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Abstract

Heterotrophy has been shown to mitigate coral-algal dysbiosis (coral bleaching) under heat challenge, but the molecular mechanisms under
lying this phenomenon remain largely unexplored. Here, we quantified coral physiology and gene expression of fragments from 13 genotypes
of symbiotic Oculina arbuscula after a 28-d feeding experiment under (1) fed, ambient (24 °C); (2) unfed, ambient; (3) fed, heated (ramp to 33
°C); and (4) unfed, heated treatments. We monitored algal photosynthetic efficiency throughout the experiment, and after 28 d, profiled coral
and algal carbohydrate and protein reserves, coral gene expression, algal cell densities, and chlorophyll-a and chlorophyll-c, pigments. Contrary
to previous findings, heterotrophy did little to mitigate the impacts of temperature, and we observed few significant differences in physiology
between fed and unfed corals under heat challenge. Our results suggest the duration and intensity of starvation and thermal challenge play
meaningful roles in coral energetics and stress response; future work exploring these thresholds and how they may impact coral responses
under changing climate is urgently needed. Gene expression patterns under heat challenge in fed and unfed corals showed gene ontology en-
richment patterns consistent with classic signatures of the environmental stress response. While gene expression differences between fed
and unfed corals under heat challenge were subtle: Unfed, heated corals uniquely upregulated genes associated with cell cycle functions, an
indication that starvation may induce the previously described, milder “type B" coral stress response. Future studies interested in disentangling
the influence of heterotrophy on coral bleaching would benefit from leveraging the facultative species studied here, but using the coral in its
symbiotic and aposymbiotic states.
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Introduction coral reefs through the induction of bleaching (Hughes et
al. 2017, 2018). The loss of symbionts deprives the coral
host of its symbiont-derived sugars and many corals cannot
survive when bleached for extended periods of time. Mass
bleaching events have led to the rapid degradation of coral
reefs globally over the past decades and are expected to con-

The majority of tropical reef-building corals form obligate
symbiotic relationships with endosymbiotic algae in the
family Symbiodiniaceae, and this relationship forms the foun-
dation for the ecological success coral reefs have experienced

over millions of years (Muscatine and Porter 1977; Glynn

1996; Hughes et al. 2017). In this relationship, the coral host tinue increasing in frequency agd severity as climate change
relies on photosynthetically fixed carbon (photosynthates) ~ PTO8resses (Normile 2016; Pernice and Hughes 2019).

and amino acids from the algae in order to thrive in nutrient- If a bleached coral s to survive, 1t must ,felY, on alternat‘lve
poor tropical waters (Muscatine and Porter 1977). In fact, .carbon SOUrces to meet 1ts energy ne'eds, Wthh include tapping
these algae can provide upwards of 90% of their coral host’s Mt stored energy reserves (proteins, \hplds, Carbohydrate\s)
energetic demands (Muscatine et al. 1981). In exchange, and heterotrophy (reviewed in Houlbreque; gnd Ferrler—Pages
the algae receive a protected and light-exposed endosym- 2009). Heterotrophy ha§ been showp to mltlgatelthe negative
biotic residence, inorganic nutrients, and host CO, concen- effects of thermal stress in both tropical (Grottoli et al.. 2006;
tration mechanisms that increase photosynthetic efficiency Hughes and Grottoli 2013; Tremblay et al. 2016; Morris et al.

(Muscatine and Cernichiari 1969; Muscatine 1990; Barott et 2019; Conti-Jerpe et al. 2020) and subtropical coral species
al. 2015). (Aichelman et al. 2016). In addition to bleaching resistance,

overall enhanced coral health has also been linked to heterot-
rophy with fed corals having higher growth rates (Miller 1995;
Reynaud-Vaganay et al. 2002; Rodolfo-Metalpa et al. 2008;

Unfortunately, this symbiosis can be disrupted by a variety
of stressors, though it is largely accepted that rising ocean
temperatures pose the single greatest threat to the future of
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Aichelman et al. 2016; Levy et al. 2016; Conlan et al. 2017),
being better able to recover from wounding (Burmester et al.
2018), and having higher survivorship in general (Anthony
et al. 2009; Toh et al. 2014; Conlan et al. 2017) relative to
unfed corals. Importantly, recent work using stable isotope
analyses to identify coral trophic niches suggests that corals
that are more reliant on heterotrophy are more bleaching re-
sistant and, therefore, more likely to outperform more auto-
trophic corals under climate change (Conti-Jerpe et al. 2020),
highlighting an urgent need to better understand the role of
heterotrophy and bleaching.

The physiological and molecular responses of tropical
reef-building corals under thermal challenges have been widely
explored (reviewed in Cziesielski et al. 2019). Short-term
thermal challenges in coral consistently cause the upregulation
of heat-shock proteins, apoptotic response pathways, super-
oxide dismutase, ubiquitin pathways, and genes associated with
ion transport and metabolism (Meyer et al. 2011; Barshis et al.
2013; Dixon et al. 2015; Hawkins et al. 2015; Avila-Magafia
et al. 2021), with these responses shifting to broad-scale
downregulation of basic metabolic processes under long-
term challenges (Vidal-Dupiol et al. 2014; Davies et al. 2016).
Many of these studies have focused on tropical reef-building
corals in the genus Acropora. A recent meta-analysis of var-
ious stress challenges including thermal stress found there were
two distinct environmental stress responses—one that was
observed under high-intensity stress (type A) and another more
subtle response characteristic of lower-intensity stress (type B)
(Dixon et al. 2020). While these stress responses have been less
explored in subtropical and temperate coral species, Wuitchik
et al. (2021) profiled gene expression under divergent thermal
challenges and found the same molecular signatures of stress
were consistently uncovered in an aposymbiotic, temperate
reef-building coral (Astrangia poculata). These studies have
been central to building our understanding of environmental
stress responses in corals and the mechanisms underlying the
maintenance and loss of symbiosis.

While the molecular signature of heat challenge has been
widely explored in corals, the gene expression signatures of
heterotrophy and how they may mediate other stress responses
remain largely unexplored (see Bay et al. 2013; Levy et al.
2016). Here, we examined the physiological and gene expres-
sion responses of the subtropical facultative coral, Oculina
arbuscula, under heat challenge and heterotrophy to under-
stand how heterotrophy influences the coral host and the
algal symbiont response to heat challenge. Fragments from 14
colonies were placed under four treatment conditions: (1) fed,
ambient (24 °C, control); (2) unfed, ambient; (3) fed, heated
(ramp to 33 °C); and (4) unfed, heated for 28 d. At the end
of the experiment, a panel of host and symbiont phenotypes
were characterized and genome-wide gene expression pro-
filing via TagSeq was performed to identify the molecular
mechanisms underlying these responses.

Materials and methods

Colony collection

Colonies (N = 14) of O. arbuscula were collected off the coast
of North Carolina at the Radio Island Jetty (34° 42.520" N,
76° 40.796” W) in 2018 (NC Division of Marine Fisheries
Permit #1627488). Colonies were fragmented using a tabletop
diamond saw to create genotypic replicates, which were affixed
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to ceramic bases using underwater glue and maintained under
common garden conditions for ~1.5 yr in the Davies Marine
Population Genomics Lab at Boston University.

Experimental setup

Four fragments of each of the 13 genotypes (two of the col-
onies were found to be clones during a different study; see
Rivera and Davies 2021) were assigned to one of four temper-
ature/feeding treatments: (1) fed, ambient (control); (2) unfed,
ambient; (3) fed, heated; and (4) unfed, heated (total N = 52
fragments). Each treatment had three tanks, each of which
housed four to five coral fragments. Fragments of each gen-
otype were randomly assigned to tanks within a treatment
using a random number generator (Fig. 1A). Fragments were
rotated through fixed positions in the tank weekly to mini-
mize microenvironmental differences within tanks. Each tank
was illuminated with a Hydra-32HD, Aquaillumination™
LED light on a 12:12 light-dark cycle, which included
a 1-h ramp up and ramp down of light intensity to simu-
late sunrise/sunset. Lights were configured to have identical
spectral qualities and ~45 umol photons m~2 s~!. Each tank
had a water circulation pump and 50% water changes were
conducted weekly. Apex™ control systems were used to regu-
late temperatures in 20-gallon aquarium tanks filled with arti-
ficial Instant Ocean™ seawater at ~ 33 PSU salinity. HOBO™
tidbit loggers were maintained in each treatment sump and
temperatures were logged every 15 min. Temperature and sa-
linity were also checked manually at least every other day
using a YSI Pro 30 meter. Salinity in all treatments ranged be-
tween 31 and 35 PSU throughout the course of the experiment.

Fed fragments were offered 1 ml of Reef-Roids™ powder
dissolved in 8 ml of seawater daily, using a small squirt
bottle to direct food over coral fragments. Each coral was
fed ~0.25 ml of food per day in the evening to better sim-
ulate crepuscular feeding activity. After beginning feeding
treatments, all corals were maintained at ambient tempera-
ture levels (24 °C) for 1.5 wk, prior to beginning temperature
ramps for the two heated treatments. In heated treatments,
temperatures were increased stepwise by approximately 1 °C
per day for 10 d, until reaching a maximum temperature of
33 °C. Treatments were then maintained at 33 °C for 4 d, at
which time the experiment ended (Fig. 1B).

Holobiont physiology

Symbiont photosynthetic efficiency (F/F ) was measured
using a Walz Junior-PAM™ four times throughout the ex-
periment (weekly on days 7, 14, 21, and 28). Corals were
dark-acclimated for at least 20 min prior to measurements
and all measurements were conducted in the dark. Three rep-
licate F/F measurements were taken for each fragment and
averaged within each time point.

At the end of the experiment, each fragment was
photographed to document live and dead tissue areas and
then flash frozen in liquid nitrogen and immediately stored
at -80 °C. Two fragments died prior to the end of the exper-
iment, leaving 50 fragments remaining. At the beginning of
processing, a small tissue sample (<2 cm?) from each fragment
was removed for RNA extraction (see below). Fragments
were then thawed and the tissue was removed via airbrushing
using an airgun with sterile saltwater. Tissue slurry was
homogenized for 3 min using a handheld tissue homoge-
nizer (Tissue-Tearor Model 985370, BioSpec Products, Inc.).
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Fig. 1. (A) Experimental design showing tank setup and coral distributions across tanks and experimental treatments. Each treatment had three
replicate tanks, with a common temperature controller and sump. Lighting regimes were identical across tanks. (B) Temperatures of experimental
treatments throughout the 28-d experiment. P indicates when F /F measurements were taken and the asterisk indicates when corals were flash

frozen for phenotypic and gene expression analyses.

An aliquot of the slurry was then separated for symbiont
density assessments (see below) and the remaining slurry
was centrifuged at 4,400 rpm for 3 min to pellet symbiont
cells. The supernatant was decanted and represents the coral
“host” fraction for physiology measurements. The symbiont
pellet was resuspended in 5 ml of sterile seawater. Both host
and symbiont slurries were bead blasted using Sigma glass
beads and a Fisher Scientific Bead Mill 24 at 6 m/s for 2 min.

Airbrushed coral skeletal fragments were 3D scanned to as-
sess surface area using an EIN-SCAN SE tabletop 3D scanner
with the HDR and texture scanning options enabled. Each
fragment was scanned two to three times to produce a com-
plete watertight mesh of the coral surface. Scans were then

imported into MeshLab™ software. Final photographs were
consulted to carefully select areas of the skeleton containing
live tissue using the z-paintbrush tool in MeshLab. Once all
live tissue areas were selected, the total live surface area was
calculated by the software.

Symbiont densities (cells/cm?) were measured for three rep-
licate 10 pl tissue slurry aliquots per fragment using a hemo-
cytometer under a light microscope. Counts were averaged,
extrapolated to the total slurry volume, and normalized to
live coral tissue surface area.

Host and symbiont protein concentrations (mg/cm?) were
assessed using Bradford assays with a Bovine Albumin Serum
(BSA) standard for reference. 6.4 pl of the sample was added
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to 73.6 pl of artificial seawater along with 80 ul of Bradford
reagent. Samples were mixed and a Synergy H1™ Microplate
Reader spectrophotometer was used to measure absorbance
at 595 nm. Coral protein concentrations were calculated
using the standard curve from BSA and normalized to the
living coral surface area.

Host and symbiont carbohydrate concentrations (mg/cm?)
were assessed using the phenol-sulfuric acid method (Masuko
et al. 2005), with a D-glucose standard for reference. For each
sample, 10 pl was mixed with 40 pl of sterile seawater, 150
ul of sulfuric acid, and 30 pl of 5% phenol. Samples were
incubated at 90 °C for 5 min using a water bath and then
at room temperature for 5 min in the dark. Absorbance at
490 nm was measured using a Synergy H1™ Microplate
Reader spectrophotometer. Carbohydrate concentrations
were then calculated using a D-glucose standard curve and
normalized to the living coral surface area.

To quantify symbiont chlorophyll-a and chlorophyll-c,
pigments (pg/cm?), symbiont tissue extracts were pelleted and
incubated in 1 ml of 90% acetone overnight in the dark at 4
°C. For each sample, three 200 pl aliquots were assayed using
a Synergy H1™ Microplate Reader spectrophotometer to
measure absorbance at 630 and 663 nm. Absorbance values
were converted to pigment concentrations using the formulas
from Jeffrey and Haxo (1968), chlorophyll-a = 13.31(Absor
bance, ;) — 0.27(Absorbance, ); chlorophyll-c, = -8.37(Abso
rbance ) + 51.72(Absorbance ), with an additional factor
applied to account for the lower volume used in our assay
(200 pl) in relation to the original (1 ml) and normalized to
the living coral surface area.

Statistical analyses

Physiology data were analyzed in R using generalized
linear models through the formulation [mer(response_
variable~treatment + [1lgenotype]) for each physiological re-
sponse variable, where coral genotype is treated as a random
effect. For PAM data, the individual coral fragment was
used as the random effect to account for repeated measures
across the experiment. For each model output where treat-
ment showed a significant (p < 0.05) effect, the differences be-
tween each pairwise set of treatments were compared using
the general linear hypothesis glh#() function in the r package
multcomp, which uses post hoc Tukey tests to contrast pairs
while correcting for multiple comparisons (Hothorn et al.
2008). Overall differences among treatments for all end-of-
experiment (day 28) host and symbiont physiology data were
also explored using a principal component analysis (PCA).
The effect of treatment was tested using a PERMANOVA
with the adonis() function in the R package vegan using
Euclidean distances. All scripts used for analyses are available
in Supplementary Materials and on the first author’s github
repository (see Data Accessibility statement).

RNA extraction and gene expression analyses

Coral tissue samples from the end of the experiment were
processed using the RNAqueous RNA extraction kit (Ambion)
following the manufacturer’s recommendations, with a modi-
fied bead beating step added to the lysis stage. Samples were
homogenized twice using a bead beater at 5§ m/s for 30 s.
Extracted RNA quantity was assessed using a DeNovix
DS-11+ spectrophotometer and RNA quality was assessed
on a 1% agarose gel to visualize ribosomal RNA bands. Any
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excess DNA was removed through DNase 1 (Ambion) at diges-
tion at 37 °C for 30 min. Only 23 samples had sufficient RNA
quantity and quality to meet library preparation requirements.
RNA libraries were created using approximately 1.5 pg of
RNA per sample. RNA was first heat degraded for 10 min at
75 °C. First-strand cDNA synthesis was accomplished using a
template-switching oligo and SMARTScribe reverse transcrip-
tase (Clontech) incubated at 42 °C for 1 h and 65 °C for 15 min.
¢DNA was then PCR-amplified, using Tagseq primers (3ILL-
30TV; SILL) and Titanium Taq (Meyer et al. 2011). AmPure
beads cleaned PCR products and libraries were normalized
to have equal cDNA concentration. Samples were barcoded,
pooled, and then size selected (400 to 500 base pair fragments)
using an agarose gel extraction. Samples were sequenced at the
Tufts University Core Facility on an Illumina Hiseq 2500, as
single-end 50 base pair reads.

Demultiplexed reads were mapped to a concatenated O.
arbuscula and Breviolum psygmophillum transcriptome
generated by Rivera and Davies (2021) using bowtie2
(Langmead and Salzberg 2012) to report the best of all pos-
sible alignments. A custom Perl script (samcount.pl, see Data
Accessibility statement) was used to enumerate the number of
reads mapping to coral and symbiont contigs. Counts files for
each sample were then imported into R v. 4.1.1 (R Core Team
2020) for further analyses (see Data Accessibility statement
for script availability). Only gene counts for the coral host
were analyzed as the algal symbiont had too few counts to
ensure robust analyses.

Host gene counts across samples varied substantially (from
1,315 to 81,1642) and seven samples had fewer than 30,000
counts across all genes and were removed from downstream
analyses. 23,016 host contigs and 16 samples were retained
for further analysis (Table 1).

Differentially expressed genes (DEGs) were identified using
DESeq2 v.1.34.0 (Love et al. 2014) in R v.4.1.1 using the
model: design = ~treatment. Genotype was not included as
a factor in the model due to the inconsistent representation
of genotypes across treatments stemming from RNA extrac-
tion failure or lack of read depth (see above). Contigs were
considered a DEG if the corresponding treatment contrasts
had an FDR-adjusted p-value <0.1. Using the results() func-
tion of DESeq2, each challenge treatment was contrasted
to the fed ambient treatment as this represented the con-
trol condition for both feeding and temperature challenges.
Counts were normalized using the rlog transformation func-
tion in DESeq2 and visualized via a PCA using the prcomp()
function in R. The effect of treatment was tested using a
PERMANOVA with the adonis() function in the R package
vegan using Euclidean distances between samples.

Functional differences in gene expression between
treatments were further explored using gene ontology (GO)
enrichment analysis using the rank-based Mann-Whitney
U-test (MWU) approach employed by the GO-MWU
package (Wright et al. 2015). This approach identified
GO terms that were significantly enriched among up/
downregulated genes in each pairwise contrast. The test
for enrichment of GO terms was based on the ranked -log
signed p-values of each gene for each of the three treatment
contrasts. Similarities in GO enrichment patterns between
treatments were explored by correlating the GO delta rank
results from GO-MWU for pairs of treatments. A heatmap
of significant DEGs was generated using the pheatmap
package (Kolde 2012) in R.
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Table 1. TagSeq generated reads and gene counts for samples.

Journal of Heredity, 2023, Vol. 114, No. 4

Sample Genet Treatment Raw reads Trimmed reads Gene counts
Bl B fed, ambient 6,102,730 1,153,388 180,855
B2 B fed, heated 5,072,060 962,119 148,620
BS* B unfed, heated 22,042 8,730 1,537
B8 B unfed, ambient 12,065,915 1,887,341 297,235
2 C unfed, ambient 977,428 271,088 47,455
C4* C fed, heated 88,574 26,284 3,872
E3* AE fed, ambient 562,469 123,591 11,104
G1* G unfed, ambient 52,802 16,995 2,121
G3 G unfed, heated 367,203 138,143 30,335
15 1 unfed, ambient 3,674,235 604,045 84,049
113 J fed, heated 17,560,389 3,259,333 811,642
15 J fed, ambient 11,100,419 1,857,042 347,231
19 J unfed, heated 7,327,770 1,625,309 396,993
L4 L unfed, ambient 2,411,213 617,938 110,910
M1* M unfed, heated 14,012 6,922 1,315
MS M fed, ambient 6,519,181 1,134,814 209,896
N14 N fed, heated 8,625,195 1,966,392 445,580
N4 N unfed, ambient 8,865,376 1,064,397 165,288
o11* o) fed, heated 106,229 29,161 3,617
Q1 Q fed, ambient 10,736,660 1,207,911 197,692
Q6 Q fed, heated 2,762,352 715,139 220,261
R2* R fed, heated 437,647 126,978 20,984
R7 R fed, ambient 5,046,371 908,680 152,505

Raw reads: total number of reads generated for the sample during sequencing. Trimmed reads: numbers of reads remaining after trimming and quality
filtering (see methods). Gene Counts: number of reads mapping to O. arbuscula transcriptome. Samples with * were dropped from further analyses due to

low gene counts.

Results

Feeding had a limited effect in mitigating declines
in symbiont physiology metrics

Overall heat challenge caused a significant reduction in photo-
synthetic efficiency of photosystem II (F /F ) of O. arbuscula
algal symbionts by 31 °C regardless of feeding regime (ex-
perimental day 22, p < 0.01). This effect was even stronger
at the end of the experiment after reaching peak (33 °C)
temperatures (experimental day 28, p < 0.001). Feeding did
not mitigate this decline in F/F_ as both heated treatments
were indistinguishable from one another throughout the ex-
periment (Fig. 2A).

Symbiont densities were less impacted by treatment than
other symbiont physiological conditions. Symbiont cell
densities were greatest under unfed, ambient temperature
conditions with the unfed, heated treatments exhibiting sig-
nificantly lower density relative to the unfed, ambient treat-
ment (p = 0.037; Fig. 2B). Feeding may have helped maintain
marginally higher densities under heated temperatures, as
the fed, heated treatment did not show significantly lower
densities than either ambient temperature treatment.

Chlorophyll-a concentrations were significantly higher in
both ambient conditions relative to both heated treatments
(p < 0.05 for all comparisons). No differences were observed
between unfed, ambient and fed, ambient conditions (p > 0.6;
Fig. 2C). For chlorophyll-c,, feeding may have marginally
mitigated loss under heated conditions, as there were no

significant differences between either ambient treatments
and the fed, heated treatment (Fig. 2D). However, this may
have been due only to the two samples with much higher
chlorophyll-c, levels as the median of both heated treatments
is very similar and lower than both ambient temperature
treatments (Fig. 2D).

Symbiont protein concentrations were comparable among
all treatments and showed no response to any treatment (Fig.
2F). In contrast, symbiont carbohydrates were significantly
higher under fed, ambient conditions relative to all other
treatments (p < 0.05 for all contrasts), though there was a
trend toward further declines in carbohydrate reserves with
increasing treatment challenge (i.e. temperature and lack of
feeding; Fig. 2H).

Coral host energy reserves showed increasing
response to lack of feeding and higher
temperatures

Host protein levels were significantly lower in every treatment
relative to the fed, ambient control (p < 0.05 for all contrasts;
Fig. 2E). Feeding may have provided some mild relief to pro-
tein levels under heated conditions as fed, heated samples
did not differ from unfed, ambient (Fig 2E); however, they
were also not statistically different from unfed, heated corals.
Any potentially mitigating effect of feeding is, therefore, very
small. Host carbohydrate concentrations, on the hand, did
not differ across any of the experimental treatments (Fig. 2G).
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Elevated temperatures resulted in more
pronounced physiological changes for both coral
and symbiont

When investigating all phenotypes using a PCA, we observe
that coral holobiont phenotypes were significantly different
across conditions, with the most pronounced divergence be-
tween ambient and heated conditions (P < 0.001; Fig.
3). Overall, we observe that the influence of heat was much
greater on coral holobiont phenotypes than food availability.

Elevated temperatures elicit stronger gene
expression responses than feeding limitation

A PCA of all O. arbuscula rlog-normalized genes showed
that temperature had a significant effect on gene expression
(p < 0.001), while heterotrophy did not (p = 0.2; Fig. 4A).
Pairwise comparisons between each experimental treatment
relative to fed, ambient conditions showed no DEGs in unfed,
ambient samples, while the largest number of DEGs was
observed in fed, heated (Fig. 4B). However, it should be noted
that only two samples were retained in the unfed, heated
treatment, as such that comparison is underpowered and the
number of DEGs may be underestimated.

Heat-challenged corals had convergent gene
expression responses regardless of feeding
treatment

DEGs in the unfed, heated treatment largely overlapped with
genes that were also differentially expressed in the fed, heated
treatment, with 74 (25 upregulated, 49 downregulated) of
the 94 DEGs in unfed, heated also being DEGs in the fed,
heated treatment (Fig. 4B). Overlapping genes showed con-
sistent levels of expression in both unfed and fed, heated
treatments relative to the fed, ambient control (Fig. 5A). Of
note, this gene set included several upregulated calumenin
and heat-shock proteins and several downregulated amino
acid and lipid transporter proteins (Fig. SA).

Significantly enriched GO functional terms were also con-
sistent between unfed and fed, heated samples (Fig. 5B). In
both heated treatments, regardless of feeding treatment, bi-
ological processes associated with ion and amino acid trans-
port were underrepresented as were cell signaling pathways,
action potentials, and regulation of secretion (Fig. 5B).
Conversely, biological processes including protein folding,
RNA processing, DNA regulation and repair, and catabolism
were overrepresented (Fig. 5B).

Unfed, heated corals upregulated cell cycle control

Despite largely similar gene expression responses between
unfed and fed, heat-challenged samples, unfed, heated
samples had 55 unique significantly enriched biological
process GO terms that were not enriched in fed, heated
samples. Over a third of these terms were associated with
cell cycle regulation and telomere maintenance (Fig. 6). Most
other GO terms, while unique to unfed, heated samples,
were closely related to other GO terms that were shared be-
tween unfed and fed, heated samples such as homeostasis,
secretion, and response to stimulus or stress (Figs. 5 and 6).

Unfed, ambient samples upregulated cilia-related
GO biological processes

Although unfed, ambient samples did not show any signifi-
cantly DEGs relative to fed, ambient control, GO enrichment
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analysis identified a small number of significantly enriched
biological process terms, most of which were associated with
cilia development and cell motility (Fig. S2).

Discussion

Short-term starvation has limited impact in the
absence of additional challenges

In agreement with prior studies (Aichelman et al. 2016; Levy
et al. 2016; Fong et al. 2021), we found that feeding intensity
(i.e. fed, ambient vs. unfed, ambient) had a limited impact on
most coral and algal physiology metrics in the absence of heat
challenge (Fig. 2). Host protein reserves in unfed, ambient
corals did show a decline relative to fed, ambient controls
(Fig. 2E). Given that all corals were fed regularly prior to the
start of the experiment, it may have been that the starvation
period used here was insufficient to elicit stronger declines in
coral host energy reserves. We did observe a significant de-
cline in symbiont carbohydrate (but not symbiont protein) re-
serves under unfed, ambient conditions (Fig. 2H), suggesting
that the host may have been using more symbiont-derived
carbohydrates to compensate for declines in food availability,
while catabolizing some of its own protein reserves (Fig. 2E,
H). A prior heat stress and feeding study using Stylophora
pistilla found more symbiont-derived carbohydrates were
transferred to the host in unfed conditions (Tremblay et al.
2016), which is consistent with our physiological observations.

Although we found no DEGs in unfed, ambient relative
to fed, ambient conditions, GO analyses did reveal several
enriched biological processes (Fig. S2). Among these, several
cilia-associated terms were overrepresented, suggesting unfed,
ambient corals may have been increasing feeding behavior to
compensate for lower food availability. In addition, immune
response and complement activation GO terms were also
overrepresented in unfed, ambient corals (Fig. S2). Prior work
examining gene expression differences between symbiotic and
aposymbiotic O. arbuscula found upregulation of immune re-
sponse in aposymbiotic branches (Rivera and Davies 2021);
a pattern also observed in other facultatively symbiotic spe-
cies (Burns et al. 2017; Cui et al. 2019). Although symbiont
densities were maintained in unfed, ambient samples, over-
representation of immune response terms could signal the
onset of the bleaching response, which can be characterized
by an overproliferation of symbionts during early stages
(Wooldridge 2013). It is possible that if starvation conditions
were sustained longer, we may have observed reductions in
symbiont densities in unfed corals, which would be consistent
with coral bleaching.

Heterotrophy did little to mitigate the impacts of
heat challenge

Although prior studies in O. arbuscula showed that heterot-
rophy can mitigate symbiont loss and calcification declines
(Aichelman et al. 2016), we found minimal evidence for such
an effect here. Symbiont densities were slightly, though not
significantly, lower in unfed, heated corals relative to both
fed, heated and fed, ambient corals (Fig. 2B). Conversely,
unfed, ambient corals showed the highest densities, suggesting
interactions between feeding levels and symbiont densities
were complicated (Fig. 2B). A prior study on the tropical
coral Pocillopora acuta also found trends of higher symbiont
densities in unfed, unstressed conditions (Fong et al. 2021).
Interestingly, symbiont densities did not decline substantially
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in heat-challenged corals, despite more sharp declines in
symbiont photosynthetic efficiency (Fig. 2A, B). While these
findings appear somewhat surprising, such patterns have been
previously described in several coral species during short-
term heat challenges (Warner et al. 1996), underscoring that
the timing of these measurements is important.

Differences in experimental and acclimation timelines
between O. arbuscula experiments may have limited the
mitigating benefits of increased heterotrophy against
bleaching. Our experimental colonies were collected from the
same site and population as those used in (Aichelman et al.
2016), and as such could be expected to have similar feeding
patterns and responses. However, experimental fragments
in Aichelman et al. (2016) were fed live Artemia nauplii,
whereas we fed the fragments Reef-Roids™ in order to feed

each fragment individually and have more precise control
over portion allocation. Regardless the amount of food or
the nutrition, this food source provided may have been insuf-
ficient to elicit the same mitigating benefits as live A. nauplii.
In addition, our fragments were lab acclimated for over a
year, during which they were fed regularly, while those used
in Aichelman et al. (2016) were used within 1 mo of collec-
tion. Therefore, fragments assigned to our unfed treatment
likely had higher energy reserves going into the experiment
due to longer lab acclimation and feeding regimes than the
winter-collected wild corals used in Aichelman et al. (2016).
Our longer timing likely minimized the immediate influence
of food availability on the coral bleaching response. In ad-
dition, O. arbuscula has been shown to have different prey
capture rates and efficiency depending on food size and flow,
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expressed genes relative to the fed, ambient.

with lower rates and efficiency at smaller prey size (Piniak  and a decline in feeding behavior under heat challenge may
2002). A prior study on another facultative, temperate coral,  have further limited food intake and therefore limited the ca-
Astrangia poculata, also found that feeding behavior and  pacity for heterotrophy to mitigate the impacts of heat stress.
polyp extension are suppressed under temperature challenges Future experiments on lab-acclimated corals should consider

(Wuitchik et al. 2021). The small Reef-Roids™ powder  prolonging the starvation period and relying on larger live
particles may have been less effectively captured by fragments, food options to ensure appropriate food provisioning.
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Fig. 5. Consistent gene expression responses in unfed and fed, heated samples relative to fed, ambient controls. (A) Heatmap of shared differentially
expressed genes (N = 74) in unfed and fed, heated treatments relative to fed, ambient control. Color scale represents the rlog-normalized expression

scaled within rows as a deviation from the row mean. Gene name is listed for each row. Unannotated genes are designated as unknown. Rows and

columns are clustered hierarchically using Pearson correlation of their expression levels across genes and samples. Heated samples are all clustered
on the left, separately from fed, ambient controls. Color blocks along the bottom correspond to treatment colors used throughout. (B) Comparison of
biological process gene ontology (GO) delta ranks of significantly enriched GO categories shared by samples in unfed, heated and fed, heated relative
to fed, ambient control. Positive ranks are categories that are overrepresented with upregulated genes (higher expression in heated samples relative to
fed, ambient control), while negative ranks are underrepresented GO categories. Colors of points correspond to general Biological Process categories
for ease of visualization. See Table S1 the full names of terms represented in the figure.
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stress response

RNA processing telomere

Fig. 6. Biological process gene ontology (GO) delta ranks of significantly enriched GO categories that are uniquely responding to the dual stressors
of being unfed and heated. Positive (pointing outwards) bars are enriched categories associated with upregulated genes (higher expression in unfed,
heated relative to fed, ambient control samples), while negative (pointing inwards) bars are underrepresented GO categories that signify pathways
that are downregulated under multiple stressors (unfed, heated). Colors of points correspond to general Biological Process categories for ease of
visualization. Some words were shortened to ease visualization: org: organization; reg: regulation; +: positive; —: negative; maint.: maintenance; proc:

process. See Table S2 the full names of terms represented in the figure.

Gene expression response recapitulates
transcriptomic environmental stress response
signatures independent of feeding regime

In both heat-challenged treatments, the major gene expres-
sion patterns aligned with previously reported heat-stress
responses, such as upregulation of heat-shock proteins and

enrichment of ion transport and stress response GO terms
(reviewed in Cziesielski et al. 2019). The lack of a strong gene
expression signature for starvation could be the result of in-
sufficient starvation, which is discussed above. Alternatively,
starvation could elicit more subtle gene expression shifts un-
less combined with other challenges. For instance, Levy et al.
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(2016) found a stronger transcriptional response in unfed,
high-light stress samples than those in a fed, high-light stress
treatment, relative to fed, control temperatures in Stylophora
pistillata; but only two DEGs between feeding treatments
under control light conditions. In addition, only two samples
from the unfed, heated treatment resulted in successful library
preparation for gene expression analyses. If mild starvation
stress elicits more subtle gene expression changes than heat
stress in O. arbuscula—as suggested by the lack of differen-
tial expression between unfed and fed samples, in ambient
temperatures—our analysis would be unlikely to detect these
subtle changes in unfed, heated samples due to limited power
from the small sample size.

Heat challenge and starvation, respectively, may also
prompt the stronger type A and milder type B gene expression
responses described in Dixon et al. (2020). Heat challenge
should present a more immediate and acute stressor than
starvation in a mixotrophic organism such as corals, which
relies heavily on autotrophically derived carbohydrates from
its symbiont (Muscatine et al. 1981). Though one may expect
a stronger reliance on food availability in a facultatively sym-
biotic coral, such as O. arbuscula, the starvation treatment
in this experiment may not have been sufficient to induce a
stress response. In addition, since O. arbuscula can survive in
a fully aposymbiotic state, even a lower density of symbionts
may be sufficient to meet most of its energetic needs thereby
limiting the impact of starvation when it’s in a symbiotic state.
In fact, a field study of O. arbuscula found that symbiotic
colonies derive most of their nutrition from endosymbionts,
regardless of season, suggesting that even during darker
months when photosynthesis is limited and symbiont density
is lower, symbionts produced sufficient sugars to maintain
coral host health (Leal et al. 2014). Furthermore, type B gene
expression changes are often more subtle and in the oppo-
site direction of type A responses (Dixon et al. 2020), making
type B responses more difficult to detect if combined with a
stressor that induces a type A gene expression response. The
only enriched biological process GO categories that were
unique to unfed, heated samples were related to cell division
and DNA replication (“cell cycle” in Fig. 6). Both of these
are categories that are often enriched amongst upregulated
genes in type B response (Dixon et al. 2020), suggesting star-
vation could be eliciting a type B response in our study. In
addition, ciliary flows can enhance aeration and mass trans-
port including nutrient exchange by generating the mixing of
the coral boundary layer and as such can be beneficial for
both enhancing photosynthesis and enabling prey capture
(Shapiro et al. 2014; Pacherres Reafio 2021). Enrichment of
cilia-related biological process GO terms in unfed, ambient
samples suggest that corals may have only been beginning to
feel the effects of starvation and, in response, initiated cilia
development to facilitate additional food capture.

While it is possible that both temperature challenge and
starvation can elicit type A responses—which yield similar
gene expression changes regardless of the stressor ((Dixon et
al.2020)—starvation in our experiment had little effect on any
physiological metrics under ambient conditions, indicating
that our starvation treatment was mild (Figs. 2 and 3). In an
experiment using Stylophora pistillata examining light stress
and starvation, Levy et al. (2016) also found that starvation
under nonstress light conditions yielded no differences in
coral host and symbiont physiology and no significant gene
expression differences (except for two genes with less than a
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2-fold change in expression), providing some support to the
notion that starvation may instead induce a type B response.
Future heterotrophy-based experiments seeking to under-
stand the molecular changes associated with starvation itself
should take additional care to ensure that starvation is suffi-
cient by testing different feeding levels (e.g. Aichelman et al.
2016).

Conclusions

O. arbuscula is a well-suited model for investigating the role
of heterotrophy in modulating bleaching responses and tem-
perature tolerance (Rivera and Davies 2021). If starvation
indeed elicits type B stress responses in corals, decoupling the
effects of starvation, or conversely increased heterotrophy,
on symbiosis dynamics and coral thermal tolerance can be
challenging. Oculina arbuscula is a facultatively symbiotic
coral and gene expression signatures of its symbiotic and
aposymbiotic states have been previously described (Rivera
and Davies 2021). Prior studies have suggested that as ocean
temperatures continue to rise, corals that can more easily
shift to heterotrophy may be better equipped to survive
bleaching events (Grottoli et al. 2006; Hughes and Grottoli
2013; Conti-Jerpe et al. 2020). Our study provides a frame-
work for further exploration of such effects using a facul-
tatively symbiotic coral and also underscores that the effect
of increased heterotrophy in mitigating bleaching impacts
may be more nuanced than previously thought. Factors such
as the type of food available, the level of energetic reserves
available to the coral prior to the onset of bleaching stress,
and the duration of the stressor could all limit the benefi-
cial effects of higher food availability. Future experiments
that examine the role of heterotrophy across symbiotic and
aposymbiotic states in combination with other stressors of in-
terest such as temperature, acidification, or irradiance levels
will allow for a more nuanced exploration of the molecular
mechanisms that underpin the impacts of heterotrophy on
stress responses in reef-building corals. Studies that incor-
porate physiological understanding and the evolutionary
potential of species in responding to a variety of climate
stressors can provide more accurate estimates of extinction
risk and better inform conservation decisions (Forester et al.
2022). As coral reefs face mounting extinction pressure from
increasing ocean temperatures, policy-makers and conserva-
tion leaders will face tough choices on how to allocate re-
sources for time-intensive and expensive restoration efforts.
Knowing whether corals that can resort to increase heterot-
rophy may face better odds of survival will be key informa-
tion for proper management.
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Supplementary material can be found at http://www.jhered.
oxfordjournals.org/.
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