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Abstract 

Background  Given the ecological importance of reef-building corals (Scleractinia), it is perhaps surprising 
that the molecular mechanisms underlying many of the morphological and metabolic changes during their develop-
ment remain unclear. In part, this is due to the lack of a comprehensive transcriptomic dataset for any coral. A second 
challenge in the analysis of such non-model developmental datasets is that the volume of data often complicates its 
interpretation.

Results  To overcome these limitations, we profiled gene expression in Acropora millepora across 26 life stages 
from unfertilised eggs to juvenile polyps and developed an interactive online tool based on the R-application Shiny 
to simultaneously visualise changes in the expression of large numbers of genes. As expected, major transcriptomic 
changes (transitions) occurred during gastrulation and the acquisition of competence. Surprisingly, however, settle-
ment triggered by using an extract of the natural inducing crustose coralline alga did not immediately lead to major 
changes in gene expression, but a major transition involving many genes was observed 3–6 h after settlement 
induction.

Conclusions  We hope that providing access to this extensive developmental transcriptome dataset and software 
to facilitate its analysis will expedite a better understanding of the changes that occur during coral development. The 
online tool is available at https://​amil-​deview.​mmb.​group.
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Background
Broadcast spawning corals, such as Acropora spp., release 
buoyant eggs and sperm and fertilisation occurs in the 
water column [1–3]. The early developmental stages are 
planktonic, ultimately reaching a motile stage known 
as a planula larva which becomes “competent”—that is, 
it becomes capable of settlement and metamorphosis—
after a period of development of variable duration [4] 
(Fig. 1). Competence is marked by a change in behaviour, 
from horizontal swimming to swimming into the sub-
stratum and testing it for chemical cues. In nature, the 
settlement of competent larvae generally involves selec-
tion of appropriate sites, based on perception of a range 
of cues that include small molecules, at least some of 
which are produced by bacteria associated with substrate 
biofilms and algae (e.g. [5–8]). The quality and nature of 
available light also play a part in settlement site selection 
in the case of many reef-building corals [9–11].

Various aspects of early coral development have pre-
viously been studied at the transcriptome level, with 
the initial focus being characterisation of individual 
genes homologous to those playing key developmen-
tal roles in bilaterians [15–18]. The first larger-scale 
analyses were based on microarrays [12, 19, 20], 454 
GSFlx sequencing [21], SOLiD sequencing [22] or sub-
tractive hybridisation [13]. Whilst Reyes-Bermudez & 
Rodriguez-Cabal [23] used microarray technology to 

compare gene expression profiles across the planula/
polyp divide and adult Acropora millepora, most recent 
studies have used high-throughput DNA sequencing 
technologies to characterise specific developmental 
stages. Much of this work has focussed on members 
of the Acroporidae (genera Acropora and Montipora), 
with sampling regimes designed to address specific 
questions. For example, Takeuchi et  al. [24] and Ishii 
et  al. [25] investigated the processes of calcifica-
tion and commitment to metamorphosis in Acropora 
spp., respectively. van Etten et  al. [26] compared egg 
and sperm transcriptomes of Montipora capitata, 
and Chille et  al. [27] concentrated on gene expres-
sion changes in the same species during the maternal/
zygotic transition (MZT). Similar questions have also 
been addressed in Porites asteroides (Mansour et  al. 
[28] and Walker et al. [29]), which belongs to a distinct 
family of complex corals. The recent developmental 
study on M. capitata by Huffmyer et al. [30] represents 
an important advance in that transcriptomic data were 
supplemented with metabolomic analyses to investigate 
the nutritional shift from maternal lipids to symbiont 
photosynthates in this vertically transmitting coral. 
Much higher cellular resolution expression datasets 
are becoming available for scleractinians [31–33], but 
so far these have been limited to a few developmental 
stages. Table  1 summarises recent publications on the 

Fig. 1  SEM images summarising the morphological changes that occur during early development of Acorpora millepora. Times are given in hours 
post fertilisation (hpf ) or hours post induction (hpi) and are typical for ambient temperatures of around 26 °C. Major developmental stages are 
labelled and places in the developmental sequence of two major events, gastrulation and induction with a settlement cue, are indicated. Some 
of the SEM images have been previously published in Grasso et al. [12], Hayward et al. [13], and Ball et al. [14]
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molecular bases of coral development, including the 
primary focus of each of these studies.

To address the need for a comprehensive transcrip-
tomic dataset, we profiled gene expression of Acropora 

millepora across 26 life stages from fertilised eggs to 
juvenile polyps and developed an interactive online tool 
based on the Shiny web framework to visualise changes 
in the expression of groups of genes. We present an 

Table 1  Previous studies on the gene expression in early development of hard corals

Coral species Stages sampled Focus of study Methodology

Pre-planula Planula Post-settlement Adult

Acropora millepora

Grasso et al., 2008 [12] 8 hpf (prawn chip) 83 hpf 130 hpf Adult Early survey of develop-
mental changes

EST arrays

Grasso et al., 2011 [20] - - 0.5 hpi
4 hpi
12 hpi

- Metamorphosis EST arrays

Hayward et al., 2011 [13] - Planula Primary polyp - Pre vs post settlement SSH

Strader et al., 2018 [4] 22 hpf
46 hpf

73 hpf
89 hpf
5–12 dpf in 24-h intervals

- - Competence and fluo-
rescence

RNA-Seq

Reyes-Bermudez & 
Rodriguez-Cabal, 2024 
[23]

- 96 hpf 144 hpf
192 hpf

Adult Metamorphosis and cal-
cification

EST arrays

Acropora digitifera

Takeuchi et al., 2016 [24] Egg
Blastula
Gastrula

Planula Primary polyp Adult Calcification genes RNA-seq

Reyes-Bermudez et al., 
2016 [34]

12 hpf (prawn chip)
24 hpf (gastrula)
48 hpf (sphere)

96 hpf - Adult Stage-specific transcript 
profiles

RNA-seq

Acropora tenuis

Ishii et al. 2022 [25] - 0 hpi 1 hpi
6 hpi

- Commitment to settle-
ment

RNA-seq

Montipora capitata

Van Etten et al., 2020 [26] Egg
Sperm

- - - Comparison of egg 
and sperm transcrip-
tomes

RNA-Seq

Chille et al., 2021 [27] 0 hpf (unfertilised egg)
1 hpf (fertilised egg)
4 hpf (cleavage)
9 hpf (prawn chip)
14 hpf (early gastrula)
22 hpf (mid gastrula)
1.5 dpf (late gastrula)

9 dpf - Adult Maternal-zygotic transi-
tion

RNA-Seq

Huffmyer et al., 2025 [30] 1 hpf (fertilised egg)
5 hpf (cleavage)
38 hpf (late gastrula)
65 hpf (late gastrula)

93 hpf
163 hpf
183 hpf

183 hpf
231 hpf

- Metabolism during early 
development

RNA-Seq

Porites asteroides

Mansour et al., 2016 [28] - Pre-settlement Post-settlement Adult Calcification, settlement 
and symbiosis

RNA-Seq

Walker et al., 2019 [29] - Pre-competent, compe-
tent planula

- - Compared non-probing 
and probing planulae

RNA-Seq

Montastrea faveolata

Reyes-Bermudez et al., 
2009 [19]

- Planula Primary polyp Adult Metamorphosis 
and onset of calcification

EST arrays

Stylophora pistillata

Levy et al., 2021 [31] Planula Primary polyp Adult Characterisation of single 
cell types

RNA-Seq
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overview of the data, focussing on major transitions in 
gene expression and on processes not previously investi-
gated, but hope that further exploration of the dataset via 
the website facilitates progress towards solutions for the 
crises currently faced by coral reefs worldwide. Our study 
also reveals the importance of combining spatial expres-
sion data, as revealed by in  situ hybridisation, with the 
data obtained by RNAseq, in order to better understand 
gene function.

Results
Major transcriptional transitions visualised using DEView
During the development of A. millepora, the period 
immediately following fertilisation (0–5 h) was character-
ised by rapid rounds of cell division (Fig. 1) accompanied 
by relatively limited changes in gene expression (Fig. 2), 
implying that this phase is driven largely by maternal 
mRNAs and proteins. After that time, more extensive 
changes in gene expression occurred resulting in resolv-
able PCA clusters. After completion of gastrulation at 
35hpf, embryos were spherical and became motile at 
45hpf. Elongation from pear- (57hpf) to spindle-shaped 
larvae (69hpf) resulted in planulae that were not search-
ing at 81hpf but were probing the environment for appro-
priate settlement sites at 93hpf, by which time they were 
competent to settle (Fig.  1). At 133hpf, settlement was 
induced with ethanolic extract of crustose coralline algae 
(CCA) but the 133hpf transcriptome data represent the 
untreated state. Settlement induction caused larvae to 

further elongate at 15mpi before forming disc-like shapes 
by contracting along the oral-aboral axis. Most larvae 
were metamorphosed at 2hpi and by 3hpi 100% of larvae 
had initiated metamorphosis, characterised by a six-fold 
symmetry around an oral pore in the centre. Whereas 
transcriptome data for the 0–3hpi stages clustered with 
those for late planula stages, data for 6–72hpi stages 
formed a discrete and well-resolved cluster (Fig. 2) dur-
ing which metamorphosing polyps developed a 12-fold 
symmetry and formed tentacles around the oral opening. 
The polyp initiates calcification at the former aboral part, 
which becomes the calicoblastic ectoderm [35–37].

Differential gene expression analysis (Fig.  3) clearly 
highlights that, in addition to the expected early (13–
35hpf) transcriptional events corresponding to zygotic 
genome activation, major transitions in gene expression 
also occurred at 81–133hpf and 3–6hpi. Differential gene 
expression analysis between consecutive timepoints was 
conducted by importing the RSEM results into DESeq2, 
considering the fertilisation cross and sampling time 
point in the design formula. Transcripts with less than 10 
counts in less than or equal to 2 replicates (smallest num-
ber of replicates per timepoint) were removed. Differen-
tially expressed transcripts were calculated using DESeq2 
by specifying consecutive timepoints as contrasts and 
selecting an adjusted p-value ≤ 0.05. 

The construction of weighted gene co-expression net-
works (WGCNA) [38], which group modules of genes 
according to correlation in their expression patterns, also 

Fig. 2  PCA analysis of the developmental transcriptomic data. Principal component analysis (PCA) of the developmental transcriptome data 
with ellipses representing 95% confidence levels. At 93 h post fertilisation (hpf ), larvae were competent to settle in response to ethanolic CCA 
extract and settlement was induced at the age of 133hpf. Settlement induction caused larvae to elongate at 15 min post induction (mpi) and 100% 
of larvae had initiated metamorphosis at 3 h post induction (hpi). A major change in gene expression occurred between 3 and 6hpi
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support a 3-transition hypothesis of early coral develop-
ment (Additional file  1: Fig. S1). Whilst such analyses 
are informative with respect to the major transitions 
in development, they are less useful for exploration of 
the expression patterns of subsets of genes in terms of 
structure or function according to Pfam or Gene Ontol-
ogy (GO) IDs. To facilitate these latter kinds of analyses, 
a software tool based on the Shiny web framework was 
developed.

One powerful feature of the new software tool is that 
it allows the simultaneous visualisation of developmental 
gene expression patterns from a subset of genes defined 
by gene identifiers, Pfam domains or GO terms. These 
subsets can be selected for further analyses and compari-
son based on morphology, behaviour or gene expression 
patterns, such as those occurring during gastrulation and 
settlement.

Whilst early zygotic gene expression accompanied 
gastrulation, the major transition at 81–93hpf is likely 
to correspond to larval competence which is the prepa-
ration for settlement and metamorphosis. Both of these 
transitions have previously received considerable atten-
tion (e.g. [4, 13, 20]). Metamorphosis was underway by 
3hpi and was followed by changes in the expression of 
large numbers of genes (Figs. 2, 3). This post-settlement 
change in the expression patterns of many coral genes 
has previously received only limited attention [25] and 
therefore merited closer examination. In what follows we 
have proceeded chronologically, with a particular focus 
on processes and classes of genes not discussed in previ-
ous studies.

Fig. 3  Serial up-down expression plots reveal changes in gene expression between consecutive time points during development. There are three 
periods that show major changes in expression: early development leading up to gastrulation (13–35hpf ), 81–133hpf as competence to settle 
is developing, and 3–6hpi as polyp development is getting under way after settlement. Total numbers of genes up/downregulated during those 
periods were 28,254/20,115, 20,116/16,605, and 8198/10,742 respectively. For the purposes of this plot, the definition of genes likely to be involved 
in gene regulation was those with Gene Ontology annotations including the terms “regulation of gene expression,” “transcription,” “methylation,” 
“chromatin,” “transcriptional,” “miRNA” or “mRNA”. More detail on the methodology used is provided in the main text
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Maternal transcripts and the earliest transcriptional events
As in most animals, early post-fertilisation development 
in corals consists of rapid cell division during which the 
maternal cytoplasm is serially subdivided (reviewed 
in [14]), and the transcripts required to facilitate these 
events are largely provided maternally. Extensive zygotic 
genome activation appears to be initiated leading into 
gastrulation (i.e. around 13 h post-fertilisation; Figs. 1, 2) 
corresponding to the “prawn chip” morphology.

Rapid rounds of cell division during early develop-
ment require that replication occurs quickly, generat-
ing a need for core histone proteins in large amounts to 
form the H2A/H2B and H3/H4 dimers that constitute 
the nucleosomes responsible for packaging the DNA into 

chromatin. As in Hydractinia (Klyxum) echinata [39], 
histone mRNAs are amongst both the most abundant 
maternal transcripts and earliest expressed zygotic genes 
in A. millepora (Fig.  4A). Note, however, that the early 
zygotic (canonical) histone transcript profile is likely to 
be dominated by the replication-coupled types, i.e. those 
with expression tightly linked to the S-phase of cell divi-
sion, as distinct from the replication-independent genes, 
with products expressed throughout the cell cycle.

Transcripts encoding the core histones H2B, H3 and H4 
were particularly abundant in the A. millepora maternal 
mRNA complement (XP_029191967.2, XP_029210292.1 
and XP_029195867.1 respectively in Fig.  4A), and the 
zygotic expression of these histone types began early at 

Fig. 4  Expression of histone genes and histone modifying enzymes during the early development of Acropora millepora. A Heatmap showing 
expression of selected histone genes during development. mRNAs encoding canonical histones H3, H4 and H2B are present at high levels 
in eggs (rows 3, 4 and 5 from the top), as are H2A.X and H2A.V (but not canonical H2A) messages. Zygotic expression of the four core canonical 
histones begins at the start of gastrulation (i.e. the 13hpf time point); note that the set of histone genes shown in the bottom four rows is likely 
to represent a replication-dependent subset that may be required at high levels only early in development. Consistent with this, the top row shows 
data for another H2A gene, expression of which begins later in development. B Heatmap showing expression of histone modifying enzymes 
during the early development of A. millepora. mRNAs encoding the histone acetyltransferase KAT6A and the histone H3K36 methylase SETD2 are 
maternal (rows 2 and 3, respectively). Two other histone acetyltransferases (HAC5 and KAT5; top and bottom rows) are most highly expressed 
at the 6hpi time point, reflecting their possible role in activating chromatin during the post-settlement transition. Note that a second wave 
of expression of both KAT6A and SETD2 also occurs at that time. All of the data points represented in the heat maps are the means of six individual 
measurements. Individual data points for each transcript can be viewed via the web app by un-ticking the “Average replicates” box



Page 7 of 20Brunner et al. BMC Biology           (2026) 24:49 	

the onset of gastrulation with a peak at 13–18hpf for H3, 
H4 and H2B (XP_044175316.1, XP_044170291.1 and 
XP_044175889.1, respectively, in Fig. 4A).

Curiously, however, canonical H2A mRNA was 
not maternally provisioned at significant levels, 
instead, one of two H2A.X homologues (H2A.X2; 
XP_029204486.1) and, to a lesser extent, H2A.V 
(H2A.F/Z; XP_029205888.1) transcripts were mater-
nal. Levels of mRNA encoding maternal H2A.X in the 
unfertilised eggs were very high but fell dramatically 
after 13hpf as zygotic expression of canonical H2A 
began (e.g. XP_044167969.1), and H2A.X transcripts 
were essentially absent by 29hpf (Fig. 4A).

Gastrulation is characterised by large-scale activa-
tion of the zygotic genome, requiring specific chroma-
tin modifications. Consistent with this, high levels of 
mRNAs encoding homologues of the histone acetyltrans-
ferase (HAT) KAT6A (XP_029189526.2) and SETD2 
(XP_029190384.2) were provided maternally (Fig.  4B). 
The latter is the only histone methyltransferase capable 
of generating the H3K36me3 modification essential for 
transcriptional activation [40]. Note that both of these 
genes were reactivated during the post-settlement transi-
tion discussed below.

The MZT occurring at gastrulation marks the first major 
developmental transition
To date, the process of gastrulation has been the most 
extensively studied aspect of developmental gene expres-
sion in both corals and in the sea anemone Nematostella 
vectensis [41]. In situ hybridisation analyses have shown 
that orthologs of several key developmental regulators 
from bilaterians are temporally and spatially expressed 
in A. millepora consistent with conservation of function. 
Examples of these include snail (Fig.  5) [18], brachyury 
[42, 43], forkhead [42] and dpp/bmp4 [16] (Additional 
File 2: Fig.S2).

With the sole exception of Pavona, all complex cor-
als examined to date go through a “prawn chip” stage of 
early development that corresponds to the early gastrula 

[44, 45]. At this stage, a homologue of Drosophila snail 
(XP_029185944.1) was expressed in the presumptive 
mesendoderm of A. millepora [18]. As snail-expressing 
cells are undergoing an epithelial-mesenchymal transi-
tion (EMT), one of several A. millepora genes related to 
Drosophila aristaless (XP_044163657.1XP_029193169.1) 
was expressed throughout the presumptive ectoderm 
(Fig.  5). Hence, these two genes effectively demarcate 
the two primary tissue layers of A. millepora during 
gastrulation.

The late planula transition corresponds to the acquisition 
of larval competence
During the period 81–93hpf, many genes show strong 
downregulation, but this is immediately followed by the 
upregulation of an even larger number of genes during 
the 93–133hpf time window (Fig.  3). These timepoints 
correspond to the acquisition of settlement competence 
and when A. millepora larvae are searching for cues that 
identify appropriate settlement sites (e.g. [5–8]) by swim-
ming along the substratum to periodically sample it with 
the aboral end.

Settlement involves the aboral larval ectoderm mak-
ing contact with substratum, which is likely coated 
with attractive and potentially hostile bacteria, and 
amongst the upregulated genes a number encode pro-
teins with known or suspected antimicrobial proper-
ties. Amongst them are, for example, AmAMP1 [46] 
(XP_029188806.1), the MAC-Perforin protein apextrin 
[13, 47] (XP_044181104.1) and the quorum quench-
ing enzyme AmNtNH1 [48] (XP_029207486.1). Figure 6 
summarises developmental expression data for these 
three genes.

This study also provides the most direct evidence to 
date in support of Hadfield’s hypothesis [49] that coral 
larvae are primed for settlement and metamorphosis via 
prior gene expression. Whilst several thousands of genes 
are up or downregulated during the onset of competency 
(81–133hpf), settlement and the initiation of metamor-
phosis largely happen without changes in gene expression 
(Fig.  3). With the caveat that datasets and technologies 

(See figure on next page.)
Fig. 5  Heatmaps and in situ hybridisation provide complementary data for homologues of snail and homeobrain. During gastrulation, these 
genes have complementary morphological expression patterns, Am-snail marking the presumptive mesendoderm [18] and Am-homeobrain 
the presumptive ectoderm. A Diagrammatic vertical sections of embryos aged from early “prawn chip” to sphere. B–D Embryos aged from “prawn 
chip” to sphere (blastopore closure) viewed in three different ways. B Critical-point dried embryos viewed with scanning electron microscopy reveal 
the external morphology, C whole mount in situ hybridisation reveals the spatial expression of Am-snail. D Vertical sections of in situ preparations 
reveal the internal distribution of the expressing tissue in the developing mesendoderm. E Expression of Am-homeobrain in the developing 
ectoderm revealed using whole-mount in situ hybridisation. Note that the two genes are complementary in their expression. C’, E’ Heatmap 
showing the relative expression of the two corresponding genes over the course of development. Parts of the figure were published in Hayward 
et al. [18] Development Genes & Evolution 214:257–260, Springer Nature. All of the data points represented in the heats map are the means of six 
individual measurements. Individual data points for each transcript can be viewed via the web app by un-ticking the “Average replicates” box



Page 8 of 20Brunner et al. BMC Biology           (2026) 24:49 

were much less sophisticated than those presently avail-
able, Grasso et al. [20] came to the same conclusion for 
A millepora based on microarrays, as did Strader et  al. 

[4] indirectly by correlating expression data for compe-
tent larvae with data for settlement-induced larvae from 
Meyer et al. [22].

Fig. 5  (See legend on previous page.)
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The post‑settlement gene expression transition resembles 
an MZT in terms of scale and involvement of some specific 
components
The scale of the post-settlement transition between 3 
and 6hpi resembles that typical of an MZT. In A. mille-
pora, we estimate that approximately 20% of mRNAs 
undergo at least a two-fold change in expression level 
(i.e. are either up- or downregulated over the 3–6hpi 
time window). By comparison, in the zebrafish approxi-
mately 25% of maternal transcripts are cleared during 
the MZT [50] and the corresponding number for Cae-
norhabditis is around 33% [51]. Many of the mRNAs 
upregulated over the 3–6hpi time window in A. mille-
pora coded for transcription factors or other regula-
tory proteins involved in chromatin modifications and 
mRNA processing.

Chromatin modification during early development 
and at the post‑settlement transcriptional transition
Major changes in gene expression patterns also gener-
ally involve chromatin modification events, so histone 
modification and DNA methylation changes are to be 
expected. Homologues of a number of key chromatin 

modifiers are differentially expressed at the 3–6hpi 
transition.

In many animals, homologues of TET (ten-eleven 
translocation) are the primary agents responsible for 
demethylation of 5-methylcytosine residues (MeCpG) 
in DNA and are required for gene activation [52–54]. 
As well as a transient earlier (5hpf ) window of expres-
sion leading into the early MZT, the A. millepora TET 
homologue (XP_029179484.2) was strongly upregu-
lated at the 6hpi time point (Fig. 7A), suggesting a role 
in relieving repression by erasing pre-existing MeCpG 
marks.

DNA methylation is generally associated with repres-
sion of transcription, the enzymes associated with 
maintenance and de novo DNA methylation being 
the DNA methyltransferases DNMT1 and DNMT3, 
respectively.

In the case of A. millepora, mRNAs encoding the DNA 
methylases DNMT1 (XP_029197815.2) and DNMT3a 
(XP_029213858.1) were maternally provided, zygotic 
expression of DNMT1 being detected between 29hpf and 
12hpi, despite having faded by 81hpf. Both DNMTs were 
upregulated 12 to 18hpi with  expression of DNMT3a 
appearing to be stronger than that of DNMT1 (Fig. 7A).

Fig. 6  Expression of known and suspected anti-bacterial activities during settlement and metamorphosis in A. millepora. The upper three rows 
show in situ hybridisation data for developmental stages leading into and immediately following settlement for A the anti-microbial protein 
AmAMP1 [46], B the quorum quenching activity AmNtNH1 [48] and C the MAC-Perforin protein Apextrin [13, 47]. A’, B’ and C’ are heatmaps showing 
the corresponding temporal expression levels of the three genes. The arrowheads indicate the time of settlement induction. All of the data points 
represented in the heat maps are the means of six individual measurements. Individual data points for each transcript can be viewed via the web 
app by un-ticking the “Average replicates” box
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mRNA degradation during major transitions 
in development
One of the two major characteristics of MZTs is the elim-
ination of a subset of maternally provided mRNAs (often 
a major proportion) to facilitate the transition to the 
zygotic developmental programme. The mRNA elimina-
tion process employs a range of mechanisms to destabi-
lise or degrade transcripts, but some conserved players 
have been identified during major transitions, including 
homologues of the Drosophila genes Pumilio [55, 56] 
and Smaug [57]as well as the Caenorhabditis protein 
TRIM71/LIN41 [58].

Transcripts annotated as Pumilio (XP_029180703.2 
and XP_029180704.2) were maternally provided but were 
essentially cleared after 29hpf, whereas a distinct Pumilio 
homologue (XP_044164192.1) was not represented in the 
maternal mRNA complement but was expressed from 
18hpf (Fig.  7B). Each of these Pumilio homologues was 
upregulated over the 3–6hpi time window after earlier 
periods of activity.

Members of the Smaug/SAMD4 family of proteins are 
highly conserved (yeast to man) regulators of mRNA 
stability and transcriptional repressors that act in devel-
opment by binding to specific RNA sequence motifs. 

Smaug proteins have been implicated in erasing maternal 
transcripts during the MZT in the early development of 
diverse animals [27, 57] implying that the Smaug homo-
logue fulfills a similar function in the early development 
(around 4hpf) of the coral Montipora capitata. Although 
a minor peak of Smaug expression was observed at 
5hpf, possibly corresponding to that reported in Monti-
pora capitata [27], the A. millepora Smaug homologue 
(XP_029197445.1) was predominantly expressed at 
15mpi–6hpi (peak) (Fig. 7B). A second transcript anno-
tated as Smaug (XP_044163536.1) was mildly upregu-
lated at 13–18hpf.

Members of the TRIM71/LIN41 family of E-3 ubiquitin 
ligases are highly conserved RNA-binding proteins [59] 
that facilitate major developmental transitions in Caeno-
rhabditis [58]. At least one member of this gene family 
(XP_029198843.2/XP_029198844.2) is upregulated at the 
3–6hpi time point during A. millepora development, sug-
gesting that they may also be involved in protein clear-
ance at the 3–6hpi transition.

Small RNA processing pathway components
Small RNAs (miRNAs, siRNAs and piRNAs) have impor-
tant regulatory functions during the development of 

Fig. 7  Heatmaps for genes implicated in DNA methylation/demethylation and clearance of mRNAs and proteins. The upper panel A illustrates 
relative expression levels of the A. millepora homologues of ten-eleven-translocation (tet), the primary role of which is removal of CpG methylation 
marks, the de novo DNA methyltransferase, DNMT3, and the maintenance DNA methyltransferase, DNMT1. Although all three activities are 
expressed during gastrulation, TET is most highly expressed at the 6hpi time point. The lower panel B shows relative expression levels of A. 
millepora homologues of the conserved mRNA clearance activities, Smaug and Pumilio, and the TRIM-NHL ubiquitin ligase, TRIM71/LIN41. Smaug 
and TRIM71/LIN41 are most highly expressed at the 6hpi time point; three gene predictions annotated as Pumilio homologues (corresponding 
to at least two distinct gene products) were also upregulated at that time. All of the data points represented in the heat maps are the means of six 
individual measurements. Individual data points for each transcript can be viewed via the web app by un-ticking the “Average replicates” box



Page 11 of 20Brunner et al. BMC Biology           (2026) 24:49 	

many bilaterians [60] and this is likely to also be the case 
in A. millepora given that at least some components of 
the miRNA processing pathway are known to be differ-
entially expressed during the development of N. vectensis 
[61]. In cnidarians, the biogenesis of miRNAs follows a 
plant-like pathway [62], but homologues of some of the 
enzymes in the animal miRNA processing system are also 
present and may also participate in miRNA synthesis. To 
address the possibility of miRNAs participating in gene 
regulation during early coral development, the expres-
sion of components of both the plant and animal pro-
cessing pathways was investigated (Fig. 8).

Some of the small RNA processing pathway compo-
nents were provided maternally, levels of transcripts 
annotated as Dicer-like (XP_029197160.2) and the 
HEN1 methyltransferase (HEN1MT; XP_029185006.2) 
being present at high levels. In cnidarians, HEN1 is 
responsible for methylation of the 3’-ends of both miR-
NAs and piRNAs, resulting in their stabilisation. The 
observed upregulation of HEN1 at 93hpf (Fig.  8) is 
consistent with a role in metamorphosis of A. mille-
pora larvae, as in N. vectensis [63]. The A. millepora 
maternal mRNA repertoire also included an Argonaute 
homologue (XP_044181068.1) and a Piwi-like protein 
(XP_029187700.2/XP_029187701.2) (Fig.  8) that likely 
function together in transposon silencing during early 

development, as in N. vectensis [64, 65]. The high abun-
dance of mRNA encoding a homologue of the Maelstrom 
protein (XP_044166539.1) also attests to the importance 
of the piRNA-mediated transposon silencing pathway 
[66, 67] during the earliest stages of coral development.

Although not maternal, other miRNA pathway 
components were expressed very early in develop-
ment (Fig.  8). Transcripts annotated as DGCR8/Pasha 
(XP_029194207.2) and SRRT/Serrate (XP_044181962.1) 
were first detected as the early embryo was going into 
gastrulation at about 13hpf. For both of these genes, 
other transcripts carrying the same annotation were 
expressed during different stages of development. In 
the case of SRRT/Serrate, XP_044181962.1 is expressed 
in the early gastrula but maximally after the initiation 
of metamorphosis (6hpi). A second isoform/splice vari-
ant (XP_044181963.1) was most highly expressed very 
early in the settlement process (15mpi–2hpi)—i.e. prior 
to what Ishii et  al. [25] referred to as the “point of no 
return”. Similarly, the DGCR8/Pasha paralogs or splice 
variants XP_029194207.2 and XP_029194208.2 seem 
to have distinct expression profiles during development 
(data not shown). In addition to the maternal Piwi-like 
mRNA (XP_029187700.2/XP_029187701.2), a second 
(non-maternal) Piwi (XP_044168784.1/XP_044168785.1/
XP_044168786.1) was expressed from the early gastrula 

Fig. 8  Expression of genes involved in small RNA (miRNA and piRNA) processing during early development. mRNAs encoding HEN1 and Dicer 
homologues (rows 6 and 7) were present at high levels in eggs, as were those encoding homologues of Maelstrom, Vasa/DDX4.1 and.2, and Piwi2, 
which function primarily in piRNA-mediated transposon silencing. Other miRNA processing activities, including homologues of Serrate/SRRT 
and DGCR8/Pasha, were also expressed in embryos, larvae and during post settlement life, implying extensive involvement of miRNAs in regulating 
gene activities during early coral development. All of the data points represented in the heat maps are the means of six individual measurements. 
Individual data points for each transcript can be viewed via the web app by un-ticking the “Average replicates” box
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stage, peaking in expression as the maternal type was 
fading.

Discussion
The study of early coral (A. millepora) development 
presented here was based on gene expression profiles 
obtained for 26 developmental stages spanning the 
period between unfertilised eggs and 3-day-old primary 
polyps. Analyses via the DEView app revealed three 
major transcriptomic transitions—the maternal-zygotic 
transition, the acquisition of competence by planulae 
(93–133hpf) and a post-settlement transition (3–6hpi) 
that has not previously received significant attention. 
This latter novel transition in gene expression resembled 
an MZT in terms of scale and the involvement of some 
key genes. In addition to regulatory genes involved in key 
chromatin modification activities and RNA processing, 
we focussed here on genes likely to have protective roles, 
specifically those potentially involved in anti-microbial 
activity and transposon silencing.

We deliberately chose to adopt a non-statistical 
approach in deciding what questions to investigate in 
detail and how to present the results. Whilst this may 
seem counter-intuitive, we argue that basing conclusions 
on changes in the expression of whole suites of genes—
as has previously often been the case—may result in 
swamping “signals” from critical regulatory genes in the 
background “noise” generated by many other genes. For 
example, trimethylation of H3K36 is a key event in gene 
activation; SETD2, the only protein capable of that trans-
formation, is one of 82 hits found when searching our 
dataset using the term “Histone-lysine N-methyltrans-
ferase”. A caveat to our approach, however, is that focus-
sing on specific key genes brings with it the possibility of 
missing other important changes.

In many animals, mRNAs encoding canonical histones 
(including H2A), as well as the corresponding proteins, 
are provided maternally at sufficient levels to support 
the earliest cell division events. Cnidarians lack prota-
mines, instead packaging sperm using histones that are 
predominantly specialised H1 and H2B variants [68, 69]. 
To our knowledge, the finding that in A. millepora, an 
mRNA encoding one H2A.X variant (H2A.XII) replaced 
that for canonical H2A in the eggs is novel. H2A.X is a 
histone variant with a best-defined role in DNA repair 
[70, 71]. It is closely related to canonical H2A but dis-
tinguished from it by the presence of a characteristic 
C-terminal sequence extension that includes a serine 
residue subject to phosphorylation, thus generating the 
gammaH2A.X form which is required for binding at dou-
ble-stranded DNA breaks [72]. The enzymes responsible 
for this phosphorylation of H2A.X are Phosphoinositide-
3-Kinase-related protein kinases (PIKKs), and at least 

one PIKK-related protein kinase (XP_029200091.2) is 
provided maternally in A. millepora, though it is unclear 
whether H2A.X is a substrate for this activity.

In A. millepora H2A.X2 mRNA may be maternally 
provided at high levels to facilitate maintenance of DNA 
integrity through the earliest developmental stages. 
This may also be the case in cnidarians more generally, 
as an H2A.X variant is expressed in female germ cells 
in Hydractinia (Klyxum) echinata [69]. Chille et  al. [27] 
noted high representation of GO terms associated with 
DNA repair in the maternal mRNA complement of 
Montipora capitata. There is a second H2A.X-like gene 
(H2A.X1; XP_029200990.1—annotated as H2A-like) 
in A. millepora that is minimally expressed during early 
development.

Comparisons with published studies of coral development
Development has been studied primarily in members of 
the three coral genera: Acropora, Montipora and Porites. 
Whilst these are all members of the “superfamily” Com-
plexa, and the first two belong to the same coral fam-
ily (Acroporidae), one important difference is that both 
Montipora spp. and Porites spp. maternally transmit 
Symbiodiniaceae whereas Acropora spp. acquire their 
symbionts from the environment during early life. Com-
parisons between the work presented here and previously 
published papers in this field (Table  1) are complicated 
due to the diversity of species studied, differing tempera-
tures during development, differing sampling points and 
differing inducers used to trigger settlement and meta-
morphosis. So, whilst the major morphological stages 
can be compared, and the progression of events is the 
same, detailed interspecific or inter-study comparisons 
are difficult.

Our most interesting observation was the extent and 
nature of the post-settlement transcriptional transition 
observed at 3–6hpi. This major change in gene expres-
sion is more apparent than in previous studies which 
either did not include post-settlement stages [4, 27] 
or sampled sparsely pre-settlement [30] or after set-
tlement induction [22, 25] (Table  1). Chille et  al. [27] 
focussed on the MZT and therefore studied gene expres-
sion changes during development of Montipora capitata 
from unfertilised egg to planula, in addition to adults. 
Some of their MZT results are consistent with those 
presented here for A. millepora, for example the expres-
sion of Smaug (although in our study, the major peak of 
expression occurred during the post-settlement transi-
tion; Fig.  7B) and Brachyury (Additional File 2; Fig. S2) 
in the “prawn chip” and early gastrula. Using GO-term 
data, Huffmyer et  al. [30] recognised three distinct (but 
overlapping) phases of gene expression during the early 
development of M. capitata. The 3–6hpi gene expression 
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transition observed here may correspond to what Ishii 
et  al. [25] refer to as “the point of no return” (PNR), a 
point in post-settlement development after which revers-
ibility by aborting settlement and returning to the motile 
phase is lost. Whilst the Ishii et  al. [25] paper focussed 
on gene expression changes between three time points 
during metamorphosis in A. tenuis, comparison between 
their results and those presented here is complicated by 
the differing triggers used to drive the process. For Acro-
pora spp., external exposure of competent larvae to the 
Hydra GLWamide (Hym-248), directly triggers metamor-
phosis, essentially overriding the need for external set-
tlement cues [20, 73, 74]. Whilst Ishii et al. [25] induced 
metamorphosis using Hym-248, the study described here 
triggered settlement by addition of CCA extract, which 
induces searching behaviour rather than directly driving 
metamorphosis [20]. Hence, it is not possible to directly 
compare developmental timing between these two stud-
ies. The 1hpi and 6hpi time points in the Ishii paper are 
likely to correspond to later time points in the present 
study, as the duration of the settlement period must be 
several hours longer when using CCA extract compared 
to Hym-248. The PNR inferred by Ishii as occurring at 
4hpi may correspond to the 3–6  h transition identified 
in the present work but note that rates of development 
can be strongly influenced by temperature. The differ-
ences in gene expression between untreated (0 h) and 1 h 
after induction described in the Ishii et al. [25] paper are 
therefore likely to encompass a number of distinct time 
points in our study, so subtle transcriptional changes 
occurring during the searching and very early settlement 
phases were presumably not noted by Ishii et al. [25].

The post‑settlement transition—a cnidarian equivalent 
of the Caenorhabditis “juvenile to adult” transition?
The transcriptomic transition from larvae to recruits at 
3–6hpi in A. millepora has several parallels to maternal-
zygotic transitions [75] regarding the removal of earlier 
transcripts and genome activation appropriate for stages 
following the transition. A precedent for such a later 
transition is provided by Caenorhabditis elegans, where it 
is recognised as the juvenile to adult transition [58].

Above, the involvement of homologues of both Dros-
ophila Smaug and Pumilio in the mRNA clearance pro-
cesses during MZT and the juvenile to adult transition at 
3–6hpi were highlighted. In addition, two transcripts cor-
responding to the same sequence (XP_029198843.2 and 
XP_029198844.2) which is annotated as a member of the 
TRIM71/LIN41 family of RNA-binding proteins, were 
upregulated during the 3–6hpi transition. Other mem-
bers of this protein family have important roles in the 
regulation of both oocyte to embryo [58] and juvenile to 
adult [76] developmental transitions in Caenorhabditis. 

As in Caenorhabditis [58], this A. millepora TRIM71/
LIN41-related protein is likely to be involved in regula-
tory changes at the 3–6hpi transition, and on this basis 
deserves further exploration.

In addition, peaks in the expression of the DNA dem-
ethylase TET (Fig. 7A) and of SETD2 (XP_029190384.2) 
as well as homologues of the histone acetyltransferases 
HAC5 (XP_029203404.2), KAT5 (XP_029179982.2) 
and KAT6A (XP_029189526.2) (Fig.  4B) around 3–6hpi 
imply that important chromatin modification events 
occur at that time. Presumably, the corresponding pro-
teins function in facilitating transcription of genes 
required for early polyp development. Transcrip-
tion factors (TF) strongly upregulated at the 3–6hpi 
time point include genes annotated as homologues of 
FoxB1 (XP029196672.1) and FoxO (XP_029208531.2), 
Aristaless (XP_029193170.1), Rax (XP_029193171.1), 
Meis2 (XP_029187327.1) and Otx (XP_029190339.1), 
whilst homologues of Emx (XP_029211983.2), Pitx2 
(XP_029179676.1) and Brn3C (XP_029213135.1) were 
simultaneously downregulated.

Limitations: heatmaps are useful but tell only part 
of the story
One feature of the heatmaps produced by DEView is that 
the upper limit of expression (i.e. the darkest red colour) 
is determined by the most-expressed gene included in 
that map, so important changes in gene expression may 
not be as apparent as if the gene was plotted against itself. 
A further caveat in making inferences from heatmaps 
across developmental stages, and more generally from 
whole-larvae overall expression levels, is that impor-
tant subtle changes may be missed. Particularly with 
transcription factors or other regulatory molecules, low 
overall levels of expression may have major effects, espe-
cially when restricted to subsets of cells. Consequently, 
interpreting developmental gene expression requires not 
only temporal data, but also spatial information from the 
application of in  situ hybridisation or other techniques. 
This is clearly illustrated in Additional File 2: Fig.S2, 
which provides expression data for genes implicated in 
conserved functions during gastrulation.

Whilst in  situ hybridisation data show expression 
of these four genes in smaller subsets of cells across all 
developmental stages between gastrulation and meta-
morphosed recruit, the heatmaps show that the expres-
sion maxima occur post-settlement rather than at 
gastrulation around 13–18hpf. Only a weaker peak in 
expression of Brachyury at 13hpf corresponds to the 
early gastrulation window of expression visualised via 
in situ hybridisation [42]. Consequently, visualisations of 
spatial expression via in situ hybridisation are required to 
study the function of selected genes. For example, whilst 
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gene expression data presented in the heatmap suggested 
functions post-settlement, ISH visualisations revealed 
that temporal expression of an A. millepora arx-related 
gene (XP_044163657.1/XP_029193169.1) during gastru-
lation closely complements that of snail (Fig. 5). This A. 
millepora sequence is referred to here as homeobrain, 
based on its orthology with XP_048583705.1 from N. 
vectensis [77]. Snail and homeobrain respectively demar-
cate the early mesendoderm and presumptive ectoderm 
during gastrulation (Fig.  5), but both are also expressed 
at higher levels after settlement-induction where snail 
expression reaches its expression peak earlier than in 
the case of homeobrain. Assuming these two genes ful-
fill similar functions during gastrulation and post-set-
tlement, this suggests that a cell migration such as in an 
epithelial-mesenchymal transition occurs during the ini-
tiation of metamorphosis.

Expression of the small RNA processing machinery 
during early development
Despite deep evolutionary divergence between the sea 
anemones (Actiniaria) and the coral/corallimorphar-
ian lineage, many of the molecular processes underly-
ing early development in A. millepora closely parallel 
those described in N. vectensis [41, 42], and this appears 
to extend to the machinery for processing small RNAs 
(miRNAs and piRNAs). However, some differences 
were observed in the timing of expression of several of 
the genes implicated in small RNA processing. Whilst 
mRNAs for Vasa1, Maelstrom and Piwi are provided 
maternally in A. millepora and N. vectensis, Vasa2 (aka 
Vasa-like or DDX4) is also maternal in the coral whereas 
the corresponding mRNA was not detected until around 
gastrulation in N. vectensis [61]. Whether Dicer/DCL is 
maternal is unclear in the case of N. vectensis, whereas 
mRNA of the A. millepora homologue of N. vecten-
sis Dicer 2 (AGW15596.1), encoding XP_029197160.2, 
is abundant in A. millepora eggs. In summary, the pre-
liminary data presented here indicate that all or most of 
the small RNA processing machinery is either maternal 
or expressed very early in A. millepora development. It 
is therefore likely that, in addition to roles for some of 
these components in transposon silencing, miRNAs have 
important regulatory roles in the early development of 
Acropora spp.

Heatmaps enable identification of candidate genes for key 
roles in early development
A major strength of the DEView app is that it provides 
a means of scanning classes of genes individually or col-
lectively for their expression patterns across early coral 
development, allowing identification of candidates for 
roles in specific processes, including settlement induction 

and the initiation of calcification. Whilst significant pro-
gress has recently been made, we have as yet a relatively 
limited understanding of the nature and recognition of 
settlement cues [8, 14, 78, 79]. The larvae of many corals 
select appropriate settlement sites by detection of small 
molecules that either favour or discourage settlement [5, 
7, 80–84]. Most likely the outcome reflects a combina-
tion of molecules acting as ligands for specific receptors 
that are expressed in competent larvae and downregu-
lated after settlement and metamorphosis. Receptors that 
potentially could be involved in settlement cue recep-
tion and downstream signalling pathways, respectively, 
are G-Protein coupled receptors (GPCRs) and nuclear 
receptors. With the help of the DEView app, search terms 
such as “G-protein coupled receptor” or specific Pfam 
domains can be used as filters to search the developmen-
tal transcriptome to identify genes that were upregulated 
at competency (i.e. 93hpf) consistent with their potential 
involvement in settlement cue perception. Searching the 
A. millepora data using the terms PF00104 Ligand-bind-
ing domain of nuclear hormone receptor and PF00105 
Zinc finger, C4 type (two domains) yielded 21 hits cor-
responding to 14 loci (Additional File 3: Fig. S3). Nuclear 
receptors play key roles in metamorphosis in both insects 
and some vertebrates, potentially acting in the internal 
transmission of metamorphosis signals rather than their 
external reception. Of the 14, seven were upregulated at 
133hpf and all of these mRNAs appear to be cleared at 
the 3–6hpi transition, so they could have roles in the cue 
recognition pathway and/or metamorphosis.

Conclusions
The A. millepora developmental transcriptome data, 
together with the DEView app, have provided novel 
insights into early coral development and allowed iden-
tification of candidate genes for key roles. We hope that 
the availability of this app via the web will lead to more 
extensive exploration of the data and ultimately facili-
tate much better understanding of the molecular pro-
cesses underlying the development of the coral body 
plan. The approach developed for this study can be built 
on and modified to study developmental gene expression 
changes in other species with well-developed transcrip-
tomic datasets.

Methods
Sample collection
Colonies of Acropora millepora were collected at 
Orpheus Island, Queensland, Australia, (18.6141° S, 
146.4892° E) under GBRMPA permit G13/36196.1 
shortly before they spawned at approximately 9 pm on 21 
November 2013. The samples sequenced were the result 
of reciprocal crosses between two colonies and were 
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raised in three separate flow-through tanks to control for 
tank effects.

Material was collected from 26 different time points 
of which 14 were sampled before and 12 after settlement 
induction. Pre-settlement, samples were collected from 
unfertilised eggs, at 5  h post-fertilisation (hpf; 16–64 
cell stages), 13hpf (“prawn chip”), 18hpf, 23hpf, 29hpf, 
35hpf, 40hpf (sphere, some swimming), 45hpf (spheres, 
all swimming), 57hpf, 69hpf, 81hpf (planulae prior to 
the searching phase), 93hpf (searching planulae) and at 
133hpf. At these stages, approx. 500 embryos per rep-
licate (n = 3) and cross (n = 2) were immersed in 2  mL 
ethanol (100%). This caused them to sink to the tube bot-
tom, so that the overlying liquid could be removed before 
tubes were snap-frozen in liquid nitrogen.

To assess settlement competency, between 69 and 
93hpf, aliquots of planulae were exposed (independently) 
to either ethanolic extracts of the crustose coralline alga 
(CCA) Porolithon onkodes (kindly provided by Mikhail V. 
Matz; prepared as described in [85]) or the neuropeptide 
Hym-248, both of which are known to induce settlement 
of A. millepora planulae. At the 93 hpf stage 100% of 
planulae rapidly responded to the CCA extract by under-
going settlement followed by metamorphosis, hence the 
settlement-induced stages used for RNAseq were derived 
from planulae exposed to this inducer. Post-settlement 
samples were collected by stocking 144 petri dishes (2 
replicates × 3 larval tanks × 2 crosses × 12 time points) 
with respectively 100 larvae at the age of 133  h. Settle-
ment was induced with ethanolic CCA extract in all petri 
dishes at the same time. At the respective sampling times 
of 15 min after induction (mpi), 30mpi, 1, 2, 3, 6, 9, 12, 18, 
24, 48 and 72  h post induction (hpi), unattached larvae 
were transferred into tubes, and attached settlers were 
snap-frozen on petri dishes using liquid nitrogen after 
excess seawater was decanted. Sample tubes and petri 
dishes were taken to James Cook University, (Townsville, 
Australia) in dry-ice, and stored at − 80 C until further 
processing.

RNA preparation and sequencing
Frozen samples in the plates were submerged in RNAl-
ater-ICE and allowed to come to − 20 °C. Once thawed, 
RNAlater-ICE was removed and replaced by 2  ml of 
mirVana™ homogenisation buffer. Polyps were gen-
tly scraped off the plate with a sterilised scalpel in the 
homogenisation buffer and transferred into a 2-ml tube 
for immediate processing.

For both pre- and post-settlement samples, total 
RNA was extracted using  the mirVana™ miRNA Isola-
tion Kit (Invitrogen AM1560) according to the manu-
facturer’s instructions. RNA quantity and quality were 
assessed using a NanoDrop ND-1000 spectrometer and 

denaturing gel electrophoresis using standard methods 
[86] before being shipped on dry-ice to AGRF in Bris-
bane for (100  bp paired-end) sequencing on a Hi-Seq 
2500 machine. Sequencing data have been deposited at 
NCBI under bioproject PRJNA1332262.

Processing of sequence data
RNA sequencing data for all samples was first checked 
for quality and contamination using a Nextflow [87] 
pipeline https://​github.​com/​marine-​omics/​moqc. This 
pipeline includes fastqc (v0.11.5; https://​www.​bioin​forma​
tics.​babra​ham.​ac.​uk/​proje​cts/​fastqc/) to check raw read 
quality, and read-level taxonomic classification via Krak-
enUniq (v1.0.2) [88] to determine the dominant symbiont 
genus and check for bacterial or eukaryotic contami-
nants. All samples were dominated by reads attribut-
able to the coral host but also contained a small fraction 
(0.5–2%) from Symbiodiniaceae, of which Durusdinium 
was the dominant genus. No samples were flagged as 
having low-quality base calls, excessive adapter contami-
nation or high levels of potential contaminants (e.g. bac-
teria).  After confirming the overall quality of read data 
for all samples, reads were trimmed using fastp [89] to 
remove adapters and low-quality sequences.

Bioinformatic analyses of processed data
Trimmed reads were aligned to a combined reference 
database consisting of all A. millepora transcripts pre-
dicted from gene models along with the transcriptome of 
an unnamed Durusdinium species [90]. Alignment was 
performed using Bowtie2 (v2.5.0) [91] as part of RSEM 
(v1.3.3) [92] and used to produce transcript level counts 
for each sample. All of these steps were run using a Nex-
tflow pipeline https://​github.​com/​marine-​omics/​morp. 
Transcript counts produced by RSEM were imported 
into R and processed using the variance stabilising trans-
form function in DESeq2 (v1.38.3) [93] to produce values 
on a log2 scale for visualisation.

Functional annotations for A. millepora transcripts 
were obtained using a nextflow pipeline (https://​github.​
com/​marine-​omics/​moat) that is primarily based around 
identifying homologous proteins in Swissprot (down-
loaded December 2022) via blastp and blastx (NCBI 
Blast + v 2.13.0). In this process, any protein with an 
evalue less than 1e − 5 is considered a hit and the best 
hit is used to lookup Gene Ontology ID’s and a protein 
name from the Swissprot database. In addition, tran-
scripts were annotated with conserved domains, gene 
family membership and an alternative Gene Ontology ID 
inferred using Interproscan (v5.59–91.0) [94].

https://github.com/marine-omics/moqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/marine-omics/morp
https://github.com/marine-omics/moat
https://github.com/marine-omics/moat


Page 16 of 20Brunner et al. BMC Biology           (2026) 24:49 

Principal component analysis (PCA) was conducted 
using the prcomp function of the stats package in R with 
vst normalised counts.

Complete details of all data processing steps including 
scripts used for quality control, read mapping, statistical 
analysis of counts and functional annotation of genes are 
provided online at https://​github.​com/​iraco​oke/​amil2_​
dev with the version used for this manuscript archived 
via Zenodo (https://​doi.​org/​10.​5281/​zenodo.​17230​817).

Weighted gene co-expression network analysis 
(WGCNA) was conducted with normalised data that 
were filtered for genes with excessive number of miss-
ing values or zero-variance using the goodSamplesGenes 
function of the WGCNA package [38]. The samples were 
clustered using the function hclust of the stats package 
[95] to detect outliers. One sample collected 3 hpi was 
removed from the analysis. To determine groups of genes 
(modules) with correlated developmental gene expres-
sion profiles, a weighted gene co-expression network was 
constructed blockwise using the function blockwiseMod-
ules with a maximum block size of 18,000 genes, a mini-
mal module size of 18 and a mergeCutHeight set to 0.25. 
A signed, scale-free topological overlap matrix for each 
block was created by choosing a soft threshold power of 
12 and a biweight midcorrelation.

Web browser development
To facilitate reuse and rapid exploration of the A. mille-
pora developmental transcriptome, we created an inter-
active web application using the Shiny framework [96]. 
This application is hosted on servers provided by the 
Australian Research Data Commons Nectar Research 
Cloud to ensure that it is scalable and highly available 
for long-term use. Users can access the web application 
directly at https://​amil-​deview.​mmb.​group/ or obtain 
its source code and the underlying data from our github 
repository (https://​github.​com/​iraco​oke/​amil2_​dev.). The 
application is designed to facilitate access to develop-
mental expression profiles for individual genes or groups 
of genes. Users can define genes of interest in two ways; 
by either conducting a BLAST search of a sequence or by 
directly searching for genes with metadata matching a set 
of gene identifiers, Pfam domains, GO term IDs or text 
as part of the protein name. Once a list of genes has been 
identified, the corresponding normalised gene expression 
data are rapidly retrieved from an sqlite relational data-
base and used to generate an interactive display. When 
the number of genes is small (default < 10) each gene is 
displayed using a separate line plot generated by the 
R package ggplot2 [97] so that detailed changes in the 
expression of each gene can be carefully inspected. For 
larger numbers of genes (default > = 10), we assume that 
the user is more interested in broad patterns amongst 

genes and the display changes to an interactive heatmap 
generated with the R package InteractiveComplexHeat-
map [98]. In both cases, a list of genes with annotation 
information is also displayed and users can select rows in 
this table to adjust which genes are displayed in the main 
display. Comprehensive data and code exporting func-
tions are also provided so that users can easily export 
both data and R code to reproduce the plots seen in the 
app to allow further customisation by the user.

Fixation and in situ hybridisation
Preparation of embryos and larvae for in situ hybridisa-
tion is described by Hayward et al. [99] and production 
of antisense digoxygenin-labelled probes from plasmid 
templates by Kucharski et  al. [100]. In brief, specimens 
were fixed for 10–20  min in 3.7% formaldehyde in fil-
tered sea water buffered to pH 8.0 with HEPES buffer. 
They were then washed repeatedly in filtered seawater, 
dehydrated through a graded methanol series and stored 
in absolute methanol at –20 °C. Before hybridisation, 
they were gradually rehydrated and returned to PBS at 
room temperature. They were then delipified using the 
RIPA solution of Rosen and Beddington (1993) [101] or 
sequentially by RIPA and Xylene. After washing in PBT 
(1X PBS; 0.1% Tween20), the specimens were placed in 
hybridisation solution (details in [100]). Digoxygenin 
(DIG)-labelled probes were produced by run-off tran-
scription and corresponded to the entire length of the 
cDNA. To increase probe penetration, probe length was 
reduced by hydrolysis in 0.1 M sodium carbonate [100]. 
Probe was added to specimens in hybridisation buffer at a 
concentration of 0.1–1 µg/ml and hybridisation was car-
ried out at 55 °C for 24 h. Following thorough washing in 
50% formamide, 4 × SSC, 0.1% Tween 20 at 55 °C, speci-
mens were returned to PBT. The DIG signal was detected 
with an alkaline phosphatase conjugated anti-DIG anti-
body (Boehringer Mannheim). Specimens were cleared 
through a glycerol series, mounted in 90% glycerol, and 
viewed and photographed on a Wild M400 microscope.

Abbreviations
CCA​	� Crustose coralline algae
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miRNA	� MicroRNA
mpi	� Minutes post-induction
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PNR	� Point of no return
RNAseq	� RNA sequencing
RSEM	� Relative standard error of the mean
SEM	� Scanning electron microscopy
siRNA	� Small interfering RNA
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TF	� Transcription factor
WGCNA	� Weighted gene co-expression network
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Additional file 1: Fig. S1. Weighted gene co-expression network analysis 
(WGCNA) clustering of the developmental gene expression data. WGCNA 
clustered the developmental gene expression data into 39 modules based 
on correlated expression patterns. The number of genes in each module 
ranges from 18 (plum module) to 5851 (turquoise module) and the grey 
module contains all genes that did not fit into any other module. The 
WGCNA heatmap indicated that there is a major change in gene expres-
sion between 3 and 6 hours post induction (hpi) and also showed that 
settlement induction at the age of 133 hours post fertilisation (hpf ) did 
not trigger an immediate strong change in gene expression 15 minutes 
post induction (mpi).

Additional file 2: Fig. S2. Spatial and temporal expression data for genes 
previously characterised in the context of gastrulation. In situ data for 
the A. millepora homologs of several genes imply conservation of func-
tion with Bilateria during gastrulation. (A) BMP2/4 (BMP2B), (B) forkhead 
(FOXA2), (C) goosecoid (GSC) and (D) brachyury (TBXT). However, 
heatmaps show that, for most of these genes, rather than at gastrulation 
(around 13 – 18 hpf ) the expression maxima occur post-settlement. Only 
one of the genes previously characterised in the context of gastrulation 
(snail) has a major peak of expression at the late “prawn chip” (gastrula) 
stage (Figure 5) – which is consistent with in situ data [15] suggesting 
expression throughout the presumptive mesendoderm. All of the data 
points represented in the heat maps are the means of six individual meas-
urements. Individual data points for each transcript can be viewed via the 
web app by un-ticking the “Average replicates” box.

Additional file 3: Fig. S3. Differential expression of genes encoding nuclear 
receptors during coral development. Searching the A. millepora data using 
the terms PF00104 Ligand-binding domain of nuclear hormone receptor 
and PF00105 Zinc finger, C4 type (two domains) yielded hits correspond-
ing to 14 loci. Two of these loci code for predicted protein isoforms with 
distinct expression profiles (XP_029208454.1 and XP_029208455.1 are 
protein isoforms from the locus LOC114972094; XP_044184859.1 and 
XP_044184860.1 are isoforms from the locus LOC114969161). Consist-
ent with possible roles in cue recognition and/ or metamorphosis, seven 
of the 14 genes were upregulated at 133hpf. All of these mRNAs were 
cleared at the 3-6hpi transition. All of the data points represented in the 
heat maps are the means of six individual measurements. Individual data 
points for each transcript can be viewed via the web app by un-ticking 
the “Average replicates” box.
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