iIScience

Cell

A Likely Ancient Genome Duplication in the
Speciose Reef-Building Coral Genus, Acropora

A. digitifera

A. echinata

A. gemmifera
Ancient WGD in Acropora (IAsa)

o
A.subglabra
A. tenuis
Oligocene-Miocene Transition
(OMT)
Astreopora sp1
Plio-Pleistocene Holocene
Geological epoch
50 40 30 20 10 0

Important roles of WGD in Acropora

Gene 1Gene 2 ,.-

] t ['// i
Is - l‘. [ Wi
f - " b A \ \- / I'/// Wi
0o 27 r Et ,“ >
-1 u =3 % / % ,
2 ! i_ } . / \"
o
g
E
2

Yafei Mao,
Noriyuki Satoh

yafei.mao@oist.jp

HIGHLIGHTS

An ancient genome
duplication occurred in
the most recent common
ancestor of Acropora

This WGD event likely
occurred between 28 and
36 mya in Acropora

The WGD event
potentially contributes to
the origin and
diversification of Acropora

Duplications of toxic
proteins were found in
Acropora following the
WGD

Mao & Satoh, iScience 13, 20-
32

March 29, 2019 © 2019 The
Author(s).
https://doi.org/10.1016/
j.is¢i.2019.02.001



mailto:yafei.mao@oist.jp
https://doi.org/10.1016/j.isci.2019.02.001
https://doi.org/10.1016/j.isci.2019.02.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.02.001&domain=pdf

iScience

A Likely Ancient Genome Duplication
in the Speciose Reef-Building
Coral Genus, Acropora

Yafei Mao'#* and Noriyuki Satoh’

SUMMARY

Whole-genome duplication (WGD) has been recognized as a significant evolutionary force in the origin
and diversification of multiple organisms. Acropora, a speciose reef-building coral genus, is suspected
to have originated by polyploidy. Yet, there is no genetic evidence to support this hypothesis. Using
comprehensive phylogenomic and comparative genomic approaches, we analyzed six Acroporid ge-
nomes and found that a WGD event likely occurred ~31 million years ago in the most recent common
ancestor of Acropora, concurrent with a worldwide coral extinction. We found that duplicated genes
were highly enriched in gene regulation functions, including those of stress responses. The functional
clusters of duplicated genes are related to the divergence of gene expression patterns during devel-
opment. Some proteinaceous toxins were generated by WGD in Acropora compared with other
cnidarian species. Collectively, this study provides evidence for an ancient WGD event in corals, which
helps explain the origin and diversification of Acropora.

INTRODUCTION

Reef-building corals contribute to tropical marine ecosystems that supportinnumerable marine organisms,
but reefs are increasingly threatened because of recent increases in seawater temperatures, pollution, and
other stressors (Ainsworth et al., 2016; Renema et al., 2016). The Acroporidae is a family of reef-building
corals within the phylum Cnidaria, one of the basal phyla of the animal clade (Richards et al., 2013; Wallace,
2012; Wallace and Rosen, 2006). Astreopora (Anthozoa: Acroporidae) is the sister genus in the acroporid
lineage according to fossil records and molecular phylogenetic evidence (Fukami et al., 2000; Suzuki
and Nomura, 2013; Wallace, 2012). Importantly, Acropora (Anthozoa: Acroporidae), one of the most
diverse genera of reef-building corals, including more than 150 species in the Indo-Pacific Ocean, is
thought to have originated from Astreopora ~60 mya with several species turnovers (Edinger and Risk,
1994; Renema et al., 2008; Wallace, 2012; Wallace and Rosen, 2006). Investigating the evolutionary history
of this group importantly contributes to our understanding of coral reef biodiversity and conservation.
Hybridization among Acropora species has been observed in the wild (Vollmer and Palumbi, 2002), and
variable chromosome numbers have been determined in different Acropora lineages (Kenyon, 1997). In
addition, gene duplications have been shown in several Acropora gene families (Gacesa et al., 2015;
Hamada et al., 2013). Based on their unique lifestyle, variable chromosome numbers, and complicated
reticular evolutionary history, Indo-Pacific Acropora likely originated via polyploidy (Gacesa et al., 2015;
Hamada et al., 2013; Kenyon, 1997; Richards and Hobbs, 2015; Van Oppen et al., 2001; Vollmer and
Palumbi, 2002; Willis et al., 2006). However, there is no direct molecular and genetic evidence to support
this hypothesis.

Ancient whole (large-scale)-gene/genome duplication (WGD), or paleopolyploidy, has shaped the ge-
nomes of vertebrates, green plants, and other organisms, and is usually regarded as an evolutionary land-
mark in the origin and diversification of organisms (Soltis et al., 2015; Van de Peer et al., 2009; Van De Peer
et al., 2017) (Figure S1). Two separate WGD events have been documented in the common ancestors of
vertebrates (two rounds of WGD) (Dehal and Boore, 2005) and another major WGD has been reported
in the last common ancestor of teleost fish (Christoffels et al., 2004; Glasauer and Neuhauss, 2014). Mean-
while, living angiosperms share an ancient WGD event (Jiao et al., 2011; Tiley et al., 2016), and many other
WGD events have been reported in major clades of angiosperms (Soltis et al., 2009; Vanneste et al., 2014;
Wang et al., 2018). In addition, two rounds of WGDs in the vertebrates are suggested to have occurred
during the Cambrian Period, and some WGDs in plants are believed to have occurred during
Cretaceous-Tertiary (Smith et al.,, 2013; Van De Peer et al.,, 2017; Vanneste et al., 2014). Thus, WGD is

20 iScience 13, 20-32, March 29, 2019 © 2019 The Author(s).

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Cell

"Marine Genomics Unit,
Okinawa Institute of Science
and Technology Graduate
University, Onna, Okinawa
904-0495, Japan

?Lead Contact

*Correspondence:
yafei.mao@oist.jp

https://doi.org/10.1016/j.isci.
2019.02.001



mailto:yafei.mao@oist.jp
https://doi.org/10.1016/j.isci.2019.02.001
https://doi.org/10.1016/j.isci.2019.02.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.02.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

iIScience Cell

regarded as an important evolutionary way to reduce the risk of extinction (Van de Peer et al., 2009; Van De
Peer et al., 2017; Vanneste et al., 2014). However, the study of WGD in Cnidaria has received less attention
(Kenny et al., 2016; Li et al., 2018; Schwager et al., 2017; Van de Peer et al., 2009; Van De Peer et al., 2017).

Duplicated genes created by WGD have complex fates during diploidization (Sémon and Wolfe, 2007; Van
de Peer et al., 2009). Usually, one of the duplicated genes is silenced or lost due to redundancy of gene
functions, termed “nonfunctionalization.” However, retained duplicated genes provide important sources
of biological complexity and evolutionary novelty due to subfunctionalization, neofunctionalization, and
dosage effects (Conant et al., 2014; Jiao et al., 2011). Duplicated genes may develop complementary
gene functions via subfunctionalization, evolve new functions through neofunctionalization, or are retained
in complicated regulatory networks with different gene expressions due to dosage effects. For instance,
duplicated MADS-Box genes are crucial for flower development and the origin of phenotypic novelty in
plants (Van de Peer et al., 2009; Veron et al., 2006). Duplicated homeobox genes provide raw genetic ma-
terial for vertebrate development (Canestro et al., 2013; Glasauer and Neuhauss, 2014). In addition, toxin
diversification following gene duplications has been recognized as a mechanism to enhance adaptation in
animals (Kondrashov, 2012; Kordis and Gubensek, 2000), especially in snake venoms (Hargreaves et al.,
2014; Vonk et al., 2013). Interestingly, toxic proteins are involved in various important processes in corals,
including prey capture, protection from predators, wound healing, etc (Armoza-Zvuloni et al., 2016; Ben-Ari
et al., 2018), but it is still unclear how gene duplications of toxic proteins evolved in corals.

Isozyme electrophoresis and restriction fragment length polymorphism were used to identify gene dupli-
cations in polyploids a few decades ago (Fiirthauer et al., 1999; Stuber and Goodman, 1983). In the past
10 years, next-generation sequencing has generated a wealth of genomic data at vastly decreased cost
and reduced efforts (Goodwin et al., 2016; Hardwick et al., 2017). Three main methods were developed
to identify WGD, based on (1) analysis of the rate of synonymous substitutions per synonymous site (dS)
of duplicated genes within a genome (dS-based method) (Blanc et al., 2003; Lynch and Conery, 2000; Van-
neste et al., 2014; Mao, 2019), (2) phylogenetic analysis of gene families among multiple genomes (phylo-
genomic analysis) (Blomme et al., 2006; Jiao et al., 2011), and (3) synteny block identification compared with
sister lineages without WGD (synteny analysis) (Bowers et al., 2003; Dehal and Boore, 2005; Zhang et al.,
2017). The dS-based method and phylogenomic analysis only require gene family information, without
genome assembly. However, too ancient WGD cannot be detected by the dS-based method, while
gene tree uncertainty usually causes bias in the phylogenomic analysis. Both methods rely heavily on
gene family estimation and clustering. Inaccurate gene predictions (gene models) and rough gene family
cluster algorithms can easily fail to detect WGD using either method. In contrast, the synteny analysis relies
heavily on genome assembly quality. Poor assembly quality can hide the WGD signals, and some genomes
with huge rearrangements cannot be used to detect WGD using synteny block identification. Therefore,
the most credible conclusions depend on complementary evidence from different methods (Chen and
Birchler, 2013; Soltis and Soltis, 2012; Tiley et al., 2016).

Here, using all three methods, we analyzed a genome of Astreopora (Astreopora sp1) as an outgroup,
and five Acropora genomes (Acropora digitifera, Acropora gemmifera, Acropora subglabra, Acropora
echinata, and Acropora tenuis) to address the following questions: (1) whether and when WGD occurred
in Acropora, (2) what is the fate of duplicated genes in Acropora after the event, (3) what are the gene
expression patterns of duplicated genes across five developmental stages in A. digitifera, and (4) what
is the role of WGD in diversification of toxic proteins in Acropora (Figure S2).

RESULTS

Calibration of the Acroporid Phylogenomic Tree

We clustered all homologs of the six Acroporid species and found that 6,520 gene families are shared
among 19,760 gene families in total (Figure S3, see Data S1). Our previous gene family cluster analysis
of the five Acropora species showed that each Acropora genome had very few unique gene families
(<100) (Mao et al., 2018). Yet, we found that Astreopora sp1 had 836 unique gene families, suggesting
that Astreopora sp1 is genetically divergent from the five Acropora species. A total of 3,461 single-copy
orthologs selected from 6,520 shared gene families were concatenated to reconstruct a calibrated
phylogenomic tree based on the reported divergence time of Acropora (Mao et al., 2018). We found
that Astreopora sp1 splitted from Acropora ~53.6 mya (95% highest posterior density: 51.02-56.21 Ma)
(Figures 1 and S4). This result established a timescale to analyze the timing of the subsequent WGD.
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Figure 1. Ancient WGD in the Reef-Building Coral Acropora (I1Asa)

A calibrated phylogenomic tree of six Acroporid species inferred from 3,461 single-copy orthologs using BEAST2.
Horizontal bars on branches of the tree represent the timing of WGD in Acropora. The timing of IAsa was estimated at 35
mya (95% confidence interval: 31.18-35.7 mya) and 31 mya (95% confidence interval: 27.86-34.77 mya) by the dS-based
method (horizontal purple bar) and phylogenomic analysis (horizontal orange bar), respectively. Gray shading represents
the timing of one coral species turnover event, the Oligocene-Miocene transition (OMT), suggesting that |Asa. is
correlated with OMT. See also Figures S1, S3, and S4, Tables S5 and Sé.

WGD Identification with the dS-Based Method

Synonymous substitution rate (dS) analysis has been widely used to infer WGD (Vanneste et al., 2012, 2014).
We identified over 10,000 paralogous gene pairs, based on their sequence similarities, and over 10,000
anchor gene pairs, based on synteny information of each species (Table S1; see Methods). Using paralo-
gous and anchor gene pairs, we calculated their dS values and reconstructed dS distributions for each
species.

An “L-shaped” distribution was evident in both paralogous and anchor gene pair dS distributions of
Astreopora sp1, illustrating that no WGD occurred in Astreopora sp1. However, all five Acropora species
displayed a similar peak in dS distributions of both paralogous and anchor gene pairs (peak: 0-0.3),
suggesting that WGD did occur in Acropora (Figures 2A, S5, and S6).

dS values of orthologous gene pairs between two pairs of species (Astreoporaspl and A. tenuis; A. tenuis,
and A. digitifera) were estimated as the proxy of speciation time between them according to neutral
evolution theory (Berthelot et al., 2014; Zhang et al., 2017). We combined the dS values of paralogous
gene pairs of the five Acropora species and estimated the peak in the log dS distribution (modal
value = —1.82). We also estimated the distribution of orthologous gene pairs between Astreopora sp1
and A. tenuis (modal value = —0.31) and between A. tenuis and A. digitifera (modal value = —3.46). The
result indicates that the WGD occurred in Acropora before the split of A. tenuis and A. digitifera and after
the split of A. tenuis and Astreopora sp1 (Figure S7). In other words, an ancient WGD event likely occurred
in the most recent common ancestor of Acropora. Based on speciation time estimated in the calibrated
phylogenomic tree and the dS-based method (Vanneste et al., 2014), we estimated that the WGD of Acrop-
ora occurred ~35 mya (95% confidence interval: 31.18-35.7 Ma) (Table S2, see Methods). Here, we defined
this event as invertebrate a event of WGD specifically in Acropora (IAsa).

Phylogenomic and Synteny Analysis of |Asa

If the proposed IAsa is deemed correct, the ohnologs of Acropora (paralogs created by lAsa) should
form two clades from their orthologs in Astreopora sp1 by mapping lAsa onto phylogenetic trees (Jiao
et al., 2011; Marcet-Houben and Gabaldon, 2015). In other words, the phylogenetic topology would be
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Figure 2. Ancient WGD Identification (IAsa) and Timing of the Event in Acropora

(A) Frequency distribution of dS values for paralogous gene pairs in five Acropora and one Astreopora species showing
that a WGD event occurred in Acropora. Similar peaks (dS value: 0.1-0.3) in dS distributions of the five Acropora lineages
indicate that a WGD event occurred in Acropora. (Light red, A. digitifera; light yellow, A. echinata; light green, A.
gemmifera; light blue, A. subglabra; light purple: A. tenuis; light cyan, Astreopora sp1).

(B) Hypothetical tree topology of duplicated genes in the Acroporidae and the phylogeny of one duplicated gene (alpha-
protein kinase 1-like). The phylogenetic tree shows gene retention, loss, and duplications following WGD.

(C) Co-linear gene alignments of Astreopora sp1 and A. tenuis on scaffolds. The gray links show orthologs between
Astreopora sp1 and A. tenuis.

See also Figures S5-S10 and Tables S1-S3.

(((Acropora clade1) bootstrap1, (Acropora clade2) bootstrap2), Astreopora sp1), defined as gene duplica-
tion topology (Figure 2B).

We performed a phylogenomic analysis to further evaluate the proposed IAsa. Firstly, we defined or-
thogroups as clusters of homologous genes in Acropora derived from a single gene in Astreopora sp1.
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Each orthogroup contained at least seven homologous genes, including at least one gene copy in each
Acropora species and only one gene copy in Astreopora sp1. We selected 883 orthogroups from 19,760
gene families, and reconstructed the phylogeny of 883 orthogroups using both maximum likelihood
(ML) and Bayesian methods. We found that the phylogenetic topology of 205 orthogroups was consistent
with gene duplication topology supporting |Asa. We further defined the 205 orthogroups as core-
orthogroups (Table S3, see Data S1).

In particular, we found differential gene loss, retention, and duplication in Acropora lineages. For instance,
the phylogeny of orthogroup 1370 (alpha-protein kinase 1-like) showed gene retention in A. subglabra, A.
digitifera, and A. echinata; gene loss in A. tenuis; and an extra gene duplication in A. subglabra. This
implies that diversification of duplicated genes may contribute to species complexity and evolutionary
innovation in Acropora (Glasauer and Neuhauss, 2014) (Figure 2B).

To estimate the split time of the two Acropora clades that could be regarded as the timing of |Asa, we
selected 154 high-quality core-orthogroups, with bootstrap values in both Acropora clades >70 in ML phy-
logeny, to reconstruct a time-calibrated phylogeny from the 205 core-orthogroups using BEAST2 (Jiao
et al., 2011). However, we found that it was difficult for the parameters in MCMC to converge in 70 core-
orthogroups, and we only successfully dated the phylogenetic trees of 135 high-quality core-orthogroups
(see Data S1). Next, we estimated the distribution of inferred node ages between the two Acropora clades,
and found that the peak value was estimated to be 31 Ma (95% confidence interval: 27.86-34.77 Ma),
indicating that lAsa. occurred at 31 Ma (Figure S8). This result is in coincidence with the timing of the
|Asa. estimated by the dS-based method.

Intergenomic co-linearity is often used to directly identify ancient WGD and to reconstruct ancestral karyo-
types in vertebrates (Berthelot et al., 2014; Nakatani et al., 2007; Zhang et al., 2017). We performed inter-
genomic co-linearity and synteny analysis between Astreoporasp1 and A. tenuis to support |Asa. We found
that synteny blocks of 21 scaffolds in Astreopora sp1 have at least two duplicated segments in A. tenuis
(Figure S9). For example, two duplicated segments in scaffold 130 and scaffold 70 of A. tenuis corre-
sponded to scaffold 323 in Astreopora sp1 (Figure 2C). In addition, we also observed that duplicated
segments of the five Acropora species, which corresponded to the longest scaffold of Astreopora sp1,
had good co-linearity (Figure S10).

In summary, we found evidence to support |Asa with the dS-based method, and phylogenomic and synteny
analyses. Moreover, we suggest that |Asa probably occurred between 28 and 36 mya (Figure 1).

The Fate of Duplicated Genes Originating from 1Asa

Duplicated genes provide substrates for diversification and evolutionary novelty, and most of them are reg-
ulators of gene networks in vertebrates and plants (Jizo et al., 2011; Kassahn et al., 2009; Zhang et al., 2017).
We examined Gene Ontology (GO) for all genes among the 154 high-quality core-orthogroups to investi-
gate their roles in |Asa and found that their molecular functions are enriched in specific categories: trans-
porter, catalytic, binding, and receptor activity. Some of those are involved in gene regulation (Table 1).

Furthermore, we identified some duplicated genes under subfunctionalization and neofunctionalization,
possibly contributing to stress responses of corals. dnaJ homolog subfamily B member 11-like (DNAJB)
protein was shown to be involved in heat stress responses in marine organisms (Fujikawa et al., 2010;
Wang et al., 2014). Orthogroup 1247 (DNAJB) has two main domains (Ras and Dnaj domains) in Astreo-
pora sp1 representing the ancient state. Each of the two domains was independently lost in the dupli-
cated genes, resulting in complementary functions of the duplicated genes after 1Asa (Figures 3A and
S11). In addition, excitatory amino acid transporters may be related to symbiotic interactions in Acrop-
ora (Bertucci et al., 2015). Orthogroup 1244 (excitatory amino acid transporter 1-like) was predicted as a
six transmembrane protein, and a high number of mutations have accumulated in both untransmem-
brane and transmembrane regions, suggesting that new functions would be generated (Figures 3B
and S12). These examples suggest that IAsa. might participate in stress responses and symbiotic inter-
actions of Acropora. Together, these results agree with previous patterns of the fate of duplicated
genes in vertebrates and plants (Jiao et al., 2011; Soltis et al., 2015; Van De Peer et al., 2017; Zhang
et al., 2017), indicating that the IAsa possibly contributes to the species complexity and diversification
in Acropora.

24 iScience 13, 20-32, March 29, 2019
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Annotation Cluster P Value

Transmembrane 1.90 x 10°°
Death domain 3.10 x 10°°
G-protein-coupled receptor 1.20 x 1074
VIT domain 330 x 10°°
Protein kinase-like domain 1.90 x 1072

Table 1. Functional Annotation Clustering on the GO Terms of 154 High-Quality Core-Orthogroups

Gene Expression Patterns of Duplicated Genes across Five Developmental Stages in

A. digitifera

To better understand the evolution of duplicated genes, gene expression analysis across five develop-
mental stages in A. digitifera (blastula, gastrula, postgastrula, planula, and adult polyps) was carried out
(Reyes-Bermudez et al., 2016). We identified 236 ohnologous pairs in A. digitifera from 883 ML phylogeny
(see Methods) and found that these ohnologous pairs presented an interesting gene expression profiling.
We divided 236 ohnologous pairs into two clusters based on pairwise correlation of gene expression during
development (high correlation [HC]: p < 0.05; no correlation [NC] p > 0.05; Pearson’s correlation test): 25%
(25/236) ohnologous pairs in HC and 75% (211/236) ohnologous pairs in NC (Figure 4A). Ohnologous pairs
inthe HC cluster are enriched in protein kinase, whereas ohnologous pairs in the NC cluster are enriched in
membrane transporter and ion-binding proteins (Figure 4B). This result indicates that the two clusters of
ohnologous pairs potentially evolved into different gene functions. In addition, we compared dN/dS values
to investigate selective pressure on HC and NC clusters (Figure 4C), but there is no significant difference
between the two clusters (Mann-Whitney-Wilcoxon test, p = 0.51).

Evolution of Toxic Proteins in Cnidaria

Next, we investigated the role of |Asa in the diversification of toxins in Acropora. We identified ~200 putative
toxic proteins in each of the five Acropora species, and we clustered them with the putative toxic proteins of
Astreopora sp1 and other six Cnidarian species (Hydra magnipapillata, Nematostella vectensis, Montastraea
cavernosa, Porites australiensis, Porites astreoides, and Porites lobata) into 24 gene families (Table S4, See
Methods). Based on the gene family phylogeny, each of which contains at least 15 genes (See Data S1), we found
that toxic proteins have undergone widespread gene duplications in Cnidaria, and most of the gene duplica-
tions occurred in individual species lineages, except for Acropora (Figures 5 and S13-520). Gene duplications
occurred in the most recent common ancestor of Acropora in 9 of 15 gene families, potentially caused by
WGD (lAsa). For example, in gene family 1 (coagulation factor X), each species contains ~50 genes, except
H. magnipapillata and P. astreoides. Gene duplications occurred frequently in individual species lineages:
Astreopora sp1, M. cavernosa, N. vectensis, and P. australiensis. Yet, five gene duplications are inferrred to
have occurred in the most recent common ancestor of Acropora by WGD (Figure 5). These results indicated
that IAsa potentially contributed to the diversification of proteinaceous toxins in Acropora.

DISCUSSION

Ancient WGD is considered as a significant evolutionary factor in the origin and diversification of evolu-
tionary lineages (Soltis et al., 2015; Van De Peer et al., 2017), but much work remains to be done to defin-
itively identify WGD and to understand its consequences in different evolutionary lineages. Staghorn corals
of the genus Acropora, which constitute the foundation of modern coral reef ecosystems, are hypothesized
to have originated through polyploidization (Kenyon, 1997; Renema et al., 2016; Willis et al., 2006).
However, there is no genetic evidence to support this assertion. To that end, we analyzed the genomes
of one Astreopora and five Acropora species to address the possibility of WGD in Acropora and the func-
tional fate of duplicated genes from that event.

To the best of our knowledge, this is the first study to report genomic-scale evidence of WGD in corals
(IAsa). We find that large numbers of ohnologs are retained in Acropora species and hundreds of gene fam-
ilies display phylogenetic duplication topology among the five Acropora species. Meanwhile, our synteny
analysis between Astreopora sp1 and A. tenuis directly supports |Asa.. However, reconstruction of the
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Figure 3. Duplicated Genes under Subfunctionalization or Neofunctionalization are shown with phylogenetic

trees.

(A) The phylogeny of orthogroup 1247 (dnaJ homolog subfamily B member 11-like) reconstructed with MrBayes shows a
duplicated gene under subfunctionalization. Bayesian posterior probabilities are shown at each node. The bottom right
panel shows that two domains are in Astreoporasp1, but each domain was independently lost in duplicated genes under

subfunctionalization in orthogroup 1247.
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Figure 3. Continued

(B) The phylogeny of orthogroup 1244 (excitatory amino acid transporter 1-like) reconstructed with MrBayes shows a
duplicated gene under neofunctionalization. Bayesian posterior probabilities are shown at each node. Six
transmembrane helices prediction is shown at the bottom right.

See also Figures S11 and S12.

ancestral karyotype will necessitate the assemblage of genomes to the chromosome level to fully under-
stand gene fractionation and chromosome rearrangements in Acropora under |Asa (Smith and Keinath,
2015; Smith et al., 2013).

Ancient WGD is usually inferred using the dS-based method, but artificial signals in dS distributions have
been reported in previous studies, because of dS saturation (dS value >1) or using poorly annotated ge-
nomes or allelic variations or low retention rates (Rabier et al., 2014; Tiley et al., 2016; Vanneste et al,,
2012; Mao, 2019). There is an extra peak in the dS distribution of anchor gene pairs in A. digitifera and
A. tenuis (Figure S6). One possible explanation is that the extra peak is artifactual because few anchor
gene pairs were used in the analysis. However, this could also indicate a second WGD event in Acropora.
We found few orthogroups with topologies that fit the two proposed WGD events (Figure S21). In addition,
a new ML phylogeny modeling approach was recently developed to overcome shortcomings of the
dS-based method (Rabier et al., 2014; Tiley et al., 2016). We used it to test whether a second WGD occurred
in Acropora. The result showed that one WGD event is the best model in Acropora and that it occurred
30.69-34.69 mya (Tables S5 and S6; see Methods). Moreover, we applied the dS-based method on two
recently released genomes by other groups (Acropora tenuis and Acropora millepora) (see Methods).
We found similar peaks on these two dS distributions of paralogous gene pairs (Figure S22). Together,
we have genome-scale evidence to support |Asa, yet, there is no conclusive evidence to support a second
WGD in Acropora.

Itis crucial to accurately estimate the timing of a WGD event to understand its evolutionary consequences
(Jiao et al., 2011; Vanneste et al., 2014). Our study has clearly estimated the timing of |Asa using both
phylogenomic analysis and the dS-based method. We suggest that |Asa probably occurred between 28
and 36 mya (Figure 1). Interestingly, species turnover events usually occurred with extinctions (Jackson
and Sax, 2010), and one species turnover event in corals (Oligocene-Miocene transition [OMT]) was
suggested to have occurred between 15.97 and 33.7 mya (Edinger and Risk, 1994). The timing of |Asa
may correspond to a massive extinction of corals created by OMT. This finding supports the hypothesis
that WGD may enable organisms to escape extinction during drastic environmental changes (Van De
Peer et al., 2017) (Figure 1).

The occurrence of |Asa raises the question of what impact it may have had upon coral evolution (Conant
et al., 2014; Willis et al., 2006). We performed GO analysis on duplicated genes and examined duplicated
gene families, showing that duplicated genes following 1Asa. indeed provided raw genetic material for
Acropora to diversify and are potentially crucial for stress responses. In particular, toxin diversification in
Acropora was mainly generated by WGD. In addition, we focused on expression patterns of duplicated
genes in A. digitifera, showing that expressions of duplicated protein kinases are likely to be correlated
during development. A possible explanation may be that protein kinases are probably retained in complex
signal transduction pathways via subfunctionalization or dosage effects (Conant et al., 2014; Glasauer and
Neuhauss, 2014). However, expressions of duplicated membrane proteins are likely uncorrelated because
these proteins may have developed different functions via neofunctionalization, such as excitatory amino
acid transporters (orthogroup 1244). However, more work is needed to be done to investigate molecular
mechanisms of duplicated genes in order to examine these hypotheses in the diversification of Acropora
(Yasuoka et al., 2016). For instance, previous gene functional studies have demonstrated that voltage-
gated sodium channel gene paralogs, duplicated in teleosts, contributed to the acquisition of new electric
organs via neofunctionalization in both mormyroid and gymnotiform electric fishes (Arnegard et al., 2010,
Zakon et al., 2006).

Our previous study proposed that adaptive radiation in Acropora was probably driven by introgression
(Mao et al., 2018); thus Acropora is the first invertebrate lineage reported to have undergone both WGD
and introgression. Meanwhile, both introgression and WGD have also been reported in cichlid fish
lineages (Berner and Salzburger, 2015), a famous model of adaptive radiation in vertebrates (Berner and
Salzburger, 2015; Seehausen et al., 2014). Both WGD and introgression are regarded as significant forces
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Figure 4. Gene Expression Profiling Reveals Evolution of Duplicated Genes in A. digitifera
(A) Gene expression profiling across five developmental stages (blastula, PC; gastrula, G; postgastrula, S; planula, P; and
adultpolyps, A) in A. digitifera. Two clusters of gene expression of ohnologous gene pairs: HC, high correlation: p < 0.05;
NC, no correlation: p > 0.05 (Pearson'’s correlation test). Pearson’s correlation coefficients between two ohnologous
gene pairs are presented in the right panel, and lines represent average values of correlation coefficients in each cluster.
(B) Significant functional enrichments of two clusters of ohnolog gene pairs (p < 0.05, Fisher's exact test) indicate that
divergence of gene expression is associated with gene functions. Colors of the bar represent fold change values in
enrichments.
(C) Boxplot of dN/dS values of ohnologous gene pairs shows no significant difference between the two clusters (p = 0.51,
Mann-Whitney test).

in adaptive radiation of organisms (Berner and Salzburger, 2015; Van De Peer et al., 2017), but we still
do not understand the relationship between WGD and introgression in adaptive radiations (Soltis and
Soltis, 2009).

In conclusion, this study identified an ancient WGD shared by Acropora species (IAsa) that not only provides
new insights into the evolution of reef-building corals but also expands a new model of WGD in animals.

Limitation of the Study

Small-scale gene duplication continually occurs within the evolution of organisms (Maere et al., 2005), but
large-scale gene/genome duplication or entire genome duplication was regarded as a rare evolutionary
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Figure 5. Diversification of Toxic Proteins via Gene Duplications in Cnidaria

Phylogenetic analysis of Coagulation factor X in 12 cnidarian species shows wide gene duplications. Gene duplication occurred in individual species lineages
(red arrows), and gene duplications by WGD in Acropora are indicated with blue arches. Outer color strips represent 12 cnidarian species, and black strip
represents non-cnidarian species. Bootstrap values greater than 50 are shown with black dots at nodes. See also Figures S13-520 and Table S4.

event in the animals. With advanced increase of genomic data, we observed more and more WGD in ani-
mals (Van De Peer et al., 2017), such as vertebrates (Berthelot et al., 2014; Dehal and Boore, 2005; Kenny
et al., 2016), insects (Li et al., 2018), and corals (this study). Yet, it is hard to distinguish large-scale gene/
genome duplication from entire genome duplication using the dS-based method and phylogenomic and
synteny analyses without precise genomic data. For example, the second-round WGD has been argued
to be large-scale genome duplication rather than entire genome duplication (Smith and Keinath, 2015).
Hence, in this study, we defined WGD as large-scale gene/genome duplication. Our evidence from
different analyses supports the fact that WGD occurred in the common ancestor of Acropora, but there
is still lack of sufficient evidence to support the fact that the WGD is generated by entire genome duplica-
tion. In addition, the distribution of inferred age nodes (Figure S8) was not shown as a standard normal
distribution, one possible reason for which is that there is a lack of data in the phylogenomic approach.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. WGD events in evolution of the animal clade. Related to Figure 1. The
backbone and divergence time of the tree are based on various sources (e.g., Satoh,
2016). The shaded grey oval represents the uncertain position of two rounds of WGD
and colored triangles represent the corresponding divergent groups. Grey triangles
represent WGDs and the red star represents invertebrate WGD specific to Acropora
(IAsa) reported in this study.
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Figure S2. Flowchart of study design. Related to Figures 2-5. The flowchart
illustrates methods used to test the main questions in this study.
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Species Name The number of
unique gene family
Astreopora sp1 836
8558 3995 A. tenuis 44
A. gemmifera 76
A. subglabra 58
A. echinata 51
A. digitifera 48

Figure S3. Venn diagrams of gene families in six Acroporid species. Related to
Figure 1. (A). Venn diagram of shared and unique gene families in six Acroporid
species. (B). Venn diagram of shared and unique gene families between Astreopora
spl and A. tenuis. (C). The table of the number of unique gene family in six
Acroporid species.
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Figure S4. Phylogeny of the Family Acroporidae. Related to Figure 1. Time-
calibrated phylogenetic tree reconstructed based on fossil calibration and
concatenated coding sequences (7,467,066 bp in total) from 3,461 single-copy
orthologous genes with BEAST2. Branch lengths are scaled to estimated-divergence
time. Posterior 95% Cls of node ages are represented with blue horizontal bars as well
as ML bootstrap values and Bayesian posterior probabilities are shown at each node.
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Figure S5. Frequency distributions of dS values for paralogous gene pairs in five
Acropora and one Astreopora species. Related to Figure 2. The distributions of dS

values of paralogs, estimating neutral evolutionary divergence since the two paralogs
diverged, are plotted with a bin size of 0.005, showing the similar peaks (dS value: 0-
0.3) in Acropora.
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Figure S6. Frequency distributions of dS values for anchor-gene pairs in five
Acropora and one Astreopora species. Related to Figure 2. Distributions of dS
values of anchor paralogs, estimating the neutral evolutionary divergence times since
the paralogs diverged, are plotted with a bin size of 0.01, showing the similar peaks
(dS value: 0-0.3, red boxes) in Acropora and extra peaks in 4. digitifera and A. tenuis
(dS value: 0.3-0.5, blue boxes).



Acropora
A. tenuis VS Astreopora sp1
P A. tenuis VS A. digitifera

_é\ 10-
(/2]
C
[0)
©
5=
0-
00 05 1'0 1’5
B dSs
Acropora
A. tenuis VS Astreopora sp1
P& A tenuis VS A. digitifera
1.0-
>
=
(2]
C
()
©

0.5-

-6 -4 2 0
log(dS)

Figure S7. Frequency distributions of dS values for paralogous genes in Acropora
and for orthologous genes. Related to Figure 2. (A) Frequency distribution of dS
values for paralogous genes in Acropora and for orthologous genes showing that a
WGD event occurred in the most recent common ancestor of Acropora. Distributions
are plotted with a bin size of 0.01. (B) Frequency distribution of log dS values for
paralogous genes in Acropora and for orthologous genes. Distributions are plotted
with a bin size of 0.05.



0.03

25

0.025
20 ~
0.02
15 +
> W)
: £
o 0015 o
o =
5 <
10
0.01
5
0.005
-40 -20 0 20 40 60 80 100

Figure S8. Node age distribution of IAsa. Related to Figure 2. Inferred node ages
from 135 phylogenies were analyzed with KDE toolbox to show the peak at 30.78
My, represented by the black solid line. The grey lines represent density estimations
from 1000 bootstraps and the black dotted line represents the corresponding 95%
confidence interval (27.86 - 34.77 My) from 100 bootstraps.
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Figure S9. Synteny blocks between Astreopora spl and A. tenuis. Related to
Figure 2. Only co-linear segments with at least 8 anchor pairs are shown in between
the top length 100 scaffolds of Astreopora spl (Left side) and the top length 200
scaffolds of 4. tenuis (Bottom). Only the scaffolds of Astreopora spl representing
duplicated segments with 4. fenuis are shown. The duplicated segments on different
scaffolds are covered with red boxes. The duplicated segments on the same scaffolds
are marked with red arrows.
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Figure S10. An example of synteny blocks between Astreopora sp1 and the five
Acropora species. Related to Figure 2. Only co-linear segments with at least 8
anchor pairs are shown in between the longest scaffolds of Astreopora spl (Left side)
and scaffolds of other five Acropora species (Bottom). The red box represents the
retained the duplicated segments.



oo o3 162sst11-1539M.

GaarLve GKGLF GNFERSKILNS 8k KKDDVD- ROGSWGUNSERTSFE SV 0y WSYHNLRTRAKY LG NN LEDC LR OANMEMFDMEFOFR P AANCLSRWYGLKEFLYITPAEDADTVY SESKCHLLLSS 1GIAATN S

D600 E VO EV FE1TDFTTSS EWER FAARLEG LT EWK LDGT NKKK §T 5x GKE LFNNF EKSKENP 1BKKV EvD £ i € GSWGY | SER TS FGNANE 1V SYHHLRTR XK S HGK K 5 K0T €0 EDC L ANMENFDME FOFPPRAHCLSRWYGEKER Y VI SPAEDAcAV | T ESKEOLLLSS IGIARTH 55
ocooe GXELENNEEKSK LR 1R AKKY EVD ER£GIWGY | 3ER 13FNANE VSV HHLRT R KK SHGXK SKGT £DLEDE LRHANMEN FOUEFOFRFRANC LS RWYGLKEFVY | SRAEDA AV I T ESKEQLLLESIGIART 1o

00006 DEVFEITDFTTSS EWER FARRLEQLL I EWK LDGT M. KK SASKGKELENNEEKSKLNS 1B HKKY LSEGNANE | VaYHHL KT EOL £ L ANM EIF DM E £ 0F 5 R AHE LS RWY G LKEF YW1 20 AEDAEAV 17 ESKERLLLSS1G1ANTN I

ARPHEO000 00820 111347 H
Censcon00132.18201/1357 H

oo 63.918268.11/1:1533 SKET Y 0B T LGOWRRY Y GLETGGGFRTIFQ 1 S5 kB SV GHLAGLL [ FROKLACH I SPMBVT LTVRFTYVLOEWT BY AWPQERPBL SSCLECT VGV L < caop L
Amwnkvl\xmmugszuu 47 VT LTVR 1YV UNEWADY SWRG 77 DF S 5CLECKYVGY SNLKT LA FGACQDP Ll

|.mwmss NSVYSDLDPCHAPQWSYRAKMS ENPQCLLGElGGYIT LCHRQEST 38

IneScO000126.523664 1711094 SKEAV P | EAN | LOGWR | ¥WGLE 1GEGFATT £ umsQ L H 1P S0V GHEAGL LD FKBKLACH | SPMP PV LTVRETYVLNEWADY SWPQ PP P SSCLECKYGY SNLKT LP FGACQDP L il
X 000058 5513481/ 305 SKEATE ) EAN | LOGWAN | ¥IGLE] GOGENTT Rimasq LN 1P SaY GHLAGL LD EKDKLACE | SEMPRVE LTV 1YY LN EWADY SWEQEPPOP 3 SCLECKVOYSNLET LA FaACROP Ll
A SUbqbisc0000147 02582511/1.990 SKCA 1B | EAM I LOGWRR | ¥1GLC I GGGERTT FHMSOLANIP SOYGHLAGLLO | FKDKLACP | SPMPR YT LTVR FTYVLNEWADY SWPO EP PO SSCLECKVGY SNLKT L FGACODP L
Renblsc0000132917801/1-1092  SKEA 1B | EAHVLAGWRR | VHGLE | GGGFRTTF L 13Q LAHIF8Q Y GHLAGLLOI FKBKL VELTVRFT YV CNEWS DY SWRQ EFR DR 5 5CLECKY GV SNLKT L
0000236 5229111 357
e co00126 236621171377
o 1

LS TWP CLS EEV I VONS VY 5D LDP CHAPQWS LR AKMS ENPOCL LG E Ml oY T LCHAGE ST 30
LSTTWP CLS EEV I VONS VY SDLDPCHAP QWS LRAKMS ENPOCLL 300
Srrwrciseev

Acaor iR

NSVYSDLDRCHAR AWSLRAKMS ENPQCL LG ERGY 1T LCHRGEST 200

enisc0000132 1821171357

o8| 61918260011 1522 A MBBO RN LAD | THALGR LT EAFPVAS ST AVSHAT S BN €0 S PB1F N LSE T L HLFPOABIOLEDLE | AQUEL s FoRAEN K AKECNARG X 15 LKS AP €05 LT FFLAVCYC 1YY KUY GG LAAVAN UG EFYLEMA Y RWEND

KLaAPNLGSCLYHaK LEMso

MG LLKNT (MDODHNLAD I THALQR LT EARPVASLSSAVSHAT St || GOSS LDEVP IPGKLLSE | LGHLERDADQNLEDLETVOQELLF AKMES ENOAKEENIGO0K RS LK AR EDSLTF T LAVGC1VYRSYGQLRAVANLWAEFVLEMAFRWEND £ 17 LXLOARNLGSCLLHOK LOM O}
:;m;\;;‘ggg‘g;;;gz;;f;;;‘/;ngg MG L4 TV MDOONNLAD I THALQR LY EARPYASLS SAVSRAT S0 B OS2 LDEYP I PGKALSELLQHLERDADGDLEDL LY AQQ ELLEAKMES ENOAK EENIGQ 0K RS LK S AR £05LTFFLAVGIC1VYNoYaQLRAVANLWG EFVLEMA FAWEND |7 | AR LK LOAR 516 ict LHak LaMan
K msaihessontazazsazs om0 LT DA L A AL A SR S RG0S e D EK L LS E 1 LQIIL rONDQDLEOLET VAR EL LEAXMES ENDAKE ENIQ . . o : G
Ao ST 52 i vBOHM LA D) HAL R LT EARRUAS LAY SAr Sn L 0SS DEe bk LS )L IE DD Eat EhAa L FAKMES NS AN E IR ok P 5LKSAF €0 5LT 7 LAVE €1V HSYE0 Lk AVAR LW EFVLEMRVAWERD 18 LiLoAT R e3¢ Lok SNy
Asco0Te G 337 ‘H e
Rechco0001 36923682411 377 H A v
Raemicovonaos g150iz /1357 M v
AEUbO0360 92229111 347 M A v
0000153 3182.411.337 - - B A - . - = . . - . v
oot gtezse 533 BB ERKRUSKIRTASERATH LS. K7 €y M v o SNTR L ST050 83 SODEERFEAVE S 0B Er Exclinm ENFK 1 cTOSDY INONSC scHuT 1o CKAEGEK Er FOOURLLVSGERL UEITaEr ArUT EOMLEEOAL LT LGT SV EGATVAAGHACAS LL30MEA P
RO sco000052 2011847 - JINB L ERKA LS 1T ASLQF STNVNKNSGTR | P NAT SNMES SRKSDANTA LESTGS058 1 SODEETFEALENDDES EKET RNY FENEN | EGKTNS05D T ENSNENNASHY - KR &
Cinsaicoonorzegrsoat 1711050 JNBHL)Eh KA L SR 1ATAS L FSTNUNKNSGT R L P NNT SNMES LRKSDSNTALESTGQ8 41 S00EEFFEALENGDENEXE XNk Y EENEN LK GXTN302D] ENSNONNA i1 e
p Toco000547 o411/ 565 VBB | ERXRLSK RTASLOE TN | NKNSGR R |5 NNT SNMES SR SDSNXALEST G088 1 S0DEEFFEALENGDES £X EARNY FEN N )£ GKT X SDED I ENSNDNNA SuY o
R imaeconont 7 51553511350 [N L €A KA LS | AT ASLQE ST | NKNSGAR § P AT SHMES SRKSDANTA LE2TGS0441 S0DEEF FEALENQDE S EKET RNY FENTN £GkTNS0501 ENSNDNNASHY KR
K001 291 70/1-1052  [INB1 ERKALSK 1RTASLQF STNVNKNSGT R 1P NNT SNMESCAKSDANTRLESTGS055 1 SD0EEFFEALENGDENEKET RNY FENENI EGKTNSDSD T ENSNONNASMS- KREGGR ELFGDLKLLYSGER LYV 17 - . o
haifec00330 a0 i B 1
pripeare oI - 1)

iR v - »
A onooss0 otz 347 i »
Aemkco000132 318251/ 337 iR H

IG5 13601/11533 AN G LLEDT VWY S1 0N 0P 1 £EE 1 £ELKR LT SHERDSKES STEVTANT SEY S LDENOT EE 1 £ 70D TTSOAKS LUAKAKAGNY EELOVY I KWREEGHL SYAMA [P GNMVAEYWO SARPYPVRRGK LrOE Tk € X AT EONLEEGREY LT LETSECARV KOG At
Shoe
EPAPMIT EDMLEEGAE | LTQLGT SV EGARVAAGNG SATID

enisc0000132 9182:1/1-357

g1 62.91826811/1-1523 S L SO EAFRARNP GE L L EDFVAWY SPFOWI LGF ET £ EETEELEX LK 5w ERDSXE S STPYT KT SEVS L oEGUDTEETET» DED! 17 sORKSTMAXAKAGNY & £EQVS | KWREEGHLS | KNAT PGHHNA EVVQSARPYPYRRQK KL FOETKENEKV LHFLAG L KPREVATQLFRVEENRAVL 100
N encoon00ss a1y > L SOMEAFKAAND GEL L EDEVAWY 35 F oM L EEL R LKA EKASEER ST PVAATY SERSERECWDT EE1 ] pris VEVRRGKRLFDETKEAEKY LNFLAGHKEAEVAFGLEPYLLRARY i
im0t 36 aaaAr 1 1094 51 LS DMEAFKAAND GE L EDFVAWY 1 1 DU L EELER LKNNA KA SRR ITRVAATYSEASECEaWDT EE1 ] M VTV RRGXRLFDETKEAEKY Lir LAGHKPAEVATaLIPYLLAARYL o
g om0sT oAt /1.908 5L L IOWEATKAAND GC L LD FVAWY S F oW1 LGP ETQEE L EELER LKNNAEKASEED ShPVAATYSERSFGEGWDT EE1 £ ADEDLY K DAK S LMNEAKACHLDQLAD AKWR EEGIHL3 | MR | b CAMMY VA SARD VOV RRGKN L7 DETKEREKY LiE L AGHKEAEVAFQLEpYL LAY Lite
a7 ASuss 1/ £ LS DIEATKAANE G LLED PV ANy S7 DM I LG £TQES 1 EELERLKNNAEKASEER S0Py AATY S EA ST GECWDT££1E 1 ADEDLY SKDAK S AN EAKAGNLDALaAR KW £ £ G 3L AMA | CMIY EVWG SAREVEVRRGKR L7 BETKEREKY L LACHKRAEVATOLTPYLLAAAYL TS
T casoon 130 1038 5 LL3OMEAFKAANP GELLEDFVAWY S F oW1 LGP ETQEF| EELENLKNNAEKGSEER SH PV EATVIEV SFGEGWDT EE 1 EIADEDLY KDAKS LMNEAKAGHLDALAP AKWR EEGHLSUAMA | PGRT WY EVMGSARPVPVRRGKNLFDETKEREKY LHF AGHKPAEVAFGLFPYL LAAAY Lo
A conoassag 357
000126 423662411 377
prospere it
R otsso i 34
Nencoooo 333182017 537
opolcatold16391626811/1-1523 T EEAGARDTPAVA s LUKV £ KASKUSHAPQDE . LCEEFVKQUQTCELVVARA SUR KFGDAL s oK €T TDKDV ENFLSALMEKP V¥ IGAGRGPAGR LG L ARQESARHQF TV DES - B e o s cavenc | R GRS
B T e T HEEEH PR B Y
B e e R e A R e 3aan1sar s aorr ; IR IS B
g omos oAt 308 1§ EAGARD | EAVAE L L DRV LOKA KL SWEMFDLTQCEEFYKGLaLEELVVARANSLRYKFQDAL L. KCT ETDKDVENF L IALMENF £VTV1GAGR G Ach A GanneaTirar i HARAAHI et ¥ 1Y
D T L I e R T e e SRR T e e o S
csooan a2 11098 . R EEAGAR D1 P AVAF LLOKY LoKA K LI EMPQDLTQEEEFVKQLGLCELVVARAN LRYKFYDALY. KGT ETDKOVENFLIALMEKP EVY1CAGR GP AGRY LNCLFYKQE LARMAF CADESP FPNAGGRHSAT LraorF IF T
aconna0 00 135 2o
pee e N o
prodper et N Eh
AR oteso i 34 N o
Vencoooorss 318311 557 LEACRRrv AL VIR AR RSN IA RN
Ktopracafold163 9182681111533 KWHBDK NK E0P KAQ £k FQDEERAY EV LT DE EKRRTYD S HG EEGLKNHSGGG0P PR SRl oSN RS NG EVT LEE LY KGN L EV LR PPYTETV G TaLrcnrausevoicoe eV
Nicsoasoms i a4y H i o by
N ek o H [ e o e
o005 13411563 [ b i) o e
Ao R T 1ol i Y| IR rarim b
Koo 307 H et JiE
o0 5 KWWBDKNKDDP KAQ E R FaDEERAY EV LT DEEXRRTYOTHG E £k nnlfscaor Pl SBFCEr ol canomsiion evencsoiuMoLEVT L LY NG F1EV SR PP VK ET 1 SGTRKCNERG EMRTTO LGP R FaW P VD1 COECHRVTYVTKEKLLEVEDT
AT Eco000 S GISRGI I 271 KBk NK EODKAG E R FaDRBRAY EV LT DEEXRATYOTHGE EaLXNlsGeann oA v+ 57 7kiatasiicict e cllrcllir  GaanaHaR EV bR asD ! WADLEVT LEELYNGNE | EV SR EKPVKET | 36T AKENERG EMATTaLGD G FQMIPYD | COECRRVIYVTKEXLLEY Eabt
Aoscoo00rsattl 357 v VLT oEExRRT Yo Ner re LK N ccor iF H TG AG N MR EV PR C3D MMDLEVT LEELTNGNE | EV SR FKPVKET | SCT RKCNCRG TR T TaLGr GR 1AM SFYD1COECRAVEYVTKEKLLEV EIns
csooosso At a7 RETR M R 1 H 7 QMR £V hc30 1 MIDLEVT LEE LY NGNE | EV SR FKPVKET | 36T AKCNCRG EMATTa LGP G FaNEP YDl COECPRVIYVTKEXLLEY Ed
o AR RN E R R i H G A G MR EV P RCaD ) MM LEVT LEELTNGNE | EV SN FKPVKET | SCT RKCNCRG TMRTTaLGR R TaMSFVE1CoECRAVIVVIKEKLLEY E
copouscafodne 182681111533 T EPGHHBGG EVS' | KEGERH | BGERGBLKEW v ELRH ¢ REGRKEBBLVINVY | L iTweean ERNN KGBEVITEGY ¢ FFRGGTED ¢KERTK s TIKG0 sRAYNGL
e
Iralco000 36 EARaA 1/ 1054
X Sesio000s e atai 11565
Caaieo000 37 SRS 530 [P ™ iwvitaoan -
X iecosoors3 g R 1 1053
e P GMNDGEY P VA£G EPHYDGEP GD LK 1 1K ELRHDR FORKGDD LY TNV YT ILDATING F EMD T LHLDGHKV VYR EX 1 TWP GAK | KKK EEGMP NY ENNN | KGDLY 177D AP RGGLEDNDK EALKN | LK S5 HQKAYNGL .
AT icoo00 Sa ateat a7 | P GMMDGREVD FVAEGEE IV DGERGDLKE | | KELANDR FARKGBDLYTNVT VY HL DANNGE EMD ] LHLDGHKYIVYA EX | TWh A | KKK EGMENY ENNNIKGDLY |1 FD1AFFRGGLEONDKEALKN I LKA 35 NaKAYNGL
O 1 R T T B S 4
T aanstasissoin s | EbCHNOC EVE FYAECER My DG K ELRHDR FQRKEDDLY TAYTVT I LDALNGE EMD 1 LHLDGKKY NV EX | WD GAR § KKK EE P NY ENNN I KGDLY 1T D1 L PR CaLEONDK ECU - VK33s b4
OO0 SN S L ERCMNDCREN R FVA TG TN DGR GBLKT 1 X ELRHDRFARKEDDLY TNV T VT LLDALNGE ED 1 1L DaHKYHVY A £ | TWh GAR | KKK E £OMENY ENMN K GBLY T FB1E P RaeL EONDK EA LN Y LKG 37 Mok ¥iEL =

Figure S11. Alignment of orthogroup 1247 (dnaJ homolog subfamily B member
11-like) showing the independent loss of the domain in duplicates. Related to
Figure 3.
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Figure S12. Alignment of orthogroup 1244 (excitatory amino acid transporter 1-
like) showing mutations on transmembrane and exposed regions, suggesting that
new functions would be generated. Related to Figure 3. Exposed regions are
shown in yellow.



Figure S13. Phylogeny of the toxic protein, Ryncolin-4. Related to Figure 5. The
phylogeny was reconstructed using ExaML and bootstrap values are shown at each
node. Gene duplications caused by WGD in Acropora are shown in cyan.



Figure S14. Phylogeny of the toxic Astacin-like metalloprotease. Related to
Figure S. The phylogeny was reconstructed using ExaML and bootstrap values are
shown at each node. Gene duplication caused by WGD in Acropora is shown in cyan.
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Figure S15. Phylogeny of a toxic protein (Putative lysosomal acid lipase/

cholesteryl ester hydrolase). Related to Figure 5. The phylogeny was reconstructed
using RAXML and bootstrap values are shown at each node. Gene duplications caused
by WGD in Acropora are shown in cyan shadows.
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Figure S16. Phylogeny of the toxic putative endothelial lipase. Related to Figure
5. The phylogeny was reconstructed using RAXML and bootstrap values are shown at
each node. Gene duplications caused by WGD in Acropora is shown in cyan.
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Figure S17. Phylogeny of the toxin protein (DELTA-thalatoxin-Avl2a/DELTA-
alicitoxin-Pse2a). Related to Figure 5. The phylogeny was reconstructed using
RAXML and bootstrap values are shown at each node. Gene duplication by WGD in
Acropora is shown in cyan.
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Figure S18. Phylogeny of the toxic protein (DELTA-actitoxin-Aasla). Related to
Figure S. The phylogeny was reconstructed using RAXML and bootstrap values are
shown at each node. Gene duplication by WGD in Acropora is shown in cyan.
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Figure S19. Phylogeny of the toxic protein (Phospholipase-B 81). Related to
Figure S. The phylogeny was reconstructed using RAXML and bootstrap values are
shown at each node. Gene duplication by WGD in Acropora is shown in cyan.
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Figure S20. Phylogeny of the toxic snake venom 5'-nucleotidase. Related to
Figure S. The phylogeny was reconstructed using RAXML and bootstrap values are
shown at each node. Gene duplication by WGD in Acropora is shown in cyan.
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Figure S21. Phylogeny of orthogroup 434 (somatostatin receptor type S-like)
shows duplicates are under two WGD topology. Related to Figure 1. The
phylogeny was reconstructed using MrBayes, and Bayesian posterior probabilities are

shown at each node.
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Figure S22. Frequency distributions of dS values for paralogous gene pairs in
two new released genomes: (A) Acropora millepora and (B) Acropora tenuis.

Related to Figure 2. The distributions of dS values of paralogs, estimating neutral

evolutionary divergence since the two paralogs diverged, are plotted with a bin size of
0.005, showing the similar peaks (dS value: 0-0.3) in Acropora.



Supplemental Tables

Table S1. Numbers of gene pairs in the paralogous gene pairs and anchor gene
pairs datasets. Related to Figure 2.

Paralogous gene pairs Anchor gene pairs

(<=20 gene families) (<=20 gene families)
Total numbers | Total numbers (0<dS<2) | Total numbers | Total numbers (0<dS<2)

A. digitifera 39827 8249 46559 1958
A.echinata 47299 10948 54956 2530
A. gemmifera 48051 11093 56972 3299
A. subgrabla 50852 12077 44093 2380
A. tenuis 34097 6635 28073 1488
As”:lffom 49135 13648 52481 3033

Table S2. Peak value estimations of dS distribution by KDE toolbox. Related to

Figure 2.
Astreopora spl_A. . o
. A. tenuis_A. digitifera | Acropora WGD
tenuis - -
Peak age 53.6 14.69 35.01458704
log2(dS_paralog peak) -0.314 -3.4596 -1.8165
95% HDP log2(dS paralog peak) (-0.22031,-0.33195) (-3.4008,-3.5141) (-1.7606,-2.1261)
95% HDP Age NA NA (31.18,35.7)

Table S3. Numbers of gene family in orthogroups, core-orthogroups and high-
quality core-orthogroups. Related to Figure 2.

Numbers
Orthogroups 883
Core-orthogroups 205
High-quality core-orthogroups 154

Table S4. The number of putative toxin proteins in 12 Cnidarian species. Related

to Figure 5.
Gene A digitifer Aechi 4 9 /bq.l A. Axrr.eo mf‘g;ni _M' N P . s P.
family Query_name . digitifera .echinata . gemmifera subgla tenuis pora papill cavern vecfen astreoi a.ustr.a lobata
bra spl ata osa Sis des liensis
Gene Coagulation
family_1 factor X 52 48 52 58 50 49 12 39 56 7 46 34
famy 2 | Romeolin-s 48 45 37 62 38 29 0 23 46 5 24 | 29
Gene Astacin-like
family_3 metalloprote 28 23 25 26 30 33 36 20 60 6 31 14
ase toxin
Gene Reticulocalb
family 4 in 18 15 14 14 18 20 5 16 18 6 19 17
Putative
lysosomal
Gene acid
family 5 lipase/choles 10 10 10 11 7 13 4 6 5 4 5 5
teryl ester
hydrolase
Gene Venom
family 6 carlz:;;:lﬁeste 8 6 9 7 7 17 1 5 14 3 8 4
Gene P(;ltal:ivle_: |
family 7 en liol:a:ela 11 1 1 17 11 25 2 2 5 1 4 5
DELTA-
Gene thalatoxin-
family 8 AvI2a/DELT 9 5 7 12 11 13 0 2 5 2 2 0
- A-alicitoxin-
Pse2a




Gene Venom
family 9 phosphodiest 5 6 6 6 5 7 1 7 9 3 5
erase 2
Gene DELTA-
family 1 actitoxin- 3 4 5 5 4 3 0 1 0 1 5
0 Aasla
Gene family 11 7 5 2 3 2 2 1 1 1 1 2
Gene .
family 1| Phosphotipa 4 2 2 2 3 4 0 3 3 3 1
2
Gene Venom
family_1 dipeptidyl 5 2 1 2 2 3 2 4 3 0 0
3 peptidase 4
Gene Hyaluronida
family 1 se-1 3 2 2 2 2 2 1 2 2 1 2
4
Gene Snake
family 1 venom 5'- 1 1 2 4 2 2 2 1 1 1 1
5 nucleotidase

Table S5. Likelihood of multiple WGDs hypotheses in Acropora using WGDgc
method with gene counts data. Related to Figure 1.

WGD event(s) Likelihood Likelihood Ratio Test P_value
0 -38731.86 0VS1 7.66E-05
1 -38724.04 1VS2 0.01248965
2 -38720.92 2VS3 0.05990546
3 -38719.15

Table S6. Likelihood of different times of WGD under one WGD event in
Acropora using WGDgc. Related to Figure 1.

Time of WGD Likelihood
18.697005 -38724.14
22.697005 -38724.09
26.697005 -38724.06
30.697005 -38724.04
34.697005 -38724.04
38.697005 -38724.06
42.697005 -38724.11
46.697005 -38724.2
50.697005 -38724.35




Transparent Methods
Species information, genomic data and gene families cluster

Data can be accessed at: http://marinegenomics.oist.jp,
https://przeworskilab.com/data/ and
http://comparative.reefgenomics.org/datasets.html (Bhattacharya et al., 2016). The
Acropora species information in this study was described in our previous paper (Mao
et al., 2018). Information about Astreopora spl was described previously (Suzuki and
Nomura, 2013). Astreopora spl was sampled, sequenced, and assembled in the same
way of Acropora species (Shinzato et al., in preparation). Transcriptome data of A.
digitifera across five development stages was described previously (Reyes-Bermudez
et al., 2016). Protein sequences of the six species were combined to perform all-
against-all BLASTP approach to find all orthologs and paralogs among six species.
Then, OrthoMCL was used with default settings to cluster homologs into 19,760 gene
families according to sequence similarity (Li et al., 2003).

Single-copy orthologs and reconstruction of a calibrated phylogenomic tree

A custom python script was used to select 3,461 single-copy orthologs with
only one gene copy in each species. For each sequence alignment of single-copy
orthologs, coding sequences were aligned with MAFFT (Katoh et al., 2002) as
described previously (Mao et al., 2018). Then, the concatenated sequences of 3,461
single-copy orthologs were used to reconstruct the phylogenomic tree (species tree)
with BEAST?2 (Bouckaert et al., 2014). First, we partitioned the concatenated coding
sequences by codon position. Molecular clock and trees, except substitution model,
were linked together. Then, divergence time was estimated using the HKY
substitution model, relaxed lognormal clock model, and calibrated Yule prior with the
divergence time estimated in our previous study. We ran BEAST?2 three times
independently, 50 million Markov chain Monte Carlo (MCMC) generations for each
run, then we used Tracer to check the log files and we found that ESS of each of
parameters exceeded 200.

Orthogroup selection and detection of a WGD event with dS analysis
(a) dS distributions of paralogous gene pairs

Paralogous gene pairs of each species were identified by all-against-all
BLASTP approach and then OrthoMCL was used to cluster paralogs into gene
families for each species (Li et al., 2003). Gene families with fewer than 20 genes
were used to calculate dS values. Each gene pair within a given gene family was
aligned with MAFFT (Katoh et al., 2002) and aligned sequences were used to
calculate dS values with Codeml package in PAML with parameters: noisy =9,
verbose = 1, runmode = -2, seqtype = 1, CodonFreq = 2, model = 0, NSsites = 0,
icode = 0, fix_kappa = 0, kappa = 1, fix_omega = 0, and omega = 0.5 (Yang, 2007).
The dS distribution of each species was plotted in R (Team, 2013). All processes were
run in the GenoDup (Mao, 2019). In addition, in order to avoid bias of genomic data,
GenoDup (Mao, 2019) was applied to the two recently released genomes (Acropora
tenuis and Acropora millepora).
(b) dS distributions of anchor gene pairs

We used MCScanX with default settings (except for match_size=3) to find
anchor gene pairs based on synteny information for each species (Wang et al., 2012).
Each anchor gene pair was aligned with MAFFT (Katoh et al., 2002) and aligned
sequences were used to calculate dS values with Codeml package in PAML with
parameters: noisy = 9, verbose = 1, runmode = -2, seqtype = 1, CodonFreq = 2, model



=0, NSsites = 0, icode = 0, fix_kappa = 0, kappa = 1, fix_omega = 0, and omega =
0.5 (Yang, 2007). The dS distribution of each species was plotted in R (Team, 2013).
All processes were run in the GenoDup (Mao, 2019).
(c) dS distributions of orthologous gene pairs

We used MCScanX with default settings (except for match_size=3) to find
orthologous gene pairs based on synteny information between Astreopora spl and 4.
tenuis, and between A. tenuis and A. digitifera (Wang et al., 2012). Each orthologous
gene pair was aligned with MAFFT (Katoh et al., 2002) and aligned sequences were
used to calculate dS values with Codeml package in PAML with parameters: noisy =
9, verbose = 1, runmode = -2, seqtype = 1, CodonFreq = 2, model = 0, NSsites = 0,
icode = 0, fix_kappa = 0, kappa = 1, fix_omega = 0, and omega = 0.5 (Yang, 2007).
dS distributions of all species were plotted in R (Team, 2013). All processes were run
in GenoDup (Mao, 2019).

Detection of a WGD event using phylogenetic analysis

A custom python script was used to select the 883 gene families, including
one gene copy in Astreopora, one gene copy in each of the five species and at least
two ohnologs in one of five Acropora species, as orthogroups. Ohnologs are defined
as paralogs originating from WGD.

For each of the 883 gene tree reconstructions, we used MAFFT (Katoh et al.,
2002) to align amino acid sequences of each single-copy ortholog. We aligned coding
sequences with TranslatorX (Abascal et al., 2010) based on amino acid alignments
and we excluded the single-copy orthologous genes containing ambiguous ‘N’.
PartitionFinder (Lanfear et al., 2012) was used to find the best substitution model for
RAXML (Version 8.2.2) (Stamatakis, 2014) and MrBayes (Version 3.2.3) (Ronquist
et al., 2012), respectively.

Then, 205 orthogroups, for which phylogeny matched the duplication
topology (A4streaopora, (Acropora, Acropora)), were selected as core-orthogroups by
eyes. The 154 high quality core-orthogroups, for which clades’ bootstrap values in
ML phylogeny exceeded 70, were used to perform molecular dating with BEAST2
based on the calibrated phylogenomic tree (Bouckaert et al., 2014). Molecular clock
and trees, except substitution model, were linked together. Then, divergence time was
estimated using the HKY substitution model, relaxed lognormal clock model, and
calibrated Yule prior with the divergence time from our previous study. We ran
BEAST?2 three times independently, 30 million Markov chain Monte Carlo (MCMC)
generations for each run. Then we used Tracer to check the log files. 135 time-
calibrated phylogenies with ESS values exceeded 200 were selected.

Estimating peak values in dS distributions and inferred node ages’ distribution with
KDE toolbox

Each distribution was estimated using KDE toolbox in MATLAB, as
described previously (Zhang et al., 2017).
(a). Estimating peak values in distributions

To estimate the age of WGD within dS distributions, we assumed the peak
value in orthologous gene pair dS distributions as the split time between two species:
the split time between Astreopora spl and A. tenuis is 53.6 My, whereas the split time
between A. tenuis and A. digitifera is 14.69 My. Before we used the kde() function in
KDE toolbox, we first truncated dS distributions to avoid estimation bias due to
extreme values: the dS distribution of orthologous gene pairs between Astreopora spl
and 4. tenuis was truncated with a range from -1 tol while the dS distribution of



orthologous gene pairs between A. tenuis and A. digitifera was truncated with a range
from -5 to -2. Then, we used the kde() function in KDE toolbox to estimate the peak
values of these two dS distributions as -0.314 and -3.4596, respectively. Moreover,
the distribution of Acropora paralogous gene pairs was truncated with a range from -4
to 0 and we estimated the peak value of this distribution as -1.8165. We also used
bootstrapping to estimate 95% confidence intervals (Cls) of Acropora paralogous
gene pairs distribution as -1.7606 to -2.1261 (31.18 to 35.71 My). For bootstrapping,
we generated 100 bootstrap samples for each distribution by sampling with
replacement from the original data distribution (49,002 samples in the original
distribution) with the sample() function. We estimated maximum peak values for each
100 bootstrap samples. Then we sorted maximum peak values and values of 6 and
95" rank were used to define the 95% CI.
(b). Estimating peak values in distributions of inferred node age

To estimate the age of WGD in the distribution of inferred node ages, we used
the kde() function in KDE toolbox to estimate the peak value as 30.78 My, and we
used bootstrapping to estimate the 95% Cls as 27.86 to 34.77 My. For bootstrapping,
we generated 100 bootstrap samples from the distribution by sampling with
replacement from the original data distribution (135 samples in the original
distribution) with the sample() function. We estimated maximum peak values for each
of 100 bootstrap samples. Then, we sorted maximum peak values and values of 6™
and 95" rank defined the 95% CI.

Maximum likelihood approach to detect WGD with gene family count data

First, we filtered gene family cluster data generated by OrthoMCL described
above (Li et al., 2003). The gene family, including only one Astreopora spl gene and
at least one gene in each of the five Acropora species, was counted. Then, we used the
WGDgc package in R to estimate log likelihood for parameters (0, 1, 2, 3) of WGD
event(s) with setting (dirac=1,conditioning="twoOrMore") (Rabier et al., 2014).
Then, we performed likelihood ratio test (pchisq(2*(Likelihood 1-Likelihood 2),
df=1, lower.tail=FALSE)) to find the best model and found that one WGD event was
the best model to fit the gene family count data. We estimated the age of WGD on 4
My intervals between 18.69 and 38.69 My under a one WGD event model. The
lowest log likelihood was shown at the age of WGD: 30.69 and 34.69 My.

Gene expression profiling analysis and dN/dS calculation

We selected 236 gene pairs of 4. digitifera (ohnologous gene pairs) from 883
orthogroups. We BLASTed these ohnologous gene pairs against the gene expression
data across five developmental stages (Reyes-Bermudez et al., 2016) and these data
were normalized for each developmental stage. Correlations between two ohnologous
genes were performed using Pearson’s correlation in R (Team, 2013). Hierarchical
clustering was performed using Pheatmap for HC cluster genes and NC cluster genes,
respectively. Pairwise dN/dS ratios were calculated with PAML using codeml based
on the coding sequence alignment of ohnologous gene pairs with parameters: noisy =
9, verbose = 1, runmode = -2, seqtype = 1, CodonFreq = 2, model = 0, NSsites = 0,
icode = 0, fix_kappa = 0, kappa = 1, fix_omega = 0, and omega = 0.5 (Yang, 2007).
The dN/dS distribution was plotted with ggplot2 in R and significance tests of
differences between dN/dS distributions were evaluated by a Mann-Whitney test in R
(Team, 2013).

Evolution analysis of toxic proteins in corals



The 55 toxic proteins of 4. digitifera identified in the previous study were
downloaded from http://www.uniprot.org/ as queries. The protein sequences of
Porites astreoides, Porites australiensis, Porites lobata, Montastraea cavernosa,
Hydra magnipapillata and Nematostella vectensis were downloaded from
http://comparative.reefgenomics.org/datasets.html (Bhattacharya et al., 2016), and
combined them with protein sequences of six Acroporid species to create a search
database.

We identified candidates of toxic proteins by BLASTing the 55 toxins against
the combined protein sequences with settings: e-value < 1¢™’ and identity > 30%.
Then, we used OrthoMCL to cluster candidates of toxins into 24 gene families and
reconstructed their ML gene trees with ExaML (Kozlov et al., 2015) and RAXxML.
Each gene tree was rooted at a branch or clade of query sequences.

Gene ontology enrichment for duplicated genes of core-orthogroups and protein
domains and transmembrane helices prediction

We BLASTed the sequences of 154 high quality core-orthogroups of
Acropora against the UNIPROT database to find best hits. Identical hits in each
ohonlogs group were removed and the remaining hits were used to perform gene
enrichment in David (Huang et al., 2009). We also used InterProScan (Zdobnov and
Apweiler, 2001) to predict protein domains and used the TMHMM Server (v. 2.0)
(Krogh et al., 2001) to predict transmembrane helices from protein sequences.
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