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Abstract

Massivecoralsof thegenusPorites, common,keystonereefbuilders in the Indo-PacificOcean,aredistinguishedbytheir relativestress

toleranceand longevity. Inorder to identifygeneticbasesof theseattributes,wesequencedthecompletegenomeofamassivecoral,

Porites australiensis. We developed a genome assembly and gene models of comparable quality to those of other coral genomes.

Proteome analysis identified 60 Porites skeletal matrix protein genes, all of which show significant similarities to genes from other

coralsandeven to those fromaseaanemone,whichhasnoskeleton.Nonetheless,30% of its skeletalmatrixproteinswereunique to

Porites and were not present in the skeletons of other corals. Comparative genomic analyses showed that genes widely conserved

among other organisms are selectively expanded in Porites. Specifically, comparisons of transcriptomic responses of P. australiensis

and Acropora digitifera, a stress-sensitive coral, reveal significant differences in regard to genes that respond to increased water

temperature, and some of the genesexpandedexclusively in Porites may account for the different thermal tolerancesof these corals.

Taken together, widely shared genes may have given rise to unique biological characteristics of Porites, massive skeletons and stress

tolerance.
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Introduction

Coral reefs support the most diverse marine ecosystems on

Earth (Wilkinson 2008); however, they face a range of anthro-

pogenic challenges, including ocean acidification, increasing

seawater temperatures (Hoegh-Guldberg et al. 2007), and

deoxygenation (Hughes et al. 2020). Tropical storms,

predation by crown-of-thorns starfish, and coral bleaching,

a breakdown of the mutualism between corals and their en-

dosymbiotic photosynthetic algae, are major causes of coral

reef decline (De’ath et al. 2012). Bleaching, largely caused by

increased seawater temperature, has been observed circum-

globally with increasing frequency (Hughes et al. 2017;

Nakamura 2017). Because roughly 35% of all marine species
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depend upon coral reefs at some stage of their life cycles, loss

of coral reefs also destroys the habitats of diverse marine

species, making extensive loss of reef habitats one of the

most pressing environmental issues of our time.

Stony corals of the genus Porites are common, important

reef builders in the Indo-Pacific Ocean, and massiveness and

longevity are their distinguishing characters. Porites colonies

that may have survived more than 400 years have been

reported (e.g., Kawakubo et al. 2017). More than 80 named

species and numerous unclassified forms have been identified

in this genus (Hoeksema and Cairns 2021). Porites species

have thicker tissues and appear more robust to thermal stress

than other corals, such as Acropora sp., which have thinner

tissues (e.g., Loya et al. 2001). Thus, Porites corals have been

used for comparative analyses of stress responses (Fitt et al.

2009). Because of their massiveness and longevity, geochem-

ical tracers called “proxies,” such as oxygen isotope ratios,

strontium-calcium ratios, and heavy metal concentrations, in

growth rings of CaCO3 Porites skeleton have been used to

monitor changes in sea surface temperature, salinity, and/or

marine pollutants (Shen et al. 1987; Beck et al. 1992; Gagan

et al. 2000; Inoue and Tanimizu 2008). Seawater acidification

reduces Porites calcification (Anthony et al. 2008; Iguchi et al.

2012; Olde et al. 2015). Using coral calcification as an index,

Porites taxa have been used to reconstruct past environmental

changes so as to better understand tropical climate systems

and to predict future climate change (Cobb et al. 2003;

Solomon et al. 2007). Recently, detailed geochemical studies

on mechanisms of coral calcification have been conducted in

order to investigate the validity of proxies and/or to improve

the use of proxies (Gagan et al. 2012; McCulloch et al. 2012;

Hayashi et al. 2013); however, biological studies on Porites

corals have been few in number compared with other coral

taxa.

Recent rapid accumulation of coral genomic data enables

us to better understand molecular mechanisms underlying

coral biology (Shinzato et al. 2011; Prada et al. 2016;

Voolstra et al. 2017; Cunning et al. 2018; Ying et al. 2018,

2019; Helmkampf et al. 2019; Shumaker et al. 2019;

Shinzato et al. 2021). Reef-building corals are diverse not

only morphologically, but also physiologically and ecologically.

Susceptibilities to bleaching vary among coral taxa (Marshall

and Baird 2000), and in warming sea temperatures, massive

Porites became “winners,” increasing relative percent cover

after a massive coral bleaching event caused coverage

decreases of bleaching-sensitive taxa or “losers” (Loya et al.

2001; van Woesik et al. 2011). Why are Porites corals stress-

tolerant and how do they survive longer under adverse con-

ditions? Although a Porites lutea genome was reported pre-

viously (Robbins et al. 2019), that study focused only on

possible genomic interactions between host corals, symbiotic

algae, bacteria, and archaea. Molecular mechanisms underly-

ing biological characteristics of Porites are largely unknown to

date.

In this study, we sequenced the complete genome of a

common Porites species in Okinawa, Japan, Porites australien-

sis (fig. 1A), and explored genomic features that might shed

light on unique biological characters of Porites, for example,

stress tolerance and massive skeletons. Understanding genetic

mechanisms underlying unique characters of Porites and com-

paring them with those of other coral taxa may facilitate

predictions about whether and how coral reef ecosystems,

which comprise multiple reef-building corals, can survive cur-

rent global warming.

Results

The Porites australiensis Genome

Because P. australiensis is gonochoric, in order to isolate high-

quality P. australiensis genomic DNA, we collected sperm

from a male colony (fig. 1B). We obtained about 39

Gigabase pairs (Gbp) of genome sequencing data (supple-

mentary table 1, Supplementary Material online), assembled

the data, and then created a P. australiensis draft genome

assembly of 576 Mbp with a 554-kb N50 size and 4,983

scaffold sequences (table 1). We confirmed that 99% of

the shotgun sequences mapped back to the assembled ge-

nome, and among uniquely mapped pairs (mapping quality

>10), 99.3% of all pairs were properly mapped on the same

scaffold. Estimation of the haploid genome size, based on

Significance

The massive stony corals of the genus Porites are common, important reef builders in the Indo-Pacific Ocean. Although

massiveness and longevity are their distinguishing characters, molecular mechanisms underlying biological character-

istics of Porites are largely unknown. In this study, we sequenced the complete genome of Porites australiensis from

Okinawa, Japan. We found that homologs of all genes identified from skeletal matrix protein genes exist in other

corals and anemones, although 30% of these were exclusive to Porites skeletons. Conserved genes shared with other

animals are selectively expanded in Porites and these include genes that respond to diverse environmental stresses.

Taken together, genes conserved among a wide range of organisms explain unique Porites attributes, massive skel-

etons, and stress tolerance.
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kmer coverage of the shotgun sequencing data using

GenomeScope (Vurture et al. 2017), was close to the assem-

bled genome size (560 Mbp, kmer length 29; supplementary

fig. 1, Supplementary Material online). We predicted 30,301

protein coding genes from the assembled genome. Although

genome assembly statistics for P. lutea (Robbins et al. 2019)

are slightly better than these for P. australiensis, the number

of predicted genes was comparable between the two

genomes (table 1; Robbins et al. 2019). Benchmarking

Universal Single-Copy Orthologs (BUSCO) analyses (Simao

et al. 2015; Waterhouse et al. 2017), which assess whether

universal single-copy orthologous genes observed in more

than 90% of metazoan species (from the OrthoDB database

of orthologs) (www.orthodb.org; version 9) are recovered in a

genome/transcriptome assembly, yielded completeness

scores for the P. australiensis genome assembly and gene

models of about 91% and 94% (average of Complete

BUSCO %), respectively, indicating that the genome assembly

and gene models are of reasonable quality and comparable to

those of previously reported coral genomes, including P. lutea

(table 1). Among the 30,301 predicted genes, 20,418 exhib-

ited similarities with genes in the Uniprot/Swissprot database,

whereas 20,447 were related to entries in the Pfam conserved

protein domains database (supplementary table 2,

Supplementary Material online). We also obtained the com-

plete sequence of the P. australiensis mitochondrial genome

(18,647 bp, accession number: LC605627), which is>99.7%

identical to the Porites lobata mitochondrial genome

(KU761954.1, 18,604/18,647 bp identity, no gaps).

In addition to the P. australiensis and P. lutea genomes, we

used publicly available gene models of two anemones,

Nematostella vectensis (Putnam et al. 2007) and Exaiptasia

pallida (Baumgarten et al. 2015), two corallimorpharians,

Amplexidiscus fenestrafer and Discosoma spp. (Wang et al.

2017) for Hierarchical Orthogroup (HOG) clustering. Reef-

building scleractinians comprise two major clades, “robust”

FIG. 1.—Genome sequencing of Porites australiensis. (A) Photo of a P. australiensis colony in Okinawa, Japan. (B) Spawning of a male colony of

P. australiensis. Sperm can be observed on the surface of the colony. (C) A heatmap showing numbers of shared HOGs among anthozoans. Scleractinian

species are shaded in blue. Porites is in red; Acropora species are in yellow. Robust coral species are in blue and corallimorpharians are in green. (D) Molecular

phylogeny of anthozoans using 1,878 single-copy, orthologous genes (429,044 amino acids). All nodes are supported with 100% bootstrap support. (E) The

cystathionine b-synthase (CBS) locus in the Porites genomes. The cysteine biosynthesis pathway is shown above, and the syntenic relationship around CBS in

the P. australiensis, P. lutea, Acropora tenuis, and A. digitifera genomes is shown below. Genes are shown with arrows (arrow directions correspond to gene

directions) and Porites CBS genes are shown as red arrows. Genes belonging to the same OG are connected by dotted lines.
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and “complex,” based on molecular phylogenic analyses

(Romano and Palumbi 1996; Kitahara et al. 2010).

Genomes of three scleractinians from the “robust” clade,

Stylophora pistillata (Voolstra et al. 2017), Pocillopora dami-

cornis (Cunning et al. 2018), and Orbicella faveolata (Prada

et al. 2016), and five Acropora corals, A. awi, A. cytherea,

A. digitifera, A. tenuis (Shinzato et al. 2021), and A. millepora

(Ying et al. 2019) from the “complex” clade were also used

for HOG clustering (14 anthozoan genomes in total).

Examination of HOGs in anthozoan genomes allowed us to

identify 33,052 HOGs in all taxa, 25,246 in scleractinians, and

20,786 in Porites (fig. 1C; supplementary table 3,

Supplementary Material online). Phylogenomic analysis of

these anthozoan genomes using 1,878 single-copy ortholo-

gous group (OG) genes yielded robust phylogenetic relation-

ships, with all clades supported by 100% bootstrap values

(fig. 1D), clearly indicating that Porites belongs to the

“complex” coral clade, as reported by previous molecular

phylogenic analyses (e.g., Fukami et al. 2008; Kitahara et al.

2010, 2016).

In previous studies, we reported that cystathionine b-syn-

thase (CBS, fig. 1E), an essential enzyme for cysteine biosyn-

thesis, was probably lost from the A. digitifera (Shinzato et al.

2011) and other acroporid genomes (Shinzato et al. 2021).

Because Acropora species are sensitive to bleaching, it is likely

that Acropora depends upon symbiotic dinoflagellates to pro-

duce cysteine. Genes orthologous with CBS can be found in

Porites (P. australiensis and P. lutea), as well as in robust coral,

corallimorpharian, and sea anemone genomes

(HOG0019269, supplementary table 3, Supplementary

Material online). In this study, we compared syntenic relation-

ship around the CBS genomic locus in Porites and Acropora.

Although syntenic relationships of genes neighboring the

Porites CBS are well conserved between Porites and

Acropora, the CBS locus is missing from the Acropora

genomes (fig. 1E), providing additional evidence supporting

the notion that this enzyme was lost in acroporids (Shinzato

et al. 2021) and that differences in dependency on symbiotic

algae could partially explain the high sensitivity of Acropora to

bleaching.

Skeletal Proteome of Porites australiensis

In order to identify genes involved in P. australiensis skeleton

formation, we performed a skeletal proteome analysis using

liquid chromatography tandem mass spectrometry (LC–MS/

MS) (fig. 2). In total, 60 skeletal organic matrix proteins

(SOMPs) were detected in the skeleton (fig. 2B; supplemen-

tary tables 4 and 5, Supplementary Material online).

According to functional domain architecture and predicted

subcellular localization, SOMPs were classified into six catego-

ries: cell membrane, extracellular matrix-like, cysteine-rich,

acidic, enzymes, and others (fig. 2B; supplementary table 4,

Supplementary Material online). One-third of SOMPs wereT
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categorized as cell membrane proteins, having one or more

transmembrane domains (fig. 2B; supplementary table 4,

Supplementary Material online). Twelve cell membrane pro-

teins presented high sequence similarity to SOMPs of three

other corals (two Acropora and Stylophora) with high BLAST

bit score (�100) (fig. 2B). Among them, orthologs including

REJ domain-containing protein (dcp), neurexin, TSP-1 and

VWA dcps, MAM and LDLr dcp, and cadherin are found in

the other three corals (supplementary tables 4 and 6,

Supplementary Material online). Porites galaxin, originally

identified from a coral, Galaxea fascicularis (Fukuda et al.

2003), and classified in the cysteine-rich category, has a coun-

terpart in Acropora skeletal proteomes, but not in Stylophora

(supplementary tables 4 and 6, Supplementary Material on-

line). Secreted acidic Asp-rich proteins, or SAARPs (Ramos-

Silva et al. 2013), are present in all three coral skeletal pro-

teomes (supplementary tables 4 and 6, Supplementary

Material online). Three other Porites acidic protein genes

(paus_s0019.g24, paus_s0019.g25, and paus_s0019.g26)

tandemly located in the P. australiensis genome, also showed

weak similarity to other SOMPs, owing to their CUB domains

(supplementary table 6, Supplementary Material online).

We searched for putative homologous genes of the 60

P. australiensis SOMPs in the other cnidarian genomes using

BLAST searches (fig. 2C). The majority of P. australiensis SOMP

genes (59/60) showed significant sequence similarities to genes

of Acropora (A. digitifera and A. millepora) and notably, to

those of a sea anemone, N. vectensis (fig. 2C). A Porites

SOMP gene (paus_s0004.g93) that does not possess any con-

served domains and does not resemble the A. digitifera and
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FIG. 2.—Skeletal proteome analysis of Porites australiensis. (A) High-magnification photo of a P. australiensis skeleton. The dotted line indicates a polyp.

(B) A circos plot showing sequence similarities of Porites SOMP genes against known SOMPs of other corals, Acropora digitifera, A. millepora, and Stylophora

pistillata. Each box along the arc indicates a SOMP gene, and gene names are colored based on protein categories (cell membrane, extracellular matrix-like,

cysteine-rich, acidic, enzymes, and others), as shown at the right. SOMPs connected by lines show significant sequence similarity (BLASTP, E-value�e�5), and

thicknesses of lines reflect BLAST bit scores. Numbers of peptides detected by LC–MS/MS are shown by heatmap inside Porites gene names. (C) A pie chart

showing numbers of putative homologs of Porites SOMP genes (total 60) detected in Acropora digitifera (green) and sea anemone N. vectensis (blue)

genomes. One gene (paus_s0004.g93) that was not detected in the two genomes showed similarity to A. millepora USOMP8 (Ramos-Silva et al. 2013). (D)

Comparison of functional protein domain architectures of Porites cell membrane SOMPs, cadherin, neurexin, and MAM and LDLr dcps (upper) with their

putative orthologs in Nematostella (lower). The amino acid length of each gene is shown in brackets.
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N. vectensis genes, shows significant similarity to the

A. millepora USOMP8 (BLASTP, e-value <e�5, fig. 2B; supple-

mentary table 4, Supplementary Material online). Among the

60 P. australiensis SOMPs, 18 genes were not found among

previously reported SOMPs of A. digitifera, A. millepora, and S.

pistillata (fig. 2B; supplementary table 6, Supplementary

Material online), indicating that these function as SOMPs spe-

cifically in Porites but not in the other three corals. Domain

architectures of three Porites cell membrane SOMPs (cadherin,

neurexin, and MAM and LDLr dcp) are well conserved with

their putative orthologs in sea anemones (fig. 2D). These results

indicate that all P. australiensis SOMP genes have homologs in

other corals and noncoral anthozoans, but some genes do not

present in skeletons of other corals (Acropora and Stylophora)

are employed as skeletal matrix proteins in P. australiensis.

Porites-Specific Gene Expansions Include Environmental
Stress Response Genes

Gene duplication is a major driving force of genome evolution

and facilitates acquisition of novel gene functions (Ohno

1970). Therefore, genes supporting unique characters of

Porites, such as stress tolerance, may have been duplicated

during evolution of the Porites lineage. To eliminate the po-

tential impact of genome assembly and gene prediction

errors, we considered HOGs for which gene numbers in

both P. australiensis and P. lutea are larger than other coral

or anthozoan genomes. We identified 31 HOGs specifically

expanded in the Porites lineage (fig. 3A). Among those, 25

HOGs exhibit similarities to proteins in the SwissProt protein

database. The 31 expanded HOGs show significantly more

Swiss-Prot protein database hits (83%, 257 out of 309 genes)

than P. australiensis gene models generally (67%, 20,418 out

of 30,301 genes, P< 0.01, Pearson’s Chi-squared test), indi-

cating that conserved genes shared with other organisms may

have been selectively expanded in the Porites lineage.

We found that expanded HOGs include genes possibly in-

volved in variety of environmental stress responses, such as

tyrosinase (fig. 3B), small heat shock protein (HSP20) (fig. 3C),

and peroxidasin (fig. 3D). Molecular phylogenetic analyses of

these genes showed that in Porites, most of them are clus-

tered (fig. 3B–D), indicating that gene duplications occurred

specifically in the Porites lineage. Peroxidasin genes are tan-

demly located in the P. australiensis genome with the same

gene orientation (three genes in scaffold 681, and six genes in

scaffold 281, fig. 3D). Interestingly, five of seven duplicated

heat shock protein genes and four of six tandemly duplicated

peroxidasin genes on scaffold 281 are differentially expressed

when P. australiensis is exposed to increased seawater tem-

perature (fig. 3C and D; for more details, see below). In con-

trast, none of the expanded tyrosinase genes examined in this

study (fig. 3B) exhibited enhanced expression in response to

increased seawater temperature or light intensity.

Differential Molecular Responses of Porites and Acropora
to Increased Light Intensity and Seawater Temperature

In order to explore differences in transcriptome responses to

environmental stressors in stress-tolerant Porites and stress-

sensitive Acropora, we performed an experiment subjecting

P. australiensis and A. digitifera to increased seawater temper-

ature (25–30 �C) and light intensity (180–200–400lmol/m2/s).

Then transcriptome responses of both corals were investigated

and differentially expressed genes (DEGs, P< 0.05) were iden-

tified (fig. 4A). In order to compare P. australiensis and

A. digitifera DEGs directly, we focused on single-copy HOGs

(SC-HOGs) between P. australiensis and A. digitifera (9,078

HOGs; see supplementary table 3, Supplementary Material

online). Unexpectedly, few DEGs were induced in either coral

by increased light intensity (2 DEGs in P. australiensis and 14

DEGs in A. digitifera, supplementary table 7, Supplementary

Material online). Only one SC-HOG, hepatic leukemia factor

(HLF), a member of the proline and acidic amino acid-rich basic

leucine zipper (PAR) transcription factor family, was upregu-

lated in both corals, in response to increased light (fig. 4A;

supplementary table 7, Supplementary Material online).

Despite the small number of genes affected by increased

light intensity, large numbers of genes in P. australiensis

(2,749) and A. digitifera (3,800) were differentially expressed

in response to increased seawater temperature (supplemen-

tary tables 8 and 9, Supplementary Material online). A total of

389 SC-HOGs were differentially expressed in both Porites

and Acropora. Seven hundred and two SC-HOGs were differ-

entially expressed solely in P. australiensis (418 upregulated

and 284 downregulated genes), and 1,209 SC-HOGs were

differentially expressed only in Acropora (659 upregulated

and 550 downregulated genes) (fig. 4A). Functional enrich-

ment analysis based on UniProt keywords revealed different

responses between Porites and Acropora to increased seawa-

ter temperature (fig. 4A). Genes involved in purine biosynthe-

sis, porphyrin biosynthesis, and heme biosynthesis were

upregulated, and genes involved in transcription and differ-

entiation were downregulated in both Porites and Acropora.

DNA replication, DNA damage, and cell cycle genes were

upregulated, whereas sensory transduction genes participat-

ing in cellular conversion of extracellular stimuli into electric

signals, were downregulated in P. australiensis, although

genes encoding proteins that process hydrogen peroxide

were specifically upregulated, whereas notch signaling, lipid

metabolism, and immunity were specifically downregulated

in A. digitifera (fig. 4A). Interestingly, among the 389 SC-

HOGs that were differentially expressed in both

P. australiensis and A. digitifera (fig. 4A), 28 SC-HOGs, includ-

ing transcription factors (Maf and homeobox) and receptors,

showed opposing gene expression patterns, for example,

upregulated in Porites, but downregulated in Acropora, or

vice versa (fig. 4B), suggesting that these promote different

transcriptome responses in Porites and Acropora.

Shinzato et al. GBE

6 Genome Biol. Evol. 13(12) https://doi.org/10.1093/gbe/evab270 Advance Access publication 8 December 2021

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/13/12/evab270/6456307 by O

IST user on 11 January 2022

https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab270#supplementary-data


A

C

 E
xa

ip
ta

si
a

N
em

at
os

te
lla

A
m

pl
ex

id
is

cu
s

A
m

pl
ex

id
is

cu
s

D
is

co
so

m
a

D
is

co
so

m
a

O
rb

ic
el

la
O

rb
ic

el
la

St
yl

op
ho

ra
St

yl
op

ho
ra

Po
ci

llo
po

ra
Po

ci
llo

po
ra

P.
 a

us
tr

al
ie

ns
is

A
. t

en
ui

s
A

. t
en

ui
s

A
. a

w
i

A
. a

w
i

A
. m

ill
ep

or
a

A
. m

ill
ep

or
a

A
. d

ig
iti

fe
ra

A
. d

ig
iti

fe
ra

A
. c

yt
he

re
a

A
. c

yt
he

re
a

−2

0

2

4

P.
 lu

te
a

HOG0000835: E3 ubiquitin-protein ligase

HOG0001287: Contactin-associated protein

HOG0002622: Alpha-(1,3)-fucosyltransferase

HOG0002919: Neuronal pentraxin

HOG0003632: Retinol dehydrogenase 8

HOG0003939: Contactin-associated protein

HOG0003991: Olfactomedin-like protein 

HOG0004754

HOG0004864

HOG0004896: Heat shock protein Hsp-16.41

HOG0004961: Peroxidasin

HOG0004990

HOG0005043: Tyrosinase

HOG0005339

HOG0005591: Peroxidasin

HOG0005602: Tripartite motif-containing protein

HOG0005816: Adhesion G protein-coupled receptor

HOG0005948: Organic cation transporter

HOG0006134: Schlafen family member

HOG0006867: Sodium-dependent phosphate transport protein

HOG0007060

HOG0007079: Gycine-rich domain-containing protein

HOG0007080

HOG0007299: Bis(5'-adenosyl)-triphosphatase

HOG0007310: Coagulation factor 

HOG0007384: Collagen alpha-1(VI) chain

HOG0007461: Beta-1,4-galactosyltransferase

HOG0007474: Skeletal aspartic acid-rich protein

HOG0007657: von Willebrand factor A domain-containing protein

HOG0007870: Gamma-glutamyl peptidase

HOG0010429: Contactin

Row Z-score converted 
orthologous gene nubmers

Lithobates_A91312
Bos_P02510

Rattus_P23928
Anas_Q05557

Caenorhabditis_P34696
Caenorhabditis_P06581

paus_s1474.g3
paus_s0714.g5

paus_s1474.g5
paus_s0545.g8
paus_s1474.g4

paus_s0899.g1
paus_s0300.g36

98

Alpha-crystallin B chain

Heat shock protein Hsp-16

95

78

99

100

100

92

99

84

86
85

0.2

D

0.2

Drosophila_Peroxidasin_Q9VZZ4.1
Mus_Peroxidasin_Q3UQ28.2
Homo_Peroxidasin_Q92626.2

Caenorhabditis_pxn-2_G5EG78.1
Caenorhabditis_pxn-1_Q1ENI8.1

Exaiptasia_KXJ27748.1

Scaffold 281

Bilaterian Peroxidasin

g6g1 g2 g3 g5g4↑ ↓↑↓

100

81

75

90

98

98

98

100

99

80

100

↓

↑

↑

↑

↑

AcroporaAcropora

Anemone or CorallimorphariaAnemone or Corallimorpharia
Other scleractiniansOther scleractinians

Porites australiensisPorites australiensis

paus_s0281.g6
paus_s0281.g1

paus_s0281.g4
paus_s0281.g5
paus_s0281.g3

paus_s0281.g2

Aspergillus_Q00234
Rhizobium_P33180

Aspergillus_B8NM74

Nematostella

paus_s0949.g2
paus_s0418.g2

paus_s0115.g16
paus_s0074.g53
paus_s0089.g79

paus_s0089.g78

Insects

Fungi

Vertebrates

Streptomyces

Orbicella 
Orbicella 

Stylophora 

Pocillopora 

A. millepora
A. cytherea

A. cytherea
A. tenuis

A. millepora
A. awi

A. cytherea
A. digitifera

A. tenuis

A. millepora

A. awi
A. cytherea

A. digitifera

Orbicella 
Stylophora 

Pocillopora 

Stylophora 
Stylophora 

Stylophora 

Stylophora 
Pocillopora 

Pocillopora 

paus_s0620.g3
paus_s0620.g8
paus_s0620.g9

A. tenuis

A. millepora
A. awi

A. cytherea

A. digitifera

A. millepora
A. digitifera

A. cytherea
A. digitifera

A. awi
A. cytherea

Orbicella 

Pocillopora 
Stylophora 

Orbicella 
Orbicella 
Orbicella 

Pocillopora 

Pocillopora 

Pocillopora 
Orbicella 

0.2

B

99

86
64

54

98

100

100
76

97
90

Tyrosinase

Hsp20

Peroxidasin

g3 g8 g9

Scaffold 620

Corallimorpharia

Corallimorpharia

100

52   45   11   24   21   17   13   19   20   27    0     1     0     0

13   30    9    12    8     8     5    10    5     9     5     2     0     0

12   12    1     1     1     1     1     0     0     0     3     5     4     5

16   14   10    4     6     5     7    11    4     6     3     4     0     1

12    9     6     6     7     7     6     6     7     6     4     5     1     2

13   37    2     1     2     2     1     3     1    11    1     1     3     0

 7    10    7     4     6     6     6     5     3     5     1     0     2     3

12    7     4     4     4     4     4     4     4     4     4     5     1     0

10    8     2     4     3     3     6     6     3     6     2     4     2     0

 8    14    3     3     5     5     6     4     4     2     3     1     0     0

14   17    3     3     2     3     2     4     1     5     1     1     1     0

 9    11    5     3     2     3     4     2     0     5     6     1     2     3

 6     8     1     2     3     1     2     3     1     1     0     0     0     1

 9    12    3     3     4     7     2     3     2     2     0     0     2     1

10   15    1     1     1     1     1     2     3     6     3     2     1     0

 9     9     2     2     2     2     2     3     2     3     1     2     3     1

 6     7     3     4     4     4     4     1     1     1     1     1     2     1

 6     5     2     2     2     2     2     1     2     4     4     4     3     3

 9     9     2     2     4     3     2     2     2     4     0     0     1     0

 8     6     3     2     1     3     2     1     1     1     1     1     1     2

 6     7     3     1     4     2     1     2     2     2     2     0     0     0

 7     6     2     1     3     2     2     4     0     0     1     3     0     1

 5     5     2     2     2     2     2     2     3     3     1     1     2     0

 6    14    1     1     1     1     1     1     1     1     0     1     1     1

 7     6     1     1     1     1     1     1     1     1     1     2     2     2

 6     8     1     1     1     1     1     3     2     3     1     1     1     0

 6     7     1     1     1     1     1     2     1     1     2     1     2     3

 5     5     2     2     2     1     1     2     1     1     0     1     2     4

 7     5     1     3     2     1     2     2     3     1     1     1     0     0

 5     6     1     1     1     1     1     2     2     2     1     1     3     1

 5     6     0     1     1     1     1     1     1     1     1     1     0     0

FIG. 3.—Porites-specific gene expansions. (A) Gene families that are expanded in the Porites lineage. Numbers of genes in each gene family, shown in

each box, are converted to row Z scores and colored. (B) Maximum likelihood analysis of tyrosinases, or tyrosinase-type phenoloxidases genes. (C) Maximum

likelihood analysis of heat shock protein 20 genes. (D) Maximum likelihood analysis of peroxidasin genes. Peroxidasin gene clusters in the P. australiensis

genome are shown in gray. Nodes of P. australiensis genes are colored red, Acropora genes are in yellow. Robust coral genes are in blue. Corallimorpharian

genes are in green. Upward red arrows and downward blue arrows next to gene names indicate genes significantly upregulated or downregulated by

increased seawater temperature (FDR <0.05) reported in figure 4, respectively.
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We found that gene expression responses of fluorescent

protein (FP)-like genes to increased seawater temperature dif-

fered significantly between Porites and Acropora. We identi-

fied ten FP-like genes in the P. australiensis genome, and

molecular phylogenetic analysis of FP-like genes revealed

that nonfluorescent chromoproteins clustered together with

100% bootstrap support (fig. 4C). Interestingly, all FP-like

genes differentially expressed in response to increased seawa-

ter temperature in Porites (six downregulated genes, of which

five are tandemly located in the P. australiensis genome) are

chromoproteins; however, no A. digitifera chromoproteins

displayed altered gene expression patterns (fig. 4C). In con-

trast, seven Acropora-specific FP-like genes in A. digitifera

were differentially expressed in response to increased seawa-

ter temperature (one upregulated and six downregulated;

supplementary fig. 2, Supplementary Material online).

Discussion

Conserved Genes May Contribute to Unique Characters of
Massive Porites

Massive Porites are regarded as stress-tolerant and long-lived,

and a recent study showed that these corals have higher ther-

mal tolerance and that they may acclimatize fast enough to

keep pace with current global warming (DeCarlo et al. 2019).

We found that some conserved genes shared with other

organisms are underwent duplication in the Porites lineage

(fig. 3). Interestingly, these expanded genes include those in-

volved in environmental stress responses in a variety of ani-

mals, and involvement of these genes in environmental stress

responses in corals has been suggested and investigated.

Consistent with our finding that numbers of HSP20 genes

in Porites genomes are larger than those of other corals, cor-

allimorpharians, and sea anemones (fig. 3A), Ying et al.

(2018) reported that numbers of HSP20 genes in P. lutea,

as well as in a Goniastrea genomes, are larger than those of

Acropora corals and that different numbers of HSP20 genes

may correlate with coral stress tolerance. Tyrosinases, or

tyrosinase-type phenoloxidases are responsible for the

immune response of the phenoloxidase pathway in

invertebrates via melanin synthesis, and coral tyrosinase-type

phenoloxidases respond to various environmental stressors,

including heat stress, disease, pathogens, sedimentation, nu-

trient loading, and damage (Mydlarz et al. 2008, 2009;

Palmer et al. 2011, 2012; Sheridan et al. 2014; van de

Water et al. 2015, 2018; Kelly et al. 2016; Wall et al. 2018;

Dougan et al. 2020). Peroxidasin genes are involved in oxida-

tive stress responses and are differentially expressed in corals

under heat stress (Voolstra et al. 2009; Barshis et al. 2013;

Louis et al. 2017). Taken together, conserved environmental

stress�response genes may contribute to the stress tolerance

of massive Porites. Although gene expression of Porites-spe-

cific expanded tyrosinase genes was not affected by increased

seawater temperature or increased light intensity, four out of

seven expanded HSP20 genes and two out of six tandem-

duplicated peroxidasin genes were upregulated by increased

seawater temperature (four upregulated and one downregu-

lated; fig. 3), suggesting that some Porites-specific expanded

HSP20 and peroxidasin genes may be involved in its high-

temperature response, but that tyrosinase genes serve other

functions.

Massive skeletons are unique to Porites corals. Sequence

similarity searches revealed that a set of orthologs encoding

nine SOMPs (cadherin, neurexin, MAM and LDLr dcp, TSP1

and VWA dcp, SAARPs, and USOMP8) is shared among

Porites, Acropora, and Stylophora (fig. 2B; supplementary ta-

ble 6, Supplementary Material online), suggesting that these

functioned as basic SOMPs in the common ancestor of extant

scleractinians. An acidic protein family (SAARPs) is commonly

found in coral skeletons (fig. 2B), indicating its essential role in

coral biomineralization. Negatively charged side chains of as-

partic acid residues may interact with calcium ions to regulate

nucleation, inhibition, and orientation of calcium carbonate

crystal growth (Addadi and Weiner 1985; Albeck et al. 1993;

Marin and Luquet 2007). In P. australiensis SOMPs, we iden-

tified novel acidic SOMPs that have CUB domains (Pau-

SAARP, supplementary table 4, Supplementary Material on-

line), which may also act as calcium binding sites (Blanc et al.

2007) and/or may interact with other proteins to construct the

skeletal organic matrix. Other acidic SOMPs, skeletal acidic

proteins, or SAPs that are present in Acropora skeletons

(Shinzato et al. 2011; Ramos-Silva et al. 2013) were not

detected in Porites. This supports previous reports that SAPs

are unique to Acropora species (Shinzato et al. 2011;

Takeuchi et al. 2016). In summary, our comparative study

of Porites and other coral SOMPs highlights essential proteo-

mic components for coral skeletal formation, such as cell

membrane proteins and acidic proteins. Notably, all Porites

SOMP genes have putative homologs in other corals and

even in a sea anemone, which has no skeleton (fig. 2C; sup-

plementary table 3, Supplementary Material online). In partic-

ular, domain architectures of three cell membrane SOMPs

(cadherin, neurexin, and MAM and LDLr dcp) are well con-

served between Porites and Nematostella (fig. 2D), suggesting

that these proteins originally functioned in cell adhesion,

attaching ancestors of these organisms to the substrate.

Taken together, most SOMP genes existed in the ancestor

of scleractinians and anemones, dating back about 500 Ma

(Shinzato et al. 2011), and were co-opted for coral skeleton

formation in the scleractinian lineage (Takeuchi et al. 2016).

Different Molecular Responses of Acropora and Porites to
Increased Temperature May Reflect Their Divergent Stress
Tolerance

Because of their algal endosymbionts, light is important to

maintain coral health. Light-enhanced calcification of reef-
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FIG. 4.—Comparison of transcriptomic responses of Porites australiensis and Acropora digitifera to increased seawater temperature and light intensity.

(A) Upper: Venn diagram showing numbers of DEGs included in single-copy Hierarchical Orthogroups (SC-HOGs) between P. australiensis and A. digitifera.

SC-HOGs differentially expressed under increased light intensity are colored yellow, and SC-HOGs differentially expressed under increased seawater tem-

perature are colored pink. Lower: significantly upregulated or downregulated UniProt keywords (biological process) detected from DEGs in SC-HOGs under

increased seawater temperature. Blue indicates Porites-specific SC-HOGs that were differentially expressed. Green indicates SC-HOGs differentially expressed
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building corals is a well-known phenomenon (Cohen et al.

2016). However, in this study, expression of very few genes

was affected by increased light intensity in either Porites or

Acropora (fig. 4A; supplementary table 7, Supplementary

Material online), indicating that host corals show no universal

molecular response to increased irradiation and that increased

light intensity has a limited impact on either coral host. The

small number of DEGs that responded to increased irradia-

tion, which did not include SOMPs, is consistent with a pre-

vious experiment using symbiotic and apo-symbiotic coral

polyps, showing that light-enhanced coral calcification could

be caused by increased pH of the calcifying fluid induced by

algal photosynthesis, rather than by the increase of symbiont

photosynthetic products supplied to host corals (Inoue et al.

2018). Nevertheless, HLF transcription factors are the only

genes that were commonly upregulated in both Porites and

Acropora (fig. 4A; supplementary table 7, Supplementary

Material online). Although the function of HLF genes in corals

is unclear, HLF transcription factors regulate expression of ap-

optotic and circadian clock genes (Waters et al. 2013;

Takahashi 2017), suggesting that increased light may affect

circadian rhythm of Porites and Acropora, although no expres-

sion changes of apoptotic and circadian clock genes were

detected in this study.

Among the 2,300 SC-HOGs differentially expressed in re-

sponse to increased seawater temperature, 16% (389) were

differentially expressed in both Porites and Acropora, and

29% (702) and 53% (1,209) were exclusive to Porites and

Acropora, respectively (fig. 4A). Upregulation of protein bio-

synthesis, DNA replication, DNA damage, and cell cycle genes

were observed in Porites, but not in SC-HOGs solely in

Acropora, indicating that Porites actively reacts to higher tem-

peratures at the cellular level and that these mechanisms may

contribute to its stress tolerance. Another interesting point is

that expression patterns of some transcription factors, con-

trolling expression of numerous downstream genes and af-

fecting various biological processes, were reversed in Porites

and Acropora under increased seawater temperature (fig. 4B).

Maf transcription factors are involved in cellular responses

against oxidants and heavy metals (Suzuki et al. 2001;

Bensellam et al. 2015). These transcription factor genes may

reveal the diversity of molecular responses of corals to envi-

ronmental changes.

FPs are thought to serve multiple functions in corals, in-

cluding maintenance of obligate symbioses with dinoflagel-

lates, quenching of oxygen radicals, and stress responses

(e.g., Bou-Abdallah et al. 2006; Dove et al. 2001; Kawaguti

1969; Matz et al. 2002; Rodriguez-Lanetty et al. 2009; Salih

et al. 2000; Seneca et al. 2010). Corals possess three FPs [cyan

(CFP), green (GFP), and red (RFP)], and nonfluorescent blue/

purple chromoprotein (Kelmanson and Matz 2003; Field et al.

2006). Expression of coral FP genes is affected by external

stimuli, such as light, heat, and injury (D’Angelo et al. 2008,

2012; Rodriguez-Lanetty et al. 2009; Roth et al. 2010; Seneca

et al. 2010; DeSalvo et al. 2012; Roth and Deheyn 2013).

Chromoproteins exhibit higher absorption and lower emission

(Matz et al. 2002; Bou-Abdallah et al. 2006) and may have

higher antioxidant activity than FPs (Palmer et al. 2009).

Although it has been reported that expression of a chromo-

protein in Porites astreoides was upregulated by heat stress

(Kenkel et al. 2011), in this study, all differentially expressed

chromoprotein genes were downregulated under increased

temperature (fig. 4C). Although it could be that seawater

temperature in this study was not increased enough to induce

upregulation of chromoprotein genes, their functions in

Porites may be more diverse, for example, maintenance of

homeostasis. Studying functions of chromoproteins and FPs

in corals should enable greater understanding of coral

biology.

Conclusions

We sequenced the complete genome of P. australiensis with

reasonable quality. We showed that homologs of all Porites

skeletal matrix protein genes exist in other corals and ane-

mones. Moreover, we revealed that conserved genes shared

with other taxa may be selectively expanded in the Porites

lineage and that these expanded genes include those that

respond to diverse environmental stresses. This suggests

that genes conserved among many organisms may have con-

tributed significantly to distinctive Porites biological charac-

ters, their massive skeletons and high stress tolerance.

Comparison of transcriptomic responses to changing environ-

ments using Porites and Acropora highlighted dynamic differ-

ences of their responses to environmental changes. Some

genes expanded exclusively in Porites, including HSP20 and

in both Porites and Acropora. Purple indicates Acropora-specific SC-HOGs that were differentially expressed. (B) Gene expression changes of SC-HOGs

differentially expressed in both Porites and Acropora, but in which expression patterns were opposite. Putative gene names are based on the Uniprot/

Swissprot database. Pink shading denotes SC-HOG gene pairs that were significantly upregulated in Porites and downregulated in Acropora. Brown shading

indicates SC-HOGs that were significantly downregulated in Porites and upregulated in Acropora. Gene expression changes compared with control

conditions are shown in a colored heatmap. (C) Maximum likelihood analysis of anthozoan fluorescent protein (FP)-like genes using 215 aligned translated

amino acids. Bootstrap values more than 80% are shown. Porites australiensis genes are shown with circles and Acropora digitifera genes are shown with

triangles. The Acropora-specific FP clade is collapsed and nonfluorescent chromoproteins are shaded in gray. Downward blue arrows indicate P. australiensis

chromoprotein genes significantly downregulated by increased seawater temperature (FDR <0.05). Chromoprotein gene clusters in the P. australiensis

genome, all of which were downregulated by increased seawater temperature, are shown in the box to the right.
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peroxidasin, respond to increased seawater temperature, pos-

sibly accounting for the different stress tolerances of these

corals. The present genomic resources, together with other

coral genomic data, will provide a powerful resource to un-

derstand the divergent ecology of reef-building corals as well

as mechanisms of coral calcification.

Materials and Methods

Sample Collection, Genome Sequencing, and Assembly

The coral sample used in this study was collected at Sesoko

Island, Okinawa, Japan, under Okinawa prefectural permit

number 20-69. Small P. australiensis colonies had been main-

tained at the Sesoko Research Station of the University of the

Ryukyus for 5 years. Because P. australiensis is gonochoric,

gonad development for each colony was checked and male

colonies were identified. Sperm was isolated from a male

colony when spawning occurred (June 11, 2012).

Unfertilized eggs were collected from a female colony (June

30, 2013) and snap-frozen until needed.

DNA was isolated from sperm using the phenol-chloroform

method and fragmented into approximately 600-bp lengths.

Two hundred nanograms of DNA were used for PCR-free

shotgun library preparation. For mate-pair libraries, DNA of

different lengths (approximately 3, 7, 10, and 15 kb) was

separated using SageELF (Sage Science). Nextera Mate Pair

Library Prep Kits (Illumina) were used for library preparation

following manufacturer instructions. Prepared libraries were

sequenced using MiSeq and HiSeq sequencers (Illumina)

according to the manufacturer’s protocols (Illumina).

Sequence data (supplementary table 1, Supplementary

Material online) were assembled using Newbler version 2.8

(Roche) with “-het” and “-large” options. Possible diploid

scaffolds were merged with HaploMerger2 (Huang et al.

2017) and further scaffolding was performed with SSPACE

(ver. 3) with “-k 3” option (Boetzer et al. 2011). Gaps inside

scaffolds were closed using GapCloser (ver. 1.10) with default

settings (Huang et al. 2017). Possible errors in genome assem-

bly were corrected with Pilon version 1.22 (Walker et al. 2014)

using Illumina shotgun data with default settings. In the end,

we identified scaffold sequences with high or low coverage or

those that may have originated from one of the two allelic

copies of heterozygous regions, using Purge Haplotigs with

Illumina shotgun data to calculate coverages for each scaffold

(Roach et al. 2018), and these were excluded from subse-

quent analyses. To check genome assembly correctness, we

mapped back 10% of randomly selected paired-end shotgun

sequencing data to the assembled genome using Bowtie 2

version 2.4.4 with the very-sensitive-local option (Langmead

and Salzberg 2012). Mapped reads and properly paired reads,

both forward and reverse reads mapped to the same scaffold,

were counted using SAMtools version 0.1.19 (Li et al. 2009).

Estimation of the haploid genome size using shotgun

sequencing data was performed using GenomeScope

(Vurture et al. 2017) with a kmer length of 29 and max

kmer coverage of 10,000. We assessed genome assembly

completeness with BUSCO ver. 3.0.2 (Simao et al. 2015;

Waterhouse et al. 2017) using the Metazoa set (978 genes).

To reconstruct the complete P. australiensis mitochondrial ge-

nome, we BLAST-searched raw Newbler assembled scaffolds

using Porites mitochondrial genomes as queries and identified

the best candidate sequence. Then the sequence was anno-

tated using GeSeq (Tillich et al. 2017).

Gene Prediction and Annotation

A training set for gene prediction was prepared from all open

reading frames in the P. australiensis adult transcriptome as-

sembly (Shinzato et al. 2014) using PASA, following instruc-

tions (Haas et al. 2003), then we trained Augustus version

3.2.3 (Stanke et al. 2006) to prepare parameters specific to

Porites. We also used Augustus for gene prediction from

repeat-masked genomes produced by RepeatMasker (Smit

et al. 1996–2010) with “–UTR¼on” option using RNA-seq

data from eggs and adults as hints (mapping both raw

RNA-Seq reads and transcriptome assembly data). We named

the P. australiensis gene models using the pattern, paus.s[s-

caffold number].g[number of gene in the scaffold]. For exam-

ple, “paus_s0019.g26,” is located in scaffold 19 and is the

26th gene in the scaffold. In order to remove gene models

that sometimes originate from different haplotypes, the pre-

dicted proteome was clustered using CDHIT (98% sequence

identity) (Li and Godzik 2006), and proteins shorter than 30

amino acids were excluded from subsequent analyses.

Predicted gene models were BLASTed against the Uniprot/

Swissprot (UniProt Consortium 2018) database and were an-

alyzed with InterProScan 5 with e-value cutoff of 1e�5 (Jones

et al. 2014).

Clustering of Orthologous Genes and Molecular
Phylogenetic Analysis

We used publicly available gene models of the two ane-

mones, N. vectensis (Putnam et al. 2007) and E. pallida

(Baumgarten et al. 2015), two corallimorpharians, A. fenes-

trafer and Discosoma spp. (Wang et al. 2017), and three

scleractinians from the “robust” clade, S. pistillata (Voolstra

et al. 2017), P. damicornis (Cunning et al. 2018), and O.

faveolata (Prada et al. 2016). Five Acropora corals, A. awi,

A. cytherea, A. digitifera, A. tenuis (Shinzato et al. 2021),

and A. millepora (Ying et al. 2019), representing the

“complex” clade, were also included in our analyses. For

the A. millepora, S. pistillata, O. faveolata, and E. pallida

genomes, we downloaded data from the NCBI RefSeq data-

base. Then, using OrthoFinder version 2.4.0 (Emms and Kelly

2015), we performed clustering of orthogroups (OGs). Genes

descended from a single gene in the last common ancestor of
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a group of species, Hierarchical Orthogroups (HOGs) were

used for subsequent analyses.

For phylogenomic analysis of anthozoan genomes, we

used 1,878 genes that were assigned by OrthoFinder as

single-copy in all of the above anthozoan genomes. All amino

acid sequences belonging to same OG were aligned with

MAFFT (ver. 7.310. with –auto option) (Katoh and Standley

2013) and all gaps in the alignment were removed with

TrimAL (Capella-Gutierrez et al. 2009) with the –nogaps op-

tion. Then all sequences from the same species were

concatenated, and finally, a maximum likelihood analysis

was performed using concatenated sequences (429,044

amino acids in length) from RAxML with 100 bootstraps rep-

licates and “protgammaauto” option.

In order to identify HOGs specifically expanded in the

Porites lineage, we selected HOGs as follows: 1) gene num-

bers of P. australiensis and P. lutea should be more than four;

2) gene numbers of both Porites species should be larger than

those of the other 12 anthozoan species used in OG cluster-

ing; 3) genes from at least 11 of 14 species were included; 4)

z-score converted gene numbers of P. australiensis or P. lutea

must be over 1.92 (P< 0.05).

For phylogenetic analysis of each gene, amino acid sequen-

ces were aligned using MAFFT (ver. 7.310. with –auto option)

(Katoh and Standley 2013), and gaps in aligned sequences

were trimmed using TrimAL (Capella-Gutierrez et al. 2009)

with the –gappyout option. After that, poorly aligned sequen-

ces were removed (-resoverlap 0.75 -seqoverlap 80). Then we

performed molecular phylogenetic analysis of the selected

alignments using RAxML (maximum likelihood method)

with 100 bootstrap replicates and “protgammaauto” option

(Stamatakis 2014).

Skeletal Proteome Analysis of P. australiensis

A colony of P. australiensis kept at the Sesoko Station of the

University of the Ryukyus, was used for skeletal proteomic

analysis. Methods for sample cleaning, skeletal organic ma-

trix extraction, and identification of SOMPs have been de-

scribed by Takeuchi et al. (2018). Briefly, the coral sample

was put in 3 L of 10� diluted household bleach solution

overnight, and then washed with water. This procedure

continued until animal tissue and other organisms on the

surface were removed (initial bleaching). The coral skeleton

was rinsed, air-dried and crushed into �2-mm fragments

with a Jaw-crusher (Retsch BB200). Fragments were im-

mersed in a 10� dilution of sodium hypochlorite 10–15%

(SIGMA) for 50 h (second bleaching or 2bl), and then they

were washed with purified water, dried, and powderized

using a rotary mill (Frisch Pulverisette 2). The powder was

sieved (pore size <200mm) and separated into two batches.

One batch was subsequently decalcified, whereas the other

was bleached in NaOCl solution again, washed, and air-

dried (third bleaching or 3bl) before decalcification.

Cleaned powder samples were suspended in cold water

and decalcified by adding acetic acid (10% v/v) with an

electric burette (Titronic Universal, Schott, Mainz,

Germany) at 4 �C overnight. The solution was centrifuged,

after which the pellet (acid insoluble matrix or AIM) and

supernatant (acid soluble matrix or ASM) were treated sep-

arately. The AIM pellet was washed with MilliQ water and

freeze-dried. The ASM solution was concentrated by ultra-

filtration (Amicon Ultracel 10 kDa), dialyzed for 4 days, and

freeze-dried. Proteomic analyses were conducted on bulk

ASM and AIM matrices after in-gel digestion with trypsin.

For MS and MS/MS, analyses were performed using an

Ultimate 3000 Rapid Separation Liquid Chromatographic

(RSLC) system (Thermo Fisher Scientific) online with a hybrid

LTQ-Orbitrap-Velos mass spectrometer (Thermo Fisher

Scientific). All technical details are provided in Immel et al.

(2016). Database searches were carried out using Mascot

version 2.4 and 2.5 (MatrixScience, London, UK) on gene

models of P. australiensis. The false discovery rate (FDR) was

set to 0.05. Proteins were treated as identified SOMPs and

further analyzed when more than two unique peptides or

more than ten total peptides were detected (supplementary

table 5, Supplementary Material online).

In order to find functional domains in SOMPs, amino acid

sequences were analyzed using InterProScan 5.3 (Jones et al.

2014). Signal peptides were predicted with SignalP 4.1

(Petersen et al. 2011). Transmembrane domains were

assessed with TMHMM 2.0 software (Krogh et al. 2001).

Theoretical molecular weights and isoelectric points of

SOMP sequences without signal peptides were calculated us-

ing IPC 1.0 (Kozlowski 2016). All programs were run using

default settings and thresholds. Sequence similarities between

SOMPs of P. australiensis and other corals, including

A. digitifera (Takeuchi et al. 2016), A. millepora (Ramos-Silva

et al. 2013), and S. pistillata (Drake et al. 2013), were evalu-

ated using BLASTP with a threshold of�e�5. We also BLASTP-

searched all protein models encoded in the A. digitifera ge-

nome (Shinzato et al. 2011) to find homologous gene candi-

dates of P. australiensis SOMPs. A. digitifera protein-coding

gene(s) significantly (cutoff �e�5) similar to P. australiensis

SOMPs were identified from the A. digitifera genome and

were used for pairwise alignments of amino acid sequences

using MAFFT with the “einsi” command (Katoh and Standley

2013). Then poorly aligned regions were trimmed using

TrimAL (Capella-Gutierrez et al. 2009). If lengths of a high-

quality alignment region between a P. australiensis SOMP

gene were longer than 40% of full-length, we assumed

that the A. digitifera gene is a putative homolog of the

P. australiensis SOMP gene, regardless of whether gene prod-

ucts were detected in the A. digitifera skeleton. The homolo-

gous gene candidate search was also conducted against the

genome of a sea anemone, N. vectensis (Putnam et al. 2007).
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Transcriptomic Responses of P. australiensis and A.
digitifera to Increased Seawater Temperature and Light
Intensity

Three colonies of P. australiensis (2 cm diameter) and

A. digitifera (2 cm branch length) were collected and three

fragments from each colony were isolated and maintained

in a tank with running seawater under natural light conditions

at Sesoko Station, Tropical Biosphere Research Center,

University of the Ryukyus, Okinawa, Japan, before starting

the experiment. Three fragments from each colony were iso-

lated and maintained in each aquarium as reported in Iguchi

et al. (2012). Seawater temperature in each aquarium was

gradually increased from 21 �C (ambient, March 11, 2016) to

25 �C in 4 days and was maintained at approximately 25 �C

for 3 days with a 12:12 light:dark photoperiod (180–

200lmol/m2/s) under metal-halide lamps (Funnel2 150 W,

Kamihata, Japan). Then two aquaria subjected to increased

seawater temperature were set to 30 �C (180–200lmol/m2/

s) and two aquaria subjected to increased light intensity were

set to 400lmol/m2/s (25 �C) for 3 days, because coral calcifi-

cation rates are reportedly saturated at about 400lmol/m2/s

(Suggett et al. 2013). Three fragments each from three colo-

nies (nine fragments total) were used for each condition (con-

trol: 25 �C and 180–200lmol/m2/s; increased temperature:

30 �C and 180–200lmol/m2/s; intensity light: 25 �C and

400lmol/m2/s). As three fragments from the same colony

of A. digitifera maintained at increased seawater temperature

died when the experiment finished, these were excluded from

subsequent analyses. Coral fragments were snap frozen in

liquid nitrogen and stored at �80 �C until use.

Total RNA was isolated from each fragment using an

RNeasy plant kit (QIAGEN) and sequenced on an Illumina

HiSeq2000 platform. Illumina adaptor sequences and low-

quality reads (Quality score <20, length <25 bp) were

trimmed with CUTADAPT v1.16 (Martin 2011). Cleaned reads

of both P. australiensis and A. digitifera were mapped to each

gene model using MiniMap v2.9 (Li 2018) with default set-

tings. Statistical tests were performed using EdgeR v3.28.1

(Robinson et al. 2010; McCarthy et al. 2012) in R v3.6.3 (R

Core Team 2015), because EdgeR permits the estimation of

gene-specific biological variation, even for experiments with

minimal levels of biological replication. As implemented in

EdgeR, prior to statistical testing, we removed genes with

expression levels below 1 count per million in at least half

the RNA-Seq samples. Then we performed normalization

with the trimmed mean of M-values method, and exact tests

between control and treated groups. P-values were adjusted

using the Benjamini–Hochberg method, and genes exhibiting

an FDR<0.05 were considered differentially expressed genes

(DEGs). In order to compare stress responses between

P. australiensis and A. digitifera, single-copy HOGs (SC-

HOGs) between P. australiensis and A. digitifera were identi-

fied. Functional enrichment analysis using DEGs was

performed on the web platform DAVID v6.8 (Huang da

et al. 2009) with default settings. UniProt IDs from all SC-

HOGs of P. australiensis and A. digitifera were used as the

background data set of the enrichment analysis, and UniProt

IDs assigned to SC-HOGs in both P. australiensis and

A. digitifera, or to P. australiensis- or A. digitifera-specific

DEGs, were analyzed. Because 99.7% of UniProtIDs assigned

to SC-HOGs had UniProt keywords, we focused on UniProt

keywords for the functional enrichment analysis. UniProt key-

words (biological process) representing P< 0.05 were consid-

ered significantly enriched terms.
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Supplementary data are available at Genome Biology and

Evolution online.
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