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The evolution of facultative symbiosis in 
stony corals

Shani Levy1,6,7 ✉, Xavier Grau-Bové1,7 ✉, Iana V. Kim1, Sebastian R. Najle1, Ewa Księżopolska1, 
Anamaria Elek1, Laia Montes-Espuña1,2, Sean A. Montgomery1, Tali Mass3 & 
Arnau Sebé-Pedrós1,2,4,5 ✉

Most stony corals are obligate symbionts that are dependent on nutrients provided  
by the photosynthetic activity of dinoflagellates residing within specialized cells1. 
Disruption of this symbiotic consortium leads to coral bleaching and, ultimately, 
mortality2. However, a few coral species exhibit facultative symbiosis, allowing them 
to survive extended periods of bleaching3,4. Despite this resilience, the underlying 
biological mechanisms remain poorly understood. Here we investigate the genomic 
and cellular basis of facultative symbiosis in Oculina patagonica, a thermotolerant 
Mediterranean coral5,6. We sequenced and annotated a chromosome-scale genome of 
O. patagonica and built cell atlases for this species and two obligate symbiotic corals. 
Comparative genomic analysis revealed karyotypic and syntenic conservation across 
all scleractinians, with species-specific gene expansions primarily driven by tandem 
duplications. Single-cell transcriptomic profiling of symbiotic and naturally 
aposymbiotic wild specimens identified an increase in phagocytic immune cells and a 
metabolic shift in gastrodermal gene expression from growth-related functions to 
quiescent, epithelial-like states. Cross-species comparison of host cells uncovered 
Oculina-specific metabolic and signalling adaptations indicative of an opportunistic, 
dual-feeding strategy that decouples survival from symbiotic state.

Stony corals (Scleractinia) are colonial cnidarians that thrive in tropical 
and subtropical seas, where they sustain highly biodiverse reef ecosys-
tems7. Thermal stress causes coral bleaching, a process in which corals 
expel the dinoflagellate symbionts that provide corals with nutrients, 
eventually leading to coral death2,8,9. Although bleaching poses a major 
threat to tropical corals, the temperate species O. patagonica regularly 
recovers from seasonal bleaching10. Unlike most other corals, O. pata-
gonica establishes facultative symbiosis with dinoflagellates (Symbio-
diniaceae)11,12. This facultative nature enables O. patagonica to survive 
in both symbiotic and aposymbiotic (without algae) states, which is 
crucial for its ability to withstand environmental stressors such as ther-
mal fluctuations and increased sedimentation that are prevalent in the 
Mediterranean Sea5,13, where O. patagonica is a widespread species5,14–17.

Periodic bleaching of O. patagonica occurs as sea-surface tempera-
tures peak during summer months, particularly along the Mediterra-
nean Levantine coasts where temperatures can reach up to 31 °C (ref. 18),  
and is followed by a recovery phase in autumn as temperatures 
decrease5. This cyclical pattern of bleaching and recovery demonstrates 
the ability of the coral to regain its symbiotic algae when conditions 
improve, highlighting a level of resilience that is not commonly seen in 
many tropical coral species. Further contributing to the resilience of 
O. patagonica is its ability to inhabit diverse light environments, from 
sunlit environments to shallow water regions with low-light conditions, 
such as caves and undercut rock formations. In these dimly lit habitats, 

corals are frequently observed in a naturally bleached or aposymbiotic 
state, probably owing to the reduced availability of light necessary for 
sustaining their symbiotic algae19. This naturally bleached state is not 
necessarily indicative of stress, but rather reflects an adaptive strategy 
that enables O. patagonica to thrive across a range of light environ-
ments, further underscoring its ecological plasticity.

Here we investigate the genomic and cellular basis of O. patagonica 
facultative symbiosis. We sequenced and assembled to chromosome 
scale the genome of O. patagonica, and compared it to other corals 
and cnidarians to define evolutionary dynamics of gene content and 
macrosynteny. We used single-cell RNA sequencing (scRNA-seq) to 
characterize cell-type composition and gene-expression changes 
between aposymbiotic and symbiotic O. patagonica sampled from the 
eastern Mediterranean. Additionally, we built scRNA-seq atlases for two 
tropical obligate symbiotic corals (Acropora millepora and Stylophora 
pistillata) and systematically compared them with O. patagonica. This 
comparative genomic and transcriptomic approach aims to clarify the 
molecular mechanisms underlying coral–algal symbiosis and immu-
nity, and the unique adaptations of these corals to their environment.

Oculina genome organization and evolution
We sequenced and assembled the genome of the scleractinian O. pata-
gonica, combining long reads and micro-C chromatin contact maps. 
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The resulting chromosome-scale assembly spans 507 Mb and con-
sists of 14 chromosome-level scaffolds (Fig. 1a,b and Supplementary 
Fig. 1), in agreement with the number of chromosomes reported in 
other stony corals20,21. We then used strand-specific RNA-sequencing 
(RNA-seq) data to annotate 39,482 genes. Transposable elements 
represented 23.6% of the genome, with the major class being LTR 
retrotransposons (5.4%), followed by helitrons (3.8%) and Mutator 
DNA transposons (3.2%) (Supplementary Fig. 2a,b, Supplementary  
Table 1).

A high degree of microsyntenic conservation has been reported 
across scleractinians22. Here we extended these analyses to meas-
ure macrosyntenic conservation using ten other available cnidar-
ian chromosome-level assemblies23,24 (Fig. 1c and Extended Data 
Fig. 1a–c). We defined 27 cnidarian ancestral linkage groups (ALGs)25 
and reconstructed their evolutionary history along cnidarian phy-
logeny (Extended Data Fig. 1c). This analysis revealed two fusion-
without-mixing events shared by all scleractinians and highlighted 
a high degree of macrosyntenic conservation in the 14 chromo-
somes across scleractinian corals (Fig. 1c and Extended Data Fig. 1c), 
although a higher degree of ALG rearrangement was observed in  
A. millepora (even compared to other Acropora species). An exception  
to the globally conserved genome organization of O. patagonica is 
the existence of a 12 Mb region in chromosome 4 that lacks signal 
from any cnidarian ALG. This low-conservation region is enriched 
in transposable elements and in evolutionarily young genes mostly 
restricted to O. patagonica and its close relative Oculina arbuscula, 
as well as conserved genes involved in chromatin remodelling, DNA 
replication, spermatogenesis and male sexual differentiation (Sup-
plementary Table 2). This region appears insulated in 3D chromatin 
contacts and genes within it are expressed at very low levels (Fig. 1b 
and Extended Data Fig. 1d). Given that O. patagonica is a gonochoric 
species, we hypothesize this may represent a sex-determining 
region, which are often characterized by low recombination rates, 
high transposable element content, low gene density and rapid  
divergence26.

The genome of O. patagonica and those of other scleractin-
ians encode high numbers of genes compared with other cnidarians 
(Fig. 1a,d), which have been hypothesized to be the result of whole-
genome duplication events27 or gene duplications22,28,29. We found no 
evidence of an ancestral whole-genome duplication contributing to 
this pattern in the scleractinian lineage (Supplementary Fig. 2c), in line 
with recent studies21. However, we identified tandem duplications as 
a major contributor to the gene family expansions in O. patagonica: 
2,851 genes belonging to 1,092 gene families were affected (7.2% of the 
total gene complement; Fig. 1e and Supplementary Table 3). Tandem 
duplications are, in fact, the dominant mode of paralogy among the 
families expanded in this and other scleractinian genomes (for example, 
80% of the families with paralogues in O. patagonica have tandem-
duplicated genes). A sizeable fraction of tandem duplication events 
in O. patagonica could be identified in O. arbuscula (Fig. 1f). These 
were enriched in genes encoding proteins that are localized to cell 
vesicles (endosome, lysosome and endosome–lysosome transport). 
Conversely, we found little overlap between the tandem-duplicated 
families of various corals, hinting at independent expansions in each 
species. For example, only 80 out of 1,092 families that are expanded 
in O. patagonica are shared with S. pistillata and A. millepora. These 
ancient gene duplications are enriched in immune-related functions 
and tyrosine kinase signalling (Fig. 1g).

Overall, the O. patagonica genome highlights the high conserva-
tion among stony coral genomes, at the level of both karyotype and 
macrosynteny. Gene content is dominated by tandem duplications and 
these gene expansions are paralleled by the expansion of transposable 
elements in these same genomes (Fig. 1d). Together, these processes 
explain the relatively large genome sizes and high gene counts in scle-
ractinian corals.

Conserved coral cell-type repertoires
To study the cellular basis of O. patagonica facultative symbiosis, 
we sampled 29,723 single-cell transcriptomes from both naturally 
bleached (aposymbiotic) and non-bleached (symbiotic) adult colo-
nies. We also constructed single-cell atlases from two tropical stony 
corals: A. millepora (28,736 cells) and S. pistillata (15,053 cells) (Fig. 2a 
and Supplementary Fig. 3). In brief, adult colonies from each species 
were collected, dissociated and fixed with a modified ACME (acetic–
methanol) protocol30,31. Cells were sorted by fluorescence-activated 
cell sorting (FACS) to remove doublets, debris and ambient RNA, 
before encapsulation and transcriptome capture using 10X Genom-
ics 3′-end scRNA-seq technology. We sequenced libraries to an average 
depth of 35,000 reads per cell to obtain a minimum library sequencing 
saturation of 80% (Supplementary Fig. 3a). We obtained a median of 
1,278, 1,662 and 1,724 unique molecular identifiers (UMIs) per cell in 
O. patagonica, A. millepora and S. pistillata, respectively. We applied 
the Metacell algorithm32 to group cells into transcriptionally coherent 
clusters (metacells), which constitute our basic unit for downstream 
analysis (Supplementary Table 4).

On the basis of gene-expression patterns (Supplementary Figs. 4–6 
and Supplementary Table 5) and comparison with previously published 
cnidarian atlases33–35 (Supplementary Fig. 3d,e), we defined 31, 28 and 25 
cell types in O. patagonica, A. millepora and S. pistillata, respectively. We 
compared and grouped cell types across species using co-expression 
of orthologous genes (Fig. 2b and Extended Data Fig. 2a). This revealed 
strong cross-species similarities, further supported by co-expression 
of key transcription factors driving these cell identities (Extended Data 
Fig. 2b). For example, all neurons share the expression of an Asc homo-
logue, and we identified two broad neuronal groups across species 
defined by expression of Islet, Gata and Ptf1a and co-expression of Pou4 
and FoxL2, as observed in other cnidarians33. Moreover, cell-type com-
position was similar across species: for example, 4–5% of the cells were 
annotated as skeleton-forming calicoblasts, 32–39% were annotated 
as gastrodermis, and 15–20% were annotated as epidermis (Fig. 2c). An 
exception was the higher frequency of gland and digestive filament cells 
in O. patagonica compared with the other species (12% versus 3–5% and 
11% versus 1–3%, respectively). Gland cells are involved in the secretion 
of digestive enzymes, mucus or toxins, whereas digestive filament cells 
form the supportive tissue of the mesenteries33.

We used cell-type gene-expression conservation to interrogate func-
tional constraints determining the high microsyntenic conservation 
observed in O. patagonica (Extended Data Fig. 3a,b). Collinear genes 
that are syntenic in other species show consistently higher expres-
sion conservation (Extended Data Fig. 3c). This could be explained 
by stronger sequence-level conservation in the upstream non-coding 
(Extended Data Fig. 3d), in line with the idea that cis-regulatory con-
straints are a major determinant of microsyntenic conservation36. Cell 
atlases also enabled us to study the functional fates of the abundant 
tandem-duplicated gene paralogues in coral genomes (Fig. 1e). In all 
the species, around 50% of the tandem-duplicated genes show signa-
tures of expression divergence, followed by 25% of cases of redundant 
expression among tandem duplication genes (Fig. 2d,e). Complete loss 
of expression of tandem duplication genes appeared to be a rare event 
(only five genes in S. pistillata) consistent with most tandem duplica-
tion genes being under purifying selection (ratio of non-synonymous 
substitutions to synonymous substitutions (Ka/Ks) < 1; Extended Data 
Fig. 3e). In O. patagonica, tandem-duplicated gene families did not 
appear to be biased towards expression in any particular cell type 
(Extended Data Fig. 3f).

Our single-cell atlases reveal an extensively conserved cell-type rep-
ertoire across stony corals and help us to interrogate the functional 
constraints that underlie the highly conserved genomic organization 
in these organisms. The complete dataset can be explored in an interac-
tive database (https://sebelab.crg.eu/multicoral-sc-atlas/).

https://sebelab.crg.eu/multicoral-sc-atlas/
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Fig. 1 | The O. patagonica genome. a, Left, cladogram depicting phylogenetic 
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relationship established with dinoflagellate algae, its assembled genome 
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b, Top, micro-C contact map of the 14 chromosomes assembled for the  
O. patagonica genome, measured as Knight-Ruiz (KR) normalized counts. 
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ALGs between O. patagonica (top of each diagram) and selected cnidarian 
species (bottom). Vertical lines represent synteny between homologous gene 

pairs, colour-coded by ALG (complete analysis in Extended Data Fig. 1a–c).  
d, Scatter plot of genome size and span of repetitive regions for selected 
cnidarians. Dot size reflects the number of annotated genes. e, Evolutionary 
reconstruction of gain, loss, expansion and contraction of orthologous groups 
of genes in Scleractinia. Bar plots to the right of the tree indicate the number of 
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TD, tandem duplications. f, Overlap between the gene families with tandem 
duplications in O. patagonica and O. arbuscula, and selected functional terms 
enriched in the shared set (P values result from one-tailed Fisher’s exact tests 
with elim correction for Gene Ontology (GO) categories and false discovery 
rate (FDR)-adjusted hypergeometric tests for Pfam protein domains).  
g, Overlap between the gene families with tandem duplications in O. patagonica, 
S. pistillata and A. millepora, and selected functional terms enriched in the 
species-specific and shared sets (statistical analysis as in f).
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Cell-type responses to aposymbiosis
We next focused on the analysis of host cells in O. patagonica. We con-
firmed host cell identity in all three species by comparing their tran-
scriptomes with those of FACS-sorted alga-positive coral cells using 
massively parallel scRNA-seq (MARS-seq)35. To this end, we mapped 
the MARS-seq transcriptomes to each coral genome and a set of refer-
ence Symbiodiniaceae genomes from each major clade (Symbiodinium 
microadriaticum (formerly clade A), Breviolum minutum (formerly 
clade B), Cladocopium goreaui (formerly clade C) and Fugacium kawa-
gutii (formerly clade F))37, and selected the cells exhibiting signal from 
both host and at least one algal species. Then, we projected the obtained 
single-cell transcriptomes into the reference atlas (Methods) to confirm 

that, in all three species, the majority of alga-positive cells mapped 
to the gastrodermal alga-hosting cells (more than 72%; Fig. 3a). This 
experiment also allowed us to identify the dominant Symbiodiniaceae 
genera in each coral species: Symbiodinium and Breviolum in O. pata-
gonica; Symbiodinium in S. pistillata, and Cladocopium in A. millepora 
(Fig. 3b).

Having confirmed their identity, we observed that O. patagonica 
host cells are less transcriptionally differentiated from gastrodermal 
cells than the host cells from the obligate symbiotic corals (Fig. 3c). 
This pattern was also apparent in the single-cell 2D projections (Fig. 2a) 
and in the gene-expression maps (Supplementary Figs. 4–6), and it 
could explain why 22% of the cells with detected dinoflagellate in the 
O. patagonica MARS-seq experiments are classified as gastrodermis 

Gland Xbp1+
Xbp1, Creb3l1/2

Gastrodermis, alga-hosting cells
Srebf1/2, Jun/b/d, Fos paralogue, 
Mitf/Tfe-like, p53-like, unknown zf-met

Epidermis
Tfap2a–e, Tfdp1/2, Hmx1/2/3,
Hes-like, Pax-like, Bach/Nfe-like,
Cdx/Hox-like, Pax3/7 paralogue

Digestive �laments
Mnx1, Cebpg-like, Rfx6, Hes-like,
Pitx1/2/3, Fox1/2/3

100

Immune
Irf1/2 (2 paralogues), Ehf/Elf3/Elf5, Id1–4

Gastrodermis
Dmbx1, Six4/5, Hand1/2-like, Etv6

Muscle*
Msx1/2/3, Scx/Tcf15-like

Ocu

Ocu
Ocu

Ocu

Ocu

Ocu

Ocu

Ocu

Ocu

Ocu

Acr
Acr

Acr

Acr

Acr

Acr

Acr
Acr

Sty

Sty

Sty

Sty

Sty

Sty

Sty

Sty

Ocu
Acr

Sty

Ocu

Acr
Acr

Acr

Sty

Sty

Ocu
Acr

Sty

Ocu
Acr
Sty

Ocu
Ocu

Ocu

Ocu

Acr
Acr
Acr

Acr

Sty
Sty

Sty

Ocu
Ocu

Ocu
Ocu

Ocu
Ocu

Ocu
Acr

Acr
Acr

Acr

Ocu

Acr
Acr

Acr

Sty

Sty

Sty
Sty

Sty
Sty

Sty
Ocu

Ocu

Ocu

Acr

Sty

Ocu

Ocu
Acr

Sty

Calicoblasts
Pax3/7, Csde1, Gata1–6, Nkx2-like,
Smad1/5/9, Hes-like...

Cnidocytes
Hnf1a/b paralogue, Pou4f1/2/3, Foxl2,
Fos paralogue (cnido-Jun)
Neurosecretory progenitors
Hey1/2/l, Foxl2, Rfx5/7, Neurod1/2/4/6,
Myc (2 paralogues), Sox1/2/3 (SoxB),
Sox4/11/12 (SoxC), Nkx2-2/9

Gland*
Creb3l1/2

Germline
Myb/Mybl1/2, Neurod1/2/4/6, Pax paralogue,
Foxn1/4, Foxn2/3, Hmx1/2/3...

Neuron Pou4+
Pou4f1/2/3, Myc, Nkx6-1/2/3,
Ets paralogue

Neuron Pou4/Otp+
Otp, Pou4f1/2/3, Isl1/2, 
Hmx1–3, Runx, Prdm12, Gata1–6

Neuron Pou4/Gsx+ Gsx1/2, Sox1/2/3 (SoxB)

Neuron Isl+
Isl1/2, Gata1–6, Etv1/4/5, Ptf1a
Lhx1/5, Hhex-like, Tbx20
Neuron Foxa+
Foxa1/2/3

Foxl2
Ascl1/2/3/4/5
Id1/2/3/4-like
Ascl1/2/3/4/5
Id1/2/3/4-like

Pou4f1/2/3

Alx1/2/3Alx1/2/3

100
61

Rfx6-like

Creb3l1/2Creb3l1/2

Camta

100

46
7979

50

100

50

49

35

11

13

19

100

100

100

100

76

70

50

44
Cebpg-likeCebpg-like

c

Neu
ro

n 
Isl

+

Neu
ro

se
c p

ro
g

Dige
sti

ve
 �l

Neu
ro

n 
Pou

4+
 

e

O. patagonica

gast (32%)

gla (12%)

germ (1%)
imm (4%)

mus (<1%)

cnid (2%)
cali (4%)

neu Isl+ (5%)neu Pou4+ (7%)

epi
(15%)

df
(11%)

ah (6%)

O. patagonica

Divergent
(51%)

Redundant
(25%)

red/div (10%)

Undetermined
(14%)

d

A. millepora

gast (39%)

gla (3%)

germ (1%)
imm (3%)
cnid (<1%)

cali (5%)
epi (18%)

df (1%)
ah (9%)

mus (3%)

A. millepora

Divergent (46%)

Redundant
(27%)

Undetermined
(10%)

red/div (17%)

S. pistillata

gast (34%)

gla (6%)

germ (2%)
imm (3%)
cnid (<1%)

cali (4%)
neu Isl+ (6%) neu Isl+ (6%)
neu other (4%)

neu Pou4+ (8%) neu Pou4+ (8%)

epi (20%)

df (3%)
ah (5%)

mus (4%)

S. pistillata

Divergent (54%)

Redundant
(21%)

Expression
loss (1%)

Undetermined
(11%)

Redundant/div
(14%)

1.501.251.00

Normalized
expression FC

Gas
tro

der
m

is

M
us

cle

Glan
d

Cnid
oc

yte

Im
m

un
e

Ger
m

lin
e

Cali
co

blas
ts

Epider
m

is

Alga
-h

os
tin

g

Spire1/2

Rpl10

K voltage-
gated channel

Clcn1/Clcn2/
Clcnka/Clcnkb

Spearman’s
 = 0

 = 0

 = 0.97

 = 0.94

a b

Alga-hosting
Gastrodermis

Muscle

29,723 cells, 343 metacells

Calico-
blasts

Immune

Cnidocytes

Neuron
Pou4+

Gland

Epidermis
Digestive �l. Germline

Neuron
Isl+

O. patagonica

Alga-hosting

Gastrodermis

15,053 cells, 168 metacells

Muscle

Calicoblasts

Immune

Cnidocytes

Neuron Atoh8+

Gland
Epidermis

Germline

Neuron
Isl+

S. pistillata

Alga-
hosting

Gastrodermis

28,736 cells, 308 metacells

Muscle

Calicoblasts

Immune

Cnidocyte

Neuron
Pou4+
Neuron
Pou4+

Gland

Epidermis

GermlineNeuron
Isl+

A. millepora

Neuron
Pou4+

Fig. 2 | Stony coral cell-type diversity and gene-expression programmes.  
a, Two-dimensional uniform manifold approximation and projection (UMAP) 
projection of the three scleractinian coral single-cell transcriptomic atlases:  
O. patagonica, S. pistillata and A. millepora (obtained from four specimens, one 
specimen and two specimens, respectively). Grey dots represent individual cells. 
The larger coloured dots represent high-granularity cell clusters (‘metacells’) 
and are placed at the median centroid coordinates of the cluster. Metacells are 
colour-coded according to their cell type of origin. Fil., filaments. b, Cell-type 
clustering of the three scleractinian corals obtained using the UPGMA algorithm 
on binarized gene-expression matrices, with bootstrap supports in selected 
nodes. In key nodes of the tree, we indicate selected transcription factors shared 
by the ‘descendant’ cell types along the tree, obtained using probabilistic 

ancestral character estimation. Acr, A. millepora; Ocu, O. patagonica; Sty,  
S. pistillata. c, Cell-type frequencies in each coral atlas. ah, alga-hosting; cali, 
calicoblast; cnid, cnidocyte; df, digestive filament; epi, epidermis; gast, 
gastrodermis; germ, germline; imm, immune; gla, gland; mus, muscle; neu, 
neuron. d, Frequency of co-expression patterns of the sets of tandem-duplicated 
genes in each coral species. Pairs of paralogues within each set of tandem 
duplicates are recorded as having a redundant expression profile within a species 
if their cell-type-level normalized expression values are correlated (Spearman’s 
ρ ≥ 0.6) and divergent if they are not correlated (ρ < 0.4). red/div, redundant/
divergent. e, Normalized expression of four sets of tandem-duplicated genes in 
O. patagonica, illustrating two cases of divergence and two of redundancy. 
neurosec prog, neurosecretory progenitors.



Nature  |  www.nature.com  |  5

d e

g

c

Breviolum
(49%)

Symbiodinium
(49%)

Cladocopium
(2%)

Symbiodinium (97%)

Cladocopium
(3%)

Cladocopium (99%)

Others 
(1%)

b

Cnidocytes (<1%)

Alga-hosting
(72%)

Gastrodermis (22%)

Calicoblasts (4%)
Epidermis (<1%)

n = 454 cells

Cnidocytes (2%)

Alga-hosting (93%)

Gastrodermis (5%)

n = 262 cells

Alga-hosting (98%)
Epidermis
(1%)
Others 
(<1%)

n = 784 cells

O. patagonica A. milleporaS. pistillata
a

O. patagonica

G
as

tr
od

er
m

is
 U

M
Is

 (%
)

Alga-hosting

Gastrodermis

Other

0 30

0

30

Alga-hosting UMIs (%)

S. pistillata

Alga-hosting UMIs (%)

Alga-hosting

Gastrodermis

Other

0 25

0

25

A. millepora

Alga-hosting

Gastrodermis

0 40

0

40

Other

Alga-hosting UMIs (%)

Per cent differentially expressed genes

–10 –5 5 100 15

+139 

+3 

+54 
+211 

+2,245 
+125 

+1 

+7

+97 

+225

+7 
+20 

+2 
−51

−70

−48
−521

−695
−259

−0

−6

−61

−55

−15
−31

−17
Calicoblast

Cnidocyte

Digestive �l
Epidermis

Germline

Gland

Immune

Neuron Isl+
Neuron Pou4+

Neurosec prog

Gastrodermis
Alga-hosting

Gastro. muscle

Gastrodermis

Alga-hosting

41553 173

Enriched in
aposymbiotic

Gastrodermis

Alga-hosting

1,94410 106

Enriched in
symbiotic

Calicoblast

Cnidocyte

Digestive �l
Epidermis

Germline

Gland

Immune

Neuron Isl+
Neuron Pou4+

Neurosec prog

Gastrodermis
Alga-hosting

Gastro. muscle

Enriched in
aposymbiotic

Enriched in
symbiotic

log2(OR)

−1 0 1 2

P = 3 × 10–5

P = 2 × 10–16

P = 2 × 10–16

P = 2 × 10–16

P = 2 × 10–16

P = 5 × 10–2

P = 5 × 10–5

Immune subclusters

Cell type composition
tests (scCODA):

Symbiotic-enriched
Aposymbiotic-enriched
Not signi�cant

f

GO:0005739 Mitochondrion
GO:0006633 Fatty acid biosynthesis
GO:0022627 Small ribosomal subunit
GO:0051082 Unfolded protein binding
GO:0016887 ATP hydrolysis 
GO:0045182 Translation regulator activity
GO:0005615 Extracellular space
Pfam: Collagen
GO:0005764 Lysosome
GO:0019915 Lipid storage
GO:0022804 Transporter activity
GO:0009749 Response to glucose

Enrichment P value:

Enrichment P value:

P < 0.05 P < 0.01 P < 0.0001

P < 0.05 P < 0.01 P < 0.0001

Scd1/2/3/4

Alga
-h

os
tin

g,
 sy

m

Alga
-h

os
tin

g,
 ap

o

Gas
tro

der
m

is,
 sy

m

Gas
tro

der
m

is,
 ap

o

Alga
-h

os
tin

g,
 sy

m

Alga
-h

os
tin

g,
 ap

o

Gas
tro

der
m

is,
 sy

m

Gas
tro

der
m

is,
 ap

o

Pfam: ELO 
Pfam: Methyltransf_11 Sterol_MT_C 
Pfam: ELO ELO
Scd1/2/3/4
Npc2
Plbd1/2
Lcat/Pla2g15
Dgat1
Npc1/1l1
Psap/l1, Sftpb
Faah

Slc26a11
Slc39a8/14
Slc15a5
Slc2a13
Pfam: Ammonium_transp
Atp2b1/b2/b3/b4
Slc2a6/8
Slc1a1–7

Chac1

Gba
Pik3r4

Npc1/1l1
Fgf1/2
Npc2

Slc5a5/6/8/12
Slc34a1/2/3
Mfsd4a

Gstm1–7
Ggt1/5
Pfam: GST_N_4

Lamp1/2/3/5, Cd68

Ggt1/5
Selenom

Li
p

id
 m

et
ab

ol
is

m
Tr

an
sp

or
te

rs
Ly

so
so

m
e

G
lu

ta
th

io
ne

Nfatc1–5
Hnf4a/g
Srebf1/2

Pfam: Collagen(2)/Ig_3(2) 
Cthrc1
Agrn/Cntnap1–5/

Foxc1/2, Foxl1, Foxs1
Foxd1/3

Eda, Tnfsf12/13

Nos1/2/3
Dysf/Fer1l5/Myof
Btg3/Btg4
Pfam: zf-RING_UBOX zf-B_box NHL(4)

Pax3/Pax7-like

Cthrc1
Cthrc1
Pfam: Collagen I-set Ig_3(2) Sushi Pentaxin
Srd5a3
Col1a1/2, Col2a1, Col3a1, Col5a2
Mblac2
Pfam: Collagen(6) COLFI
Pfam: Collagen Ig_3(3) Fibrinogen_C
Pfam: Collagen(2)

Spry1/2/3/4

Creb3l1/l2
Dbp/Gm4125/Hlf/N�l3/Tef
Id1/2/3/4
Nr2f1/2

O
th

er
E

xt
ra

ce
llu

la
r 

m
at

rix
TF

s

8 12 23182
4 2 2

1
8

7

2

14
2 2

13

12

4 1
2

1
4

1 1
50

10
38
8 2

6
4

42
31

72 29
27

27
28

28

1 1.5 2.0

Normalized
expression (FC)

Aif1/Aif1l
Lect2
Cav2
Gp2/Oit3/Umod
SEFIR
Cd93/Chodl/Layn
Fscn1/Fscn2
Bpi
Tln1/Tln2
Cd163-like

E
ff

ec
to

r 
ge

ne
s

E
ff

ec
to

r
ge

ne
s

Immune subclusters Immune subclusters

16

44 16 34
16 8 15 GO:0030027 Lamellipodium
23 8 15
35 39

5
6 2 2

GO:0051015 Actin �lament binding

GO:0060100 Positive regulation phagocytosis
GO:0097278 Complement cytotoxicity
GO:0006897 Endocytosis

GO:0005764 Lysosome

Immune subclusters

Ralbp1
Gstm1–7
Macin
Ly6m-like

Irf1/2, a
Irf1/2, b
Irf3–9, a
Irf3–9, b
Irf2bp1/2/l
Irf3–9, c

TF
s

1 63

Normalized expression (FC)

Bcl10/Card9-11
Cd225-like
Tirap
Card-like
Tirap
Cgas/Mab21

210

1
2
3

11 22 33 1 2 3

−2 −1
log2(OR)

P = 5 × 10–7
P = 7 × 10–3
P = 2 × 10–16

Fig. 3 | Cell-type-specific differences between aposymbiotic and symbiotic 
O. patagonica specimens. a, Cell-type classification of the transcriptomes  
of individually sorted alga-positive cells in O. patagonica, S. pistillata and  
A. millepora. Sorted cell transcriptomes were sequenced using MARS-seq and 
mapped to the reference atlas of each species using anchor genes. b, The most 
abundant Symbiodiniaceae clade in each sorted alga-positive cell, as determined 
by the number of UMIs obtained when each transcriptome was mapped to 
representative Symbiodiniaceae species. c, Fraction of UMIs from genes assigned 
to the gastrodermis and alga-hosting gene modules in each coral. d, Change in 
cell-type composition between the symbiotic and aposymbiotic samples of  
O. patagonica, measured as the log2 odds ratio (OR) of symbiotic/aposymbiotic 
frequencies for each cell type. Inset, change in composition for three subclusters 
of immune cells. The statistical significance of the biases was evaluated using 
two-tailed Fisher’s exact tests (P values are shown where P < 0.05). Triangles 
and circles next to each cell type indicate consistency with an scCODA analysis 

of cell-type compositional changes (at probability greater than 95%). Gastro., 
gastrodermis; OR, odds ratio. e, Top, number of differentially expressed genes 
between the symbiotic and aposymbiotic cells for each cell type in O. patagonica. 
Significance of differential expression was evaluated using a two-tailed Wilcoxon 
rank-sum test on gene counts, with Bonferroni P value correction. Bottom, Venn 
diagrams indicate the overlap between the genes enriched in symbiotic or 
aposymbiotic cells for the alga-hosting and gastrodermis clusters. f, Top, selected 
differentially expressed genes between symbiotic (sym) and aposymbiotic (apo) 
host cells and gastrodermis. Bottom, representative functional terms (dot size 
represents the number of genes and colour indicates statistical significance in 
one-tailed Fisher’s exact tests with elim correction for Gene Ontologies, and FDR-
adjusted hypergeometric tests for Pfam protein domains). TFs, transcription 
factors. g, Selected marker genes for the immune cell subclusters in O. patagonica 
(left and middle) and representative enrichment terms (right). Statistical analysis 
as in f.



6  |  Nature  |  www.nature.com

Article
according to their gene-expression programme (Fig. 3a). Such plastic-
ity may underlie the facultative nature of O. patagonica, enabling it to 
survive without symbionts by relying on alternative nutritional and 
metabolic pathways, unlike obligate symbiotic corals that are heavily 
dependent on their symbionts for survival.

We analysed the differences in cell-type composition and gene 
expression between symbiotic and aposymbiotic O. patagonica speci-
mens by separating the joint single-cell atlas into these two condi-
tions (14,835 and 14,888 cells, respectively). As expected, host cells 
were strongly enriched in symbiotic specimens (9.5% of the total cells 
sampled), but we also detected host cells in the aposymbiotic samples 
(2.5% of the total cells) (Fig. 3d). This probably indicates that many cells 
expressing the ‘host cells’ transcriptional programme remain even 
after the dinoflagellate symbiont is no longer present, and prompted 
us to examine differences in gene expression between host cell states 
in aposymbiotic and symbiotic O. patagonica (Fig. 3e). These obser-
vations, including biases in frequency of alga-hosting cells and the 
relative lack of differentiation between host and non-host gastroder-
mal cells, are consistent in another Oculina species, O. arbuscula38 
(Supplementary Fig. 7).

Host cells in symbiotic animals strongly expressed genes involved in 
lipid metabolism (including the transcription factor genes Nfat, Hnf4A 
and Srebf1/2, the latter of which are involved in controlling lipogenesis 
in mammals), molecular transport, lysosomal activity and glucose 
metabolism (Fig. 3f and Supplementary Table 6). By contrast, host cells 
in aposymbiotic animals express extracellular matrix components, 
such as collagen genes, and matrix regulatory genes, such as Cthrc1 
and Sparc. There are also major differences in gene expression between 
gastrodermal cells (Fig. 3e), with symbiotic gastrodermis express-
ing many genes involved in mitochondrial activity, protein transla-
tion and lipogenesis (Fig. 3f and Supplementary Table 7), suggesting 
distinct metabolic activities of gastrodermal cells when surrounding 
host cells with algal symbionts in them. Gastrodermal cells from sym-
biotic animals also express multiple genes of the glutathione pathway 
(Fig. 3f), which are likely to be involved in redox protection against 
oxygen produced by the algae, and specifically express Nos, encoding 
an enzyme that producing the signalling molecule nitric oxide. These 
results suggest that the presence of algal symbionts affects not only 
the host cells that harbour them but also the surrounding gastrodermal 
cells, reflecting a specific response to the symbiotic state.

Another major difference in cell-type composition was the enrich-
ment of a specific type of immune cells in aposymbiotic animals39,40 
(Fig. 3d). This group of immune cells expresses unique combinations 
of Irf transcription factor genes, genes involved in actin cytoskeleton 
(such as Talin and Ralbp1), filopodia formation (for example, Fascin), 
phagocytosis (for example, Caveolin) and response to pathogens (for 
example, SEFIR, Gp2 and multiple components of the complement sys-
tem) (Fig. 3g). Other immune cells that are not enriched in aposymbiotic 
animals share expression of immune regulators such as Aif1 and Irfs, 
and different sets of effector genes involved in bacterial (for example, 
Tirap, MACPF genes and genes encoding lipopolysaccharide-binding 
proteins) and viral (for example, Cgas, Cd225 and Endod1) responses. 
The enriched immune cells in aposymbiotic animals could be amoe-
boid cells that actively engulf and clear foreign particles from the coral 
tissues, including remnants of dinoflagellate or host cells, after the 
dissolution of the symbiotic partnership.

Evolution of the host cell gene programme
To understand the unique features of O. patagonica host cells, we recon-
structed the shared and novel expressed genes in coral alga-hosting 
cells across 250 million years of scleractinian evolution (Fig. 4a) and 
we examined the cell-type expression patterns of functionally rele-
vant genes across multiple coral species (Fig. 4b and Extended Data 
Figs. 4–7). For all cross-species comparisons, only symbiotic Oculina 

samples were included. All scleractinian alga-hosting cells co-expressed 
many genes linked to lysosomal function (Fig. 4a,b and Extended Data 
Fig. 4), as expected given that dinoflagellates reside intracellularly 
in a modified lysosome that is often called the symbiosome41. These 
include genes encoding lysosomal membrane proteins, such as Lamp, 
diverse transporters for metabolites such as cholesterol (Npc1 and 
Npc2), vacuolar-type H+-ATPases (V-ATPases) that maintain acidic pH 
within the symbiosome (Extended Data Fig. 4), and multiple lysosomal 
cathepsins, granulins and lipases that are involved in protein degrada-
tion and lipid metabolism (Extended Data Fig. 5a). Scleractinian host 
cells also shared expression of multiple genes involved in the follow-
ing: (1) redox homeostasis functions, such as the production of bili-
rubin (Blvra), tocopherol biosynthesis and glutathione metabolism 
(Ggt7 and ChaC) (Extended Data Fig. 7d); (2) nitrogen metabolism, 
such as glutamine synthetase (Glul) (Extended Data Fig. 5d), which 
has been hypothesized to be involved in regulating nitrogen avail-
ability to the algal symbionts42; and (3) multiple carbonic anhydrases 
involved in the conversion of CO2 to HCO3

− that is then transported 
into the symbiosome via Slc26a11 channels43, which are co-expressed 
in all scleractinian host cells (Extended Data Fig. 4a,b and 6c). Multiple 
genes involved in lipid metabolism also showed conserved expression, 
including genes encoding enzymes involved in synthesis of fatty acids 
(Elo, Scd1–Scd4, Hsd17b1–Hsd17b3 and Acaca and Acacb), triglycerides 
(Dgat1) and sphingolipids (Pisd), lipid transport (ApoD), the formation 
of lipid droplets (Plin1–Plin5), and the degradation of diverse lipids 
(Plbd1, Plbd2 and Lipa) (Extended Data Fig. 5). Finally, all three species 
shared expression in host cells of diverse transmembrane metabolite 
transporters (summarized in Fig. 4b and Extended Data Fig. 4) and 
transcription factors that are involved in lipid metabolism (Srebf1/2 
and Usf1-3)44 and lysosomal biogenesis (Mitf1)45 (Extended Data Fig. 7a).

We then focused on the differences observed between the host cell 
transcriptomes of the facultative symbiotic O. patagonica and the 
obligate symbiotic stony corals. We observed lower expression in O. 
patagonica host cells of some key genes involved in galactose catabo-
lism (especially Galt and Gale, the latest steps in the Leloir pathway) 
(Extended Data Fig. 5c), glycogen synthesis (Ugp2, Gys1, Gys2 and Gbe1) 
(Extended Data Fig. 5d) and sugar transport (Slc2a1–Slc2a4 and Slc23a1, 
Slc23a2 and Slc23a4) (Extended Data Fig. 4), suggesting a minor role 
for glucose metabolism in this species that relies less on its symbionts 
and can draw nutrients from external sources. By contrast, the gain in 
expression of genes associated with fatty acid metabolism and lipid 
storage in the host transcriptomes of O. patagonica and O. arbuscula 
(Fig. 4a and Extended Data Fig. 5a,b) suggests a more prominent role 
for lipid metabolism in facultative symbiosis. In addition, whereas all 
stony corals expressed key components of the mammalian target of 
rapamycin (MTOR) signalling pathway46, such as Lamtor and Rrag pro-
teins, which are involved in the recruitment of mTOR to the lysosomes, 
we observed an opposite expression pattern of the positive regulator 
of MTOR Rptor47,48 (high in O. patagonica and O. arbuscula, and low 
in S. pistillata and A. millepora) and the negative regulator of MTOR 
Fnip1/2 (ref. 49) (low in O. patagonica and O. arbuscula, and high in S. 
pistillata and A. millepora) (Extended Data Fig. 7b). Given the role of 
MTORC1 in regulating the cellular anabolic–catabolic balance50, this 
could represent a broad physiological trait specific to Oculina or, alter-
natively, it could reflect differences in the metabolic response to oppor-
tunistic symbiotic nutrition in Oculina host cells. Another remarkable 
difference was in the expression of light-sensing molecular pathways 
(Extended Data Fig. 7c). Whereas A. millepora and S. pistillata host cells 
express multiple opsins and S. pistillata also expressed key enzymes in 
the retinal pathway (encoded by Bco1 and Rpe65), these genes are not 
expressed in O. patagonica, possibly reflecting differences in habitats (as 
this coral can be found in dark habitats) or non-obligate symbiotic strat-
egy. Finally, there are multiple genes that are expressed specifically in O. 
patagonica host cells, including Nos1–Nos3, which are involved in nitric 
oxide production51, several myosins and other genes that are involved 



Nature  |  www.nature.com  |  7

a

Loss of expression
Loss of expression, lost gene

Expressed
Gain of expression
Gain of expression, new gene

GO:0005764 Lysosome (43)
GO:0097401 Synaptic vesicle acidi�cation (6)
GO:1904263 Positive regulation of TORC1 (7)
GO:0042953 Lipoprotein transport (2)
GO:0006869 Lipid transport (17)
GO:0015711 Organic anion transport (20)
GO:0005978 Glycogen biosynthesis (3)
GO:0010878 Cholesterol storage (2)
GO:0006564 L-serine biosynthesis (3)
GO:0006633 Fatty acid biosynthesis (9)
GO:0006641 Triglyceride metabolism (7)
GO:0010884 Positive regulation of lipid storage (4)
GO:0061623 Glycolytic process from galactose (3)

GO:0005402 Cation/sugar symporter (2)
GO:0015116 Sulfate transporter (2)
GO:0030497 Fatty acid elongation (1)
GO:0010876 Lipid localization (4)
GO:0005811 Lipid droplet (4)

GO:0031410 Cytoplasmic vesicle (79)
GO:0016050 Vesicle organization (26)
GO:0007040 Lysosome organization (12)
GO:0017022 Myosin binding (3)
GO:1901605 Alpha-amino acid metabolism (8)
GO:0006631 Fatty acid metabolism (24)

GO:0019915 Lipid storage (7)
GO:1902774 Late endosome to lysosome trans. (6)
GO:0034315 Regulation of Arp2/3 actin nucl. (4)
GO:0046907 Intracellular transport (71)
GO:0002757 Immune response activation (14)
GO:0016236 Selective autophagy (21)

Oculina patagonica
1,617
+556 (48)/−149 (0) 

Robusta
844

+354 (17)/−0 (0)

Oculina
1,286

+523 (19)/−81 (9)

Complexa

Stylophora pistillata
1,018
+395 (33)/−221 (16)

Acropora millepora
972
+482 (65)/−0 (0)

Scleractinia
490

+490 (50)

Facultative
symbiosis

Oculina arbuscula
2,465
+1,331 (49)/−152 (12) 

GO:0006094 Gluconeogenesis (7)
GO:0006631 Fatty acid metabolism (20)

GO:0006110 Regulation of glycolysis (4)
GO:0003333 Amino acid transport (4)

GO:0042632 Cholesterol homeostasis (4)
GO:0008289 Lipid binding (17)

d

O. patagonica
O. arbuscula
S. pistillata
A. millepora
N. vectensis 
Xenia sp.

0 5

Per cent
digestive �l cells

10 0 5 10

8.6%
9.2%

1.2%
9.7%
0.3% 9.5%

2.9%

Per cent
gland cells

9.2%
11.8%

3.3%
12.2 %

5.8%

c
Similarity to N. vectensis gastrodermis

O. patagonica

Similarity to aposymbiotic cells
Similarity to symbiotic cells

O. arbuscula
S. pistillata

Scleractinia
Facultative sym.

A. millepora
N. vectensis 
Xenia sp.

0.14
0.14
NA

0 0.5 1.0 0 0.3 0.6

0.77
0.76

0.57
1.00

0.56
0.46

0.160.53

0.35

e

0 100

Mucin UMIs
per 104

200

118 (1)
74 (2)

6 (1)
351 (1)

11 (1)

0 1,000

Peptidase UMIs
per 104

2,000

677 (63)
1,369 (79)

379 (27)
2,297 (41)

3 (8)

201 (1) NA

O. patagonica
O. arbuscula
S. pistillata
A. millepora
N. vectensis 
Xenia sp.

b mTOR pathway

Retinol pathway
Vacuole
acidi�cation

Glucose

Lipids

Phosphate,
glucose-6-
phosphate

HCO3
−, SO4

2–, Cl−

Cholesterol
Lipids

HDL

Mn+, Zn+, Fe+, Cd+

Di- or tripeptides, H+
Lys, Arg or His dipeptides

AA
transport

Lipid
transport

Sugar
transport

Inorganic
molecule
transport

Slc15a5

Mfsd1

Arp2/3
complex

WASH complex

Multivesicular body
proteins Chmp1–5

Slc38a9

Haem

AA0

V-ATPase V0

Npc2
Apod

Slc2a6/8

Npc1/l1

Lamp1/2/3/5, Cd68
V-ATPase V1

H+
Interior of the
symbiosome 

Rdh10/Sdr16c5/6
Dhrs1
Dhrs7
Bco1/Bco2/Rpe65

Galactose
catabolism

Galm
Galk
Galt
Gale

Redox
homeostasis

Blvra
Chac1
Oplah
Ggt1/5, 7

Glycogen
synthesis

Gck/Hk1/2/3
Ugp2

Gys1/2
Gbe1

Lipid metabolism (ER)

Lamtor3

Lamtor1

Lamtor4
Lamtor5

Lamtor2
Rraga/b
Rragc/d

Scd1-4
Hsd17b3/12
Elovl4
Acaca/b

Acsl3/4
Acsl1/5/6

Oacyl

Bscl2
Faah

Sterol MT

Dgat1
Tecr/l

Sptlc2/3

Agpat1/2

Rptor

Nitrogen
metabolism

Glul
Nos1/2/3

Fnip1/2
Akt1s1

Discordant presence/absence

S. pistillata and A. millepora
O. patagonica and S. pistillata

O. patagonica and A. millepora
S. pistillata

gene
gene

O. patagonica
All scleractinians

Expression pattern:

Concordant presence/absence

Consistency among Oculina spp.:

Exterior of
the coral cell

Coral opsin Opn1mw/sw
Opn3/4/5, Rgr/Rho/Rrh

Nucleus

Srebf1/2
Mitf/Tfe3/b/c

Insig1/2

Unknown zf-met
Usf1/2/3

Nfatc1/2/3/4/5Nfatc1/2/3/4/5

Apod

Slc16a2/10T3, T4,
aromatic AA

Lipids to FA

Cholesterol to FA

Slc26a11
Slc39a8/14

GABA,
taurine,
Cl–/Na+

Slc6a1/6/8/11/12/13
Scarb1/2, Cd36

H2O,
glycerol 

H2O, urea,
NH3, NH4

+

Myo-ionisitol, H+

GABA in
vesicle

Nucleosides

Slc2a13

Cu+Slc31a2

Slc29a1/2, Slc29a4

Rhag

Aqp11/12

Sulfates
Slc26a1–10

AASlc3a1/2
AA: Cys 

Mfsd12 AA: Gln, 
Asn, ArgSlc38a9

Slc32a1

Slc48a1

Ca+

Mcoln1/2/3

AA0, AA+
Slc7a9/15

Slc37a1/2

ERAA
transport

Cathepsins

Grn (granulin)

Lipa/f/k/m/n/o

Plbd1/2

GlycoconjugatesHexa/b

Sphingolipids
to ceramides

Asah1

Actin
�lament

Endosome

Cl–, HCO3
–,

borate, OH–, H+
Slc4a11

Ascorbate, Na+Slc23a1

Mitochondrion

Sulfate, malate
Slc25a11

Pisd

Carbonic anhydrases
CO2 to HCO3

−

Lipids

HDL

Cadherins

Myo7a/b
Myo9a/b
Myo10

Unconventional
myosinsApob

Scarb1/2, Cd36

Fig. 4 | Evolution of the alga-hosting cell transcriptome. a, Evolutionary 
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Anthozoa-level orthology groups specifically expressed in the alga-hosting 
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high-density lipoprotein. c, Global transcriptome similarity between the 
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belonging to these categories per 104 UMIs. In a,b,d,e, O. patagonica and  
O. arbuscula analyses were restricted to cell transcriptomes from the symbiotic 
samples.
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in lysosomal transport52 (Extended Data Fig. 6b), and the transcription 
factor gene Nfat1, which is involved in regulating immune responses53.

To better understand the differences between facultative and obligate 
symbiotic stony corals, we extended our cross-species comparisons 
to include two outgroup cnidarians: the heterotrophic sea anemone 
Nematostella vectensis33 and the symbiotic soft octocoral Xenia sp.24. 
Transcriptomic analyses of the gastrodermis and host cells in Oculina 
revealed greater similarity to the heterotrophic N. vectensis than to 
the obligate symbiotic corals S. pistillata and A. millepora (Fig. 4c and 
Supplementary Fig. 7e). In addition, we found that the proportion of 
digestive filament cells and gland cells is higher in facultative symbiotic 
corals compared to obligate symbionts, closely resembling the cellular 
composition observed in heterotrophic N. vectensis (Fig. 4d). Digestive 
filament ciliated cells are part of the mesenteric structures and facilitate 
the transport of particles within the gastrovascular cavity. Many gland 
cell types are also found in the mesenteric edges and contribute to 
enzymatic digestion and mucus production. In line with this, expression 
levels of orthologous peptidases and mucins in Oculina gland cells were 
higher relative to those in S. pistillata and A. millepora, and comparable 
to expression levels in N. vectensis (Fig. 4e and Extended Data Fig. 8).

Collectively, our cross-species, cell-type-resolved transcriptomic 
analysis revealed metabolic, structural and regulatory functions that 
are conserved across all scleractinians. Of note, it also uncovered spe-
cific adaptations in Oculina species that are indicative of an evolu-
tionary shift towards increased heterotrophic capacity in facultative 
symbiotic corals.

Discussion
Here we uncover the genomic and cellular basis of facultative symbiosis 
in the thermotolerant stony coral O. patagonica. Our study highlights 
the power of integrating chromosome-scale genomes with single-cell 
resolution atlases to investigate non-traditional model species across 
different conditions. This approach provides reciprocal insights—with 
cell-level gene-expression patterns shedding light on the evolutionary 
history of coral genomes, and comparative genomics improving our 
understanding of the diversity and evolution of cell-type expression 
programmes.

By comparing naturally occurring symbiotic and aposymbiotic  
O. patagonica specimens, we identified key differences in both cell-type 
composition and gene-expression programmes. Aposymbiotic colonies 
exhibited a reduction in alga-hosting cells and an increase in a specific 
immune cell population that showed gene-expression signatures that 
were compatible with a phagocytic, macrophage-like function. Addi-
tionally, gene-expression changes were particularly pronounced in the 
gastrodermal and host cells of aposymbiotic corals, in which hundreds 
of genes involved in metabolism, protein production, lysosomal func-
tion and symbiont interaction were downregulated, probably reflect-
ing a shift from symbiont-derived nutrition to heterotrophic feeding.

Comparative analysis of alga-hosting cells in O. patagonica symbi-
otic specimens versus two obligate symbiotic corals (A. millepora and  
S. pistillata) revealed differences in gene-expression programmes 
that were indicative of secondary losses and unique adaptations in 
facultative symbiotic corals. Notably, Oculina host cells exhibit limited 
transcriptional differentiation from gastrodermal cells, in contrast to 
the more distinct cell populations that we observed in the obligate sym-
biotic species. Furthermore, Oculina host cells express an expanded 
repertoire of genes related to lipid metabolism and storage, but showed 
lower expression levels of various genes associated with glucose pro-
duction and storage, as well as of light-sensing opsins that could couple 
metabolic states to symbiont photosynthetic activity. We also observed 
significant differences in genes related to signalling and metabolic 
regulation, suggesting that facultative stony corals utilize a growth-
focused strategy supported by multiple food sources (symbionts and 
heterotrophic nutrition).

This is further reflected in the higher proportion of digestive fila-
ment and mucin- and peptidase-expressing gland cells in Oculina 
species, a ratio that remains largely stable between symbiotic and 
aposymbiotic specimens and closely mirrors the cellular composition 
observed in heterotrophic cnidarians such as N. vectensis. These fea-
tures point to the presence of well-developed mesenterial structures 
adapted for particle capture and extracellular digestion in faculta-
tive corals, in contrast to the reduced digestive investment observed 
in obligate symbiotic species. Together, these findings suggest that 
heterotrophy is an atavistic trait in facultative symbiotic scleractin-
ians, highlighting a fundamental divergence in nutritional strategy 
from the ancestral specialization on autotrophic symbiosis shared 
by most stony corals.
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Methods

Animal sources
One symbiotic colony and one naturally aposymbiotic colony of  
O. patagonica were collected from the wild in July from the Israeli 
Mediterranean Sea near Michmoret (32.24049° N, 34.51530° E). An  
S. pistillata colony was collected from the Gulf of Eilat/Aqaba, in front 
of the Interuniversity Institute of Marine Biology (IUI) in Eilat, Israel. 
The corals were acclimatized and cultured for one month before disso-
ciation in a controlled aquarium system at the Leon H. Charney School 
of Marine Sciences, University of Haifa. An A. millepora colony was 
obtained from DeJong Marinelife (SPS-MILB-050672). Species iden-
tity was confirmed by sequencing 18S rRNA, which showed the high-
est similarity to the A. millepora JS-1 genome (NCBI RefSeq assembly 
GCF_013753865.1). All corals were maintained in artificial seawater 
(Red Sea Salt, Red Sea Limited) with a salinity of 39 ppt at 25 °C under 
a 12 h:12 h light:dark photoperiod with a photosynthetically active 
radiation level of 50 µmol m−2 s−1. Corals were fed twice weekly with 
planktonic coral food (Reef Snow, Brightwell Aquatics) according to 
the manufacturer’s instructions.

Genome sequencing and assembly
Long-read sequencing. Coral fragments were washed with filtered 
artificial sea water and incubated in 10 ml of calcium-free ASW contain-
ing 5 mM EDTA for 30 min at room temperature in a 6-well plate. Cells 
were separated from the skeleton by gently scraping with a 10 µl tip 
and filtered through a 70-µm strainer into 15 ml tubes. The cells were 
centrifuged at 2,000g for 5 min, the supernatant discarded, and the 
pellet resuspended in 500 µl TNES (Tris, NaCl, EDTA, SDS)-urea lysis 
buffer. Samples were transferred to 2 ml tubes, treated with 5 µl pro-
teinase K (100 µg ml−1), and incubated at 55 °C for 2.5 h. The lysate was 
centrifuged at 500g for 2 min to remove algal symbionts and debris, 
with the supernatant transferred to a fresh 2 ml tube. RNase A (10 µl of 
1 mg ml−1) was added and incubated at 37 °C for 15 min. Subsequently, 
an equal volume of phenol was added and mixed by inverting the tube 
five times, followed by an equal volume of chloroform, also mixed by 
inversion. The mixture was centrifuged at 12,000g for 10 min at room 
temperature, and the upper aqueous phase was carefully transferred 
to a fresh tube (400 µl). This chloroform extraction was repeated twice. 
Sodium acetate (3 M, pH 5.2) was added to the final supernatant to a final 
concentration of 0.3 M, followed by the addition of 2 volumes of 100% 
ice-cold ethanol. The sample was incubated at −20 °C for 30 min to pre-
cipitate DNA. DNA was pelleted by centrifugation at 12,000g for 20 min 
at 4 °C, washed with 1 ml of 70% ice-cold ethanol, and centrifuged again 
at 12,000g for 10 min at 4 °C. After removing the ethanol, the DNA was 
dried and resuspended in 40 µl EB buffer (Qiagen). DNA quality was  
assessed using a TapeStation and NanoDrop (for 260/280 and 260/230 
ratios), and DNA concentration was measured with a Qubit.

Obtained high molecular weight genomic DNA was sequenced on 
Oxford Nanopore using two PromethION flow cells (R9.4.1), generat-
ing 2.45 M reads with estimated N50 32.74 kb and 2 M reads with N50 
32.45 kb.

Bulk RNA-seq. Coral fragments were incubated in ACME solution 
(6.5 ml calcium-free artificial seawater (CaF-ASW), 1 ml glycerol, 1.5 ml 
methanol, 1 ml glacial acetic acid) for 30 min at room temperature with 
gentle shaking. The fragments were then transferred to a sterile six-well 
plate, and the tissue was gently scraped off in a chemical hood with 
appropriate protective equipment. The resulting cell suspension was 
filtered through a 70-µm strainer to remove debris and transferred to 
15 ml tubes, ensuring no more than 5 ml per tube. Cells were centrifuged 
at 2,000g for 5 min at 4 °C to wash out the ACME solution. The super-
natant was discarded, and the cells were washed with PBS in ultrapure 
water, followed by another centrifugation at 2,000g for 5 min at 4 °C. 
The supernatant was discarded, and the cell pellet was resuspended 

in 2 ml Trizol. After vortexing, 1 ml of the suspension was transferred 
to RNase-free 1.5 ml Eppendorf tubes and incubated for 5 min at room 
temperature. Next, 200 µl of chloroform was added, the tubes were 
inverted 10 times, and the mixture was allowed to stand for 5 min at 
room temperature. The samples were then centrifuged at 12,000g for 
10 min at 4 °C. The upper colourless phase (~500 µl) was carefully trans-
ferred to a new RNase-free 1.5 ml Eppendorf tube, mixed with an equal 
volume of 100% ethanol, and inverted 10 times. RNA extraction was 
performed using the PureLink RNA Mini Kit (Invitrogen). The mixture 
was added to the RNA binding column in 600 µl aliquots, centrifuged 
at 12,000g for 30 sec at 4 °C, and the flow-through was discarded. This 
step was repeated until all the liquid was processed, which bound RNA 
(and some genomic DNA) to the column. Following this, RNA extraction 
was performed using the PureLink RNA Mini Kit (Invitrogen), includ-
ing on-column DNase treatment. Elution was performed with 45 µl of 
RNase-free water. The concentration and quality of RNA were measured 
using an Agilent TapeStation system. All samples had an RNA integ-
rity number (RIN) greater than 8.5. Strand-specific mRNA libraries 
were prepared using Illumina Truseq kits. The resulting libraries were  
sequenced on an Illumina Novaseq6000 sequencer, obtaining a total 
of 222M 150 bp paired-end reads. These data were used subsequently 
for gene prediction.

O. patagonica micro-C library preparation and sequencing.  
O. patagonica fragments were dissociated into single cells by first 
cleaning the fragments with filtered CaF-ASW. Fragments were then 
transferred to a 6-well plate containing 10 ml CaF-ASW and 5 mM EDTA. 
Cells were gently scraped from the skeleton using a 10 µl tip and passed 
through a 70-µm strainer. Cells were centrifuged at 500g for 2 min to 
remove the algal symbionts; the pellet, which consisted mostly of algae, 
was discarded, and the cell suspension was transferred to a new tube. 
Cells were then counted and diluted to a concentration of 106 cells per ml. 
Cells were pelleted again by centrifugation at 2,000g for 5 min at room 
temperature, and the supernatant was discarded. The pellet was resus-
pended in 1 ml CaF-ASW, and 62 µl of 16% methanol-free formaldehyde 
(Thermo Scientific, 28906) was added to achieve a final concentration 
of 1% formaldehyde. Cells were incubated on a rotating wheel at room 
temperature for 10 min, then the formaldehyde was quenched with 
glycine (final concentration 128 mM) for 5 min at room temperature, 
followed by an additional 15 min incubation on ice. Crosslinked cells 
were pelleted at 4,500g for 10 min, and the supernatant was removed. 
Cells were washed with PBS to remove glycine and pelleted again at  
4,500g for 10 min. The pellet was resuspended in 990 µl PBS (optimal 
concentration 1–2 million cells per ml), and 10 µl of freshly prepared 
300 mM disuccinimidyl glutarate (DSG) (final concentration 3 mM) 
was added. Cells were incubated with 3 mM DSG (Thermo Scientific, 
A35392) in PBS for 40 min at room temperature on a rotating wheel. 
The DSG was then quenched with glycine (final concentration 400 mM)  
for 5 min at room temperature. Cells were pelleted at 4,000g for 10 min,  
the supernatant was removed, and the cells were frozen at −80 °C.

Micro-C libraries were prepared as previously described55,56 with some 
modifications. Approximately 106 cells were resuspended in 500 µl of 
ice-cold MB1 lysis buffer (10 mM Tris-HCl pH 8.0, 50 mM NaCl, 5 mM 
MgCl2, 1 mM CaCl2, 0.2% NP-40, 1× Protease Inhibitor Cocktail (Roche)) 
and incubated on ice for 20 min, with gentle resuspension every 5 min. 
Cells were then centrifuged at 4,500g for 5 min at 4 °C, and the super-
natant was mostly discarded, leaving 20–40 µl. The pellet containing 
cells and/or nuclei pellet was washed with 500 µl of MB1 buffer and 
centrifuged again at 4,500g for 5 min at 4 °C. The supernatant was 
discarded, and the nuclei were resuspended in 100 µl of MB1 buffer. 
For chromatin digestion, 1 µl of 20 U µl−1 Mnase (Takara Bio, 2910a) 
was added to the sample, and the mixture was incubated for 10 min 
at 37 °C with shaking at 850 rpm. The reaction was stopped by adding 
0.8 µl of 500 mM EGTA, followed by incubation at 65 °C for 10 min. The 
sample was immediately placed on ice and 500 µl of ice-cold 1× NEB2.1 



buffer (10 mM Tris-HCl pH 7.4, 50 mM NaCl, 10 mM MgCl2, 0.1% BSA) 
was added. The nuclei were centrifuged at 4,500g for 5 min at 4 °C, 
and the supernatant was removed. The nuclei were washed once more 
with NEB2.1 buffer, followed by centrifugation at 4,500g for 5 min at 
4 °C. Nuclei were resuspended in 45 µl of an end-chewing reaction mix 
containing 5 µl 10× NEBuffer 2.1, 1 µl 100 mM ATP, 2.5 µl 100 mM DTT, 
34 µl nuclease-free water, and 2.5 µl 10 U µl−1 T4 PNK (NEB, M0201). 
The reaction was incubated for 15 min at 37 °C with shaking at 850 rpm. 
Subsequently, 5 µl of 5 U µl−1 Klenow Fragment (NEB, M0210) was added, 
and the mixture was incubated for another 15 min at 37 °C with shaking. 
For biotin fill-in, 25 µl of a fill-in master mix was added to the reaction, 
making a total volume of 75 µl. The mix included 2.5 µl 10× T4 DNA 
Ligase Buffer, 11.875 µl nuclease-free water, 5 µl 1 mM Biotin-dATP ( Jena 
Bioscience, NU-835-BIO14-L), 5 µl 1 mM Biotin-dCTP ( Jena Bioscience, 
NU-809-BIOX-L), 0.5 µl 10 mM dTTP + dGTP, and 0.125 µl 20 mg ml−1 
BSA (200×). The sample was incubated for 45 min at 25 °C with interval 
mixing. The reaction was then stopped by adding 4.5 µl of 0.5 M EDTA, 
bringing the final concentration to 30 mM, and the enzymes were inac-
tivated by incubation at 65 °C for 20 min. The chromatin was pelleted 
by adding 500 µl of MB3 buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2), 
followed by centrifugation at 10,000g for 10 min at 4 °C. The superna-
tant was removed, and the pellet was washed with an additional 500 µl 
of MB3 without resuspending, followed by centrifugation at 16,000g 
for 10 min at 4 °C. The chromatin was resuspended in a proximity liga-
tion reaction mix containing 920 µl nuclease-free water, 120 µl 10× T4 
DNA ligase buffer, 100 µl 10% Triton X-100, 12 µl 20 mg ml−1 BSA, 36 µl 
PEG4000 (50%, final concentration 1.5%), and 12 µl of 5 U µl−1 T4 DNA 
ligase (Thermo Scientific, EL0012). The reaction was incubated for 3 h 
at room temperature with gentle rotation at 20 rpm. The chromatin 
was then pelleted by centrifugation at 16,000g for 10 min at 4 °C, and 
the supernatant was discarded. To remove un-ligated biotin-dNTPs, 
the chromatin was resuspended in a master mix containing 87 µl 
nuclease-free water, 10 µl 10× NEBuffer 1, and 1 µl 10 mg ml−1 RNase 
A (Roche, Merck 10109142001). The sample was incubated for 10 min 
at 37 °C with shaking at 850 rpm, followed by the addition of 2 µl of 
100 U µl−1 Exonuclease III (NEB, M0206) and incubation for an additional 
5 min at 37 °C with shaking. For reverse crosslinking, 12 µl 10% SDS, 6 µl 
20 mg ml−1 proteinase K (Roche, Merck 3115879001), and 8.5 µl 5 M NaCl 
were added to the sample. The mixture was incubated overnight at 65 °C 
with shaking at 1,000 rpm. The samples were then purified using Zymo 
tubes (DNA Clean & Concentrate-5, Zymo Research, D4014) and eluted 
in 33 µl Tris–EDTA buffer. The purified DNA was processed for library 
preparation by biotin pull-down, end-repair, adapter ligation, and final 
amplification using the NEBNext Ultra II Ligation and End Repair kits 
(NEB, E7546), following the manufacturer’s instructions. Libraries were 
size-selected using AMPure XP beads and stored at −20 °C until further 
use. The final libraries, comprising four biological replicates, were 
sequenced with NextSeq2000 in paired-end format with a read length 
101 bp, resulting in a total of 263,962,574 sequenced reads.

Genome assembly and scaffolding. Long reads were assembled into 
draft scaffolds with the Flye assembler 2.9.3, using the default mode 
for Nanopore reads (--nano-raw flag for regular reads with 5–20% error 
rates; the alignment error rate estimated by Flye was 8.41%) and the 
scaffolding option (--scaffold flag). Then, we used purge_dups 1.2.5 
to remove uncollapsed haplotypes from the assembly, as follows:  
(1) we split the draft assembly into contigs using the split_fa utility in 
the purge_dups package; (2) we aligned the resulting scaffolds against 
themselves using minimap2 2.26 with the assembly presets (-x asm5 
flag); (3) we calculated coverage cut-offs using the pbcstat (maximum 
coverage at 1,000×) and calcuts utilities in purge_dups; and (4) we used 
these coverage cut-offs to identify collapsed and uncollapsed hap-
lotypes on the basis of their coverage distribution with purge_dups 
(using two rounds of chaining for increased accuracy with the -2 flag), 
and split the contigs accordingly using get_seqs.

This draft collapsed assembly was then re-scaffolded using 
proximity-ligation contact information. To generate chromosome-level 
assembly, micro-C data were mapped on the genome using Juicer57 
(v.1.6) (REF) with the -p assembly option. The genome was then scaf-
folded using the 3D-DNA pipeline58 with -r2 -editor-repeat-coverage 2 
option. Final manual curation in the Juicebox Assembly Tool57 resulted 
in 14 chromosomes. The final genome assembly was polished with the 
original nanopore reads using Medaka (v.1.5.0). This resulted in a fully 
collapsed diploid assembly with 14 chromosome-level scaffolds, which 
coincides with the chromosome count of other scleractinians20 and 
anthozoans23. Chromosome-level scaffolds were named 1-to-14, on 
the basis of global syntenic similarity with the A. millepora reference 
genome (see ‘Microsynteny analysis’).

Finally, we polished the scaffolded assembly with Medaka 1.5.0, as 
follows: (1) we realigned the raw Nanopore reads to the chromosome 
using minimap2 (presets as per the Medaka-bundled mini_align util-
ity); (2) used medaka consensus with the sequence model matching 
the Nanopore flowcell and Guppy versions (PromethION 4.9.1 and 
Guppy 5.0.7 respectively; -m r941_prom_sup_g507 flag) in order to 
create consensus sequences for each chromosome; (3) and created a 
final assembly from the consensus chromosomes with medaka stitch. 
Completeness and contiguity statistics for the initial and polished 
versions of the assembly are available in Supplementary Fig. 1, includ-
ing k-mer spectra plots obtained with kat comp spectra-cn tool (with 
k = 27 bp) from the KAT 2.0.8 suite59.

Gene prediction in O. patagonica. We annotated the genes in the 
chromosome-level assembly of O. patagonica, using a combination 
of tools for de novo and evidence-based gene prediction (BRAKER260 
2.1.6, Augustus61 3.5.0, StringTie62 2.2.1, and GenomeThreader63 1.7.1) 
and optimal gene model selection (Mikado64 2.3.4). This procedure is 
described below.

First, we mapped bulk strand-specific RNA-seq libraries to the ref-
erence Oculina genome using the read aligner STAR65 2.7.10b without 
multi-mapping reads (flag: --outFilterMultimapNmax 1), only consid-
ering uniquely mapping reads for splice junctions (--outSJfilterReads 
Unique), reporting splice junction-supporting reads and keeping only 
the reads with junctions that passed filtering (--outFilterType BySJout, 
--alignSJDBoverhangMin 1, --alignSJoverhangMin 8), and reporting the 
alignment strand based on intron motifs (--outSAMstrandField intron-
Motif). The resulting coordinate-sorted BAM file (--outSAMtype BAM 
SortedByCoordinate) was used to produce an initial set of transcript 
predictions using StringTie in conservative mode (-t -c 1.5 -f 0.0 flags), 
from which open reading frames were predicted using TransDecoder 
5.7.1. Predicted peptides were collapsed by sequence similarity using 
CD-HIT 4.8.1 (-c 0.95) and complete genes (those with start and end 
codons) of non-extreme lengths (>600 and <10,000 amino-acids) were 
retrieved for later use in the de novo gene-prediction step. Specifically, 
these were used to train Augustus iteratively within BRAKER2, by align-
ing them to the reference genome using GenomeThreader (BRAKER2 
flag: --prg=gth –trainFromGth) and using the original STAR-produced 
alignments as further evidence (--bam = <file>).

Second, we used Mikado to select the best gene predictions from 
each locus, selecting from the output of BRAKER2/Augustus (all exons 
and coding exons (CDS) were used separately), an unguided String-
tie assembly, and the filtered set of GenomeThreader training pep-
tide alignments to the reference genome. To build the Mikado hints 
file: (1) all sources of evidence were considered as strand-specific; 
(2) a score of 1 was associated with the BRAKER2/Augustus pre
dictions and 0 for the others; (3) the CDS from BRAKER2/Augustus  
were considered as a reference annotation; (4) redundant models were 
excluded from all samples; and (5) CDS sequences with errors were 
removed from the model set. To build the Mikado configuration file 
(mikado configure), we clustered transcripts with a minimum cDNA 
overlap of 20% (--min-clustering-cdna-overlap 0.2) and any for CDSs 
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(--min-clustering-cds-overlap 0.0), set the programme to permissive 
mode with regards to open reading fragment (ORF) splitting policy 
(--mode permissive). Additional options, suited for animal genomes, 
were defined in the scoring configuration file. After preparing the 
transcripts sets with the mikado prepare submodule, we prepared 
further evidence sources to be considered by Mikado: (1) predicted 
ORFs for all Mikado models, using TransDecoder; (2) evidence-based 
splice junction coordinates from STAR (see above), obtained using 
the junctools convert 1.2.4 module of Portcullis 1.1.2 (ref. 64); and  
(3) homology models obtained with diamond blastx66 against the 
2022-05 release of UniRef50  (ref. 67), adding the percentage of 
positive-scoring alignments and the traceback operations fields 
to the reported output (flag: -f 6 qseqid sseqid pident length mis-
match gapopen qstart qend sstart send evalue bitscore ppos btop). 
These additional sources of evidence were considered by Mikado 
(mikado serialize submodule, disabling start codon adjustment with 
–no-start-adjustment). Finally, the best gene model for each locus 
was selected using the mikado pick module, prioritizing reference 
models (--reference-update). Transposable elements were annotated 
using EDTA 2.2 (ref. 68), with the --anno 1 parmeter and providing tran-
script sequences for masking (--cds flag). Finally, transcript and pep-
tide sequences for each gene model were retrieved using gffread69 
0.11.7. The completeness of the resulting gene set was evaluated using 
BUSCO70 5.5.0 in protein mode (-m proteins) against the Metazoa data-
base of universal orthologues (-l metazoa_odb10).

Comparative genomic analyses
Orthology analyses and functional gene annotation. We built two 
orthology databases using different taxon sampling: (1) an Anthozoa- 
focused one with higher resolution within this taxon (16 species, listed 
with sources in Supplementary Table 1a), to be used for inter-species 
comparisons among corals and other cnidarians; and (2) a second 
one with a wider taxon sampling of metazoans one (24 species, listed 
in Supplementary Table 1a), used to annotate coral genes to known  
orthologues in reference species (namely Mus musculus). In all cases, 
only the predicted peptides of the longest isoform per gene was con-
sidered for orthology inference.

For both orthology databases, we used a combined approach that 
relied on proteome-wide analyses with Broccoli71 1.2 supplemented 
by dedicated phylogenies to classify transcription factor families with 
high accuracy. First, we used Broccoli to identify clusters of ortholo-
gous genes (step 3 in Broccoli) and pairs of orthologous genes (step 4), 
using the maximum-likelihood gene tree inference algorithm between 
all species in both datasets (setting a k-mer length of 10,000 to avoid 
the filtering of paralogous sequences). In parallel, we computed gene 
phylogenies to refine the orthology assignments of transcription fac-
tors using the Metazoa-wide dataset. In this case, we queried the pre-
dicted peptide sequences using the hidden Markov model profiles of 
DNA-binding regions of transcription factor families (obtained from 
the Pfam database72; Supplementary Table 3) using the hmmsearch 
utility from the HMMER73 3.3.2 toolkit. Each collection of peptide 
sequences sharing a DNA-binding domain (that is, general transcrip-
tion factor families) was aligned in an all-to-all manner using diamond66 
v.2.1.8.162 (high-sensitivity mode enabled with the --more-sensitive 
flag, reporting up to 100 target sequences per query) and clustered into 
low-granularity homology groups using MCL74 v.22.282 (ABC clustering 
mode, using alignment bit-scores as weights, and gene family-specific 
inflation parameters, as listed in Supplementary Table 3). The result-
ing homology groups were then aligned using MAFFT75 7.475 (E-INS-i 
algorithm with up to 10,000 refinement iterations); the alignments 
were pruned using using ClipKIT76 1.1.395 (in kpic-gappy mode and 
using a gap threshold = 0.7); and a gene tree was built from each of the 
pruned alignments using using IQ-TREE77 2.1.0 (running each tree for 
up to 10,000 iterations until convergence threshold of 0.999 is met 
for 200 generations; the best-fitting substitution model among LG, 

WAG and JTT was selected with ModelFinder78; statistical supports 
were obtained from 1,000 iterations of UFBoot79). Orthology groups 
and pairs were then inferred from the final gene trees with Possvm80 1.1 
(iterative gene tree rooting procedure for up to 10 steps, deriving gene 
names from M. musculus orthologues). Then, for all genes included in 
transcription factor phylogenies, we replaced their Broccoli-derived 
orthology information in the Anthozoa and Metazoa datasets with 
the corresponding Possvm-derived information regarding orthology 
groups and pairs.

Finally, we annotated all genes in the dataset with the following infor-
mation: (1) gene names, obtained from M. musculus orthologues in the 
same group or, in the case of transcription factor families, from the 
phylogenetic information as parsed by Possvm80; (2) domain annota-
tions, obtained with Pfamscan and the Pfam database72 33.1; (3) Gene 
Ontology annotations, transferred to each gene from its M. musculus 
orthologues, which were obtained from the November 2022 release of 
the Mouse Genome Database81; (4) KEGG Orthology (KO) categories, 
also transferred from the M. musculus orthologues in our database 
(the relevant mouse KO annotations were obtained from the Uniprot 
mappings available in the KEGG Pathways database82,83 in the 2024-08-
19 release); (5) presence of transmembrane domains, using TMHMM84 
2.0; and (6) presence of signal peptides, using SignalP85 5.0b.

Gene family evolution. We inferred the patterns of gain, loss and expan-
sion (duplication) of gene families from the Anthozoa orthology data
base along its corresponding phylogeny, using a maximum-likelihood 
phylogenetic birth-and-death model86 as implemented in Count87. First, 
we trained the model using the presence counts of 2,000 randomly 
selected domains annotated in the 16 anthozoan species of interest 
(restricting the sampling to domains present in at least 5% of species). 
The model was trained in three refinement iterations, starting from 
a simple model that estimated uniform gain, loss, duplication, and 
transfer rates across the entire tree, followed by an additional iteration 
allowing for rate heterogeneity using one Γ distribution for each rate, 
and a final one allowing two Γ categories per rate. Each training itera-
tion was run for up to 100 rounds of optimization, stopping when the 
relative change in the model log-likelihood fell by 1% in two consecu-
tive rounds. The resulting model was used to infer the probability of 
gain, loss, duplication and expansion of each orthology group in the 
Anthozoa dataset, supplied to Count as a matrix of gene counts in each 
of the extant genomes. The result was a matrix with the probabilities of 
gene family presence, gain, loss, and duplication in each of the extant 
and ancestral nodes of the supplied phylogeny (also available in the 
model file in Supplementary Table 3).

Gene family age assignment. We used the probabilistic reconstruc-
tion of gene family gain/loss (see above) to date each orthogroup in the 
Anthozoa orthology database. For each orthogroup, Count outputs 
a vector of probabilities of gain of that family along the nodes of the 
species tree (ancestral and extant). We used this information to assign 
ages to each orthogroup on the basis of the most probable node of gain. 
Orthogroups where the most likely node of gain was unclear (maximum 
probability <50%) were dated by Dollo parsimony, with Possvm80.

Microsynteny analysis of conserved collinear gene pairs. We evalu-
ated the conservation of microsynteny among anthozoan species 
of interest (O. patagonica, O. arbuscula, S. pistillata, A. millepora,  
N. vectensis and Xenia sp.) by counting the co-occurrence of gene 
pairs, defined as two genes placed next to each other (that is, collin
ear) in both a query and target pair of genomes. Gene orientation was  
recorded but not taken into account to establish syntenic conservation, 
and we allowed one extra gene to be inserted between two genes in our 
definition of syntenic gene pair. To match genes between pairs of spe-
cies, we used the Broccoli-derived orthologue pairs for the Anthozoa 
orthology database. Genomic range operations were performed in  



R using the GenomicRanges 1.54, IRanges88 2.36, and rtracklayer89 
1.62 libraries.

Macrosynteny analysis of ancestral anthozoan linkage groups. 
We identified linkage groups present in the Cnidaria ancestor and 
scored their conservation in each of the scleractinian corals of inter-
est (O. patagonica, A. millepora, and related species). To that end, we 
used a set of species with chromosome-level genome assemblies:  
O. patagonica, O. arbuscula, Porites lutea, A. millepora, A. cervicornis, 
A. palmata, N. vectensssia sp., Rhopilema esculentum and Hydra vul-
garis. We used the same approach as Simakov et al.25; specifically, 
we (1) defined homology groups (using local diamond alignments 
of proteins for all species pairs followed by MCL clustering with an 
inflation parameter I = 2.1); (2) identified unique combinations of at 
least 10 homology groups present in the same chromosomes for sets 
of 3 species selected to act as outgroups of the scleractinian corals of 
interest (namely, the hydrozoan H. vulgaris, the scyphozoan R. escu
lentum, and either the octocorallian Xenia sp. or the sea anemone  
N. vectensis); and (3) termed these combinations of homology groups 
cnidarian ALGs, and scored the presence of the constituent homolo-
gous genes in the chromosomes of the scleractinian corals of interest 
(O. patagonica, O. arbuscula, Porites lutea, A. millepora, A. cervicornis 
and A. palmata) along running windows (with a length of l = 200 homo
logous genes and a step of s = 50 genes). Overall, we identified 26 and 27 
ALGs for the three-species set consisting of H. vulgaris, R. esculentum 
and N. vectensis or Xenia sp., respectively. We evaluated the degree 
of ALG segregation (that is, lack of fusion with mixing) in the query 
scleractinian chromosomes using χ2 tests of homologous gene counts 
along non-overlapping windows of l = 200 homologous genes per 
chromosome, as previously described31.

Whole-genome alignment and conservation analysis. We calculated 
conservation scores for selected scleractinian genomes (O. patago-
nica, A. millepora and S. pistillata) using whole-genome alignments 
and PHAST (Phylogenetic Analysis with Space/Time) models. First, 
we aligned nine genomes to each other using Cactus90 2.6.4, following 
a progressive approach guided by the species trees of scleractinians, 
namely: (((((O. patagonica, O. arbuscula), Fungia spp.), Goniastrea 
aspera), (Pocillopora verrucosa, S. pistillata)), ((A. millepora (Acropora 
palmata, Acropora cervicornis)), Porites lutea)). Second, we used the 
hal2maf utility from the HAL91 toolkit 2.2 to create MAF alignments of 
the chromosome of the reference species of interest. Then, we used the 
rphast 1.6.1 implementation of the Phast92 toolkit to identify conserved 
regions in each reference genome, as follows: (1) we used phyloFit93 to 
create an initial null model of neutral change on the basis of the four-
fold degenerate codon positions from coding regions, using a general 
reversible nucleotide transition matrix and the predefined species tree 
(the model was trained using only the longest chromosome in each 
reference genome); (2) we used PhastCons to optimize this model using 
the expectation-maximization procedure, re-estimating the transition 
probabilities and tree parameters at each iteration; and finally (3) we  
calculated the PhastCons and phyloP scores for individual bases in the 
reference genome, as well as running windows of l = 200 bp and step 
s = 100 bp. Genomic range operations were performed in R using the 
GenomicRanges, IRanges and rtracklayer libraries.

Whole-genome duplication analysis. We tested the existence of  
ancestral whole-genome duplications in O. patagonica using ksrates94 
1.1.4. This tool compares the Ks distribution of paralogues from a focal 
species and orthologues from outgroup species along a predefined phy-
logeny, adjusting the split times in the tree according to branch-specific 
evolutionary rates. For these analyses, we used O. patagonica as the fo-
cal species in three different runs, and the the same anthozoan dataset 
and phylogenetic tree described above; using transcript coding se-
quences and transcript genomic coordinates in the GTF format instead 

of predicted peptides. ksrates calculates Ks values using the wgd95 
package, and relies on BLASTP to identify one-to-one orthologous 
sequences using the reciprocal best hit criterion, and MCL to identify 
clusters of paralogues, and MUSCLE to construct multiple sequence 
alignments96. We ran ksrates using both the whole set of paralogues 
(paranome = yes option in the configuration file) and only collinear gene 
pairs (collinearity = yes), which relies on i-ADHoRe97 to identify sets of 
collinear genes. We set the maximum number of outgroup species for 
the rate optimization procedure to four (max_number_outgroups = 4) 
and used the mean among all outgroups as the criterion to define the  
adjusted rates (consensus_mode_for_multiple_outgroups = mean 
among outgroups). Only paralogous families with less than 200 copies  
were considered (max_gene_family_size = 200).

Single-cell transcriptomics
Specimen dissociation and cell fixation. To dissociate and fix coral 
cells for 10X scRNA-seq, we used a modified version of the ACME mac-
eration protocol30. Coral fragments, 2–3 cm in length, were washed with 
filtered (0.22 µm) CaF-ASW (10 mM Tris-HCl pH 8, 2.1427 mM NaHCO3, 
10.7309 mM KCl, 426.0123 mM NaCl, 7.0403 mM Na2SO4) and trans-
ferred to a 50 ml tube containing 10 ml of ACME maceration solution 
without BSA, ensuring that the solution fully covered the fragments. 
The ACME solution was prepared as follows: 6 ml CaF-ASW, 1 ml glacial 
acetic acid, 1 ml glycerol, 1.5 ml methanol, and 0.5 ml EDTA (a 13:2:2:3:1 
ratio). Samples were incubated at room temperature for 30 min with 
periodic pipetting. The cell suspension was then filtered through a 
70-µm strainer into a new 50 ml tube, kept on ice, and aliquoted into 
1.5 ml portions in 2 ml tubes. Aliquots were centrifuged at 1,000g for 
10 min at 4 °C. The supernatant was discarded, and the pellet was resus-
pended in 1 ml of RB1 buffer (prepared by mixing 1 ml 10× PBS, 3.3 ml 
2.4 M sorbitol, 5.7 ml nuclease-free water, and 20 µl RNAsin). Cells were 
washed again with RB1 buffer under the same centrifugation condi-
tions. Cells were counted using DAPI staining (9 µl of cell suspension 
mixed with 1 µl DAPI, 1 mg ml−1). Cell concentration was calculated by 
multiplying the average cell count from 4 sets of 16 squares by 10,000. 
The sample volume was adjusted to obtain aliquots of 100 µl contain-
ing 400,000 cells each.

ClickTag barcoding for 10X scRNA-seq. Fixed cells were barcoded 
using a modified version of ClickTags31,98. To optimize the labelling reac-
tion in ACME fixative, the amine-reactive cross-linker TCO-NHS used 
by Gehring et al.98 was replaced with TCO-PEG4-TFP (Click Chemistry 
Tools), which offers improved stability against hydrolysis in aqueous 
media. Barcoding DNA oligonucleotides (ClickTags) with a 5′-amino 
modifier (Integrated DNA Technologies) were activated by derivatiza-
tion with methyltetrazine-NHS ester as originally described98. For cell 
tagging, we used combinations of three different MTZ-derivatized oli-
gonucleotides per sample. Cell samples were pre-incubated by adding 
4.5 µl of 1 mM TFP-TCO and incubating for 5 min at room temperature, 
protected from light. Premixed MTZ-activated tags (12 µl total) were 
then added, followed by thorough mixing. Samples were incubated for 
30 min at room temperature on a rotatory platform, protected from 
light. The reaction was quenched by adding 13 µl of 100 mM Tris-HCl 
(final concentration 10 mM) and 0.65 µl of 10 mM MTZ-DBCO. Samples 
were incubated for an additional 5 min at room temperature. Each pool 
was mixed with 2 volumes of RB1, inverted three times, and centrifuged 
at 1,000g for 10 min at 4 °C. The pellet was washed with 1 ml RB1 and 
centrifuged again under the same conditions. Finally, cells were resus-
pended in 900 µl RB1 and 100 µl DMSO. Samples were stored at −80 °C 
until sorting for scRNA-seq.

Cell sorting and scRNA-seq. Single-cell transcriptomes were  
obtained using the Chromium Single Cell 3′ Gene Expression kit v.3.1 
(10X Genomics). Frozen samples were thawed on ice, and cells were 
collected by centrifugation at 2,000g for 5 min at 4 °C. After a wash 
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with 2 ml of Resuspension Buffer 2 (RB2; 1× PBS, 0.5% BSA, 40 U ml−1 
RNasin Ribonuclease Inhibitor), cells were pelleted again and resus-
pended in 1 ml of RB2. Cells were stained with 1:330 DRAQ5 (Thermo 
62251) for nuclei staining, and 1:400 Concanavalin-A CF 405 m (biotium 
29074), for membrane staining. For single-cell isolation, 36,000 cells 
were sorted into a well of a 96-well plate using a FACSAria II SORP cell 
sorter, following 10X Genomics’ guidelines. Non-cellular particles 
were excluded by selecting only DRAQ5-positive cells, and doublets 
and multiplets were removed using forward scatter width (FSC-W) 
versus forward scatter height (FSC-H). To specifically sort coral host 
cells containing the algal symbiont, we employed a targeted strategy 
by selecting cells positive for DRAQ5, Concanavalin-A 405, and Cy7, 
the latter indicating the autofluorescence of the algal symbiont. From 
this population, an additional 4,000 cells were sorted, except in the 
bleached (apo-symbiont) O. patagonica samples, from which only 
2,000 host cells could be sorted. In total, 40,000 cells were sorted for 
each coral sample. Cells were immediately encapsulated after sorting, 
and barcoded cDNA and sequencing libraries were prepared according 
to 10X Genomics’ protocols. For ClickTag library preparation, ClickTag 
cDNA was separated from cellular cDNA after the cDNA amplification 
step, using differential size-selection purification with AMPure XP 
beads (Beckman Coulter). ClickTag sequencing libraries were prepared 
as previously described98. The size distribution and concentration of 
the final libraries were assessed using a TapeStation (Agilent) and Qubit 
(Invitrogen). Libraries were sequenced on an Illumina NextSeq 500 
sequencer using high-output 75-cycle V2 kits (Illumina).

Cell sorting and MARS-seq. Cells were dissociated and fixed as  
described above and saved in −80 °C until sorting for MARS-seq. Frozen 
samples were thawed on ice, and cells were collected by centrifuga-
tion at 2,000g for 5 min at 4 °C. After a wash with 2 ml of Resuspension 
Buffer 2 (RB2; 1× PBS, 0.5% BSA, 40 U ml−1 RNasin Ribonuclease Inhibi-
tor), cells were pelleted again and resuspended in 3 ml of RB2. Cells 
were stained with 1:330 DRAQ5 (Thermo 62251) for nuclei staining, 
and 1:400 Concanavalin-A CF 405 m (biotium 29074), for membrane 
staining. Cells were sorted using a FACSAria II SORP cell sorter and 
distributed into 384-wells capture plates (all coming from the same 
plate production batch) containing 2ul of lysis solution: 0.2% Triton 
X-100 and RNase inhibitors plus barcoded poly(T) reverse transcrip-
tion primers for scRNA-seq. For the MARS-seq, only coral host cells 
containing the algal symbiont were sorted. To sort these specific 
cells, we employed a targeted strategy in which non-cellular particles 
were excluded by selecting only DRAQ5-positive cells, and doublets/
multiplets were removed using forward scatter width (FSC-W) versus 
forward scatter height (FSC-H). From the singlets we sorted only cells 
positive for DRAQ5, Concanavalin-A 405, and Cy7, the latter indicat-
ing the autofluorescence of the algal symbiont. Sorted plates were 
immediately spun down at 800g, to ensure cell immersion into the 
lysis solution, kept in dry ice and then frozen at −80 °C until further 
processing. Single-cell libraries were prepared using MARS-seq99. For 
each coral species, all single-cell libraries were prepared in parallel:  
5 libraries for O. patagonica (5× 384-well plates), 4 for S. pistillata, and  
7 for A. millepora. First, using a Bravo automated liquid handling plat-
form (Agilent), mRNA was converted into cDNA with an oligonucleotide 
containing both the UMIs and cell barcodes. PEG8000 (0.15%) was 
added to the reverse transcription reaction to increase efficiency of 
cDNA capture. Unused oligonucleotides were removed by exonuclease 
I treatment. cDNAs were pooled (each pool representing the original 
384-wells of a MARS-seq plate) and linearly amplified using T7 in vitro 
transcription and the resulting RNA was fragmented and ligated to an 
oligonucleotide containing the pool barcode and Illumina sequences, 
using T4 ssDNA:RNA ligase. Finally, RNA was reverse transcribed into 
DNA and PCR amplified. The size distribution and concentration of 
the resulting libraries were calculated using a Tapestation (Agilent) 
and Qubit (Invitrogen). scRNA-seq libraries were pooled at equimolar 

concentration and sequenced to saturation (R6 reads per UMI, in most 
cases > 10 reads per UMI) on an Illumina NextSeq 500 sequencer and 
using high-output 75 cycles v.2.5 kits (Illumina). We obtained 550 mil-
lion reads in total, resulting in a median of 90,000 uniquely mapped 
reads per cell.

Mapping of single-cell transcriptomic libraries. All seven 10X cDNA 
libraries were mapped to their respective reference genome (four to 
O. patagonica, one to S. pistillata, and two to A. millepora) using Cell-
Ranger 7.2.0 in order to obtain counts of unique molecular identifiers 
(UMI) per gene and cell. To that end, we used whole gene regions to 
count UMIs in each genome (--transcriptome flag), which were extend-
ed to include proximal downstream regions (defined using the same 
scRNA-seq data; see below).

The extension of 3′ regions is meant to compensate for the low-quality 
annotation of untranslated regions in non-model species35,100. In the 
case of S. pistillata, we reused the extended gene annotation reported in 
by Levy et al.35. Specifically, we did the following: (1) mapped the second 
reads of the 10X datasets to each reference genome using STAR 2.7.10b 
(tolerating 3 mismatching positions per read and 5 multi-mapping posi-
tions); (2) called peaks separately on each strand using the callpeaks 
module of MACS2 (ref. 101) 2.2.7.1, adjusting the effective genome size 
to the ungapped length of each assembly, retaining at most 20 dupli-
cates from different libraries (--keep-dup 20), retaining peaks with a 
false discovery rate q ≤ 0.01 (-q 0.01 flag), excluding peaks shorter than 
30 bp (--min-length 30), and disabling the modelling of peak extension 
for chromatin immunoprecipitation with sequencing (ChIP–seq) librar-
ies (--nomodel flag), and the resulting peaks were extended by 20 bp 
(--extsize 20); and, finally, (3) assigned the resulting peaks to nearby 
genes on the same strand if they were located up to 5 kb downstream 
of a gene, or less if another gene was closer to that peak.

To map and quantify MARS-seq data, we used as reference the same 
gene models for each coral genome as for the 10X libraries, as well as 
annotations for four candidate symbiont algae, corresponding to four 
genera with available reference genomes: S. microadriaticum (Sym-
biodiniaceae clade A), B. minutum (clade B), C. goreaui (clade C), and  
F. kawagutii (clade F). In brief, we first mapped reads onto the correspond-
ing genome using STAR65 (with parameters: --outFilterMultimapNmax 
1 --outFilterMismatchNmax 8 --alignIntronMax 6500). Mapped reads 
were further processed and filtered as previously described99. UMI fil-
tering include two components, one eliminating spurious UMIs result-
ing from synthesis and sequencing errors, and the other eliminating 
artifacts involving unlikely in vitro transcription product distributions 
that are likely a consequence of second strand synthesis or in vitro 
transcription errors. The minim FDR q-value required for filtering in 
this study was 0.02.

Filtering of single-cell transcriptomes by removal of doublet and 
empty droplets. First, we used Clicktag-multiplexed libraries to experi-
mentally identify doublet cells in each of the seven 10X single-cell cDNA 
sequencing experiments. As previously described102, we sequenced 
matching Clicktag libraries from the same cells and used Clicktag bar-
code counts to identify doublet cells in the overloaded cDNA experi-
ments, by assigning combinations of n unique barcodes (two or three, 
depending on the sample) to each sample. Specifically, we: (1) mapped 
the Clicktag-derived read set to a mock transcriptome consisting of the 
all barcode sequences with all possible site-wise substitutions, using 
the kallisto 0.46.2 framework—that is, mapping (bus module) followed 
by correction, sorting and counting (correct, sort, and count modules); 
(2) we retained cells with at least 20 total counts in the top-scoring 
barcode combination; (3) we normalized the barcode counts per cell 
by dividing them by the total number of counts of each barcode across 
the dataset, and compared the ratio of normalized counts of each set 
of same-sample barcodes to the second most abundant set, retaining 
cells with a first-to-second ratio >2; (4) recorded the first and nth most 



abundant barcodes in each cell and retained those for which both of 
them were associated with the same initial sample. Cells with sufficient 
counts, concordant top barcodes, and high first-to-second normalized 
count ratios were classified as singlets. Cells with sufficient counts but 
discordant top barcodes were flagged as doublets and removed from 
downstream analyses, as were unclassifiable cells.

Second, we used the list of known doublet cells identified using the 
Clicktag experiment for each 10X sample to flag further possible dou-
blets using the scDblFinder function in the scDblFinder R library103 
(provided with the knownDoublets argument). All of these were also 
removed from downstream analyses.

Third, we used the distributions of UMIs and unique genes identified 
per cell in each of the seven 10X samples to distinguish bona fide cells 
from empty droplets. Specifically, we discarded cells with low number 
of UMIs upon manual identification of the low- and high-UMI per cell 
peaks in each library (Supplementary Fig. 3a), and we also discarded 
cells with a low number of unique genes, defined as a z-score < −3.09 
(that is, P < 0.001, or P < 0.01 in Oculina) of the distribution of log-scaled 
counts of observed genes per cell.

Cell clustering and batch integration of single-cell transcriptomes. 
We merged the filtered UMI matrices from 10X experiments for each 
species separately (four for O. patagonica, one in S. pistillata, and two 
in A. millepora), and stored as counts in a Seurat104 5.0.3 object. Then, 
we applied the sctransform 0.4.1 algorithm (Seurat::SCTransform func-
tion) to obtain normalized and variance-stabilized counts (hereafter 
SCT counts) for each sample separately (‘assays’, in Seurat parlance), 
scaling residuals to unit variance (do.scale = TRUE) and zero mean  
(do.center = TRUE). Using SCT normalized counts improves the accu-
racy in the selection of variable genes to use in dimensionality reduction 
and cluster identification105,106, as well as the removal of batch effects.

We identified cell clusters using two parallel approaches, which are 
described in detail below: (1) high-granularity metacells32; and (2) delib-
erately over-split Leiden clusters107 in Seurat that can be curated and 
manually merged if needed. Both levels of clustering were highly con-
cordant in all species, which offered the possibility of annotating both 
of them simultaneously in a hierarchical manner based (see below).

For both clustering approaches—metacell and Leiden—we started 
from batch-integrated principal components analysis (PCA) dimen-
sionality reductions for each species, obtained using the Harmony algo-
rithm108 as implemented in Seurat (except for S. pistillata, for which a 
single batch was used in the main analyses and the co-integrated dataset 
was only used for cell cluster annotation purposes; see below). Specifi-
cally, we used the SCT normalized counts to run a PCA dimensionality 
reduction (Seurat::RunPCA function, set to calculate 100 principal 
components), and integrated the cell-level coordinates across batches 
using Harmony (Seurat::IntegrateLayers function with method = Har-
monyIntegration, normalization.method = “SCT”, and k.weight = 50). 
To decide the appropriate number of principal components to use for 
downstream clustering procedures, we plotted the fraction of s.d. cap-
tured by each principal component in the integrated PCA reduction and 
identified the ‘elbow’ in the graph using the first derivative criterion as 
implemented in the findPC R package109. This resulted in 19–32 principal 
components being selected in each species (Supplementary Fig. 3b).

Then, we proceeded with the two clustering procedures. First, to 
identify high-granularity metacells, we used the balanced co-clustering 
algorithm as implemented in the MetaCell32 and tgstat R packages, 
as follows: (1) calculated pairwise Pearson’s correlation coefficients 
among the variable expression components selected above (tgstat::tgs_
cor function); (2) used these values to select the K nearest neighbours 
of each cell (tgstat::tgs_knn with K = 200); (3) build a directed graph of 
cell–cell similarities (tgstat::tgs_graph) of up to 100 neighbours per 
cell (knn = 100, with edge filtering parameters set to k_expand = 10 and 
k_beta = 3); (4) create a cell–cell co-clustering graph by randomly resam-
pling 75% of markers in 100 iterations (tgstat::tgs_graph_cover_resample 

function with p_resamp = 0.75 and n_resamp = 100, and setting the fol-
lowing parameters: min_cluster_size = 10, cooling factor = 1.05, and 
burn_in = 10); (5) filter this graph to retain the top K = 100 neighbours of 
each cell with an alpha_relaxation factor = 2 in order to obtain a balanced 
reciprocal co-clustering graph; and (6) obtain the metacell clusters 
from this pruned cell–cell similarity graph (tgstat::tgs_graph_cover with 
cooling = 1.05, burn_in = 10). This resulted in 168–343 batch-integrated 
metacells identified in each species (Supplementary Fig. 3c and Sup-
plementary Table 4).

Second, we applied a Leiden clustering procedure as implemented 
in Seurat, as follows: (1) identification of the closest neighbours of 
each cell (Seurat::FindNeighbors function on the batch-integrated 
PCA dimensionality reduction, using the top N informative princi-
pal components defined for each species as the dims parameter);  
(2) identification of high-granularity (over-split) Leiden clusters from 
the cell–cell nearest neighbours graph (Seurat::FindClusters function 
with algorithm = 4 [Leiden], method = “igraph”, and resolution = 4). This 
resulted in 64–67 batch-integrated clusters identified in each species, 
all of which consisted of at least one metacell (Supplementary Fig. 3c).

In parallel, we calculated cell-level UMAP dimensionality reductions 
for each species using the batch-integrated PCA coordinates and the 
same number of top principal components selected for clustering 
analyses (Seurat::RunUMAP function). We then used the centroid UMAP 
coordinates (specifically, the median) of all the cells in each metacell 
cluster to place each metacell in the UMAP space.

We measured gene-expression values using the regularized geomet-
ric mean of gene counts for each cell group (metacells, Leiden clusters 
or cell types) and dividing this value by the median across all clusters, 
as described in the metacell R package. We refer to these normalized 
gene-expression values as fold changes across this Article.

The same clustering procedure was also applied to a focused analysis 
of the gastrodermal (including all cells annotated as gastrodermis, 
alga-hosting or muscle cells in each of the species) and neurosecretory 
cell clusters (including all neurons, gland and neurosecretory progeni-
tor cells). Similarly, we repeated the same procedure to reanalyse the 
previously published single-cell transcriptomic datasets of Xenia sp.24. 
and N. vectensis33.

Finally, we evaluated the batch effects in the integrated atlases for 
each species using cluster-specific sample compositional bias testing110, 
as well as silhouette scores111. Specifically, we evaluated the batch effects 
within each cell type by resampling n = 100 local cell neighbourhoods 
(of size equal to the mean number of cells per metacell in each cell type), 
and testing compositional bias in each resampling using χ2 tests. Then, 
for each cell type, we report the FDR-adjusted mean P value of the χ2 
tests, and the distribution of silhouette scores across all resamplings 
(Supplementary Fig. 3e–g). This approach is equivalent to the kBET 
procedure if it were run separately per cell type using a k0 parameter 
equal to the mean metacell size110, except that the expected batch frac-
tions within each resampling correspond to those of the global dataset 
(rather than being cell-type specific).

Annotation of cell types in the coral single-cell transcriptomes. To 
curate and annotate the cell clusters to known cell types, we used vari-
ous sources of information: (1) in the case of S. pistillata, co-integration 
of the new 10X dataset with the old MARS-seq atlas35; and (2) in the case 
of O. patagonica and A. millepora, cell-type-level comparisons with  
S. pistillata itself35.

First, we co-integrated the new 10X and old MARS-seq atlases of  
S. pistillata to validate and annotate cell-type clusters in the former. We 
used the batch integration and cell clustering procedure outline above 
to obtain joint metacell and Leiden clusters. The resulting clusters 
corresponding to the major cell types described in S. pistillata (gas-
trodermis, alga-hosting cells, muscle, epidermis, calicoblasts, cnido-
cytes, neurons, gland and immune cells) were composed of cells from 
both datasets in approximately balanced proportions (Supplementary 
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Fig. 3d,e). There were two minor exceptions. First, the old ‘mitotic 
host cells’ and ‘unknown’ clusters did not have matching cells in the 
new dataset. Both clusters corresponded to previously undescribed 
cell states35 and were absent in the other two scleractinian atlases  
(see below). Second, the cnidocyte cell cluster was much more abun-
dant in the old than in the new dataset. Given that the new proportions 
appeared more similar to those of the other two scleractinian corals 
too (Fig. 2c), this was also deemed a minor issue.

Second, we compared cell-type-level gene-expression similarity 
measured as the Pearson correlation coefficients of normalized fold 
changes between the new O. patagonica and A. millepora datasets 
and the previously published S. pistillata atlas35, using one-to-one 
orthologous gene pairs. This analysis supported the annotation of 
the relevant clusters as the major scleractinian cell types (gastroder-
mis, alga-hosting cells, muscle, epidermis, calicoblasts, cnidocytes, 
neurons, gland and immune cells).

Finally, for all three species, we manually curated the cluster anno-
tations of each major cell type to accommodate heterogeneity within 
the major cell types. Essentially, we annotated individual Leiden clus-
ters and metacells into general groupings representing cell types or 
sub-cell types in an ad hoc manner on the basis of examination of the 
expression profiles of differentially expressed genes among clusters 
(Supplementary Figs. 4–6).

Within the neurosecretory types, we distinguished neuron from 
gland metacells by combining cross-species similarity analyses (see 
above) with a measure of the number of cell-type-specific ion channels, 
secreted proteins and G-protein-coupled receptors; reasoning that 
ion channels would predominate in bona fide neurons, as previously 
observed35. And, for neurons specifically, we used the best transcrip-
tion factor markers to annotate each cluster, namely as Pou4+ neurons 
(matching the previously described Pou4+ or Pou4/Foxl2+ neurons in 
other cnidarians33–35,112) or Etv/Isl+ neurons (as with Gata+ or Isl/Gata+ 
neurons33,35), among others.

Cell-type compositional analysis between symbiotic and apos-
ymbiotic samples. We evaluated the change in cell-type proportions 
among the symbiotic and aposymbiotic samples of O. patagonica with 
two procedures: (1) Fisher’s exact tests using the global cell counts from 
symbiotic and aposymbiotic samples as the expected proportions, and 
adjusting P values using the FDR procedure; and (2) using the scCODA 
Bayesian model113 as implemented in the pertpy 0.10.0 Python library114 
to test for compositional biases in a sample-aware manner, using the 
calicoblast cell cluster as a reference (chosen because Fisher’s exact 
tests did not identify significant changes in cell-type proportions in 
this cell type).

Differential gene-expression analysis between symbiotic and apo-
symbiotic samples. To identify genes differentially enriched in the 
symbiotic or aposymbiotic samples of our O. patagonica single-cell 
transcriptomic atlas, we used the FindMarkers function in Seurat.  
Specifically, we performed Wilcoxon rank-sum tests for each individual 
cell type, comparing transcript counts between the cells coming from 
symbiotic and aposymbiotic samples (only for genes detected in at 
least 1% of the cells of that cell type). P values were adjusted using the 
Bonferroni correction procedure.

Gene module inference and annotation. We used gene-expression 
fold changes at the metacell level to obtain gene modules in each coral 
dataset, using WGCNA115 1.72-5. Specifically, we: (1) selected variable 
genes with a fold change ≥ 1.25 in at least one metacell; (2) built a gene 
co-expression matrix by calculating the Pearson correlation coef-
ficient of each gene, using the average hierarchical clustering algo-
rithm and a soft power parameter = 5 (determined independently for 
each species using the WGCNA pickSoftThreshold function); (3) used  
a hierarchical clustering approach to define gene modules using 

the cutreeHybrid function in the dynamicTreeCut R library116 with a 
split parameter = 2 and ignoring clusters with few genes (minCluster-
Size = 10, cutHeight = 0.99); (4) we assigned each gene to one or more 
gene module (overlapping memberships) in an inclusive approach, 
applying a correlation threshold (≥0.5); and (5) calculated the module 
eigenvectors of each of the resulting modules in each metacell, using 
the moduleEigengenes function in WGCNA.

Cross-species cell-type transcriptome comparisons. We construct-
ed a multi-species clustering of cell types from scleractinian corals 
(two sets of species: O. patagonica, S. pistillata, and A. millepora; and 
O. patagonica and O. arbuscula), using the UPGMA algorithm from 
the phangorn117 2.9.0 R library. Specifically, we built Log-Det distance 
matrices obtained from the binarized expression of shared ortho-
logues across cell types of each species (setting the value to 1 if a gene 
was expressed in that cell type with a cell-type-level fold change ≥2.0; 
set to 0 otherwise). The most similar (in terms of expression) pairs of  
orthologous genes between species were selected using the iterative 
comparison of co-expression (ICC) procedure31,118, retaining only pairs 
shared across all species in each comparison. Node supports were  
obtained from 1,000 iterations of Felsenstein’s bootstrap119 imple-
mented in phangorn.

The ICC approach we used to select the most similar (in terms of 
expression) pairs of orthologous genes between each two species in the 
dataset. ICC is able to include in cross-species comparisons additional 
pairs of homologous genes that are not strictly one-to-one between two 
species, based on the principle that one of the paralogues may exhibit 
more similar expression patterns than the other and that such pairs are 
more informative for gene-expression conservation analyses118. We 
have exposed the implementation of ICC to single-cell transcriptomic 
data in detail before31. In brief, for a pair of species a and b, we retrieved 
gene-expression matrices consisting of metacell-level expression of 
matched one-to-one orthologues (defined using the procedure out-
lined above), representing using n genes across ma and mb conditions. 
Then, we calculate the Pearson correlation matrix of these two expres-
sion matrices, resulting in a n × n matrix, where the diagonal repre-
sents a vector of correlation values between orthologous gene pairs. 
Third, the n-length correlation vector (range: −1 to +1) is used to obtain 
a vector of weights (by setting negative values to 0) that quantify the 
expression conservation of each pair of orthologous genes (EC0). Next, 
the EC0 vector is used to recalculate the n × n matrix using weighted 
Pearson correlation (instead of unweighted as in the initial iteration) 
to produce a new weight vector (EC1), and this step is repeated for up 
to i iterations until the final weight vector (ECi) is approximately equal 
to the previous one (convergence is achieved using the following crite-
rion: ∑(ECi − ECi − 1)

2 < 0.05). At this point, ECi represents the expression 
conservation scores between each pair of one-to-one orthologous gene 
pairs. Any set of genes with one-to-many or many-to-many paralogy 
relationships between species a and b are then sequentially added to 
this reference matrix of one-to-one orthologues to identify the most 
conserved pair (in terms of expression similarity) by recalculating EC 
values across the whole matrix (one-to-one orthologues and the ‘test’ 
set of paralogous gene pairs), and selecting the pair with the highest 
ECi value. Crucially, in the ICC procedure, the EC scores are defined 
on the basis of the similarity between gene-gene correlation matrices 
rather than the similarity of expression between specific cell types. 
Therefore, it does not require the a priori definition of matching cell 
clusters between species.

In parallel, we used the SAM120 1.0.2 and SAMap121 1.0.16 libraries 
in Python 3.10 to measure transcriptional similarities between cell 
types in the same sets of species (three scleractinians: O. patagonica, 
S. pistillata, and A. millepora; two Oculina species: O. patagonica and  
O. arbuscula; and six anthozoans: O. patagonica, O. arbuscula, S. pistillata, 
A. millepora, N. vectensis and Xenia sp.). We built a database of pairwise 
local protein alignments with blastp 2.5.0 and used cell-level UMI counts 



of each gene to calculate the SAMap mapping scores for each pair of 
cell types, using the 90% of cells with highest cross-species alignment 
scores to calculate pairwise similarities between cell types (through the 
n_top flag in the samap.get_mapping_scores function). Highly variable 
genes in each dataset were identified with the highly_variable_genes 
function in Scanpy122 1.9.3.

Processing of single-cell transcriptomes for other anthozoan spe-
cies. We have used single-cell transcriptomic atlases for Xenia sp.24, 
Nematostella vectensis33, the previously published MARS-seq-based 
dataset of S. pistillata35, and O. arbuscula38. In the case of Xenia sp.,  
N. vectensis and S. pistillata, we reused the previously published UMI count 
matrices and cell-type annotations. In the case of O. arbuscula, we pro-
duced a de novo gene annotation with the same procedure described 
above for O. patagonica, using the we used the genome assembly and 
bulk transcriptome datasets provided by the Darwin Tree of Life project 
(NCBI BioProject accession: PRJEB82731). The single-cell transcrip-
tomic libraries of O. arbuscula, corresponding to a symbiotic and an 
aposymbiotic-induced specimen, were obtained from NCBI (BioProject 
accession: PRJNA1122932) and mapped to its reference genome using 
the same procedure as described for our 10X transcriptomic librar-
ies, including dataset integration with Harmony, two-level clustering 
(metacell and cell-type clusters), cell-type annotation and cell-type 
composition and differential gene-expression comparisons between 
the symbiotic and aposymbiotic samples.

Functional gene enrichment analyses. We performed functional en-
richments tests for GO terms using the topGO123 1.0 library in R. Specifi-
cally, we computed the enrichments using counts of genes belonging to 
each relevant category (enriched markers in a cell type, gene module, 
and so on) relative to all annotated and expressed genes, using Fisher’s 
exact test and the elim algorithm for GO graph weighting.

Functional enrichment tests of Pfam domain annotations were per-
formed using hypergeometric tests in the R stats library (R Core Team 
2024), comparing the frequencies of presence of Pfam domains in each 
module to the same frequencies in the whole gene set (using unique 
domains per gene).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Raw and processed high-throughput sequencing data are available 
in GEO repository under accession number GSE289546. The O. pata-
gonica genome assembly and annotation are available at NCBI under 
BioProject PRJNA1270949.

Code availability
Scripts to reproduce the data processing and downstream analy-
sis are available at GitHub (https://github.com/sebepedroslab/
oculina-coral-sc-atlas/). In addition, datasets can be explored in the inter-
active web application (https://sebelab.crg.eu/multicoral-sc-atlas/).
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Extended Data Fig. 1 | Macrosynteny analysis. a, Cladogram depicting 
phylogenetic relationships among the cnidarians with available chromosome/
near-chromosome-scale genomes used in the inference of ancestral linkage 
groups (ALG) for macrosyntenic conservation analysis. The three outgroup 
species used to infer the combinations of gene homology groups present in the 
cnidarian ancestor are highlighted in purple (i.e. the octocorallian Xenia sp., 
the hydrozoan Hydra vulgaris and the scyphozoan Rhopilema esculentum). At 
each node, we summarise the ALG fusion events, including fusions-with-mixing 
(denoted with ⊗) and non-mixed fusions (i.e. centric insertions or Robertsonian 
translocations, denoted with ●). b, Number of genes belonging to each of the 27 
inferred cnidarian ALGs with more than 10 genes. c, For each species in panel a, 
we reported the fraction of genes from each ALG present a given chromosome 
(heatmaps to the left), and the contribution of each ALG in bins along each 
chromosome (right-side heatmaps; measured as Jaccard overlap index between 
genes from a given ALG relative to all genes classified as part to any ALG). For 
each chromosome, we report whether the observed fusion events correspond 

to unmixed fusions (denoted with ●, testing for ALG mixedness using two-
tailed χ2 tests in non-overlapping windows) or mixed fusions (denoted with ⊗). 
d, Fraction of syntenic genes originating from each ALG along chromosome 4 
of O. patagonica, O. arbuscula and P. verrucosa. The region in the centre of  
O. patagonica chromosome 4 (28 to 44 Mb) is highlighted in grey and is shared 
only with O. arbuscula. e, Top 20 Pfam domains enriched in the Oculina-specific 
region of O. patagonica and O. arbuscula (barplots represent one-sided p-values 
from hypergeometric enrichment tests truncated at p = 10−6, counts denoted as n). 
f, Synteny conservation between the fourteen chromosomes in O. patagonica  
(x axes) and O. arbuscula ( y axes). Each dot represents the placement of an 
orthologous gene along a given chromosome in each species (only genes from 
homologous chromosomes are shown). The synteny plot to the right provides a 
closer look at the syntenic arrangement of chromosome 4, with the Oculina-
specific region highlighted in purple. All chromosomes exhibit high collinear 
synteny, with inversions identified in chromosomes 3 and 9.
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Extended Data Fig. 2 | Cross-species cell type comparisons and transcription 
factor code. a, Force-directed network of cell type similarity across three 
scleractinian species (O. patagonica, S. pistillata and A. millepora), using the 
weighted Fruchterman-Reingold algorithm on each individual connected 
component. Nodes represent cell type clusters (node is proportional to the 
number of cells in the cluster) and edge widths represent pairwise similarities 
across species as SAMap similarity scores (threshold at score ≥ 0.25). b, Top, cell 

type clustering of the three scleractinian corals obtained using the UPGMA 
algorithm on binarised gene expression matrices, with bootstrap supports. 
Bottom, normalised expression fold change values of transcription factors 
shared by multiple cell types across species. Gene IDs from O. patagonica are 
indicated for reference, but expression values in other corals correspond to 
their best-matching ICC-derived orthologs.



Extended Data Fig. 3 | See next page for caption.



Article
Extended Data Fig. 3 | Microsynteny analysis and tandem duplicated genes. 
a, Fraction of genes pairs in O. patagonica with orthologs in collinear arrangement 
in other cnidarians (O. arbuscula, S. pistillata, A. millepora, N. vectensis and Xenia 
sp.). b, Conservation of relative gene arrangement (head-to-head [h-h],  
head-to-tail [h-t], tail-to-tail [t-t]) between O. patagonica and other cnidarians.  
c, Distribution of the correlation of gene expression (Pearson’s r) between pairs  
of collinear genes of O. patagonica with conserved synteny and non-conserved 
syntenic in other cnidarians (median r values reported on top of each distribution, 
p-values from two-sided Kolmogorov-Smirnov tests). The dotted red lines 
highlight the positive association between gene-gene correlation values and 
synteny conservation at longer phylogenetic distances from the point of view 
of O. patagonica (ranking the other species from the closest, i.e. O. arbuscula, 
to the most distant one, Xenia sp.; and tested using Spearman’s ρ for rank 
correlation). d, Conservation of DNA sequence (measured as PhastCons scores) 
upstream of syntenic head-to-head genes between O. patagonica and the other 
cnidarians. The conservation score is reported for all genes with syntenic 
conservation across species and the subset of genes with correlated expression 
with their head-to-head pair (Spearman’s correlation ρ > 0.2), and the subset of 
genes with low correlation (ρ < 0.2). The conservation upstream of a background 

set of non-syntenic genes is reported for comparison. e, Distribution of Ka/Ks 
values for pairwise alignments of tandem-duplicated genes in each of the three 
scleractinian corals. For each species, we report the distribution among the set 
of tandem duplication events shared with the other two corals, the distribution 
for non-shared families, and the species-specific families (medians reported). 
The statistical significance of the difference between the latter two distributions 
and the shared one was assessed using Kolmogorov-Smirnov two-sided tests.  
f, Relative enrichment of genes involved in tandem duplication events among 
the genes specific to each cell type of O. patagonica, S. pistillata and A. millepora 
(Wilcoxon rank-sum test on cell type counts, fold-change > 1.1 and FDR < 0.001, 
for genes detected in 1% of the cells). Enrichments were assessed with two-sided 
Fisher’s exact test, for which we report the odds ratio and FDR-adjusted p-values 
(if p < 0.05). For each cell type, we also report the number of cell tandem-
duplicated genes specifically expressed in the cluster (n). In panels c and e, box 
bounds and middle lines in each boxplot represent the first, third and second 
quartile (i.e. median) respectively; top whiskers represent the value of the third 
quartile plus 1.5 times the inter-quartile range (or the maximum, whichever is 
lower); and id. for bottom whiskers and values below the first quartile.
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Extended Data Fig. 4 | Expression profile of alga-hosting marker genes 
across species, focusing on membrane transporters. Expression of selected 
genes involved in transport functions in the symbiosome (panel a), lipid 
transport (b), cell membrane transport (c), and vacuole acidification (d). 
Expression is shown as normalised fold changes at the cell type level, for five 

coral species (O. patagonica, O. arbuscula, S. pistillata, A. millepora and Xenia sp.). 
Each gene is colour-coded according to whether it is significantly over-expressed 
in the alga-hosting cell cluster of each species (Wilcoxon rank-sum test on cell 
type counts, fold-change > 1.1 and FDR < 0.001).
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Extended Data Fig. 5 | Expression profile of alga-hosting marker genes 
across species, focusing on metabolic functions. Expression of selected 
genes involved in lipid metabolism (panel a), sphingolipid metabolism (b), 
galactose catabolism (c), glycogen synthesis (d), and nitrogen metabolism (e). 
Expression is shown as normalised fold changes at the cell type level, for five 
coral species (O. patagonica, O. arbuscula, S. pistillata, A. millepora and Xenia sp.). 
Each gene is colour-coded according to whether it is significantly over-

expressed in the alga-hosting cell cluster of each species (Wilcoxon rank-sum 
test on cell type counts, fold-change > 1.1 and FDR < 0.001). f, Fraction of the 
transcriptome devoted to various metabolic functions in the alga-hosting  
cells of each of the five corals: lipid and sphingolipid metabolism, galactose 
catabolism, and glycogen synthesis (measured as UMI per 104). g, Expression 
levels as UMI per 104 of key genes in the galactose catabolism and glycogen 
synthesis pathways in the alga-hosting cells of each of the five corals.
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Extended Data Fig. 6 | Expression profile of alga-hosting marker genes 
across species, focusing on vesicle activity and transport. Expression of 
selected genes involved in intra-symbiosome enzymatic processes (panel a), 
actin-mediated vesicle transport (b), and other processes (c). Expression is 
shown as normalised fold changes at the cell type level, for five coral species 

(O. patagonica, O. arbuscula, S. pistillata, A. millepora and Xenia sp.). Each gene 
is colour-coded according to whether it is significantly over-expressed in the 
alga-hosting cell cluster of each species (Wilcoxon rank-sum test on cell type 
counts, fold-change > 1.1 and FDR < 0.001).



Extended Data Fig. 7 | Expression profile of alga-hosting marker genes across 
species, focusing on regulatory functions. Expression of selected transcription 
factor genes (panel a), mTOR pathway regulators (b), light processing proteins (c), 
and redox homeostasis (d). Expression is shown as normalised fold changes at the 
cell type level, for five coral species (O. patagonica, O. arbuscula, S. pistillata,  

A. millepora and Xenia sp.). Each gene is colour-coded according to whether it  
is significantly over-expressed in the alga-hosting cell cluster of each species 
(Wilcoxon rank-sum test on cell type counts, fold-change > 1.1 and FDR < 0.001). 
In panel b, we report the expression levels (UMI per 104) of two mTOR pathway 
regulators (Rptor and Fnip1/2) in the alga-hosting cells of each of the five corals.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Expression profile of gland cell marker genes across 
species. a, Expression of mucin genes and selected peptidases (with Trypsin, 
Peptidase_M14 and Glyco_hydro_18 Pfam domains). Expression is shown  
as normalised fold changes at the cell type level, for four coral species  
(O. patagonica, O. arbuscula, S. pistillata, A. millepora) and a heterotrophic sea 
anemone (N. vectensis). Each gene is colour-coded according to whether it is 
significantly over-expressed in either the Mucin+ or the Peptidase+ gland cell 

cluster of each species (Wilcoxon rank-sum test on cell type counts, fold-
change > 1.1 and FDR < 0.001); and according to its age (node of origin in the 
anthozoan phylogeny). b, Gene age distribution of the genes expressed in the 
Peptidase+ gland cell cluster of each species (for genes with normalised fold-
change values > 1.5). Statistical over-representation of genes in each age 
category was assessed using two-tailed χ2 tests relative to the rest of the 
genome.







⁻ ⁻




	The evolution of facultative symbiosis in stony corals

	Oculina genome organization and evolution

	Conserved coral cell-type repertoires

	Cell-type responses to aposymbiosis

	Evolution of the host cell gene programme

	Discussion

	Online content

	Fig. 1 The O.
	Fig. 2 Stony coral cell-type diversity and gene-expression programmes.
	Fig. 3 Cell-type-specific differences between aposymbiotic and symbiotic O.
	Fig. 4 Evolution of the alga-hosting cell transcriptome.
	Extended Data Fig. 1 Macrosynteny analysis.
	Extended Data Fig. 2 Cross-species cell type comparisons and transcription factor code.
	Extended Data Fig. 3 Microsynteny analysis and tandem duplicated genes.
	Extended Data Fig. 4 Expression profile of alga-hosting marker genes across species, focusing on membrane transporters.
	Extended Data Fig. 5 Expression profile of alga-hosting marker genes across species, focusing on metabolic functions.
	Extended Data Fig. 6 Expression profile of alga-hosting marker genes across species, focusing on vesicle activity and transport.
	Extended Data Fig. 7 Expression profile of alga-hosting marker genes across species, focusing on regulatory functions.
	Extended Data Fig. 8 Expression profile of gland cell marker genes across species.




