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Scleractinian corals are the principal builders of coral reefs. These megadiverse
ecosystems are declining due to coral mortality from a variety of stressors,
including disease. Corals are dependent upon symbiotic dinoflagellates in the family
Symbiodiniaceae for phototrophic contributions to their energy budgets. However,
suppression of host immunity may be necessary to maintain these intracellular
symbioses. To explore the consequences of symbiosis on host immunity, we
manipulated symbiont density by increasing nitrogen availability. Replicate cores from
four colonies of the Caribbean coral, Orbicella faveolata, were reared in seawater treated
with ammonium for 1 month to increase symbiont density. Corals were then immune-
stimulated using lipopolysaccharide and poly I:C. Gene expression was analyzed
using RNAseq and symbiont density was quantified (as symbiont:host cell ratio) using
quantitative PCR (qPCR). Ammonium treatment had limited positive effects on host
immunity. In contrast, increases in symbiont density had large negative effects on host
expression of immune-related transcripts. These results suggest links between nutrient
enrichment and coral disease may be the result of the effect of increased symbiont
density on host immunity, rather than the direct effect of the nutrients. Further study
of the trade-offs between symbiont density and immunity may help understand how
decreasing water quality and increasing disease will shape future reef communities.
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INTRODUCTION

Coral reefs are one of the most important ecosystems on the planet, both in terms of biodiversity
(Odum and Odum, 1955; Sebens, 1994; Roberts, 1995; Bellwood et al., 2006) and ecosystem services
(Smith, 1978; Spurgeon, 1992). However global climate change and other anthropogenic effects
have exposed these ecosystems to numerous stressors, including rising sea surface temperature
(Hughes et al., 2003; Hoegh-Guldberg et al., 2007), and epizootic outbreaks (Daszak et al.,
1999; Harvell et al., 1999; Sutherland et al., 2004). Increases in outbreaks of coral disease,
particularly in the Caribbean, have been one of the largest drivers of coral declines (Harvell et al.,
1999; Daszak et al., 2001; Sutherland et al., 2004; Croquer and Weil, 2009; Weil et al., 2009;
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Weil and Rogers, 2011). Disease outbreaks have been growing in
frequency and severity over the past 50 years, and the number
of described coral diseases has rapidly proliferated (Sutherland
et al., 2004). There is considerable variation within and between
species in disease susceptibility, but understanding of the factors
contributing to this variation is limited (Fuess et al., 2017; Wright
et al., 2017). This understanding is critical to forecasting reef
futures under rapidly declining conditions.

Rapid increases in coral disease outbreaks have necessitated
equally rapid improvement in our understanding of coral
immunity. Corals are now known to possess a robust immune
system with many aspects similar to human innate immunity.
This includes functional toll-like signaling pathways (Miller et al.,
2007; Shinzato et al., 2011; Poole and Weis, 2014), complement
(Miller et al., 2007; Burge et al., 2013; Pinzon et al., 2015),
and melanin cascades (Mydlarz et al., 2008; Palmer et al., 2008;
Mydlarz and Palmer, 2011). Furthermore, there has been some
investigation of how these pathways may contribute to observed
variation in disease susceptibility (Pinzon et al., 2014; Fuess
et al., 2017). Indeed, different lineages of corals appear to use
different types of immunity in response to immune stimulation
(Pinzon et al., 2014), and variation in activated pathways may
directly contribute to disease susceptibility (Fuess et al., 2017).
However little attention has been paid to external factors that
may contribute to the observed variation in immune response.
For example, symbiosis is well-known to interact with immunity
in cnidarians (Mansfield et al., 2017; Mansfield and Gilmore,
2019), but few studies have examined how variation in symbiotic
relationships might contribute to observed variation in immune
function and disease susceptibility.

Reef-building corals are critically dependent on their
symbiotic algae to meet the majority of their nutritional needs.
The relationship between host corals and their symbiotic
dinoflagellates (Family Symbiodiniaceae) underpins the success
of these organisms in nutrient-poor environments (Muscatine
and Porter, 1977; Muscatine, 1984, 1990). Both symbiont
identity (Rowan, 1998) and density (Fagoonee et al., 1999;
Fitt et al., 2000) vary between and within coral species, and
microhabitat variation can lead to further intra-colony variation
in these associations (Rowan et al., 1997; Cunning et al., 2015b).
However, while it is well-known that symbiont identity directly
contributes to the susceptibility of the host to thermally induced
bleaching (loss of symbionts) (Rowan, 1998, 2004; Berkelmans
and van Oppen, 2006), fewer studies have examined the effects of
symbiont density on host stress tolerance (Cunning and Baker,
2013, 2014). Furthermore, little is known regarding the effects of
variation in symbiotic relationships on host disease susceptibility
(Correa et al., 2009; Detournay et al., 2012). Preliminary findings
suggest that symbionts may negatively regulate host immunity,
through both the TGFβ and sphingosine rheostat pathways,
in order to establish and maintain relationships (Detournay
and Weis, 2011; Detournay et al., 2012). However these studies
have been primarily conducted in model systems such as
anemones, and therefore their ecological significance for reef
corals is unknown.

In order to examine the effects of variation in symbiont density
on host coral immune response, we conducted an experimental

manipulation of the Caribbean coral Orbicella faveolata, which
is listed as Threatened under the U.S. Endangered Species Act,
and Endangered by the IUCN Red List. Using ammonium
enrichment, symbiont density was manipulated in replicate cores
of the same coral colony. Following this manipulation, corals
were exposed to a brief immune stimulation. This study details
the transcriptomic effects of experimental immune stimulation,
ammonium treatment, and variation in symbiont density on
host corals, and presents findings that suggest that nitrogen
enrichment and symbiont density can have different effects on
both host coral gene expression and immunity.

MATERIALS AND METHODS

Coral Collection
O. faveolata colonies were collected in February 2016 from King
Neptune reef, West Palm Beach, Florida (n = 1) and in May
2016 from Emerald Reef, Key Biscayne, Florida (n = 3). Replicate
cores (n = 16–21 per colony) of 1 cm diameter were obtained
using a drill press and attached to labeled ceramic plugs using
cyanoacrylate glue. The cores were maintained in outdoor tanks
to allow them to recover for 12 days until the beginning of the
ammonium treatment.

Ammonium Enrichment
In July 2016, experimental cores were moved to indoor water
tables with a 12 h light/dark cycle and PAR intensity ∼250 µM
quanta m−2 s−1. Coral cores from each colony were evenly split
between Control (C) and Nutrient (N) treatments (n = 8–11
per colony per treatment) and allocated to one of two replicate
20.8 L glass aquaria. Each aquarium contained filtered seawater
from the University of Miami Marine Technology and Life
Science Seawater (MTLSS) complex (intake at Bear Cut, Miami)
and maintained in temperature-controlled tanks at ∼27◦C for
47 days. NH4Cl was added to each N-treatment aquaria to
increase the ammonium concentration by 20 µM, with water
changes and aquarium cleaning every 2–3 days (including control
aquariums). Ammonium concentrations were selected based on
existing literature and the goals of our study (Muscatine et al.,
1998; Zhou et al., 2017).

Experimental Design
Following the 12-day acclimation period and 47-day ammonium
treatment period, cores were haphazardly allocated to control
and immune stimulation treatment groups such that colony and
nutrient treatments were evenly split into immune-stimulated
and non-immune stimulated groups. The six experimental
aquaria, three for each immune treatment group, were then
randomly distributed between water tables. Samples were allowed
to acclimate to new tanks for approximately 24 h, and each
aquarium was continuously aerated and maintained at 27◦C for
the duration of the experiment.

After the second acclimation period, corals were then
subjected to immune stimulation treatments. Treatment cores
were injected with a 20 µg/mL PAMP solution (20 µg/mL
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lipopolysaccharides (LPS) from Escherichia coli 0127:B8 (Sigma-
Aldrich L3129-100 MG) and 20 µg/mL Poly (I:C) (Sigma-Aldrich
P9582) in equal parts). Inoculants were prepared in sterile
seawater and warmed to 27◦C prior to injection. 25 µL of PAMP
solution was injected into four random polyps from each core,
for a total injection volume of 100 µL. Injections were performed
using a 27G 1 1/4′′ needle (BD). Control cores were injected
in the same manner with the same sterile seawater used in the
preparation of the inoculant.

Following injections, cores were maintained in ambient
conditions for 2 h after which a small tissue sample was taken
from each core (∼1 polyp) with a razor blade to identify and
quantify algal symbionts. Experimental cores were then removed
from the tanks and immediately flash-frozen in liquid nitrogen.
All samples were shipped on dry ice to the University of Texas at
Arlington where they were stored at−80◦C until processed.

Symbiont to Host Cell Ratios
Total genomic DNA was extracted from razor blade samples
following established protocols (Baker and Cunning, 2016).
Extracted DNA was analyzed using qPCR assays. For the coral
hosts, we used a SYBR green assay (Life Technologies (Cunning
et al., 2015a), which targets a single copy locus in O. faveolata
(Severance et al., 2004), For the algal symbionts (Cladocopium
andDurusdinium) we used actin-based assays developed for these
taxa (Cunning and Baker, 2013; Cunning et al., 2015a). Each coral
sample was run in duplicate and amplification was considered
positive only when the two technical replicates amplified and
there was no amplification in no-template controls.

Symbiont to host (S:H) cell ratios were calculated using
StepOneR package for R (Cunning, 2018). Briefly, this repository
corrects the CT values obtained from the qPCR machine for
differences in organism ploidy and DNA extraction efficiency,
and calculates the symbiont to host call ratio with the formula
2ˆ(CT host − CT symbiont). The sum of all symbiont genera
ratios (Cladocopium:Host + Durusdinium:Host) is reported as
the Total S:H ratio for each sample. However, most corals (see
Results) were found to only host Durusdinium.

Differences in S:H cell ratio were evaluated with a two-
way ANOVA with nutrient treatment (C vs. N) and colony as
independent variables, and S:H as the dependent variable. Prior
to statistical tests, homogeneity of variance was assessed using
multiple models and showed no significant differences. Since
both nutrient and colony had a significant effect on the S:H
cell ratio (p < 0.0001), we used a post-hoc Tukey HSD test
(alpha = 0.05) to perform multiple comparisons. All the analyses
were performed in R (version 3.5.3) using log10-transformed S:H
data to meet assumptions of normality.

RNA Extraction and Sequencing
Full transcriptome sequencing was conducted on a subset of
samples. One replicate per colony and treatment group was
randomly selected for RNA extraction (N = 16). RNA was
then extracted for a small fragment of core (∼20 mg tissue)
using the RNAqueous with DNAse step kit (Life Technologies
AM1914). Extracted RNA quality was determined using an
Agilent BioAnalyzer 2100 and samples with RIN numbers

(quality values) higher than 7 were sent to the University of Texas
Austin Genomic Core Facility, which used llumina TruSeq RNA
with Poly-A selection libraries kits (Illumina) to create cDNA
libraries prior to sequencing on a single lane with 100 bp single
end reads.

Transcript Alignment and Annotation
Following sequencing, the Trimmomatic v. 3 software package
was used with default settings (leading = 3, trailing = 3,
slidingwindow = 4:15) to remove Illumina adaptors and low
quality reads (Bolger et al., 2014). Reads were then aligned to
the existing reference O. faveolata transcriptome using Tophat
(Trapnell et al., 2009; Pinzon et al., 2015). One sample had
poor alignment to the reference transcriptome (∼3%), likely due
to contamination. This sample, belonging to the CC treatment
group was removed from subsequent analyses, reducing sample
size for this group to 3. The reference host transcriptome was re-
annotated against the UniProtKB/Swiss-Prot database (release-
2017_03), using a blastx algorithm (0.0E-5 e-value threshold;
Altschul et al., 1990; Camacho et al., 2009) prior to analysis of
differentially expressed transcripts.

Differential Expression and Gene
Ontology Analyses
Read count matrices were generated using the Cufflinks (Trapnell
et al., 2013) and htSeq (Anders et al., 2015) packages. Differential
expression analyses were then conducted in the R package,
DESeq2 (Love et al., 2014). Prior to modeling low count
reads were removed. Differential expression was modeled using
treatment combination and S:H cell ratio as additive effects. It
should be noted that this model assumes a linear relationship
between S:H cell ratio and gene expression. This approach
separates the factors and allows for the identification of distinct
effects of symbiont density vs. experimental treatments on host
gene expression. Genotype was not included in the model.
Average log2fold change per transcript was then generated
for all relevant contrasts between treatment combinations (NC
vs. CC, CI vs. CC, NI vs. CI, NI vs. NC), and for the
effects of S:H cell ratio. Significantly differentially expressed
transcripts were identified based on log2fold change (padj< 0.05)
across treatments.

Gene Ontology analyses of each list of differentially expressed
genes were conducted using the R script GOMWU (Wright
et al., 2015) with default parameters. Briefly, the script uses the
“stat” value and annotation for all transcripts to generate a rank-
based estimate of enriched GO terms. GO terms were considered
significant if padj was less than 0.05.

Coexpression Network Analyses
In order to identify groups of coexpressed genes that were
potentially correlated with treatment and symbiont density,
the R package Weighted Gene Correlation Network Analyses
(WGCNA) was used to analyze the full host transcriptome
(v. 1.66; Langfelder and Horvath, 2008). Normalized read
counts for all transcripts were derived using the variance
stabilizing transformation in DESeq2 (Love et al., 2014). Using
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these values for all 15 samples (one outlier removed), a
single signed network was built with manual signed blockwise
network construction methods (bicor correlations, max block
Size = 44,000, soft power = 20, minimum module size = 100,
merge cut height = 0.25). Module eigengene values (average
expression of all transcripts in a module) of each resulting
module were then correlated to a variety of factors (nutrient
enrichment treatment, immune treatment, S:H cell ratio) using
a bicor correlation. Host genotype was not included in these
analyses. Modules with significant correlations were identified as
those with p ≤ 0.05. These modules were then further analyzed
using the R script GO-MWU with default parameters for the
analysis of WGCNA modules (Wright et al., 2015). Significant
GO terms associated with a module were determined as those
with p < 0.05.

RESULTS

Effect of Ammonium Enrichment on
Algal Symbiont Density
Our four colonies of O. faveolata predominantly hosted
Durusdinium trenchii, although symbionts in the genus

Cladocopium were also detected in 3 of 74 cores sampled in
the experiment, two from colony 2 and one from colony 4.
However, Cladocopium abundance in these cores was <5% of the
total symbiont community. Overall, corals exposed to elevated
ammonium doubled their symbiont to host (S/H) cell ratios
compared to controls (p < 0.001; Figure 1), despite significant
variation by colony in the initial symbiont densities (p < 0.001;
Figure 1).

Host Differential Gene Expression
We obtained a total of 28,343,735 sequencing reads for an
average of approximately 1,771,483 reads per sample. On average,
roughly 48% of reads per sample aligned to the reference
transcriptome. There was no correlation between S:H ratio and
either total reads or alignment rate (Supplementary Table S1).
Transcriptional analysis revealed broad effects of symbiont
density on host transcription, coupled with minor effects of
ammonium enrichment and immune stimulation. A total of
2,853 transcripts were differentially expressed as the result
of one or more treatments. Only seven of these transcripts
(0.016%) were affected by ammonium treatment (NC v. CC),
of which 4 were annotated, including one heat shock cognate
71 kDa protein, and a peroxidasin homolog, both of which were

FIGURE 1 | Effect of ammonium enrichment on O. faveolata symbiont to host (S/H) cell ratio (mean ± 95 CI) across. Two-way ANOVA revealed higher S/H cell ratios
in corals exposed to elevated ammonium (p < 0.001; A), regardless the differences in the S/H cell ratio among coral colonies (p < 0.001; B). Letters represent
significantly different groups obtained with Tukey’s HSD test (alpha = 0.05). Statistical analysis was performed on log10 transformed S/H cell ratios to increase
normality of the data, but graphs show untransformed values.
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upregulated (Figure 2). A total of 18 biological process (BP)
GO terms were significantly enriched as a result of ammonium
treatment, including two positively enriched terms involved in
immune system processes: antigen processing and presentation
of peptide antigen via MHC class I and cell activation involved
in immune response (Supplementary Figure S1). In contrast, 8
transcripts were significantly differentially expressed as a result of
immune stimulation under control conditions (CI v. CC), none
of which were annotated. Six BP GO terms were significantly
enriched as a consequence of immune challenge, the majority of
which were positively enriched and involved in translation and
RNA processing (Supplementary Figure S2).

There were more widespread effects of ammonium treatment
on the subsequent immune response of host corals, with
23 transcripts significantly differentially expressed as a result
of immune stimulation following ammonium treatment (NI

v NC). Of these, 10 were annotated (Figure 3), including
several putative immune transcripts (GFP-like fluorescent
chromoprotein cFP484 and tyrosinase). Additionally, 45 BP GO
terms were enriched following immune challenge in ammonium-
treated corals (Supplementary Figure S3). Finally, corals
pretreated with elevated ammonium had different responses
to immune challenge than those maintained under control
conditions (NI v. CI), with 165 transcripts differentially expressed
between these two groups, including transcripts with immune
function such as peroxiredoxins, TLR responsive protein deleted
in malignant brain tumor protein 1 (Rosenstiel et al., 2007),
and tyrosinase (Supplementary Figure S4). A total of 44 BP
GO terms were significantly enriched between these two groups,
including terms involved in ciliary process (expressed higher in
NI corals) and terms involved in cell cycle and growth (expressed
higher in CI corals) (Supplementary Figure S5).

FIGURE 2 | Variance stabilized normalized expression of annotated transcripts that were significantly differentially expressed as a result of the addition of nutrients to
coral samples. Genes are listed in alphabetical order. Those displayed are: heat shock protein 70 kDA 8 (HSPA8), methionine-tRNA ligase (MARS), phthiocerol
synthesis polyketide synthase type I PpsA (PPSA), and peroxidasin homolog (PXDN).

FIGURE 3 | Variance stabilized normalized expression of annotated transcripts that were significantly differentially expressed as a result of immune stimulation in
corals pretreated with ammonium treatment. Genes are listed in alphabetical order. Those displayed are: armadillo repeat-containing protein 1 (ARMC1),
U-actitoxin-Avd3q (ASKC14), uncharacterized protein C7orf31 (C7ORF31), fer3-like protein (FERD3L), GFP-like fluorescent chromoprotein cFP484 (GFP),
kinesin-like protein KIF23 (KIF23), parkin coregulated gene protein homolog (PACRG), ribonucleoside-diphosphate reductase subunit M2 (RRM2), anillin (SCRA), and
tyrosinase (TYR).
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FIGURE 4 | Symbiont abundance vs. variance stabilized normalized
expression of significantly differentially expressed transcripts with functions
related to or downstream of (A) toll like receptor signaling and (B)
inflammation. Genes are listed in alphabetical order. Those displayed are: (A)
akirin-2, protein canopy homolog 4 (CNPY4), casein kinase II subunit alpha
(CSNK2A1), deleted in malignant brain tumors protein 1 (DMBT1), protein
NLRC3, NACHT, LRR, and PYD domains-containing protein 12 (NLRP12),
TGF-beta activated kinase 1 (TAB1), TNF-receptor associated factor 1
(TRAF-1), and TNF-receptor associated factor 4; (B) adenosine receptor A2b
(ADORA2b), arachidonate 5-lipoxygenase (ALOX5), allene oxide
synthase-8R-lipoxygenase (AOS-LOX), monoglyceride lipase (MGLL), nuclear
factor related to kappa-B binding protein (NFRKB), and NLR family CARD
domain-containing protein 4 (NLRC4).

In contrast to the relatively minor effects of ammonium
treatment and immune stimulation on host transcription,
symbiont density was correlated with a large portion of
transcripts (2,686 transcripts or approximately 6% of the
transcriptome). This included changes in expression of 73
immune transcripts, the majority of which (48) decreased in
expression as a result of increasing symbiont density. This group
included transcripts involved in the toll-like receptor signaling
pathway and inflammation (Figure 4). Despite this, the effects
of symbiont density resulted in just four significantly enriched
BP GO terms involved in either microtubule process (positively
enriched) or translation (negatively enriched).

Host Coexpression Analyses
We then conducted coexpression analyses to identify large groups
of genes associated with treatments and/or symbiont density.
Coexpression analysis resulted in a network of 18 modules, plus a
19th module (8,376 transcripts) that contained transcripts that

could not be placed into any other module (Supplementary
Figure S6). Modules ranged in size from 197 (module 11) to
7,051 (module 8) transcripts each. After testing for correlation
between average expression (eigenvalue) of these modules and
our treatment groups as well as symbiont density, we identified
six candidate modules (Supplementary Figure S8).

Three modules were positively correlated to ammonium
treatment or symbiont density. Module 3, which contained
3,933 genes (1,117 of which were annotated), was significantly
positively correlated with symbiont density (r = 0.57, p = 0.03).
No significantly enriched BP GO terms were included in this
module. Module 4 was significantly positively correlated to
ammonium treatment (r = 0.74, p = 0.002). This module
contained 1,988 genes, of which 743 were annotated. Gene
ontology analysis revealed significant enrichment of 45 biological
terms, mostly involved in ciliary processes (Supplementary
Figure S8). Finally, module 6 was positively correlated to
symbiont density (r = 0.79, p = 5e−4). This module was not
enriched for any BP GO terms.

Three modules were negatively correlated to ammonium
treatment, immune challenge, or symbiont density. Module 16
was negatively correlated to immune challenge (r = −0.59,
p = 0.02), and contained 468 genes, of which 216 were annotated.
In addition, this module was significantly enriched for 40 BP GO
terms, most of which were involved in cell cycle processes and
growth (Supplementary Figure S9). Module 18 was negatively
correlated to ammonium treatment (r = −0.45, p = 0.009). This
module contained 975 transcripts and was enriched for nine
BP GO terms (Supplementary Figure S10). Finally, module
8, which contained 7,051 transcripts, was negatively correlated
with symbiont density (r = −0.69, p = 0.004). This module
was enriched for three BP GO terms positive regulation of type
I interferon process, regulation of antigen receptor-mediated
signaling, and response to thyroid hormone. The 20 transcripts
included in this module contributed to enrichment of two
immune-related BP GO terms (Figure 5).

DISCUSSION

We used ammonium enrichment to manipulate algal symbiont
density in a threatened reef coral species (O. faveolata) and
then exposed these corals to an immune challenge to test
the effect of symbiont density on host coral gene expression
and response to a mock immune challenge. We documented
widespread effects of these treatments, or resulting variation in
symbiont density, on the coral transcriptome (2,853 differentially
expressed transcripts, ∼6%). Separating the effects of symbiont
density from ammonium treatment using our DESeq2 model
indicated most changes in gene expression were induced by
variation in symbiont density (2,686 transcripts) rather than on
the ammonium enrichment itself (7 transcripts, only∼0.016% of
the transcriptome). Changes associated with increased symbiont
density included negative effects on host expression of immune
contigs. Here we discuss the potential ecological importance
of variation in coral-algal symbiotic relationships in coral
disease dynamics.
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FIGURE 5 | Expression of transcripts from module 8 that were included in significantly enriched BP GO terms related to immune function. Expression is shown for all
samples relative to sample S/H (symbiont density). Expression is displayed as variance stabilizing normalized values. * indicates transcripts which were significantly
differentially expressed as a result of symbiont density (Padj < 0.05). Genes are listed in alphabetical order by gene id. Those displayed are: voltage-dependent
L-type calcium channel subunit alpha-1F (CACNA1F), cyclic GMP-AMP synthase (CGAS), CREB-binding protein (CREBBP), ubiquitin carboxyl-terminal hydrolase
CYLD, Antiviral innate immune response receptor RIG-I (DDX58), dual specificity protein phosphatase 3 (DUSP3), histone acetyltransferase p300 (EP300), interferon
regulatory factor 1 (IRF1), Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1), DNA-directed RNA polymerase III subunit RPC4
(POLR3D), DNA-directed RNA polymerase III subunit RPC8 (POLR3H), serine/threonine-protein kinase RIO3 (RIOK3), stimulator of interferon genes (STING), and
zinc finger CCCH-type antiviral protein 1 (ZC3HAV1).

Gene ontology analysis of coexpression network correlations
revealed that the minimal effects of the ammonium treatment
on host transcriptome included an effect on ciliary action
and extracellular matrix function. Increases in ciliary action
are expected in response to additional nutrients; studies have
shown that corals are capable of increasing ciliary action
to create vortices and promote nutrient exchange (Shapiro
et al., 2014). Thus, observed positive correlations between
ammonium treatment and expression of ciliary transcripts may
reflect host coral mechanisms to promote nutrient acquisition
and waste disposal associated with increased metabolism.

Additionally, changes in extracellular matrix are expected as a
result of increasing photosynthesis associated with ammonium
treatment. Coral mesoglea layers are primarily comprised of
ECM components (Tucker and Adams, 2014), and changes in
the thickness of the mesoglea may affect light availability within
tissues (Dimond et al., 2012). Negative correlations between
ammonium treatment and ECM are thus likely are related to
thinning of the mesoglea to increase light availability and support
increased photosynthesis. In addition, ammonium treatment had
a slight positive effect on host coral immunity. Ammonium
treatment increased both the basal expression of immune-related
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transcripts and the host’s response to immune stimulation. This
observed trend may be attributed to allocation of increased
nutrients to enhanced immune defense (Schneeberger et al.,
2013). However, previous ecological findings that suggest
nutrient enrichment (including increased nitrogen) results in
increasing disease prevalence (Bruno et al., 2003; Voss and
Richardson, 2006; Vega Thurber et al., 2014), which suggests that
either these increases in constitutive immunity are insufficient,
or more complex dynamics not modeled in our laboratory
experiment drive these observed trends.

More significant were the widespread effects of variation
in symbiont density on host gene expression. Nearly 6% of
the host’s transcriptome was affected by variation in symbiont
density, rather than ammonium treatment itself, as indicated
by our model. Affected transcripts belonged to an exceptionally
wide variety of cellular pathways. This is not unexpected, since
previous findings have suggested that symbiont density can
have significant effects on host stress response, among other
processes (Cunning and Baker, 2013, 2014). While corals are
dependent on their relationship with Symbiodiniaceae to meet
their nutritional needs (Muscatine and Porter, 1977; Muscatine,
1984, 1990), numerous studies have indicated that there may
also be cellular-level trade-offs associated with maintaining this
symbiotic relationship (Rowan, 1998, 2004; Berkelmans and van
Oppen, 2006; Cunning and Baker, 2013, 2014). Consistent with
this concept, our results support far-reaching and significant
effects of symbiont density on cellular stress and immune
response in corals. It should be noted that while the most
likely explanation of this variation in gene expression is due
to changes in symbiont density. However, as coral colonies
naturally vary in symbiont density, some of this effect could be
confounded with genotype.

Variation in symbiont density correlated to numerous
putative immune transcripts involved in a diversity of pathways.
Specifically, nearly 50 immune-related transcripts decreased in
expression as a result of increasing symbiont density. The
toll-like receptor and inflammatory pathways appeared to be
most affected by variation in symbiont density. This included
the downstream TLR mediator Akirin2 (Tartey et al., 2014),
which was negatively correlated to symbiont density, as well
as the negative regulator of TLR signaling, NLRC3 (Schneider
et al., 2012), which was positively correlated to symbiont
density. Additionally various pro-inflammatory transcripts such
as ALOX5 (Herb et al., 2008), and two copies of NLRC4 (Tomalka
et al., 2011) were negatively correlated to symbiont density.
Finally, coexpression analysis also revealed negative correlations
between symbiont density and immune response, specifically
anti-viral response. Module 8 was negatively correlated to
symbiont density and enriched for two GO terms related to
immunity, which were mostly comprised of transcripts involved
in antiviral responses. This included antiviral transcripts:
ubiquitin carboxyl-terminal hydrolase CYLD (CYLD) (Friedman
et al., 2008), probable ATP-dependent RNA helicase DDX58
(DDX58; also known as RIG-I) (Loo and Gale, 2011),
DNA-directed RNA polymerase III subunits RPC4 (POLR3D)
and RPC8 (POLR3H) (Chiu et al., 2009), and zinc finger
ccch-type antiviral protein 1 (ZC3HAV1) (Hayakawa et al.,

2010). Several of these (DDX58, POLR3D, and one copy of
ZC3HAV1) were significantly differentially expressed as a result
of symbiont density.

Together, these patterns of differential expression and co-
expression networks suggest a trade-off between symbiont
density and multiple types of immunity. Toll-like receptor
signaling, inflammation, and antiviral responses comprise a large
portion of the innate immune responses of scleractinian corals
(Mydlarz et al., 2016). Furthermore, these three pathways play
important roles in defense against the three major types of
cnidarian pathogen: bacterial (Libro et al., 2013; Libro and
Vollmer, 2016; Brennan et al., 2017), fungal (Mydlarz et al., 2008),
and viral (Soffer et al., 2014; Sweet and Bythell, 2017). O. faveolata
has a complete TLR-NF-kB signaling pathway which is
responsive to bacterial LPS (Williams et al., 2018); inflammation
plays a role in response of the octocoral Gorgonia ventilina to
Aspergillus sydowii (Mydlarz et al., 2008) and in the response of
Acropora cervicornis to white band disease (Libro et al., 2013;
Libro and Vollmer, 2016); antiviral responses may also be an
important component of A. cervicornis response to white band
disease (Libro and Vollmer, 2016). The strong negative effects
of symbiont density on these three important coral immune
response pathways suggests significant implications for coral
disease susceptibility, and justify further study of the relationship
between symbiosis and immunity in corals, particularly given
increased disease incidence on coral reefs.

While we were able to document significant effects of
symbiont density on the immune response of O. faveolata, we
should note that the mechanism of this relationship remains
unclear. Previous studies have suggested that symbiont may
exploit host pathways such as TGFβ (Detournay et al., 2012;
Berthelier et al., 2017) and the sphingosine rheostat (Detournay
and Weis, 2011) to elicit changes in host coral gene expression,
particularly as it relates to immunity. Furthermore, new findings
suggest that TGFβ is capable of modulating immune response
in O. faveolata (Fuess et al., 2020). Specifically, both toll-like
receptor signaling (Naiki et al., 2005; Lee et al., 2011) and
inflammation (Letterio and Roberts, 1998; Huynh et al., 2002)
are intimately controlled by TGFβ signaling, and our results
document significant negative correlations between symbiont
density and these pathways. While these patterns suggest a
potential role of TGFβ in mediating observed trends, we were
unable to find robust transcriptomic evidence of such a link.
However, it is still possible that TGFβ signaling drives observed
patterns using mechanisms undetectable with transcriptomic
analyses (e.g., post-translational modification, etc.). Thus, robust
further investigation of the roles of TGFβ in linking symbiosis
and immunity is necessary. Finally, we should note that most of
our experimental corals contained one species of algal symbiont
(D. trenchii). It is possible that other algal symbionts may modify
coral immune response in different ways. Thus, both density and
identity of algal symbionts may influence disease susceptibility
and are worthy of further research. Thus, both density and
identity of algal symbionts may influence disease susceptibility
and are worthy of further research.

In sum, these findings suggest an important, and ecologically
relevant, trade-off in coral-algal symbiosis. Reef coral hosts are
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dependent on their algal symbionts for nutrition (Muscatine
and Porter, 1977; Muscatine, 1984, 1990), but higher symbiont
densities may reduce host immune response, potentially
increasing disease susceptibility. Since elevated nutrients can
increase symbiont densities, this suggests that poor water quality
may not only result in corals that are less thermally tolerant
(Cunning and Baker, 2013), but may also lead to immune-
compromised corals that are more susceptible to disease. In the
face of increasing water temperatures and disease prevalence,
this trade-off may result in new selective pressures on reef
symbioses. Consequently, it is essential to further explore coral-
algal symbiosis from the perspective of coral immunity and its
potential ecological implications for future reef communities.
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