from the genomes
nd proteomes expand the existing octocoral genome database 
nd provide significant insights into the molecular mechanisms 
nd evolutionary history of coral skeletal formation. 

dditional Files 

upplementary Figure S1: A sc hematic r epr esentation of the
ain components and ion transport involved in biomineralization 

t the calcified site of coral. Calcification process is precisely con-
rolled and occurs in the extracellular calcifying medium (ECM) 
ined by the calicoblastic ectoderm that initiate and control the
r ecipitation r eaction. The entry of calcium ions into the ECM
an occur either activ el y thr ough the tr ansmembr ane pathway
ia tr ansporters (namel y Ca 2 + -ATP ase or Na + /Ca 2 + exc hanger) or,
ess commonl y, passiv el y thr ough the par acellular pathway. Car-
onic anhydr ase (CA) facilitates/catal yzes the interconv ersion of
O 2 into HCO 3 

−. These HCO 3 
− ar e tr ansported via the bicarbon-
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te transporters to the ECM, where they react with Ca 2 + to form
aCO 3 and ultimately the coral skeleton. The skeletal organic ma-

rix proteins or other organic molecules can promote the forma-
ion of macroscopic structures in crystals (see Fig. 2 of 48 , with

inor modifications). 
upplementary Figure S2: Statistics of reads length distribution:
6.1% and 82.2% of clean reads in P. papillata and Chrysogorgia sp.
r e lar ger than 18 kb, r espectiv el y. 
upplementary Figure S3: The k -mer distribution of P. papillata

a) and Chrysogorgia sp. (b). The r esult fr om jell yfish v.2.2.6 ( 49 )
ith a k -mer size of 17. The estimated heterozygosity is 1.13% and
.44% for P. papillata and Chrysogorgia sp., r espectiv el y, with esti-
ated genome sizes of 595.50 Mb for P. papillata and 774.93 Mb for

hrysogorgia sp. 
upplementary Figure S4: Distribution of the div er gence r ate
f each type of re petiti ve . T he historical transposable element
TE) div er gence was compar ed in the following species: Paragor-
ia papillata (Ppap), Chrysogorgia sp. (Csp), Trachythela sp. (Tsp), Den-
ronephthya gigantea (Dgig), Paramuricea clavata (Pcla) and Acrop-
r a digitifer a (Adig). The anal ysis was conducted using the Kim ur a
istance-based copy div er gence method. 
upplementary Figure S5: Enriched Gene Ontology (GO) terms of
he expanded gene families in P. papillata (a) and Chrysogorgia sp.
b). The blue and red bars indicate the p/FDR value of genes in
he expanded gene families, r espectiv el y. The heatma p was plot-
ed using an online platform for data analysis and visualization
 https://www.bioinformatics.com.cn , accessed 20 February 2023).
upplementary Figure S6: Axial skeletal traits of P. papillata and
hrysogorgia sp. (a,c) r epr esent cr oss-sections of the axial skeleton
f P. papillata and Chrysogorgia sp., r espectiv el y. The Raman spectra
emonstrate that the CaCO 3 polymorphs of P. papillata and Chryso-
or gia sp. are calcite , and the c har acteristic peaks ar e 2,283.59,
14.17, and 1,088.14 cm 

−1 (b) and 284.75, 714.49, and 1,088.09
m 

−1 (d), r espectiv el y. 
upplementary Figure S7: The results of van Gieson staining of
he axial skeleton of P. papillata (a,b) and Chrysogorgia sp. (c,d). (a,c)
ross-sections of the axial skeletons of P. papillata and Chrysogor-
ia sp., r espectiv el y. (b,d) Longitudinal sections of axial skeletons
f P. papillata and Chrysogorgia sp., r espectiv el y. The axial skeleton
f Chrysogorgia sp. is brittle after decalcification, resulting in frac-
ure during the slicing process. Ho w ever, the presence of collagen
bers can still be observ ed thr oughout the entire axial skeleton
issue. 
upplementary Table S1: Summary of species for compar ativ e
enomes. 
upplementary Table S2: Fossil constraints used in the MCMC-
r ee anal yses in this study. 
upplementary Table S3: Sequence information used in this
tudy. 
upplementary Table S4: Genome assembly statistics for P. papil-

ata and Chrysogorgia sp. 
upplementary Table S5: The ma pping r ate of sequencing r eads
o assembled genomes. 
upplementary Table S6: The completeness of assembled
enome by BUSCO assessment. 
upplementary Table S7: Gene pr ediction thr ough integr ating
ultiple methods. 

upplementary Table S8: Functional annotation of P. papillata and
hrysogorgia sp. predicted gene. 
upplementary Table S9: Data on annotated genes from the P.
apillata , Chrysogorgia sp. and other anthozoan used in this study. 
upplementary Table S10: The completeness of P. papillata and
hrysogorgia sp. gene by BUSCO assessment. 
upplementary Table S11: TE constitution in P. papillata and
hrysogor gia sp. genome . 
upplementary Table S12: Summary statistics of re petiti ve se-
uences. 
upplementary Table S13: The annotation of expan-
ion/contraction gene families in Paragorgia papillata. 
upplementary Table S14: The annotation of expan-
ion/contraction gene families in Chrysogorgia sp. 
upplementary Table S15: List of skeletal organic matrix proteins

n P. papillata. 
upplementary Table S16: List of skeletal organic matrix proteins

n Chrysogorgia sp. 
upplementary Table S17: Unique peptide list identified by LC-
S/MS analysis in P. papillata. 
upplementary Table S18: Unique peptide list identified by LC-
S/MS analysis in Chrysogorgia sp. 
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