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Abstract

Many cnidarians host single-celled algae within gastrodermal cells, yielding a mutually beneficial exchange of nutrients between host
and symbiont, and dysbiosis can lead to host mortality. Previous research has uncovered symbiosis tradeoffs, including suppression of
immune pathways in hosts, and correlations between symbiotic state and pathogen susceptibility. Here, we used a multiomic approach
to characterize symbiotic states of the facultatively symbiotic coral Oculina arbuscula by generating genotype-controlled fragments of
symbiotic and aposymbiotic tissue. 16S rRNA gene sequencing showed no difference in bacterial communities between symbiotic
states. Whole-organism proteomics revealed differential abundance of proteins related to immunity, confirming immune suppression
during symbiosis. Single-cell RNAseq identified diverse cell clusters within seven cell types across symbiotic states. Specifically, the
gastrodermal cell clusters containing algal-hosting cells from symbiotic tissue had higher expression of nitrogen cycling and lipid
metabolism genes than aposymbiotic gastrodermal cells. Furthermore, differential enrichment of immune system gene pathways and
lower expression of genes involved in immune regulation were observed in these gastrodermal cells from symbiotic tissue. However,
there were no differences in gene expression in the immune cell cluster between symbiotic states. We conclude that there is evidence for
compartmentalization of immune system regulation in specific gastrodermal cells in symbiosis. This compartmentalization may limit
symbiosis tradeoffs by dampening immunity in algal-hosting cells while simultaneously maintaining general organismal immunity.
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Introduction

Symbioses exist across the Tree of Life along a spectrum from
parasitism—in which one symbiotic partner benefits at the cost of
the other partner—to mutualism—in which both partners benefit
from the relationship [1]. Endosymbioses, symbiotic relationships
where one organism resides within another, pose immunity chal-
lenges to hosts as they must differentiate between self, mutu-
alistic symbionts, and pathogens [2, 3]. In mutualisms, the host
immune system is often down-regulated in order to allow for
the existence of the endosymbiont [4], whereas in parasitisms
the endosymbiont can evade detection by the host’s immune
system [5]. Additionally, in many mutualisms, the hosts must
tightly regulate the density of their symbionts in order to pre-
vent overcrowding, which can lead to a shift from mutualism to
parasitism [6].

Reef-building corals participate in a mutually beneficial sym-
biosis with algae (family Symbiodiniaceae) that reside inside their
gastrodermal cells, wherein the algae carry out photosynthesis
and translocate fixed carbon sugars to the host [7, 8]. In return,
the host provides CO,, as well as nitrogen and phosphorus species
to the symbiont [9, 10]. Translocation of nitrogen from the host
to the symbiont has been proposed as a mechanism to promote
nutrient exchange while controlling symbiont proliferation via
nitrogen limitation to prevent overcrowding [11]. If symbiont den-
sities increase, the greater nutrient requirements of the algae lead
to resource competition with the host, thereby destabilizing the
partnership [12, 13]. In support of this model, whole-organism
RNA-sequencing has revealed differences in the expression of
genes involved in sugar transport and nitrogen cycling across
cnidarians in and out of symbiosis [14]. Furthermore, enrichment
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of nitrogen deprivation genes has been observed in the symbionts
of the sea anemone Exaiptasia pallida when symbiont cell den-
sities are high [11]. These whole organism studies reflect the
importance of carbon and nitrogen transport between symbiotic
partners in the maintenance of this symbiosis.

In stony corals, environmental change can lead to loss of
the algal symbiont in a process termed coral bleaching [15]. If
prolonged, this dysbiosis can lead to host mortality. Because this
symbiotic relationship in corals is often obligate, it is challenging
to disentangle the effects of dysbiosis from nutritional losses [16].
Facultatively symbiotic cnidarian models (which are viable and
naturally occur in both symbiotic and aposymbiotic states) are
becomingincreasingly useful for understanding mechanisms that
promote symbiosis establishment, maintenance, and loss, from
both nutritional and immune system perspectives [14, 16-18]. In
contrast to obligate symbioses, facultatively symbiotic corals can
existin an aposymbiotic state (with few or no algal symbionts) and
can buffer nutrient loss through heterotrophy. This facultative
nature allows for studies of the influence of symbiosis on host
molecular function in the absence of the starvation stress expe-
rienced by bleached obligate corals [19]. The aposymbiotic state
can be induced in facultatively symbiotic cnidarians in controlled
laboratory conditions through chemical (with menthol) and heat
treatments, additionally allowing for the ability to control for
genetic background [16]. The sea anemone E. pallida is a faculta-
tively symbiotic cnidarian that has served as a useful model for
understanding how the host immune system is modulated in the
presence of the algal symbiont [20, 21]. Additionally, facultatively
symbiotic stony corals, such as O. arbuscula [14] and Astrangia
poculata [22], are emerging models for studying these processes
in calcifying cnidarians.

Research using these facultatively symbiotic models has
identified pathways within the host immune system as key
for the cnidarian-algal symbiosis. For example, activation
of the transcription factor NF-«B pathway, which has been
implicated in immunity across metazoans, has been shown to be
downregulated in symbiotic compared to aposymbiotic hosts [14,
20]. Additional evidence suggests that the attenuation of immune
pathways associated with symbiosis corresponds to reduced
organismal immunity [23]. However, this dampening of immunity
is not always correlated with increased susceptibility to pathogen
challenge [24, 25]. For example, recent work has shown that the
NF-«B pathway can be independently modulated by cnidarians
capable of symbiosis under energetic limitation [26]. Additionally,
many antioxidant and oxidative response pathways are constitu-
tively higher in symbiotic compared to aposymbiotic cnidarians
[27]. Taken together, a nuanced picture of the symbiotic cnidarian
immune system is emerging, but questions still remain, especially
regarding how the immune system challenge of endosym-
biosis is mitigated without compromising whole-organism
immunity.

Herein, we have used a multiomic approach to investigate
symbiosis-immunity tradeoffs in the facultatively symbiotic coral
O. arbuscula. First, a gold-standard genome of O. arbuscula was
assembled. Then, whole-organism proteomics was used to con-
firm broad immune dampening in symbiosis. Next, single-cell
RNA-seq of genotype-controlled fragments profiled O. arbuscula
cellular diversity under different symbiotic states. We provide
evidence for how tradeoffs between endosymbiosis and immunity
manifest by gene expression rewiring across different cell states.
Gene expression differences in immune pathways occur in gas-
trodermal cells capable of hosting symbiotic algae. These results
suggest that cell type-specific dampening of immunity explains

how some symbiotic organisms balance the immune tradeoffs of
symbiosis with organismal immunity.

Materials and methods

Detailed information on sample preparations, bioinformatic anal-
yses, and R packages can be found in the Supplemental Materials.

Coral husbandry and manipulation of symbiotic
state

Symbiotic (in symbiosis with Breviolum psygmophilum) [28] colonies
from seven genetic backgrounds (genets A-G) of Oculina arbuscula
were collected at Radio Island Jetty, North Carolina (34° 42.520°
N, 76° 40.796" W) in May 2018 under North Carolina Division
of Marine Fisheries Permit #1627488. These colonies have been
maintained at Boston University (BU) in common garden aquaria
since May 2018. Aposymbiotic branches were generated via men-
thol bleaching. Aposymbiotic status was confirmed by a lack
of symbiont autofluorescence under fluorescence microscopy
(Leica M165 FC), and aposymbiotic branches were transferred
back to common garden aquaria and maintained for at least two
months of recovery prior to physiological and multiomic profiling.

Tissue removal for symbiont cell quantification

To measure symbiont cell densities in symbiotic and aposymbiotic
O. arbuscula, small branches were fragmented from symbiotic
(N'=10) and aposymbiotic (N = 10) samples from five genets. Tissue
was removed via airbrushing, homogenized, and symbiont counts
were normalized to skeletal surface area using an Einscan-SE
scanner. Statistical differences between symbiotic and aposym-
biotic fragments were calculated using the Kruskal-Wallis rank-
sum test, as assumptions of normality were not met.

Coral spectroscopic determinations

Light absorption capacities of symbiotic and aposymbiotic O.
arbuscula were compared using reflectance and absorptance
[29-31]. Coral reflectance (R), i.e., the fraction of light reflected,
was measured between 400-750 nm in intact fragments using
a miniature spectroradiometer (Flame-T-UV-Vis, Ocean Optics
Inc.). Reflectance was expressed as the ratio of the measurement
from the tissue surface relative to the reflectance of a bleached
O. arbuscula skeleton. Coral absorptance (A), which describes the
fraction of incident light absorbed by coral tissue, was calculated
from the reflectance spectra as A=1-R [29, 31]. The absorptance
peak of chlorophyll a (Chl a) at 675 nm was calculated as Agrs =1
— Rers, assuming that transmission through the skeleton is
negligible.

Bacterial community profiling

To identify bacterial communities associated with symbiotic and
aposymbiotic fragments, one symbiotic and one aposymbiotic
fragment from five genotypes were flash frozen, and a subsample
was preserved in ethanol for 16S rRNA gene sequencing (N = 10).
Libraries were generated using a series of PCR amplifications for
the V4/V5 region of the bacterial 16S rRNA gene [32, 33]. Five neg-
ative controls were prepared and used to remove contamination.
Samples were sequenced on a Miseq System (Illumina) at Tufts
University Core Facility (paired-end 250 bp).

16S rRNA gene read processing inferred 661 amplicon sequence
variants (ASVs) with assigned taxonomy across samples. Bacterial
communities across symbiotic states were compared via alpha
diversity (Shannon index, Simpson’s index, ASV richness, and
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evenness) and beta diversity (PCoA with Bray-Curtis dissimilari-
ties). Alpha diversity metrics were compared using linear mixed
effects models with symbiotic state as the predictor and a random
effect of genotype. The effect of symbiotic state on beta diversity
was assessed using the function betadisper (vegan package; v2.6—
4 [34]). DESeq2 v1.40.2 [35] explored differentially abundant ASVs
to ensure that subtle differences in specific taxa were not over-
looked.

O. arbuscula genome assembly and annotation

A chromosome-level genome assembly of O. arbuscula was
recently released and is available from NCBI under the acces-
sion number GCA_964656845.1. This genome was generated
by the Aquatic Symbiosis Genomics Project (https://www.
aquaticsymbiosisgenomics.org) [36] using ~25x coverage PacBio
HiFi reads and Arima Genomics Hi-C data. The initial assembly
was produced with Hifiasm [37] in Hi-C integrated assembly
mode. Scaffolding based on Hi-C contact maps was performed
using YaHS [38]. The mitochondrial genome was assembled
with MitoHiFi v2.2 [39], and each haplotype assembly was
manually curated using TreeVal [40]. Chromosome-scale scaffolds
confirmed by Hi-C contact maps were named according to
their size.

For structural gene annotation, the genome was first soft-
masked using RepeatModeler2 v2.0.5 [41] with the -LTRStruct
module enabled. Transcriptomic data were retrieved from Gen-
Bank using VARUS [42] and aligned to the genome with HISAT2
v2.2.1[43]. The soft-masked genome, aligned RNA-seq reads, and a
Scleractinia protein dataset containing over 1.2 million sequences
were used for gene prediction with BRAKER3 [44]. The resulting
gene models were further refined through a second BRAKER3 run,
incorporating a curated set of proteins from published Robust
clade coral genomes. The final predicted proteome was func-
tionally annotated using EggNOG-mapper v2.1.12 [45], and the
completeness of the annotation was assessed using BUSCO v5.8.2
[46] against the Cnidaria_odb12 reference dataset.

Proteomic profiling

Mass spectroscopy (MS) was used to identify differentially
enriched proteins from total protein isolated from fragments
of four symbiotic genets and three aposymbiotic genets. Total
protein was isolated as described previously [47] and was stored
at —80°C before analysis by MS.

For MS, tryptic peptide mixtures were analyzed by nano-scale
high-performance liquid chromatography (Proxeon EASY-Nano
system, Thermo Fisher Scientific) coupled with online nanoelec-
trospray ionization tandem MS (Q-Exactive HF-X mass spectrom-
eter; Thermo Fisher Scientific) [48]. For protein identification
and analysis, data files were searched using the workflow of
MaxQuant version 2.4 (http://www.maxquant.org/) under stan-
dard settings using the O. arbuscula genome. A false discovery rate
(FDR) threshold of 1% was used to filter candidate peptides and
protein identifications. Following data filtration, normalization,
and clustering with Omics Notebook [49], 2,543 proteins were
retained. Differential abundance analysis of proteomic profiles
between aposymbiotic and symbiotic samples was based on a
moderated t-test [49] in which proteins were considered differ-
entially abundant if they had a Bonferroni adjusted P < 0.1. Raw
intensity counts were rlog-normalized in DESeq2 [35] and visu-
alized using a Principal Component Analysis (PCA) using vegan
v2.6-4 [34]. Effects of symbiotic state and genet were assessed
using a PERMANOVA with the adonis2 function in vegan v2.6-
4 [34]. Predicted O. arbuscula peptides were searched against the

human proteome v.11.5 from the STRING v.11 database [50] with
an e-value cut-off of 1 x 10°. Protein-protein interactions of
select differentially expressed proteins (FDR < 0.1) were retrieved
from the STRING v.11 database [50]. Interaction networks were
visualized using Cytoscape v.3.7.2 [51].

Single-cell RNA sequencing

To create single-cell libraries, live cells from one symbiotic and
one aposymbiotic branch of genotype F of O. arbuscula were sam-
pled for single-cell isolation and 10X cDNA sequencing [52]. A
detailed protocol for cell isolation can be found on protocols.io
at DOI: dx.doi.org/10.17504/protocols.io.rm7vzkx72vx1/v1 and is
also described in the Supplemental Materials. To minimize cell
death, cells were not sorted prior to processing. Because we did
not perform cell sorting through a method such as Fluorescence-
activated Cell Sorting, multiplets may be present in our dataset.
Cell isolation samples were analyzed by BU's Single Cell Sequenc-
ing Core Facility. The symbiotic sample had a concentration of
2,625 cells/ul and a viability of 81.6%. The aposymbiotic sample
had a concentration of 3,313 cells/ul and a viability of 86.4%. The
cell viability values are similar to other single cell preparation
methods reported in the literature (e.g., viability threshold of 80%,
Nematostella vectensis [53, 54]).

Libraries were generated following the 10X Genomics Chromium
Single Cell 3'v3 protocol, and quality was assessed via a
Bioanalyzer. Samples were pooled in equimolar concentration
and sequenced on a NextSeq 2000 (Illumina, P3 100 kit) with a
target of 50,000 reads per cell. CellRanger (v7.2.0 [S5]) processed
reads, which were aligned to concatenated genomes of O. arbuscula
(host) and the algal symbiont B. psygmophilum [14]. Reads aligning
confidently to the host and symbiont references were used to
generate CellRanger output files. Default CellRanger cell calling
algorithms were employed.

Following alignment, host reads from symbiotic and aposym-
biotic samples were analyzed using Seurat (v.5.0.2) [56]. First,
doublets were detected and removed using scDblFinder (v.1.20.2)
for each sample independently [57]. Next, datasets were cleaned
(genes expressed in fewer than three cells were discarded, as
were cells expressing fewer than 200 genes or greater than
3000 genes). Using only host genes, the datasets were then
normalized and scaled, and a PCA reduction was performed. No
duplicated barcodes were detected. Mitochondrial reads could not
be removed, as the reference genomes and transcriptome do not
have annotated mitochondrial genomes. Datasets were integrated
using the Canonical Correlation Analysis (CCA) Integration
method on the PCA reduction using the host genes (nearest
neighbors parameters). Cell clusters were identified using 30
dimensions (resolution: 0.55) and visualized using Uniform Mani-
fold Approximation and Projection (UMAP). Marker genes for each
cluster were identified using FindAllMarkers (Wilcoxin Rank Sum
Test; logyfold change threshold: 0.5) and cell types were informed
by gene annotations and marker gene comparisons from other
cnidarian single-cell datasets (e.g. S. pistallata and Xenia sp.)
(Supplementary Dataset S1) [58, 59]. Expression patterns of top
marker genes were assigned to cell clusters using violin plots, bub-
ble plots, and visualization of gene expression in individual cells
within the UMAP. In total, 28 cell clusters across seven cell types
were identified in the UMAP. Broad transcriptomic differences
between cell clusters were assessed by identifying the top 10
genes enriched in each cluster compared to all the other clusters.

To identify cells containing algal symbionts, we identified cells
in which over 50% of the total reads corresponded to B. psyg-
mophilum genes, and then visualized these cells on the UMAP. To
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determine how symbiosis alters enrichment of gene pathways at
the whole-organism level, and how this differential enrichment
is reflected in specific cell types, we performed Mann-Whitney
U Gene Ontology (GO) term enrichment analysis on all genes
from the full single-cell dataset [60]. Significantly enriched GO
terms within the “Biological Process” (BP) GO division were defined
with an FDR of <0.1. Significantly over- and under-represented GO
terms relating explicitly to the NF-«B pathway, Toll-Like Receptor
signaling, Interleukins, and Transforming Growth Factor g were
identified (Table S1). Cells in which over 4.5% of the total reads
corresponded to genes annotated with the GO terms of interest
were visualized on the UMAP of all cells from symbiotic and
aposymbiotic O. arbuscula samples.

To compare expression profiles of specific cell states between
symbiotic and aposymbiotic samples, each cell cluster was inde-
pendently reclustered, and the effect of symbiotic state on gene
expression in each cell state was analyzed. First, the cell cluster
of interest (e.g., Immune Cell, Gastrodermis 1) was subsetted,
and new variable features were identified. Data were rescaled,
and dimensionality reduction was re-run (first 30 dimensions
for all clusters, except for Neuron 9 and Neuron 10, for which
20 dimensions were used). Subclusters were identified with res-
olutions between 0.25 and 0.5 (Table S2). The distribution of
cells across subclusters between symbiotic states was visualized
using UMAPs. Differentially expressed genes between symbiotic
states in all cell clusters were identified using DESeq2 within
the FindMarkers function. Additionally, marker genes for each
subcluster were identified. To highlight differences in the gene
expression of the Immune Cell states, the top 20 genes enriched in
each Immune Cell subcluster were identified and plotted (genes
without annotated Pfam domains were removed).

We used Monocle 3 (v.1.3.7) [61] to identify transcriptomic
trajectories and outcomes for all gastrodermal/agal-hosting cells
from symbiotic and aposymbiotic samples. We plotted the UMAPs
of the symbiotic and aposymbiotic subsets of Gastrodermis clus-
ters 1-5 and the Algal-Hosting gastrodermal cells and overlaid
trajectory graphs, noting nodes and outcomes.

To compare expression of genes involved in lipid transport/pro-
duction and nutrient cycling in gastrodermal cells between sym-
biotic and aposymbiotic states, the expression of these genes
in the reclustered Gastrodermis 1 and Gastrodermis 2 cells was
analyzed. First, normalized expression of genes involved in nitro-
gen cycling/symbiont density control (Glutamate Dehydrogenase
[920747]) and lipid metabolism (Long-Chain Fatty Acid CoA Ligase
[ACSBG1] and Acyl-Coenzyme A Thioesterase [ACOT4.2]) [14] were
compared across all cell clusters, then across subclusters and
symbiotic states in Gastrodermis 1 and 2 (functions FeaturePlot
and VInPlt in the Seurat package [56]). FeaturePlot [56] was then
used to visualize co-expression of these genes across the sub-
clusters of Gastrodermis 1 and Gastrodermis 2 cells from the
symbiotic sample (scaling per-cell mean expression to a maxi-
mum value of 10). To determine whether the co-expression of
genes observed in the symbiotic gastrodermal cells was observed
in other cell types, we also visualized co-expression of g20747,
ACSBG1, and ACOT4.2 across Epidermis 1 and Neuron 1 clusters
from symbiotic tissue (scaling per-cell mean expression to a max-
imum value of 10).

To identify genes driving separation between symbiotic states
within each cell cluster, the distribution of cells from a particular
cluster was visualized along the first 10 PCs of the PCA used
to define the UMAP for that cluster. An analysis of variance
determined whether the cells were separated by symbiotic state
(symbiotic vs. aposymbiotic) along each PC. In Gastrodermis 1 and

Gastrodermis 2 clusters, the top 20 genes driving the distribution
of cells along each significant PC (10 genes driving each PC in
the positive direction and 10 genes driving each PC in the nega-
tive direction) were selected, and genes without annotated Pfam
domains were removed. In Gastrodermis 1, PCs 1-4, 6, 7, and 10
were selected, comprising a total of 89 genes. In Gastrodermis
2, PCs 1-5, 8, 9, and 10 were selected, comprising a total of 90
genes. Logyfold change values from DESeq2 and the accompany-
ing adjusted P value (<0.05) for each gene were plotted in a bar
graph. Genes annotated with immune-function related GO terms
were noted, as were genes annotated with the Clusters of Orthol-
ogous Genes (COG) annotation “posttranslational modification,
protein turnover, and chaperones.”

To compare O. arbuscula cells potentially hosting algal sym-
bionts with algal-hosting cells from an obligate coral species
(Xenia sp. [59]), we identified orthologous genes between O. arbus-
cula and Xenia using the Broccoli algorithm using 14 cnidarian
proteomes with default parameters [62]. We re-ran Seurat nor-
malization, PCA, and UMAP clustering on the pre-integrated Xenia
dataset from non-regeneration samples [59] to identify 16 clus-
ters (resolution of 0.18 and 30 dimension), including the previ-
ously characterized algal-hosting cell cluster and the other two
gastrodermal cell clusters. We identified differentially expressed
genes between the algal-hosting cells and the gastrodermal cells
(adjusted P < 0.05 from the FindMarkers function, using both gas-
trodermal cell clusters as the comparison to the algal-hosting cell
cluster), and subsetted these genes for those that had orthologs
to O. arbuscula. Additionally, we identified differentially expressed
genes between symbiotic O. arbuscula cells from Gastrodermis
1/Gastrodermis 2/Gastrodermis 3/Gastrodermis 4/Algal-Hosting
and aposymbiotic O. arbuscula cells from Gastrodermis 1/Gastro-
dermis 2/Gastrodermis 3/Gastrodermis 4/Algal-Hosting (adjusted
Pvalue <0.05 from the FindMarkers function). Gastrodermis 5 was
not included because this cluster was not on the same transcrip-
tomic trajectory in symbiotic or aposymbiotic O. arbuscula. We
subsetted these genes to include only Xenia orthologs. We com-
pared which genes among these two sets of orthologs (Xenia-sym-
to-gastro and Oculina-sym-to-apo respectively) were differentially
expressed using a Venn diagram [63], creating three groups of
differentially expressed orthologs (DEOs). We performed Fisher
Exact Tests (DEO presence/absence) [60] to identify enrichment
differences across these groups of DEOs in the BP GO division.

Results

For the following experiments, genetically controlled symbiotic
and aposymbiotic fragments of O. arbuscula were used. Symbi-
otic fragments had symbiont densities that were over 400-fold
greater (13,678 +/— 6,204 cells/cm?) than those of aposymbiotic
fragments (30 +/— 43 cells/cm?) (P value <0.001) (Fig. 1A). These
fragments were then used to generate light-scattering profiles,
16S rRNA gene sequencing libraries, tissue proteomics, and single-
cell profiles.

Light absorption is greater in symbiotic than in
aposymbiotic O. arbuscula

Differences in symbiont cell densities induced significant
differences in in vivo coral light absorption. Reflectance spectra
measurements and absorption properties of intact corals (describ-
ing the relative amount of solar energy/incident light that can
potentially be used in photosynthesis for organic carbon fixation)
showed statistically significant pigment content differences
between symbiotic and aposymbiotic O. arbuscula. Average
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Figure 1. Symbiosis facilitates higher light absorptance but does not change bacterial communities in O. arbuscula. (A) Algal cell counts are ~400-fold
greater in symbiotic (brown, right) O. arbuscula fragments than in aposymbiotic (white/grey, left) fragments (P value <0.001). (B) Average reflectance (R)
in the PAR region (400-700 nm) was 22% +/— 4% in symbiotic O. arbuscula (brown) and 77% +/— 3% in aposymbiotic O. arbuscula (grey) (P <0.01). (C)
Average absorptance (A) (A=1-R) indicating the relative amount of solar energy with potential for use in photosynthesis. Symbiotic O. arbuscula
(brown) has an Agys of 85% (+/— 4%), suggesting a functional symbiosis, and aposymbiotic (grey) has an Ag;s of 24% (+/— 2%) (P < 0.001). In (B) and (C),
shaded colored areas represent standard deviation. (D) PCoA of bacterial communities from all ASVs in 16S rRNA gene data from symbiotic (brown)
and aposymbiotic (grey) O. arbuscula genotypes. No differences in bacterial communities were observed between symbiotic states.

reflectance in the PAR region (400-700 nm) of symbiotic fragments
was 22% +/— 4%, whereas aposymbiotic coral reflectance was
77% +/— 3% (P value <0.01) (Fig. 1B). In symbiotic fragments, the
absorptance value at the peak for Chlorophyll a (Agss) was 85%
+/— 4%, compared to 24% +/— 2% in aposymbiotic samples (P <
0.0001) (Fig. 1C).

Bacterial communities do not differ between
symbiotic states

We profiled the bacterial communities of aposymbiotic and sym-
biotic fragments from five genets (N=10). A total of 208,330
sequences were acquired with a mean depth of coverage of 20,833
+/— 16,050 per sample (Table S3). Sample rarefication yielded a
total of 8,298 reads per sample with a total of 661 ASVs identified
across samples. No differences in bacterial communities (beta
diversity) were observed between symbiotic and aposymbiotic
fragments (Fig. 1D), and both states were dominated by Proteobac-
teria and Bacteroidota (Fig. S1). Additionally, no differences in alpha
diversity were observed between symbiotic states regardless of
the metric tested (Fig. S2a-d). DESeq2 tested for differentially
abundant ASVs across symbiotic states, while modeling genetic
background, but no ASVs were identified.

Assembly and annotation of a high-quality O.
arbuscula genome

The O. arbuscula genome comprises ~515 megabase pairs (Mb),
organized into 14 chromosomes and a total of 476 scaffolds.
The assembly has a GC content of 38.5%, consistent with other
scleractinian corals. A total of 35,006 proteins and 30,354 genes
were predicted. Genome completeness, as assessed using BUSCO
with the Cnidaria_odb12 reference dataset, was 98.5%, with 83.6%
of single-copy and 15% of duplicated BUSCOs, indicating a high-
quality assembly and annotation. Approximately 80% of the

predicted proteome was functionally annotated using EggNOG-
mapper.

O. arbuscula proteome is affected by symbiotic
state

To compare proteomes of symbiotic and aposymbiotic O. arbus-
cula, we performed mass spectrometry on whole-cell lysates from
coral fragments. We identified a total of 2,695 proteins in O. arbus-
cula, 2,543 of which were retained following filtering, i.e., ~7.3%
of the genome-predicted proteins. A PCA showed that samples
clustered by symbiotic state (Pstate <0.1) and genet (Pgenet < 0.05)
(Fig. 2A). A total of 233 proteins were differentially enriched across
symbiotic states (adjusted P value <0.1): 134 enriched in symbiotic
and 99 enriched in aposymbiotic O. arbuscula (Figs. 2B-C).
Differentially enriched proteins (DEPs) were assigned func-
tional categories based on a homology search of each DEP
sequence in the UniProtKB database (evalue <1 x 107°). DEPs
involved in Immune Response, Repair and Stress Response, and
Metabolic Processes were identified (Fig. 2D), including multiple
heat-shock proteins enriched in aposymbiotic O. arbuscula (e.g.
HSPAS9 and CRYAB) and other immune/stress-related proteins
enriched in symbiotic O. arbuscula (e.g. TRAF6 and SOD2) (Fig. 2D).

Identification of cell states shared between
symbiotic and aposymbiotic O. arbuscula

To profile gene expression in different cell types and states from
symbiotic and aposymbiotic O. arbuscula, we used the 10X single-
cell RNA-sequencing (scCRNA-seq) platform. We captured a total of
6,951 cells (3,123 cells from the symbiotic sample; 3,828 cells from
the aposymbiotic sample), with an average of 158,688 reads per
cell, 1,129 median UMI counts per cell, and 650 median genes per
cell. The average number of reads was 540,436,426; the average
percentage of valid barcodes was 94.8%; the average percentage
of valid UMIs was 99.9%; and the average sequencing saturation
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Figure 2. Proteomic profiles of symbiotic and aposymbiotic O. arbuscula reveal differential enrichment of proteins by symbiotic state. (A) Principal
component analysis of proteomic profiles across four genets, with symbiotic (sym) and aposymbiotic (apo) states distinguished by color, and genets by
shape. (B) Volcano plot of differentially enriched proteins (DEPs) identified through pairwise comparison (P < 0.1). Upregulated proteins (134) are
represented by brown dots, downregulated proteins (99) by grey dots, and black dots indicate non-DEPs in symbiotic relative to aposymbiotic corals
(total N=2,543). (C) Heatmap of all DEPs across symbiotic states of O. arbuscula. The color scale represents the logyfold change of each protein (row) for
each coral sample (column) relative to the protein’s mean expression value across all samples. (D) Interaction network of proteins associated with
immune response, repair and stress response, and metabolic processes, derived from human protein-protein interactions in the STRING database.
Node colors indicate upregulation (brown) or downregulation (grey) in symbiotic coral samples.

was 89.9%. 190 doublets were detected and removed from the
symbiotic dataset, and 275 doublets were detected and removed
from the aposymbiotic dataset. After additional high and low
count cells were removed, the symbiotic dataset had a final cell
number of 2,912, and the aposymbiotic dataset had a final cell
number of 3,546. Further quality control data for both samples
are summarized in Supplementary Dataset S2.

Clustering of the integrated 10X gene expression datasets from
symbiotic and aposymbiotic samples resulted in the identification
of 28 transcriptomically distinct cell clusters across seven broad
cell types (Fig.3A). Cells from symbiotic and aposymbiotic

samples were represented in all clusters (Fig. 3A). Additionally,
each cluster defined in the UMAP displayed distinct transcrip-
tomic programming as exemplified by expression patterns of the
10 highest enriched genes in each cluster (Fig. 3B).

Identification of symbiont-hosting cells

We identified 45 cells in which over 50% of the total reads cor-
responded to genes from B. psygmophilum. 42 of these 45 cells
belonged to the same cell cluster from symbiotic samples. Due
primarily to the assignment of the symbiont reads to these cells,
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this cluster was identified as Algal-Hosting gastrodermal cells
(Fig. S3).

Symbiotic gastrodermal cell populations fated for
symbiosis function in nutrient exchange

To investigate the transcriptomic fates of the gastrodermal cells,
we performed trajectory analysis on the six gastrodermal cell
clusters (Gastrodermis 1-5 and Algal-Hosting cells) in the sym-
biotic and aposymbiotic O. arbuscula samples. In the symbiotic
sample, we identified one transcriptomic fate terminating in the
Algal-Hosting cell cluster (Fig. 4A). Three fates were identified in
the aposymbiotic gastrodermal cells, terminating in Gastrodermis
1 (two fates) and 2 (one fate) (Fig. S4).

To probe gene expression differences between gastrodermal
cells from symbiotic and aposymbiotic O. arbuscula, we subsetted
and reclustered cells from each of the six gastrodermal states.
Three subclusters were revealed within Gastrodermis 1 (Fig. 4B),
three subclusters were revealed within Gastrodermis 2 (Fig. 4C),
two were revealed in Gastrodermis 3 (Fig. 4D), two were revealed
within Gastrodermis 4 (Fig. S5A), two were revealed in Gastro-
dermis 5 (Fig. S5B), and two were revealed in the Algal-Hosting
cells (Fig. S5C). The presence of these transcriptomically distinct
subclusters suggests additional functional cell states. Gastro-
dermis 1 Subcluster 3 and Gastrodermis 2 Subcluster 3 were
composed almost entirely of cells from the symbiotic sample
(Fig. 4B and Fig. 4C, respectively). Additionally, Subcluster 1 of
the Algal-Hosting cells contained 42 cells with over 50% B. psyg-
mophilum reads. We independently reclustered all other cell types
and observed varying degrees of separation by symbiotic state,
but no other subcluster was completely dominated by cells from
either symbiotic state (Fig. S5d-x).

To help identify gastrodermal cells participating in active
symbiotic nutrient exchange within our dataset, we selected lipid
metabolism and nitrogen cycling genes, which have been previ-
ously shown to have higher expression in symbiotic compared
to aposymbiotic O. arbuscula [14]. DESeq?2 identified differences
in gene expression in gastrodermal cells between symbiotic and
aposymbiotic samples, which showed that Gastrodermis 1 cells
from symbiotic O. arbuscula have higher expression of genes
related to nitrogen cycling (g20747) and lipid metabolism (ACSBG1
and ACOT4.2) (adjusted P value <0.05) (Fig. 4E-G). Furthermore,
g20747, ACSBG1, and ACOT4.2 were identified as marker genes
for Subcluster 3 (indicating that these genes were more highly
expressed inside than they were outside Subcluster 3 (adjusted
P value <0.05) (Fig.4H-]). Additionally, there was strong co-
expression of these symbiosis-marker genes in Subcluster 3,
suggesting that this cell state is actively processing and storing
lipids while mediating the growth and division of algal symbionts
(Fig. 4K-M). There was less co-expression of these genes in
Subclusters 1 and 2 of Gastrodermis 1, suggesting that other
gastrodermal cell states perform nitrogen and lipid processing
independently or through distinct pathways. Similar, though
weaker, patterns of co-expression were observed in Gastrodermis
2 (Fig. S6a-c). No or limited co-expression of g20747, ACSBGI,
and ACOT4.2 was observed in symbiotic Epidermis 1 and Neuron
1 cells (Fig. Séd-i). The presence of symbiotic-only subclusters
within Gastrodermis 1 and 2, coupled with the co-expression of
highly expressed markers for symbiosis within one Gastrodermis
1 subcluster suggest that certain gastrodermal cells states are
actively hosting symbionts. Observed expression of 20747,
ACSBG1, and ACOT4.2 was low to undetectable in the Algal-
Hosting cell cluster, likely due to the low percentage of host reads
within these cells.

No differences in gene expression in the immune
cell cluster between symbiotic states

Whole-organism studies in O. arbuscula (this study and [14])
have reported downregulation of genes involved in molecular
immunity in symbiotic compared to aposymbiotic coral. To
determine whether this difference in gene expression was
observed in O. arbuscula immune cells, we first identified an
Immune Cell cluster based on enriched expression of cell markers
for immunity. These immune marker genes included Interferon
Regulatory Factors (IRFs), and multiple chaperone proteins that
were expressed in cells from both symbiotic and aposymbiotic
tissue (Fig. 5A, B). We did not identify cell type- or symbiotic
state-specific expression of other commonly studied cnidarian
immune genes, including NF«B, cGAS, and STING [20, 64]. After
subsetting and independently reclustering these Immune Cells,
we identified three cell states with distinct transcriptomic profiles
(Fig. 5C). However, Immune Cells did not cluster by symbiotic
state after reclustering (Fig. 5D). Furthermore, cells did not
separate significantly by symbiotic state along any of the first
10 Principal Components, and no differential gene expression
(adjusted P value <0.05) was observed between Immune Cells
from symbiotic and aposymbiotic samples. These results indicate
that symbiotic state does not affect gene expression in O. arbuscula
Immune Cells, and that differential expression of immune genes
between symbiotic states must reside in non-traditional immune
cells.

Immune response genes are differentially
regulated in symbiotic Gastrodermis 1 and 2 cells
In agreement with previous bulk studies [14, 20, 65], our dataset
demonstrated that, at the whole-organismal scale, immune sys-
tem gene pathways identified by GO term analysis are differen-
tially regulated under symbiosis. Genes belonging to differentially
enriched immunity GO terms are most highly expressed in gas-
trodermal cells. In addition, expression of these genes is higher
in gastrodermal cells from aposymbiotic (Fig. 6A) compared to
symbiotic O. arbuscula (Fig. 6B). Taken together with the lack of
observed differential expression between symbiotic states in the
immune cell cluster (Fig. 5), these results suggest that symbiont-
specific immune gene regulation occurs in gastrodermal cells
rather than immune cells.

We identified the genes driving the clustering of Gastrodermis
1 and 2 cells by symbiotic state (see Fig. 4B, C). In Gastrodermis 1
and 2, we analyzed the distribution of the cells along each of the
first 10 Principal Components (PCs) in the PCA dimensionality
reduction used to generate the UMAPs. Gastrodermis 1 cells
exhibited significant separation by symbiotic state along seven
of the first 10 PCs (P < 0.05), and Gastrodermis 2 cells showed sig-
nificant separation along eight of the first 10 PCs. In Gastrodermis
1, of the 89 annotated genes driving the distribution of the cells
along the seven significant PCs, 29 were differentially expressed
(adjusted P < 0.05), and 27 of the 89 genes were annotated
with GO terms involved in immunity (Fig. 6B). Additionally, 17
genes were annotated with the COG term “posttranslational
modification, protein turnover, and chaperones” (Fig.6B). In
Gastrodermis 2, of the 90 genes driving the distribution of the
eight significant PCs 12 genes were differentially expressed
(adjusted P < 0.05), 25 were annotated with immunity GO terms,
and 14 were annotated with the COG term “posttranslational
modification, protein turnover, and chaperones” (Fig. 6C). These
results suggest that gastrodermal cells, rather than immune
cells, differentially regulate immunity genes in symbiotic
O. arbuscula.
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Figure 4. Gastrodermis cells along the algal-hosting trajectory are involved in lipid metabolism and nitrogen cycling. (A) UMAP projection of
Gastrodermis 1, 2, 3, 4, and 5 as well as algal-hosting cells from symbiotic O. arbuscula overlaid with a graph of cell trajectories. Outcomes (fates) are
denoted by grey circles with black numbers. Branch nodes are denoted by black circles with white numbers. (B) UMAP projections of the 1,019
independently reclustered Gastrodermis 1 cells revealed three subclusters. Each subcluster is color-coded in the left panel. Gastrodermis 1 cells
separate according to symbiotic state across the UMAP projection (right panel). (C) UMAP projections of the 837 independently reclustered
Gastrodermis 2 cells revealed three subclusters, color coded in the left panel. Gastrodermis 2 cells separate according to symbiotic state (right panel).
(D) UMAP projections of the 547 independently reclustered Gastrodermis 3 cells revealed two subclusters, color coded in the left panel. Limited
separation of Gastrodermis 3 cells by symbiotic state (right panel) was observed. Spatial representation of the gene expression of a putative Glutamate
Dehydrogenase (920747, E), Long-Chain Fatty Acid CoA Ligase (ACSBGI, F), and Acyl-Coenzyme A Thioesterase (ACOT4.2, G) across all cell clusters in
both symbiotic states. Coloration represents per-cell-normalized expression of each gene. Expression of 20747 (H), ACSBG1 (I), and ACOT4.2 (]) were
compared across subclusters and symbiotic states of Gastrodermis 1. Expression levels of genes in (H-J) are normalized per cell. Co-expression plots of
920747 and ACSBG1 (K), g20747 and ACOT4.2 (L), and ACSBG1 and ACOT4.2 (M) across Gastrodermis 1 cells from symbiotic O. arbuscula revealed
significant co-expression of these nitrogen cycling and lipid metabolism genes within Subcluster 3, but not in the other subclusters. The coloration of
each cell represents the per-cell mean expression value of each gene scaled to a maximum value of 10.
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Figure 5. Negligible gene expression differences between cells in the immune cell cluster of symbiotic and aposymbiotic samples. Immune cells from
symbiotic (A) and aposymbiotic (B) samples have high expression of previously identified immune cell marker genes. Dot size represents the
percentage of cells in each cell state that express each gene, and dot color represents the average (normalized) expression of each gene within each
cell state. (C) Three immune cell subclusters have distinct transcriptomic profiles, as represented by the annotated genes within the top 20 most
highly enriched genes in each subcluster. Expression values are average log,fold changes computed from normalized gene expression data of each
cell. Genes with no annotated Pfam domains were removed. (D) UMAP projections of the 107 independently reclustered immune cells revealed three
subclusters (left panel) that do not separate according to symbiotic state (right panel).
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Figure 6. Gastrodermis 1 and 2 cells from symbiotic samples have downregulated immune pathway genes as compared to aposymbiotic samples. (A)
Spatial representation showing expression of genes annotated with differentially enriched immunity GO terms across the whole dataset. Coloration
represents the percentage of all transcripts in each cell corresponding to the genes of interest (255 genes of interest out of 20,719 total O. arbuscula
genes with non-zero reads counts). (B) Seven PCs, driven by 89 genes (with annotated Pfam domains), contributed to the separation of symbiotic state
in the reclustered UMAP of Gastrodermis 1 (see Fig. 4B). 29 of the 89 were differentially expressed. 27 genes are annotated with GO terms relating to
immunity (red text). (C) Eight PCs, driven by 90 annotated genes, contributed to the separation of symbiotic state in the reclustered UMAP of
Gastrodermis 2 (see Fig. 4C). 12 of the 90 genes were differentially expressed. 25 genes are annotated with GO terms relating to immunity (red text). In
both (B) and (C), the red bar indicates genes annotated with the COG term “posttranslational modification, protein turnover, and chaperones.”
significance is calculated from DESeq?2 (x*=adjusted P < 0.001, xx=adjusted P < 0.01, *=adjusted P < 0.05).

20z 1SNBny L0 U0 159nB Aq £681/18/ZE LIBIM/L/6|/9[oIE/fows)/W0o"dNo-olWapeoe//:sdiy oy papeojumod



12 | Valadez-Ingersoll et al.

In two coral species, gastrodermal cells capable
of symbiosis share functions relating to
metabolism

To identify shared mechanisms by which specific types of gastro-
dermal cells host algae across coral species, we analyzed the over-
lap of differentially expressed orthologs (DEOs) between algal-
hosting and non-algal hosting cells from our dataset (Gastroder-
mis 1, 2, 3,4 and Algal-Hosting gastrodermal cells along the same
cell fate trajectory in symbiotic and aposymbiotic O. arbuscula) to
algal-hosting cells and other gastrodermal cells from an obligate
coral species (Xenia sp. [59]). We identified 199 DEOs between Xenia
algal-hosting and non-algal hosting gastrodermal cells (Xenia-
sym-to-gastro) and 244 DEOs between O. arbuscula gastrodermal
cells from symbiotic and aposymbiotic tissue (Oculina-sym-to-
apo). We analyzed overlapping and unique DEOs between Xenia-
sym-to-gastro and O. arbuscula Oculina-sym-to-apo: 73 DEOs were
shared between the two datasets, 126 were unique to Xenia-sym-
to-gastro, and 171 were unique to Oculina-sym-to-apo (Fig. S7).
Using a Fisher Exact Test of BP GO terms, we probed functional
enrichment of processes across each DEO group from the Venn
diagrams. Across shared and Oculina-unique DEO groups, the most
common GO terms were involved in metabolism, protein localiza-
tion, and ribosomal function. Functions relating to cellular stress
(e.g., “Stress-Activated MAPK Cascade”) and cell growth (e.g., “Reg-
ulation of Cell Growth”) were enriched in the Oculina-sym-to-
apo-unique DEO set. Furthermore, the “Immune Response” GO
term was enriched in the Xenia-sym-to-gastro-unique DEO set
(Supplementary Dataset S3).

Discussion

In this study, we have characterized how host immune gene
expression appears to be modulated to facilitate endosymbiosis
by comparing phenotypic metrics of symbiosis and profiling bac-
terial communities, whole-organism proteomics, and single-cell
RNA sequencing (scRNA-seq) in symbiotic (with algal symbionts)
and aposymbiotic (without algal symbionts) samples of the facul-
tatively symbiotic stony coral O. arbuscula. This research suggests
that cell type-specific compartmentalization of immune gene
expression enables symbiotic hosts to simultaneously downreg-
ulate key immune pathways in algal-containing cells while main-
taining whole organism immunity across other cell types. Further-
more, our results are consistent with emerging data indicating
that the cnidarian-algal symbiosis is a balancing act between
nutritional status and immunity [14, 20, 66]. Therefore, it appears
that hosts must balance beneficial nutrient acquisition from
photosynthetic algae with downregulation of the immune system
within the same gastrodermal cells to allow for intracellular
symbiont establishment and maintenance.

Whole-organism transcriptomic and proteomic research has
yielded many insights into how symbiosis influences cnidarian
host functions. For example, transcriptomic [14] and proteomic
([66] and this study) experiments have demonstrated how sym-
biotic state affects gene expression and protein abundance. Our
whole-organism proteomic data across different symbiotic states
under baseline conditions support results from previous exper-
iments [14, 20, 65] demonstrating that differential regulation
of the host immune system is required to maintain symbiosis.
Specifically, our whole-organism proteomic analysis and bulk
analysis of our single-cell data confirmed the pattern of differ-
ential regulation of immune system pathways under symbiosis
in a facultatively symbiotic cnidarian, which has been previously

reported for O. arbuscula [14], E. pallida [20], and A. poculata [27].
However, gene expression analyses from whole-organism studies
may be confounded by differences in the proportions of cell types
sampled and opposing RNA expression signals within these cell
types [67]. Nevertheless, although the patterns between scRNA-
seq and proteomic profiling observed here are consistent between
aposymbiotic and symbiotic fragments, we still cannot determine
whether the signature in the bulk proteomic data is driven by
gastrodermal algal-hosting cells. Future work coupling scRNA-seq
with single cell proteomic profiling [68] or immunohistochemistry
would reveal more information about the localization of differen-
tially enriched proteins across cell types.

scRNA-seq has been gaining traction in research on coral
immune systems. One study [58] characterized two immune cell
states with divergent expression patterns in obligate symbiotic
stony coral Stylaphora pistillata adults. Additional studies [59, 69]
described how LePin, a lectin involved in the phagocytic pathways
of the cnidarian immune system, is required for symbiont
establishment in algal-hosting cells of the soft coral Xenia sp.
Cell state-specific regulation of the cnidarian immune system
has also been proposed to occur in the sea anemone E. pallida
via whole-larvae fluorescence imaging and transcriptomics
[70]. For example, MYD88, encoding a protein that transduces
extracellular signals into the host to induce the NF-«B pathway
[71, 72], is reduced in E. pallida algal-hosting cells; this local
immune modulation only occurs in symbiosis with compatible
algae, thereby allowing host cells to sort and expel other
non-symbiotic microbes [70]. Our scRNA-seq approach further
highlights how changes to immune gene expression induced by
hosting algal symbionts is compartmentalized in O. arbuscula,
suggesting that cell state-specific immune modulation is key to
the maintenance of a functional symbiosis within gastrodermal
cells. Namely, we observed a downregulation of immune pathway
genes in populations of symbiotic gastrodermal cells along the
transcriptomic cell fate trajectory that terminates in algal-
hosting cells, indicating that immune suppression is key to
the maintenance of symbiosis in these cells. Although we were
unable to confidently identify the gene for LePin in our data,
we noted the clear involvement of immune gene regulation in
driving transcriptomic differences in gastrodermal cells from
symbiotic versus aposymbiotic tissue. Of note, these differentially
expressed immunity genes included Heat-Shock Proteins (HSPs)
and Cathepsins, which can be involved in the NF-«B pathway and
protein chaperoning and are hypothesized to function in the reg-
ulation of symbiosis [73-76]. Induction of HSPs has been observed
following thermal stress in symbiotic cnidarians, implicating the
unfolded protein response in ensuring the stability of symbiosis
[74, 77]. HSPs and Cathepsins have been previously shown to be
markers for immune cells in the stony coral S. pistillata [58], but
it remains to be determined whether this immune signature in
gastrodermal cells is conserved in cnidarians engaged in obligate
symbioses. Of the two gastrodermal cell types that we identified
as displaying symbiosis-induced immune gene suppression, cells
in the Gastrodermis 1 cluster exhibited stronger signals than
those in Gastrodermis 2. This observation is most likely because
Gastrodermis 1 contains more cells than Gastrodermis 2 (1,019
cells versus 837 cells, respectively), and therefore, the analysis of
genes in Gastrodermis 1 had more statistical power.

Evidence for localized regulation of immune system pathways
in algal-hosting gastrodermal cells has now been shown in a
soft coral [69], a sea anemone [70], and a stony coral (present
study). This compartmentalized immune system regulation likely
allows for the maintenance of whole-organism immunity across
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other cell types, including cells in the Immune Cell cluster. We
observed no differences in gene expression in the O. arbuscula
Immune Cell cluster between symbiotic and aposymbiotic tissues.
The maintenance of immune function across other cell types in
O. arbuscula, both in and out of symbiosis, provides nuance to the
proposed immunity-nutrient tradeoff that symbiotic cnidarians
must balance: i.e., hosting algal symbionts within gastrodermal
cells reduces algal-hosting cell immunity while not affecting
whole-organism immunity.

The immune system has evolved in different ways across
metazoans. For example, in the three-spined stickleback Gasteros-
teus aculeatus, eight distinct immune cell states were identified
with distinct abundances and transcriptomic profiles across
populations, demonstrating specialized and rapid evolution of
compartmentalized immune regulation [78]. Here, we observe
that “microevolution” of the immune system in O. arbuscula has
occurred in three transcriptomically distinct immune cell states,
indicating diversified immune cell function that is in agreement
with other single-cell studies in stony coral [58]. “Microevolution”
may also occur in specialized algal-hosting gastrodermal cells,
allowing these gastrodermal cells to function as pseudo-immune
cells without affecting immune gene expression in specialized
immune cells. Because our data suggest that specialized immune
cells are able to maintain constitutive immunity across symbiotic
states, previous work in field-collected tropical corals showing
differences in pathogen susceptibility by symbiotic state [23, 25]
may be due to other factors (e.g., capacity for heterotrophy, effi-
ciency of host-algal nutrient exchange, competition for nitrogen
between host and algae) and therefore not be due to immune cell
tradeoffs affected by symbiosis [26]. However, additional work
focused on characterizing differences between cell type-specific
immune regulation in obligate versus facultative cnidarians is
necessary to validate this hypothesis. Our comparative analysis
between O. arbuscula and Xenia sp. [59] algal-hosting and non-
algal-hosting gastrodermal cells suggests that obligate and
facultatively symbiotic cnidarians maintain their algal symbionts
through different regulatory pathways, such as through classical
immune response pathways in Xenia algal-hosting cells compared
to cellular stress response pathways in O. arbuscula algal-hosting
cells.

Our single-cell atlas also provides insights into carbon and
nitrogen cycling within the gastrodermal cells of symbiotic and
aposymbiotic O. arbuscula. We find that the gastrodermal cells
that suppress immunity to allow for symbiosis are the same
cells that undergo active nutrient cycling, most likely to regulate
algal cell proliferation [11, 14, 79]. Previous work has proposed
that increased nitrogen cycling and assimilation occurring in
symbiotic host cells controls algal cell proliferation to maintain
optimal nutrient exchange between host and symbiont, prevent-
ing parasitism of the symbiont on the host [11, 66]. In our data,
the co-expression of lipid metabolism and nitrogen cycling genes
within the same symbiotic cells in specific gastrodermal cell
clusters supports recent studies emphasizing how lipid storage
and glucose-dependent nitrogen competition are required for the
stability of the cnidarian-algal relationship [12, 80]. Lipid bodies,
which contain neutral lipids such as triacylglycerols, form in
the algal-hosting gastrodermal cells of cnidarians [81]. The lipids
that form the lipid bodies are, at least partially, derived from
the endosymbiont [80-82]. In the nitrogen competition model,
the metabolites and energy produced from host glycolysis of
symbiont-derived glucose may be used by the host for amino acid
synthesis, through which nitrogen species, such as ammonium,
can be assimilated. Hosts can thus modulate the amount of

ammonium translocated to the symbiont for proliferation [12].
In the present study, gastrodermal cells from aposymbiotic tis-
sue exhibited lower expression of lipid metabolism and nitro-
gen cycling genes, which is likely driven by symbiotic cnidarians
obtaining nutrients from symbiotic algae, whereas aposymbiotic
O. arbuscula rely on heterotrophic sources to meet their metabolic
needs [9, 83]. Thus, metabolic processing of energy and nitro-
gen likely occurs through distinct pathways in cnidarians that
rely predominantly on heterotrophy (i.e., aposymbiotic corals)
compared to those that rely predominantly on autotrophy (i.e.,
symbiotic corals) [66].

Although we observed no differences in the composition or
diversity of the bacterial communities between aposymbiotic
and symbiotic O. arbuscula, microbial partners may still play a
role in nutrient cycling and possibly host immunity. Differences
in bacterial composition by symbiotic state may not have
been observed in our study because corals were housed in
common garden conditions for at least three years. Future
experiments with increased sample sizes collected in situ coupled
with metabolomics or metatranscriptomics of the bacterial
communities would more fully capture the functional variation
of bacterial communities between symbiotic states.

Our scRNA-seq approach applied in a facultative coral pro-
vides a useful way to study the tradeoffs and cellular regula-
tion associated with the cnidarian-algal symbiosis. Previous work
using whole-organism experimental techniques suggested that
immunity costs are associated with hosting algal symbionts [14,
20]. Here, we showcase how differences in cell states and gene
expression can conflate patterns observed in whole-organism
‘omics studies and facilitate cell type-specific immune regulation
to allow for endosymbiosis. Our description of highly specialized
cell state-specific immune system regulation in a basal metazoan
indicates that the immune costs of symbiosis previously sug-
gested from whole organism studies might not be as costly as pre-
viously assumed. Future work should compare how compartmen-
talized immunity is modulated in different host-algal pairings in
facultative versus obligate cnidarians and also determine how
these cellular processes are shaped by changing environmental
conditions.

Acknowledgements

We thank Diana Burkart-Waco of 10X Genomics Support for her
assistance with data processing. We also thank the BU Microarray
& Sequencing Resource Core Facility, the BU Single Cell Sequenc-
ing Core Facility, the BU Shared Computing Cluster, and the Tufts
University Core Facility. We thank the Wellcome Sanger Institute
Aquatic Symbiosis Genomics team for assistance in genome pro-
cessing, assembly, and curation. We thank Joel Fodrie for collec-
tion permitting and Steve Broadhurt for collections.

Supplementary material

Supplementary material is available at The ISME journal online.

Conflicts of interest

None declared.

Funding

This research was supported by a National Science Foundation
grant 10S-1937650 (to TDG and SWD). MV-I was supported by a

20z 1SNBny L0 U0 159nB Aq £681/18/ZE LIBIM/L/6|/9[oIE/fows)/W0o"dNo-olWapeoe//:sdiy oy papeojumod


https://academic.oup.com/ismej/article-lookup/doi/10.1093/ismejo/wraf132#supplementary-data

14

| Valadez-Ingersoll et al.

National Science Foundation Graduate Research Fellowship and
a National Science Foundation NRT DGE 1735087. MV-I and JD-
A were supported by BU Marine Program Warren McLeod Marine
Fellowships.

Data availability

Raw fastq files for 16S rRNA gene and single-cell RNA-seq
data can be found on NCBI's Short Read Archive Bioproject
PRJNA1122932. The O. arbuscula genome is available on NCBI
under the accession number GCA_964656845.1. All data and code
for analyses can be found at https://github.com/mariaingersoll/
Oculina_sc_manuscript.git.

References

1.

10.

11

12.

13.

14.

Thrall PH, Hochberg ME, Burdon JJ. et al. Coevolution of symbiotic
mutualists and parasites in a community context. Trends Ecol
Evol 2007;22:120-6. https://doi.org/10.1016/j.tree.2006.11.007
Baker DM, Freeman CJ, WongJCY. et al. Climate change promotes
parasitism in a coral symbiosis. ISME ] 2018;12:921-30. https://
doi.org/10.1038/s41396-018-0046-8

Lesser MP, Stat M, Gates RD. The endosymbiotic dinoflagellates
(Symbiodinium sp.) of corals are parasites and mutualists. Coral
Reefs 2013;32:603-11. https://doi.org/10.1007/s00338-013-1051-z
Mansfield KM, Gilmore TD. Innate immunity and cnidarian-
Symbiodiniaceae mutualism. Dev Comp Immunol 2019;90:
199-209. https://doi.org/10.1016/j.dci.2018.09.020
Zambrano-Villa S, Rosales-Borjas D, Carrero JC. et al. How pro-
tozoan parasites evade the immune response. Trends Parasitol
2002;18:272-8. https://doi.org/10.1016/51471-4922(02)02289-4
Xiang T, Lehnert E, Jinkerson RE. et al. Symbiont pop-
ulation control by host-symbiont metabolic interaction in
Symbiodiniaceae-cnidarian associations. Nat Commun 2020;11:
108. https://doi.org/10.1038/s41467-019-13963-z

Whittle M, Bonsall MB, Barreaux AMG. et al. A theoretical model
for host-controlled regulation of symbiont density. ] Evol Biol
2023;36:1731-44. https://doi.org/10.1111/jeb.14246

Muscatine L, Cernichiari E. Assimilation of photosynthetic prod-
ucts of zooxanthellae by a reef coral. Biol Bull 1969;137:506-23.
https://doi.org/10.2307/1540172

Burriesci MS, Raab TK, Pringle JR. Evidence that glucose is
the major transferred metabolite in dinoflagellate-cnidarian
symbiosis. ] Exp Biol 2012;215:3467-77. https://doi.org/10.1242/
jeb.070946

Lipschultz F, Cook C. Uptake and assimilation of 15N-
ammonium by the symbiotic sea anemones Bartholomea annu-
lata and Aiptasia pallida: conservation versus recycling of nitro-
gen. Mar Biol 2002;140:489-502.

Yellowlees D, Rees TAV, Leggat W. Metabolic interactions
between algal symbionts and invertebrate hosts. Plant Cell Env-
iron 2008;31:679-94. https://doi.org/10.1111/j.1365-3040.2008.
01802.x

Cui G, Liew YJ, Li Y. et al. Host-dependent nitrogen recycling
as a mechanism of symbiont control in Aiptasia. PLoS Genet
2019;15:e1008189. https://doi.org/10.1371/journal.pgen.1008189
Rédecker N, Raina JB, Pernice M. et al. Using Aiptasia as a model
to study metabolic interactions in cnidarian-Symbiodinium
symbioses. Front Physiol 2018;9:214. https://doi.org/10.3389/
fphys.2018.00214

Rivera HE, Davies SW. Symbiosis maintenance in the facultative
coral, Oculina arbuscula, relies on nitrogen cycling, cell cycle

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

modulation, and immunity. Sci Rep 2021;11:21226. https://doi.
0rg/10.1038/541598-021-00697-6

Hoegh-Guldberg O. Coral reef ecosystems and anthropogenic
climate change. Reg Environ Chang 2011;11:215-27. https://doi.
0rg/10.1007/s10113-010-0189-2

Bove CB, Ingersoll MV, Davies SW. Help me, symbionts, you're
my only hope: approaches to accelerate our understanding of
coral holobiont interactions. Integr Comp Biol 2022;62:1756-69.
https://doi.org/10.1093/icb/icac141

Davy SK, Allemand D, Weis VM. Cell biology of cnidarian-
dinoflagellate symbiosis. Microbiol Mol Biol Rev 2012;76:229-61.
https://doi.org/10.1128/MMBR.05014-11

Cul G, Konciute MK, Ling L. et al. Molecular insights into the
Darwin paradox of coral reefs from the sea anemone Aiptasia.
Sci Adv 2023;9:eadf7108. https://doi.org/10.1126/sciadv.adf7108
Gault JA, Bentlage B, Huang D. et al. Lineage-specific variation
in the evolutionary stability of coral photosymbiosis. Sci Adv
2021;7:eabh4243. https://doi.org/10.1126/sciadv.abh4243
Mansfield KM, Carter NM, Nguyen L. et al. Transcription factor
NF-«kB is modulated by symbiotic status in a sea anemone
model of cnidarian bleaching. Sci Rep 2017;7:16025. https://doi.
0rg/10.1038/s41598-017-16168-w

Matthews JL, Crowder CM, Oakley CA. et al. Optimal nutrient
exchange and immune responses operate in partner specificity
in the cnidarian-dinoflagellate symbiosis. Proc Natl Acad Sci USA
2017;114:13194-9. https://doi.org/10.1073/pnas.1710733114
Stankiewicz KH, Guiglielmoni N, Kitchen SA. et al. Genomic
comparison of the temperate coral Astrangia poculata with
tropical corals yields insights into winter quiescence, innate
immunity, and sexual reproduction. G3 Genes Genomes Genetics
2025;15:jkaf033. https://doi.org/10.1093/g3journal/jkaf033
Merselis DG, Lirman D, Rodriguez-Lanetty M. Symbiotic
immuno-suppression: is disease susceptibility the price
of bleaching resistance? Peer]. 2018;6:e4494. https://doi.
org/10.7717/peer).4494

Muller EM, Bartels E, Baums IB. Bleaching causes loss of disease
resistance within the threatened coral species Acropora cervicor-
nis. eLife. 2018;7:e35066. https://doi.org/10.7554/eLife.35066
Shore-Maggio A, Callahan SM, Aeby GS. Trade-offs in disease and
bleaching susceptibility among two color morphs of the Hawai-
ian reef coral, Montipora capitata. Coral Reefs 2018;37:507-17.
https://doi.org/10.1007/s00338-018-1675-0

Valadez-Ingersoll M, Aguirre Carrién PJ, Bodnar CA. et al
Starvation differentially affects gene expression, immunity
and pathogen susceptibility across symbiotic states in a
model cnidarian. Proc R Soc B 2017;291:20231685. https://doi.
0rg/10.1098/rspb.2023.1685

Changsut I, Womack HR, Shickle A. et al. Variation in sym-
biont density is linked to changes in constitutive immunity
in the facultatively symbiotic coral, Astrangia poculata. Biol Lett
2022;18:20220273. https://doi.org/10.1098/rsbl.2022.0273
Lajeunesse TC, Parkinson JE, Reimer JD. A genetics-
based description of Symbiodinium minutum sp. nov. and S.
psygmophilum sp. nov. (Dinophyceae), two dinoflagellates
symbiotic with cnidaria. J Phycol 2012;48:1380-91. https://doi.
0rg/10.1111/§.1529-8817.2012.01217.x

Enriquez S, Méndez ER, Prieto RI. Multiple scattering on
coral skeletons enhances light absorption by symbiotic algae.
Limnol  Oceanogr  2005;50:1025-32.  https://doi.org/10.4319/
10.2005.50.4.1025

Scheufen T, Iglesias-Prieto R, Enriquez S. Changes in the num-
ber of symbionts and Symbiodinium cell pigmentation mod-
ulate differentially coral light absorption and photosynthetic

20z 1SNBny L0 U0 159nB Aq £681/18/ZE LIBIM/L/6|/9[oIE/fows)/W0o"dNo-olWapeoe//:sdiy oy papeojumod


https://github.com/mariaingersoll/Oculina_sc_manuscript.git
https://github.com/mariaingersoll/Oculina_sc_manuscript.git
https://github.com/mariaingersoll/Oculina_sc_manuscript.git
https://github.com/mariaingersoll/Oculina_sc_manuscript.git
https://github.com/mariaingersoll/Oculina_sc_manuscript.git
https://github.com/mariaingersoll/Oculina_sc_manuscript.git
https://github.com/mariaingersoll/Oculina_sc_manuscript.git
https://github.com/mariaingersoll/Oculina_sc_manuscript.git
https://doi.org/10.1016/j.tree.2006.11.007
https://doi.org/10.1016/j.tree.2006.11.007
https://doi.org/10.1016/j.tree.2006.11.007
https://doi.org/10.1016/j.tree.2006.11.007
https://doi.org/10.1016/j.tree.2006.11.007
https://doi.org/10.1038/s41396-018-0046-8
https://doi.org/10.1038/s41396-018-0046-8
https://doi.org/10.1038/s41396-018-0046-8
https://doi.org/10.1038/s41396-018-0046-8
https://doi.org/10.1007/s00338-013-1051-z
https://doi.org/10.1016/j.dci.2018.09.020
https://doi.org/10.1016/j.dci.2018.09.020
https://doi.org/10.1016/j.dci.2018.09.020
https://doi.org/10.1016/j.dci.2018.09.020
https://doi.org/10.1016/j.dci.2018.09.020
https://doi.org/10.1016/S1471-4922(02)02289-4
https://doi.org/10.1016/S1471-4922(02)02289-4
https://doi.org/10.1016/S1471-4922(02)02289-4
https://doi.org/10.1016/S1471-4922(02)02289-4
https://doi.org/10.1016/S1471-4922(02)02289-4
https://doi.org/10.1016/S1471-4922(02)02289-4
https://doi.org/10.1038/s41467-019-13963-z
https://doi.org/10.1038/s41467-019-13963-z
https://doi.org/10.1038/s41467-019-13963-z
https://doi.org/10.1038/s41467-019-13963-z
https://doi.org/10.1038/s41467-019-13963-z
https://doi.org/10.1111/jeb.14246
https://doi.org/10.1111/jeb.14246
https://doi.org/10.1111/jeb.14246
https://doi.org/10.1111/jeb.14246
https://doi.org/10.2307/1540172
https://doi.org/10.2307/1540172
https://doi.org/10.2307/1540172
https://doi.org/10.1242/jeb.070946
https://doi.org/10.1242/jeb.070946
https://doi.org/10.1242/jeb.070946
https://doi.org/10.1242/jeb.070946
https://doi.org/10.1111/j.1365-3040.2008.01802.x
https://doi.org/10.1371/journal.pgen.1008189
https://doi.org/10.1371/journal.pgen.1008189
https://doi.org/10.1371/journal.pgen.1008189
https://doi.org/10.1371/journal.pgen.1008189
https://doi.org/10.1371/journal.pgen.1008189
https://doi.org/10.3389/fphys.2018.00214
https://doi.org/10.3389/fphys.2018.00214
https://doi.org/10.3389/fphys.2018.00214
https://doi.org/10.3389/fphys.2018.00214
https://doi.org/10.1038/s41598-021-00697-6
https://doi.org/10.1038/s41598-021-00697-6
https://doi.org/10.1038/s41598-021-00697-6
https://doi.org/10.1038/s41598-021-00697-6
https://doi.org/10.1007/s10113-010-0189-2
https://doi.org/10.1007/s10113-010-0189-2
https://doi.org/10.1007/s10113-010-0189-2
https://doi.org/10.1007/s10113-010-0189-2
https://doi.org/10.1093/icb/icac141
https://doi.org/10.1093/icb/icac141
https://doi.org/10.1093/icb/icac141
https://doi.org/10.1093/icb/icac141
https://doi.org/10.1093/icb/icac141
https://doi.org/10.1128/MMBR.05014-11
https://doi.org/10.1128/MMBR.05014-11
https://doi.org/10.1128/MMBR.05014-11
https://doi.org/10.1128/MMBR.05014-11
https://doi.org/10.1126/sciadv.adf7108
https://doi.org/10.1126/sciadv.adf7108
https://doi.org/10.1126/sciadv.adf7108
https://doi.org/10.1126/sciadv.adf7108
https://doi.org/10.1126/sciadv.adf7108
https://doi.org/10.1126/sciadv.abh4243
https://doi.org/10.1126/sciadv.abh4243
https://doi.org/10.1126/sciadv.abh4243
https://doi.org/10.1126/sciadv.abh4243
https://doi.org/10.1126/sciadv.abh4243
https://doi.org/10.1038/s41598-017-16168-w
https://doi.org/10.1038/s41598-017-16168-w
https://doi.org/10.1038/s41598-017-16168-w
https://doi.org/10.1038/s41598-017-16168-w
https://doi.org/10.1038/s41598-017-16168-w
https://doi.org/10.1073/pnas.1710733114
https://doi.org/10.1073/pnas.1710733114
https://doi.org/10.1073/pnas.1710733114
https://doi.org/10.1073/pnas.1710733114
https://doi.org/10.1093/g3journal/jkaf033
https://doi.org/10.1093/g3journal/jkaf033
https://doi.org/10.1093/g3journal/jkaf033
https://doi.org/10.1093/g3journal/jkaf033
https://doi.org/10.1093/g3journal/jkaf033
https://doi.org/10.1093/g3journal/jkaf033
https://doi.org/10.7717/peerj.4494
https://doi.org/10.7717/peerj.4494
https://doi.org/10.7717/peerj.4494
https://doi.org/10.7717/peerj.4494
https://doi.org/10.7554/eLife.35066
https://doi.org/10.7554/eLife.35066
https://doi.org/10.7554/eLife.35066
https://doi.org/10.7554/eLife.35066
https://doi.org/10.1007/s00338-018-1675-0
https://doi.org/10.1007/s00338-018-1675-0
https://doi.org/10.1007/s00338-018-1675-0
https://doi.org/10.1007/s00338-018-1675-0
https://doi.org/10.1098/rspb.2023.1685
https://doi.org/10.1098/rspb.2023.1685
https://doi.org/10.1098/rspb.2023.1685
https://doi.org/10.1098/rspb.2023.1685
https://doi.org/10.1098/rsbl.2022.0273
https://doi.org/10.1098/rsbl.2022.0273
https://doi.org/10.1098/rsbl.2022.0273
https://doi.org/10.1098/rsbl.2022.0273
https://doi.org/10.1111/j.1529-8817.2012.01217.x
https://doi.org/10.1111/j.1529-8817.2012.01217.x
https://doi.org/10.1111/j.1529-8817.2012.01217.x
https://doi.org/10.1111/j.1529-8817.2012.01217.x
https://doi.org/10.1111/j.1529-8817.2012.01217.x
https://doi.org/10.4319/lo.2005.50.4.1025
https://doi.org/10.4319/lo.2005.50.4.1025
https://doi.org/10.4319/lo.2005.50.4.1025
https://doi.org/10.4319/lo.2005.50.4.1025

Coral symbiosis shapes immune regulation | 15

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

performance. Front Mar Sci 2017;4:309. https://doi.org/10.3389/
fmars.2017.00309

Vésquez-Elizondo RM, Legaria-Moreno L, Pérez-Castro MA. et al.
Absorptance determinations on multicellular tissues. Photosynth
Res 2017;132:311-24. https://doi.org/10.1007/s11120-017-0395-6
Parada AE, Needham DM, Fuhrman JA. Every base matters:
assessing small subunit rRNA primers for marine micro-
biomes with mock communities, time series and global
field samples. Environ Microbiol 2016;18:1403-14. https://doi.
0rg/10.1111/1462-2920.13023

Apprill A, McNally S, Parsons R. et al. Minor revision to V4 region
SSU rRNA 806R gene primer greatly increases detection of SAR11
bacterioplankton. Aquat Microb Ecol 2015;75:129-37. https://doi.
org/10.3354/ame01753

Oksanen J, Simpson GL, Blanchet FG. et al. vegan: Community
Ecology Package. 2024, DOI: https://doi.org/10.1088/1361-6420/
ados8bc.

Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 2014;15:550. https://doi.org/10.1186/s13059-014-0550-8
McKenna V, Archibald J, Beinart R. et al. The aquatic Symbiosis
genomics project: probing the evolution of symbiosis across
the tree of life [version 2; peer review: 1 approved, 1 approved
with reservations]. Wellcome Open Research 2024;6. https://doi.
0rg/10.1007/978-1-0716-4654-0_22

Cheng H, Concepcion GT, Feng X. et al. Haplotype-resolved
de novo assembly using phased assembly graphs with
hifiasm. Nat Methods 2021;18:170-5. https://doi.org/10.1038/
$41592-020-01056-5

Zhou C, McCarthy SA, Durbin R. YaHS: yet another hi-C scaffold-
ing tool. Bioinformatics 2023;39:btac808. https://doi.org/10.1093/
bioinformatics/btac808

Uliano-Silva M, Ferreira JGRN, Krasheninnikova K. et al. Mito-
HiFi: a python pipeline for mitochondrial genome assembly
from PacBio high fidelity reads. BMC Bioinformatics 2023;24:288.
https://doi.org/10.1186/s12859-023-05385-y

Pointon DL, Sims Y, Eagles W. sanger-tol/treeval [1.2.0 -
Ancient Destiny-] [Internet]. 2025. Available from: 10.5281/
zenodo.10047653

Flynn JM, Hubley R, Goubert C. et al. RepeatModeler2 for auto-
mated genomic discovery of transposable element families.
Proc Natl Acad Sci USA 2020;117:9451-7. https://doi.org/10.1073/
pnas.1921046117

Stanke M, Bruhn W, Becker F. et al. VARUS: sampling com-
plementary RNA reads from the sequence read archive. BMC
Bioinformatics 2019;20:558. https://doi.org/10.1186/512859-019-
3182-x

Kim D, Paggi JM, Park C. et al. Graph-based genome alignment
and genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol
2019;37:907-15. https://doi.org/10.1038/s41587-019-0201-4
Gabriel L, Brana T, Hoff KJ. et al. BRAKER3: fully automated
genome annotation using RNA-seq and protein evidence with
GeneMark-ETP, AUGUSTUS, and TSEBRA. Genome Res 2024;34:
769-77. https://doi.org/10.1101/gr.278090.123

Cantalapiedra CP, Hernandez-Plaza A, Letunic I. et al. eggNOG-
mapper v2: functional annotation, orthology assignments, and
domain prediction at the metagenomic scale. Mol Biol Evol
2021;38:5825-9. https://doi.org/10.1093/molbev/msab293
Manni M, Berkeley MR, Seppey M. et al. BUSCO update: novel and
streamlined workflows along with broader and deeper phyloge-
netic coverage for scoring of eukaryotic, prokaryotic, and viral
genomes. Mol Biol Evol 2021;38:4647-54. https://doi.org/10.1093/
molbev/msab199

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Aguirre Carrién PJ, Williams LM, Gilmore TD. Molecular and bio-
chemical approaches to study the evolution of NF-«B signaling
in basal metazoans. Methods Mol Biol 2021;2366:67-91. https://
doi.org/10.1007/978-1-0716-1669-7_5

Guo H, Isserlin R, Chen X. et al. Integrative network analysis
of signaling in human CD34+ hematopoietic progenitor cells
by global phosphoproteomic profiling using TiO2 enrichment
combined with 2D LC-MS/MS and pathway mapping. Proteomics
2013;13:1325-33. https://doi.org/10.1002/pmic.201200369

Blum BC, Emili A. Omics notebook: robust, reproducible
and flexible automated multiomics exploratory analysis and
reporting. Bioinform Adv 2021;1:vbab024. https://doi.org/10.1093/
bioadv/vbab024

Von MC, Huynen M, Jaeggi D. et al. STRING: a database of
predicted functional associations between proteins. Nucleic Acids
Res 2003;31:258-61. https://doi.org/10.1093/nar/gkg034
Shannon P, Markiel A, Ozier O. et al. Cytoscape: a software
environment for integrated models of biomolecular interaction
networks. Genome Res 2003;13:2498-504. https://doi.org/10.1101/
g1.1239303

Rosental B, Kozhekbaeva Z, Fernhoff N. et al. Coral cell
separation and isolation by fluorescence-activated cell sort-
ing (FACS). BMC Cell Biol 2017;18:30. https://doi.org/10.1186/
$12860-017-0146-8

Steger ], Cole AG, Denner A. et al. Single-cell transcriptomics
identifies conserved regulators of neuroglandular lineages. Cell
Rep 2022;40:111370. https://doi.org/10.1016/j.celrep.2022.111370
Cole AG, Steger ], Hagauer J. et al. Updated single cell reference
atlas for the starlet anemone Nematostella vectensis. Front Zool
2024;21:8. https://doi.org/10.1186/512983-024-00529-z

Zheng GXY, Terry JM, Belgrader P. et al. Massively parallel
digital transcriptional profiling of single cells. Nat Commun
2017;8:14049. https://doi.org/10.1038/ncomms14049

Hao Y, Stuart T, Kowalski MH. et al. Dictionary learning for
integrative, multimodal and scalable single-cell analysis. Nat
Biotechnol 2024;42:293-304. https://doi.org/10.1038/s41587-023-
01767-y

Germain PL, Lun A, Meixide CG. et al. Doublet identification
in single-cell sequencing data using scDblFinder [version 2;
peer review: 2 approved]. F1I000Res 2022;10:979. https://doi.
0rg/10.12688/f1000research.73600.2

Levy S, Elek A, Grau-Bové X. et al. A stony coral cell atlas illumi-
nates the molecular and cellular basis of coral symbiosis, cal-
cification, and immunity. Cell. 2021;184:2973-2987.e18. https://
doi.org/10.1016/j.cell.2021.04.005

Hu M, Zheng X, Fan CM. et al. Lineage dynamics of the endosym-
biotic cell type in the soft coral Xenia. Nature 2020;582:534-8.
https://doi.org/10.1038/s41586-020-2385-7

Wright RM, Aglyamova GV, Meyer E. et al. Gene expression
associated with white syndromes in a reef building coral, Acro-
pora hyacinthus. BMC Genom 2015;16:371. https://doi.org/10.1186/
512864-015-1540-2

Trapnell C, Cacchiarelli D, Grimsby J. et al. The dynamics and
regulators of cell fate decisions are revealed by pseudotemporal
ordering of single cells. Nat Biotechnol 2014;32:381-6. https://doi.
org/10.1038/nbt.2859

Derelle R, Philippe H, Colbourne JK. Broccoli: combining phylo-
genetic and network analyses for orthology assignment. Mol Biol
Evol 2020;37:3389-96. https://doi.org/10.1093/molbev/msaal59
Chen H. VennDiagram: generate high-resolution Venn and Euler
plots. R package v. 1.7. 3. 2022.

Margolis SR, Dietzen PA, Hayes BM. et al. The cyclic dinu-
cleotide 2'3’-cGAMP induces a broad antibacterial and antiviral

20z 1SNBny L0 U0 159nB Aq £681/18/ZE LIBIM/L/6|/9[oIE/fows)/W0o"dNo-olWapeoe//:sdiy oy papeojumod


https://doi.org/10.3389/fmars.2017.00309
https://doi.org/10.3389/fmars.2017.00309
https://doi.org/10.3389/fmars.2017.00309
https://doi.org/10.3389/fmars.2017.00309
https://doi.org/10.1007/s11120-017-0395-6
https://doi.org/10.1007/s11120-017-0395-6
https://doi.org/10.1007/s11120-017-0395-6
https://doi.org/10.1007/s11120-017-0395-6
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.1088/1361-6420/ad98bc
https://doi.org/10.1088/1361-6420/ad98bc
https://doi.org/10.1088/1361-6420/ad98bc
https://doi.org/10.1088/1361-6420/ad98bc
https://doi.org/10.1088/1361-6420/ad98bc
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1007/978-1-0716-4654-0_22
https://doi.org/10.1007/978-1-0716-4654-0_22
https://doi.org/10.1007/978-1-0716-4654-0_22
https://doi.org/10.1038/s41592-020-01056-5
https://doi.org/10.1038/s41592-020-01056-5
https://doi.org/10.1038/s41592-020-01056-5
https://doi.org/10.1038/s41592-020-01056-5
https://doi.org/10.1093/bioinformatics/btac808
https://doi.org/10.1093/bioinformatics/btac808
https://doi.org/10.1093/bioinformatics/btac808
https://doi.org/10.1093/bioinformatics/btac808
https://doi.org/10.1093/bioinformatics/btac808
https://doi.org/10.1186/s12859-023-05385-y
https://doi.org/10.1186/s12859-023-05385-y
https://doi.org/10.1186/s12859-023-05385-y
https://doi.org/10.1186/s12859-023-05385-y
https://doi.org/10.1186/s12859-023-05385-y
10.5281/zenodo.10047653
10.5281/zenodo.10047653
https://doi.org/10.1073/pnas.1921046117
https://doi.org/10.1073/pnas.1921046117
https://doi.org/10.1073/pnas.1921046117
https://doi.org/10.1073/pnas.1921046117
https://doi.org/10.1186/s12859-019-3182-x
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1101/gr.278090.123
https://doi.org/10.1101/gr.278090.123
https://doi.org/10.1101/gr.278090.123
https://doi.org/10.1101/gr.278090.123
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1007/978-1-0716-1669-7_5
https://doi.org/10.1007/978-1-0716-1669-7_5
https://doi.org/10.1007/978-1-0716-1669-7_5
https://doi.org/10.1002/pmic.201200369
https://doi.org/10.1002/pmic.201200369
https://doi.org/10.1002/pmic.201200369
https://doi.org/10.1002/pmic.201200369
https://doi.org/10.1093/bioadv/vbab024
https://doi.org/10.1093/bioadv/vbab024
https://doi.org/10.1093/bioadv/vbab024
https://doi.org/10.1093/bioadv/vbab024
https://doi.org/10.1093/bioadv/vbab024
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1186/s12860-017-0146-8
https://doi.org/10.1186/s12860-017-0146-8
https://doi.org/10.1186/s12860-017-0146-8
https://doi.org/10.1186/s12860-017-0146-8
https://doi.org/10.1016/j.celrep.2022.111370
https://doi.org/10.1016/j.celrep.2022.111370
https://doi.org/10.1016/j.celrep.2022.111370
https://doi.org/10.1016/j.celrep.2022.111370
https://doi.org/10.1016/j.celrep.2022.111370
https://doi.org/10.1186/s12983-024-00529-z
https://doi.org/10.1186/s12983-024-00529-z
https://doi.org/10.1186/s12983-024-00529-z
https://doi.org/10.1186/s12983-024-00529-z
https://doi.org/10.1186/s12983-024-00529-z
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/s41587-023-01767-y
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.1016/j.cell.2021.04.005
https://doi.org/10.1016/j.cell.2021.04.005
https://doi.org/10.1016/j.cell.2021.04.005
https://doi.org/10.1016/j.cell.2021.04.005
https://doi.org/10.1016/j.cell.2021.04.005
https://doi.org/10.1038/s41586-020-2385-7
https://doi.org/10.1038/s41586-020-2385-7
https://doi.org/10.1038/s41586-020-2385-7
https://doi.org/10.1038/s41586-020-2385-7
https://doi.org/10.1186/s12864-015-1540-2
https://doi.org/10.1186/s12864-015-1540-2
https://doi.org/10.1186/s12864-015-1540-2
https://doi.org/10.1186/s12864-015-1540-2
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1093/molbev/msaa159
https://doi.org/10.1093/molbev/msaa159
https://doi.org/10.1093/molbev/msaa159
https://doi.org/10.1093/molbev/msaa159
https://doi.org/10.1093/molbev/msaa159

16

| Valadez-Ingersoll et al.

65.

66.

67.

68.

69.

70.

71.

72.

73.

response in the sea anemone Nematostella vectensis. Proc Natl
Acad Sci USA 2021;118:2109022118. https://doi.org/10.1073/
pnas.2109022118

Lehnert EM, Mouchka ME, Burriesci MS. et al. Extensive differ-
ences in gene expression between symbiotic and aposymbiotic
cnidarians. G3 (Bethesda) 2014;4:277-95. https://doi.org/10.1534/
93.113.009084

Oakley CA, Ameismeier MF, Peng L. et al. Symbiosis induces
widespread changes in the proteome of the model cnidarian
Aiptasia. Cell Microbiol 2016;18:1009-23. https://doi.org/10.1111/
cmi. 12564

Freedman AH, Sackton TB. Rethinking eco-evo studies of gene
expression for non-model organisms in the genomic era. Mol Ecol
2024;00:e17378. https://doi.org/10.1111/mec.17378

Bennett HM, Stephenson W, Rose CM. et al. Single-cell pro-
teomics enabled by next-generation sequencing or mass spec-
trometry. Nat Methods 2023;20:363-74. https://doi.org/10.1038/
$41592-023-01791-5

Hu M, Bai Y, Zheng X. et al. Coral-algal endosymbiosis charac-
terized using RNAI and single-cell RNA-seq. Nat Microbiol 2023;8:
1240-51. https://doi.org/10.1038/s41564-023-01397-9
Jacobovitz MR, Rupp S, Voss PA. et al. Dinoflagellate symbionts
escape vomocytosis by host cell immune suppression. Nat
Microbiol  2021;6:769-82.  https://doi.org/10.1038/s41564-021-
00897-w

Sugiyama K, Muroi M, Kinoshita M. et al. NF-«B activation via
MyD88-dependent Toll-like receptor signaling is inhibited by
trichothecene mycotoxin deoxynivalenol. J Toxicol Sci 2016;41:
273-9. https://doi.org/10.2131/jts.41.273

Gohda J, Matsumura T, Inoue J. Cutting edge: TNFR-associated
factor (TRAF) 6 is essential for MyD88-dependent pathway
but not Toll/IL-1 receptor domain-containing adaptor-
inducing IFN-B (TRIF)-dependent pathway in TLR signaling.
JImmunol 2004;173:2913-7. https://doi.org/10.4049/jimmunol.173.
5.2913

Kenkel CD, Sheridan C, Leal MC. et al. Diagnostic gene expression
biomarkers of coral thermal stress. Mol Ecol Resour 2014;14:
667-78. https://doi.org/10.1111/1755-0998.12218

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Cleves PA, Krediet CJ, Lehnert EM. et al. Insights into coral
bleaching under heat stress from analysis of gene expression in
a sea anemone model system. Proc Natl Acad Sci USA 2020;117:
28906-17. https://doi.org/10.1073/pnas.2015737117

Sproles AE, Oakley CA, Matthews JL. et al. Proteomics quantifies
protein expression changes in a model cnidarian colonised by
a thermally tolerant but suboptimal symbiont. ISME J 2019;13:
2334-45. https://doi.org/10.1038/541396-019-0437-5

Dimos BA, Mahmud SA, Fuess LE. et al. Uncovering a mitochon-
drial unfolded protein response in corals and its role in adapting
to a changing world. Proc R Soc B 2019;286:20190470.

Petrou K, Nunn BL, Padula MP. et al. Broad scale proteomic
analysis of heat-destabilised symbiosis in the hard coral Acro-
pora millepora. Sci Rep 2021;11:19061. https://doi.org/10.1038/
541598-021-98548-x

Fuess LE, Bolnick DI. Single-cell RNA sequencing reveals
microevolution of the stickleback immune system. Genome Biol
Evol 2023;15:evad053. https://doi.org/10.1093/gbe/evad053
Rédecker N, Pogoreutz C, Voolstra CR. et al. Nitrogen cycling
in corals: the key to understanding holobiont function-
ing? Trends Microbiol 2015;23:490-7. https://doi.org/10.1016/j.
tim.2015.03.008

Chen HK, Song SN, Wang LH. et al. A compartmental comparison
of major lipid species in a coral-Symbiodinium endosymbiosis:
evidence that the coral host regulates lipogenesis of its cytosolic
lipid bodies. PLoS One 2015;10:e0132519. https://doi.org/10.1371/
journal.pone.0132519

Patton JS, Burris JE. Lipid synthesis and extrusion by freshly
isolated zooxanthellae (symbiotic algae). Mar Biol 1983;75:131-6.
https://doi.org/10.1007/BF00405995

Peng SE, Chen WNU, Chen HK. et al. Lipid bodies in coral-
dinoflagellate endosymbiosis: proteomic and ultrastructural
studies. Proteomics 2011;11:3540-55. https://doi.org/10.1002/
pmic.201000552

Goldberg WM. Coral food, feeding, nutrition, and secretion:
a review. Results and problems in cell differentiation. Marine
Organisms as Model Systems in Biology and Medicine 2018;65:
377-421. https://doi.org/10.1007/978-3-319-92486-1_18

© The Author(s) 2025, Published by Oxford University Press on behalf of the International Society for Microbial Ecology. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/

)
by/4.0), which permits untestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited
The ISME Journal,

2025, 19(1), wraf132

https://doi.org/10.1093/ismejo/wraf132
Original Article

20z 1SNBny L0 U0 159nB Aq £681/18/ZE LIBIM/L/6|/9[oIE/fows)/W0o"dNo-olWapeoe//:sdiy oy papeojumod


https://doi.org/10.1073/pnas.2109022118
https://doi.org/10.1073/pnas.2109022118
https://doi.org/10.1073/pnas.2109022118
https://doi.org/10.1073/pnas.2109022118
https://doi.org/10.1534/g3.113.009084
https://doi.org/10.1534/g3.113.009084
https://doi.org/10.1534/g3.113.009084
https://doi.org/10.1534/g3.113.009084
https://doi.org/10.1111/cmi.12564
https://doi.org/10.1111/cmi.12564
https://doi.org/10.1111/cmi.12564
https://doi.org/10.1111/cmi.12564
https://doi.org/10.1111/mec.17378
https://doi.org/10.1111/mec.17378
https://doi.org/10.1111/mec.17378
https://doi.org/10.1111/mec.17378
https://doi.org/10.1038/s41592-023-01791-5
https://doi.org/10.1038/s41592-023-01791-5
https://doi.org/10.1038/s41592-023-01791-5
https://doi.org/10.1038/s41592-023-01791-5
https://doi.org/10.1038/s41564-023-01397-9
https://doi.org/10.1038/s41564-023-01397-9
https://doi.org/10.1038/s41564-023-01397-9
https://doi.org/10.1038/s41564-023-01397-9
https://doi.org/10.1038/s41564-021-00897-w
https://doi.org/10.2131/jts.41.273
https://doi.org/10.2131/jts.41.273
https://doi.org/10.2131/jts.41.273
https://doi.org/10.2131/jts.41.273
https://doi.org/10.4049/jimmunol.173.5.2913
https://doi.org/10.1111/1755-0998.12218
https://doi.org/10.1111/1755-0998.12218
https://doi.org/10.1111/1755-0998.12218
https://doi.org/10.1073/pnas.2015737117
https://doi.org/10.1073/pnas.2015737117
https://doi.org/10.1073/pnas.2015737117
https://doi.org/10.1073/pnas.2015737117
https://doi.org/10.1038/s41396-019-0437-5
https://doi.org/10.1038/s41396-019-0437-5
https://doi.org/10.1038/s41396-019-0437-5
https://doi.org/10.1038/s41396-019-0437-5
https://doi.org/10.1038/s41598-021-98548-x
https://doi.org/10.1038/s41598-021-98548-x
https://doi.org/10.1038/s41598-021-98548-x
https://doi.org/10.1038/s41598-021-98548-x
https://doi.org/10.1038/s41598-021-98548-x
https://doi.org/10.1093/gbe/evad053
https://doi.org/10.1093/gbe/evad053
https://doi.org/10.1093/gbe/evad053
https://doi.org/10.1093/gbe/evad053
https://doi.org/10.1093/gbe/evad053
https://doi.org/10.1016/j.tim.2015.03.008
https://doi.org/10.1016/j.tim.2015.03.008
https://doi.org/10.1016/j.tim.2015.03.008
https://doi.org/10.1016/j.tim.2015.03.008
https://doi.org/10.1016/j.tim.2015.03.008
https://doi.org/10.1371/journal.pone.0132519
https://doi.org/10.1371/journal.pone.0132519
https://doi.org/10.1371/journal.pone.0132519
https://doi.org/10.1371/journal.pone.0132519
https://doi.org/10.1371/journal.pone.0132519
https://doi.org/10.1007/BF00405995
https://doi.org/10.1007/BF00405995
https://doi.org/10.1007/BF00405995
https://doi.org/10.1007/BF00405995
https://doi.org/10.1002/pmic.201000552
https://doi.org/10.1002/pmic.201000552
https://doi.org/10.1002/pmic.201000552
https://doi.org/10.1002/pmic.201000552
https://doi.org/10.1007/978-3-319-92486-1_18
https://doi.org/10.1007/978-3-319-92486-1_18
https://doi.org/10.1007/978-3-319-92486-1_18
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/ismejo/wraf132

	 Cell type-specific immune regulation under symbiosis in a facultatively symbiotic coral
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary material
	Conflicts of interest
	Funding
	Data availability


