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Synergistic Effects of Thermal Stress
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Transcriptomic Variation of
Montastraea cavernosa Corals in
Southeast Florida

Michael S. Studivan®23*, Alycia Shatters’, Danielle L. Dodge’, Jeff L. Beal*5 and
Joshua D. Voss™

" Harbor Branch Oceanographic Institute, Florida Atlantic University, Fort Pierce, FL, United States, ? Cooperative Institute
for Marine and Atmospheric Studlies, Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, FL,
United States, ® Ocean Chemistry and Ecosystems Division, NOAA Atlantic Oceanographic and Meteorological Laboratory,
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Coral reefs at the northern extent of Florida’s coral reef tract are exposed to many
localized anthropogenic influences including controlled freshwater discharges, runoff,
upwelling, and seasonal environmental variability. To better understand coral responses
to sublethal stressors in nearshore environments, we conducted complementary
experiments to assess the impacts of estuarine runoff and temperature stress on
local populations of the scleractinian coral species, Montastraca cavernosa, using
Tag-Seq global gene expression profiling. In an in situ time series experiment, fate-
tracked colonies were sampled during periods of relatively low and high estuarine
discharge over 4 years to investigate temporal trends in transcriptional patterns and
to identify if coral stress indicators were regulated through time. There was significant
transcriptomic variation through time, but patterns did not appear to be attributed
to distance from nearby estuarine tidal flux. In an ex situ factorial experiment, clonal
replicates of coral genotypes were exposed to temperature (25°C and 30°C) and water
(offshore and estuarine discharge, representing typical oceanic conditions and episodic
discharge conditions, respectively) treatments to quantify the potential individual and
synergistic effects of sublethal stress on coral and algal gene expression. Comparative
analyses suggested that corals and their algal symbionts were more responsive to
thermal stress than to estuarine discharge, although there was evidence of a synergistic
relationship between the two stressors. Strong genotype effects also demonstrated
that transcriptomic responses to thermal stress were largely based on coral genotype,
indicating the potential for stress resilience among certain members of coral populations
from southeast Florida.

Keywords: Tag-Seq, marginal coral reefs, Florida’s coral reef tract, Florida reef tract, freshwater runoff, sublethal
stress, St. Lucie Reef, Symbiodiniaceae
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INTRODUCTION

Increases in coastal development and changes to watershed
use in recent decades have had profound implications for
nearshore coral reefs. Coral reef habitats at the northern
extent of Floridas coral reef tract are of particular concern,
residing at their latitudinal environmental limits while also
increasingly exposed to global and local anthropogenic stressors
including land-based sources of pollution (e.g., freshwater runoff,
sedimentation), annual temperature flux, and warming sea
temperatures (Lirman and Fong, 2007; Gregg, 2013). Within
this region, coral reefs inhabit an ecotone transition between
subtropical and warm temperate climate zones (Lugo et al,
1999). Reefs in southeast Florida face high levels of both
seasonal and episodic environmental variation that combine
with anthropogenic impacts to impose multiple stressors on
scleractinian corals. Land-based influences (e.g., controlled
freshwater discharge and agricultural runoff), as well as natural
environmental variability (e.g., seasonal rainfall and upwelling
events), impact coastal habitats in the region (Yentsch et al., 2002;
Beal et al., 2012; Gregg, 2013).

Two distinct climatological seasons dominate weather
patterns along nearshore reefs in southeast Florida: (1) a wet
season characterized by increased freshwater discharge and
runoff, nutrient over-enrichment, and migration of dark, low-
salinity water over coastal zones, and (2) a subsequent dry season
during the winter with decreased rainfall and runoff (Beal et al,,
2012). This pattern is also influenced by global environmental
variations such as the EI Nifio Southern Oscillation and regional
tropical storm intensity and duration (Lapointe et al., 2012).
During periods of prolonged rainfall, coastal habitats including
nearshore coral reefs are frequently subjected to discharge from a
series of natural tributaries and artificial canals which are meant
to contain stormwater runoff (Graves et al., 2004; Lapointe et al.,
2012). This system controls water levels in Lake Okeechobee
and manages a portion of flow from the surrounding watershed
via periodic releases through control structures located on
major canals (e.g., C-23, C-24, C-44; Figure 1). As a result, the
majority of runoff water is drained from urban and agricultural
lands into coastal zones, rather than into the Everglades to the
south (Perry, 2004). Characteristics of discharge water during
high levels of flow from the watershed have been documented
to include increased levels of total suspended solids, water
color (ie., colored dissolved organic matter; CDOM), and
nutrients such as nitrogen and phosphorous (Collier et al., 2008;
Lapointe et al., 2017).

Restructuring and management of the Okeechobee and St.
Lucie watersheds has drastically changed environmental stability
through time, whereas water quality can rapidly fluctuate near St.
Lucie Inlet at the southern terminus of the Indian River Lagoon
(Pickering and Baker, 2015). This region also corresponds with
the northernmost portion of Florida’s coral reef tract, St. Lucie
Reef (SLR), located within the St. Lucie Inlet Preserve State
Park (Figure 1 inset). This nearshore reef environment begins
directly outside of the St. Lucie Inlet and continues approximately
7 km to the south (Walker and Gilliam, 2013). St. Lucie Reef
is the northern known limit of at least eight scleractinian and

octocoral species along the reef tract (Reed, 1982; Beal et al.,
2012). Near the inlet, the reef is composed primarily of wormrock
(Phragmatopoma lapidosa), with an increase in diversity and
abundance of scleractinian corals toward the southern end of
the park. The observed gradient of scleractinian diversity is
hypothesized to be a result of increasing estuarine influence closer
to the inlet (Beal et al,, 2012; Shatters, 2017). Despite highly
variable conditions, SLR supports a diverse community of 24
species of scleractinian corals, 100 other species of invertebrates,
23 algal species, four sea turtle species, and approximately 250 fish
species (Beal et al., 2012). The two dominant scleractinian coral
species found at SLR are Pseudodiploria clivosa and Montastraea
cavernosa, with the former occurring throughout, and the latter
absent from the northern third of the reef nearest the inlet
(Walker and Gilliam, 2013). Their persistence on the reef despite
highly variable water quality parameters may be in part due to
their prolific ability to shed sediments through excessive mucus
production and sloughing, heterotrophic feeding, and skeletal
morphology characteristics (Bak and Elgershuizen, 1976; Lasker,
1980; Vargas-Angel et al., 2006, 2007).

There have been ongoing efforts to monitor reef populations
and seasonal environmental variability within the state park
since 2006 (Beal et al., 2012; Walker and Gilliam, 2013; Gilliam
et al,, 2018). From 2010 to 2017, quarterly surveys have assessed
survival of fate-tracked colonies of the dominant scleractinian
species, P. clivosa and M. cavernosa, with occasional tissue
sampling events to quantify coral health through physiological,
histological, and population genetics approaches. These two
species have shown relatively stable coral-algal assemblages over
time, suggesting resilient Symbiodiniaceae associations despite
environmental and seasonal changes (Klepac et al, 2015).
Coral transcriptomic analyses using microarrays, however, have
documented an increase in expression of stress response genes
during the wet season (Beal et al., 2012). Histological analyses
have indicated that these two coral species at SLR are not actively
reproductive (Beal et al, 2012), despite evidence of historical
population connectivity to other reefs ~20-50 km to the south
(Dodge et al., 2020). Coral skeletons appeared less dense in fate-
tracked colonies relative to conspecifics elsewhere along Florida’s
coral reef tract, with additional tissue and skeletal loss due to
the boring sponges Cliona spp. (Beal et al., 2012). In spite of
these stressors, coral mortality was low at SLR from 2010 until
Hurricane Irma in 2017 (Walker, 2018) and the recent outbreak
of stony coral tissue loss disease (SCTLD) along Florida’s coral
reef tract starting in 2014 (reaching the northern regions in
2017) (Walton et al., 2018). Since 2017, monitoring efforts have
increased both temporally and by individual fate-tracking to
include all remaining scleractinian species on the reef (Voss
and Combs, 2018; Walker, 2018). Prior to widespread coral
mortality of the two dominant species at SLR due to SCTLD,
colonies were remarkably persistent in the face of hypervariable
conditions and stress.

This study builds on a decade of monitoring efforts to
describe, at the molecular level, how corals at SLR respond
to environmental variability. Using complementary temporal
in situ and manipulative ex situ designs, we sought to quantify
transcriptomic variation among individuals exposed to different
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FIGURE 1 | Map of the northern extent of Florida's coral reef tract including the sampling sites in the in situ experiment (circles: SLR Central, SLR Ledge, and SLR
South) and coral collection site for the ex situ experiment (triangle: Breakers Reef). Squares represent canal control structures where discharge flow rates and rainfall
(C-44 only) data were obtained from the South Florida Water Management District's DBHYDRO database. State park shapefile sourced from the Florida Department

of Environmental Protection’s Division of Recreation and Parks, reef and hard bottom habitat shapefile sourced from the Florida Fish and Wildlife Conservation
Commission-Fish and Wildlife Research Institute, canal shapefile sourced from the South Florida Water Management District.

levels of environmental stress. Recent advancements in RNA
sequencing (RNA-seq) and analysis pipelines have enhanced
assessments of coral health through whole-transcriptome gene
expression profiling, especially in response to stressors (Kenkel
et al, 2011, 2013b, 2014; Meyer et al., 2011; Wright et al,
2019). There is a growing body of literature examining
transcriptomic responses to thermal stress in corals (Meyer
et al, 2011; Kenkel et al., 2013b, 2014; Anderson et al.,
2016; Davies et al, 2016; Dixon et al, 2020); though few
studies to date have examined transcriptomic variability in
corals exposed to estuarine and riverine runoff [Aguilar et al.,
2017, 2019; Edge et al., 2013; Mayfield et al.,, 2013; see non-
transcriptomic responses reviewed by Fabricius (2005)], or
synergistic effects of multiple stressors therein (Wright et al.,
2019). St. Lucie Reef provides an ecologically relevant scenario
to investigate the potential synergistic impacts of thermal stress
and estuarine discharge on coral health. Through comparative
analyses between two experiments, we aimed to identify common
responses to thermal and water quality stressors, in order to
provide insight into the fundamental metabolic processes that

may enhance stress tolerance and coral resilience in marginal
reef environments.

MATERIALS AND METHODS

In situ Experiment

The scleractinian coral Montastraea cavernosa was chosen as the
study species for both experiments as it is widely distributed
throughout the study area, has annotated transcriptomic
and genomic references (Kitchen et al, 2015)', and has
temporally stable Symbiodiniaceae communities (Cladocopium
spp.) documented for the fate-tracked colonies in the in situ
experiment (Klepac et al., 2015). Fifteen M. cavernosa colonies
were repeatedly sampled over nine time points spanning periods
of relatively low and high estuarine discharge in 2013-2016,
resulting in a total of 92 coral tissue fragments collected (Table 1).
Variable water visibility and sea state conditions occasionally

Uhttps://matzlab.weebly.com/data--code.html
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N g prevented collection of tissue samples from all colonies at each
é § time point. Sampling occurred at three sites along St. Lucie
I Reef (SLR Central, SLR Ledge, SLR South; depths ranging from
© 2 S 2.4 to 9.7 m; Table 1 and Figure 1) with increasing distance
= . . .
g =z . R from the St. Lucie Inlet, which has been shown to approximate
= @ . . . .
= 2 a gradient of decreasing exposure to estuarine discharge water
§ S (Beal et al., 2012; Shatters, 2017). Cumulative estuarine discharge
< R flow rates measured at the canals C-44, C-23, C-24, and Ten Mile
5 £ Creek (Figure 1) were obtained from the South Florida Water
2 2 a e~ § Management Districts DBHYDRO database (Supplementary
.:2 g S é Figure 1), where daily flow rates were averaged for 2 weeks
R A leading up to the corresponding sampling time points. Daily
E N o) 2 rainfall data were obtained from the same database at the C-44
5 2 canal control structure. Small tissue fragments (~5 cm?) were
+ | B 9 collected from the perimeter of each colony using a hammer
! £ 2" g and chisel, transported to the surface in separate zip-top bags
® © containing ambient seawater, and preserved in TRIzol reagent
5 4 within 30 min of collection. Preserved samples were then kept
0 T . . . .
T 8 N~ g on ice until storage at —80°C prior to RNA extraction and
S8 ki library preparation.
5 2
-] I
E [SVARTORNR ? - =
g ; Ex situ Experiment
oz 2 Full details of the experimental apparatus used in the ex situ
& §' N © ® T @Q experiment are described in Shatters (2017). In summary, a
- £ two-factor (temperature and water) factorial apparatus was
S av oo o constructed using twelve 150-L glass aquaria across six open-top
= B raceways. Three tank replicates per each of the four experimental
Y 1% p P
8 % treatments were randomly distributed among the raceways, with
g v e 23 continuous monitoring of temperature, pH, and ORP with
< . . . P
o a Neptune Systems Apex controllers, daily monitoring of salinity
k] 0 N . .
g b= g JR < with a refractometer, and a 9-h photoperiod using Hydro Grow
= N — =
3 2 2 Sol LED lights set to comparable PAR levels (~102 pmol
s 5 S m~2 s7!) found at the coral collection site based on in situ
S — ™ o~ . .
S 'é data collection with Onset HOBO data loggers. Temperature
5 2 treatment levels (control: 25°C; elevated: 30°C) were determined
= £ o = from mean temperatures recorded before and during discharge
% “ g oo g events, respectively, by Odyssey conductivity and temperature
£ ! & ® data loggers deployed from October 2013 to January 2015 at
@ . . . .
2 ® R the St. Lucie Reef study sites (Shatters, 2017; Figure 1 inset).
s 2 < Y g
< ER % Raceways were temperature-controlled using immersion heaters
[0} . . .
E= 5 © and in-line chillers to reflect the two temperature treatments,
z o .
“E by :'é N © o ¢ § with three raceways per temperature treatment. Offshore water
2 o8 g (~32 psu) was collected via a subsurface pump from the
E ¢ _ s Florida Oceanographic Society at high tide. The discharge water
e ) © . . . .. .
£ §-§_ NS c |3 parameters were similarly determined from salinity data obtained
jo))
= 8 before and during discharge events, where the mean salinity
E |3 Q218 k) of the estuarine discharge plume during outgoing tides was
3 2 @ N RS . .
T | B g - ~28 psu. Discharge water was collected via a pump at 0.5 m
c Q . . . .
2 | S TR o depth in the inlet during low slack tide, 5 days after flow rates
T |, -+ o = through the canals from Lake Okeechobee reached a flow rate
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Due to state park regulations restricting whole-colony
collection, eleven Montastraea cavernosa colonies of 150-
175 cm? in size with no tissue loss, paling, or other visible
signs of stress were collected south of SLR at Breakers Reef
(26.6908 N, —80.0181 W) at depths of 13-17 m (Figure 1).
Temperature data loggers deployed in June 2015 confirmed that
ambient temperature was similar between sites (~28°C) despite
difference in depth. Following transport to the lab, colonies
were cut with a tile saw into twelve 3 cm x 4 cm colony
replicates [genotyped in Dodge et al. (2020)], and randomly
positioned in each of the twelve treatment tanks (n = 33 per
treatment, n = 132 total; Table 2). The ex situ experiment was
conducted over 32 days, with a 7-day recovery/acclimatization
period, 5-day ramp to experimental conditions (achieved with
daily ~15% water changes and <1°C temperature adjustments),
and 20-day experimental treatment. Coral fragments were fed
~10 g of brine shrimp per tank every 3-4 days over the course
of the experiment. At the end of the treatment period, coral
fragments were split into subsamples for gene expression and
symbiont/chlorophyll analyses, and preserved in TRIzol/—80°C
and dry/—20°C, respectively.

Symbiont and Chlorophyll Metrics

Symbiont and chlorophyll metrics, including Symbiodiniaceae
density (cells cm™2), areal chlorophylls a and ¢, (chl cm™2),
cellular chlorophylls a and ¢, (chl cell™1), and chlorophyll a:c,
ratio, were quantified from the frozen subsamples as described
in Shatters (2017). All statistical analyses were conducted in
the R statistical environment (R Core Team, 2019). Symbiont
and chlorophyll metrics could not be normalized with data
transformation, therefore non-parametric tests were used. Data
were first assessed for homogeneity of variance among treatment
groups using the betadisper function of the package vegan
(Oksanen et al., 2015), utilizing Euclidean distance matrices
and 9,999 permutations. Following identification of statistically
equal variance (all p > 0.05), univariate PERMANOVAs were
conducted using the adonis function in vegan to identify potential
effects of experimental treatments (genotype, temperature, water)
on symbiont and chlorophyll metrics. Pairwise comparisons
were made among single-factor combinations of temperature
and water treatments for each of the metrics using the

TABLE 2 | Sampling information for temperature and water treatment factors in
the ex situ experiment.

Temperature Water Genotype Neollected Nex situ
Niotal Nreps
Control offshore 1 3 33 32
discharge 1 3 33 33
Elevated offshore 1 3 33 32
discharge iRl 3 33 33
Total 132 130

Total number of coral genotypes denoted by niqia, With the number of genotypic
replicates as nreps. The total number of samples for each treatment group given as
Neollecteds With the number of samples used in statistical analyses as Ney sity-

nctp function of the package nparcomp (Konietschke et al.,
2015). Multivariate effects were assessed using a three-factor
PERMANOVA and pairwise colony tests using the packages
vegan and RVAideMemoire (Hervé, 2019), respectively. Both
multivariate tests used the same model parameters as indicated
before, with FDR p value correction for the pairwise comparisons.

Library Preparation and Sequencing

For both experiments, RNA extractions and Tag-Seq library
preparation protocols were followed as in Studivan and Voss
(2020). In short, total RNA was extracted using a modified
phenol-chloroform protocol (Chomeczynski and Sacchi, 1987,
2006), DNase I treated using an Ambion kit, and purified using
a LiCl precipitation. Only samples with at least 1 g of total
RNA were used for library preparation according to the Tag-
Seq protocol first described in Meyer et al. (2011) and modified
as in Studivan (2020b). In summary, cDNA libraries were
amplified over 22 cycles, dual-barcoded with individual 5 and 3’
Mlumina indices, and equally combined using qPCR into three
pools encompassing samples from both experiments. A total
of 275 sample pools were generated (in situ: n = 111; ex situ:
n = 164), including libraries that were removed for subsequent
statistical analyses. Pools were then sequenced at the University
of Wisconsin Biotechnology Center on an Illumina HiSeq 2500
with V4 chemistry and 15% PhiX spike-in, generating 1 x 50 bp
single-end reads. For all samples across both experiments, 1.30
billion reads were produced, with a mean number of 4.73 &+ 0.16
(mean =+ SE) million reads per sample.

Differential Expression Analyses

Raw sequences were first processed separately for each
experiment to obtain cleaned, mapped, and quantified reads
using pipelines described in a GitHub repository associated
with a previous study (Studivan, 2020b; Studivan and Voss,
2020). Cleaned reads were mapped to a concatenated reference
transcriptome composed of the coral host M. cavernosa
(Kitchen et al., 2015; updated genome-derived transcriptome
from https://matzlab.weebly.com/data--code.html), and its
dominant algal symbiont identified at SLR (Klepac et al., 2015;
Supplementary Data 1), Cladocopium spp. (Davies et al., 2018).
Creation and annotation of the combined coral host and algal
symbiont reference transcriptome is described in a GitHub
repository associated with a previous study (Studivan, 2020a;
Studivan and Voss, 2020). Subset datasets were created to remove
additional samples not part of the respective in situ and ex situ
experimental designs. For the in situ experiment, 49 samples
were retained (seven colonies with complete sampling coverage
across seven time points) to achieve a balanced design with
sufficient replication (Table 1). For the ex situ experiment, 130
samples were retained as part of the design (Table 2). Mapping
efficiency to the sequenced samples from both experiments
was 17.0 £ 0.3%, resulting in 24,182 isogroups for the in situ
experiment (15,712 host and 8,470 symbiont), and 27,933
isogroups for the ex situ experiment (18,210 host and 9,723
symbiont). Low mapping efficiency has been previously shown
to be an issue with the updated version of the M. cavernosa
transcriptome (Studivan and Voss, 2020), however, improved
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mapping with the original transcriptome was countered by
relatively poor GO and KOG functional annotations. Statistical
analyses were therefore conducted using counts generated
from the updated coral transcriptome, following the separation
of count data into host and symbiont datasets for separate
statistical analyses of coral and algal gene expression for
each experiment.

Datasets were pre-filtered to remove low-count genes
(cumulative count <10 across all samples in a dataset) to
decrease processing time, and then tested for outliers using the
package arrayQualityMetrics (Kauffmann et al., 2009). Samples
violating the distances between sample arrays (S,) criterion for
each of the respective datasets were removed, whereas three
host and one symbiont samples were removed from the in situ
experiment (Supplementary Figure 2), and three host and five
symbiont samples from the ex situ experiment (Supplementary
Figure 3). Count data were normalized using the variance
stabilized transformation in the package DESeq2 (Love et al.,
2014) for data visualization and PERMANOVAs. PERMANOVAs
were conducted using vegan with 9,999 permutations for
both experiments to identify if model terms were significantly
affecting gene expression patterns in either the coral host or
algal symbionts. Multivariate differences among samples were
visualized using PCoAs of Manhattan distance in vegan and
heatmaps of individual gene expression patterns using the
package pheatmaps (Kolde, 2019). Tests of differential expression
for both experiments were conducted using DESeq2 to identify
differentially expressed genes (DEGs) associated with factors
(model terms) and among factor levels (contrast statements)
using the “reduced” flag on the respective main models. For
the in situ experiment, a two-factor main model of time
and site was used, with pairwise comparisons between sites
and time points. For the ex situ experiment, a three-factor
model of coral genotype, temperature, and water was used
with interaction terms between the main model factors and a
blocking factor (to assess whether tank location had an impact
on gene expression patterns). Additionally, pairwise comparisons
were made between single-factor levels of temperature and
water treatments.

Gene Enrichment and Weighted Gene

Co-expression Network Analyses

Differentially expressed genes were exported for each of the
respective comparisons within experiments and analyzed for
larger expression patterns across gene pathways using the
package GO-MWU (Wright et al., 2015) for gene ontology (GO)
databases, and the package KOGMWU (Dixon et al, 2015;
Matz, 2016; Strader et al., 2016) for eukaryotic orthologous
groups (KOGs). Both GO and KOG databases contain universal
functional group annotations of individual genes based on
biological and biochemical functions (Ashburner et al., 2000;
Tatusov et al,, 2000, 2003; The Gene Ontology Consortium,
2017). GO-MWU identifies GO categories that are significantly
enriched by up-regulated or down-regulated genes using Mann-
Whitney U tests. The resulting outputs identify significantly
enriched GO categories and their relative levels of expression

across the three GO divisions (Molecular Function, Biological
Processes, and Cellular Components) according to an FDR-
corrected p value cutoft of 0.05, or a fold change cutoff of 1. The
KOGMWU analysis is similar, although enrichment of functional
pathways is compared across universal KOG categories to
produce a heatmap (Nordberg et al., 2014).

Prior to weighted gene co-expression network analysis
(WGCNA) of the ex situ experiment, host and symbiont
datasets were further filtered to remove genes with counts
<10 across >90% of samples. Correlational networks were
then created blind to experimental design based on gene
expression patterns using the package WGCNA (Zhang and
Horvath, 2005; Langfelder and Horvath, 2008). In short, groups
of genes with similar expression patterns (modules) were first
identified across samples, then correlated to experimental factors
(coral genotypes, temperature/water treatments, symbiont, and
chlorophyll metrics) based on strength of the module-trait
associations. The protocol used to conduct WGCNA, as well
as scripts for all other analyses described above, can be found
in a GitHub repository associated with this study (Studivan,
2021). Soft thresholds were adjusted to fit each particular dataset
(11 for host, 4 for symbiont) to achieve a suitable scale-free
topology index, with no merging of original modules. Module-
associated genes were then exported from the host dataset for GO
enrichment analysis.

RESULTS

In situ Experiment

Differential Expression

Pre-filtering of raw counts produced datasets of 8,497 coral
host and 1,652 symbiont transcripts across 46 and 48 samples,
respectively. Analysis of gene expression patterns across in situ
experiment factors (site, time) using PERMANOVA yielded
that only time was a significant factor for both host and
symbiont datasets (host: R* = 0.24537, p < 0.0005; symbiont:
R?> = 027559, p < 0.0001; Table 3). DESeq2 identified 927
host and 50 symbiont differentially expressed genes (DEGs)
associated with time, while only 60 host and 30 symbiont DEGs
were identified for site, and zero DEGs for the interaction
term (Supplementary Table 1). DEGs identified for each of the
pairwise comparisons across sites and sampling time points can
also be found in Supplementary Table 1. PCoAs and heatmaps
of samples through time suggested that transcriptomic variation
was primarily attributed to differences from the first two time
points (October 2013 and September 2014) to all subsequent time
points (Figure 2). There appeared to be limited overlap in the
PCoAs between samples collected during periods of relatively
high estuarine discharge and rainfall (indicated by cooler colors
in Figures 2A,C and Supplementary Figure 1), however,
similarities between sample dispersions from consecutive time
points (e.g., October 2013 and September 2014) suggest that other
environmental factors beyond discharge rates alone may have
influenced gene expression patterns in both the coral host and
their algal symbionts.
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TABLE 3 | PERMANOVA model results for in situ and ex situ experiments, split into coral host (M. cavernosa) and symbiont (Cladocopium spp.) datasets.

Experiment Transcriptome Factor df F R? P
In situ M. cavernosa time 6 1.97015 0.24537 0.0005
site 2 1.08488 0.04504 ns
time:site 12 0.76551 0.19067 ns
Cladocopium spp. time 6 2.55542 0.27559 0.0001
site 2 1.33834 0.04811 ns
time:site 12 0.88555 0.1910 ns
Ex situ M. cavernosa genotype 10 1.93917 0.14197 0.0001
temp 1 1.50026 0.01098 0.0197
water 1 1.34431 0.00984 0.0516¢
genotype:temp 10 1.01897 0.07460 ns
genotype:water 10 0.9474 0.06936 ns
temp:water 1 1.38031 0.01011 0.0452
tank:genotype 22 1.02122 0.16449 ns
tank:temp 2 1.15954 0.01698 ns
tank:water 2 1.00889 0.01477 ns
genotype:temp:water 10 0.95034 0.06958 ns
Cladocopium spp. genotype 10 1.10535 0.08906 0.0871+
temp 1 2.32889 0.01876 0.0013
water 1 1.20874 0.00974 ns
genotype:temp 10 0.97299 0.07839 ns
genotype:water 10 0.84455 0.06805 ns
temp:water 1 1.61407 0.0130 0.0208%
tank:genotype 22 0.97218 0.17232 ns
tank:temp 2 1.05123 0.01694 ns
tank:water 2 0.97611 0.01573 ns
genotype:temp:water 10 0.92919 0.07487 ns

Insignificant p values are shown as ns, with marginal p values denoted with +, and t identifies significant interaction terms despite one of the main factors being insignificant.

Gene Enrichment Analyses

Since site did not have a significant impact on gene expression,
subsequent analyses were conducted among sampling time
points, combining samples across sites. Analysis of gene
ontology (GO) categories enriched for the coral host dataset
over sampling time points identified two main groups of
pairwise time comparisons. From the first two time points
(October 2013 and September 2014) to subsequent time
points, all but one GO category in the biological process
(BP) division demonstrated reduced expression in the later
versus earlier time point (Supplementary Figure 4). Of these,
several categories were consistently represented in pairwise
time comparisons, including: “RNA catabolic process,” “nuclear-
transcribed mRNA catabolic process, nonsense-mediated decay,”
“protein localization to endoplasmic reticulum,” and “protein-
containing complex disassembly.” Between time points after
October 2015, the majority of GO categories were instead over-
expressed in later versus earlier time points, including several
of the aforementioned categories (Supplementary Figure 4).
This indicated a shift in expression of gene pathways through
time, primarily occurring between 2013 and 2015-2016 time
points, and between 2015 and 2016 time points. For the
symbiont dataset, only one GO category in the BP division was
significantly enriched in pairwise comparisons of time points
(“negative regulation of metabolic process,” comparing March
2016 versus June 2015).

Analysis of eukaryotic orthologous groups (KOGs) identified
only one KOG class in the host dataset with relatively strong
variation through time, where “nuclear structure” was negatively
enriched between the first two time points and subsequent
time points, and represented by higher-expressed genes between
2015 and 2016 time points (Supplementary Figure 5). Other
KOG classes, including “cell motility,;” “nucleotide transport
and metabolism,” and “extracellular structures” demonstrated
mild variation in expression through time. For the symbiont
dataset, however, the majority of the KOG classes contained
under-expressed genes in later versus earlier time points, with
the exception of “extracellular structures” that showed variation
through time. This KOG class was more highly-expressed in
2015-2016 versus 2013-2014 time points, but less-expressed in
2016 versus 2015 time points (Supplementary Figure 5).

Ex situ Experiment

Symbiont and Chlorophyll Metrics

Coral genotype and temperature treatments were significant
factors affecting all symbiont and chlorophyll metrics, with the
exception of cellular chlorophylls a and ¢, for temperature
(Supplementary Table 2). Only areal chlorophyll a was
marginally affected (p < 0.0612) by the water treatment;
all other metrics were non-significant. Multivariate pairwise
differences among coral genotypes are found in Supplementary
Table 3. Significant pairwise p values between single-factor
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FIGURE 2 | (A,C) PCoAs of coral host and symbiont datasets depicting transcriptomic variation through time from the in situ experiment. Colors correspond to
sampling time point, where warmer colors represent periods of relatively low estuarine discharge (South Florida Water Management District DBHYDRO; September
2014:6.15m3 71, June 2015: 3.08 m® s™1, October 2015: 14.29 m® s71) and cooler colors represent periods of higher discharge (October 2013: 44.99 m3 57,
March 2016: 70.52 m® 7', July 2016: 59.37 m® s™1, November 2016: 33.31 m® s™1). Ellipses denote the dispersion of each time point’s samples, and sites are
indicated by point shapes. Test statistics and p values were generated from PERMANOVAs in vegan. (B,D) Heatmaps of the most highly significant DEGs, organized
by site within time points using a Benjamini-Hochberg-corrected p value cutoff of 1678 for host and 0.01 for symbiont datasets. Gaps represent outlier samples
removed from each dataset. Increasing intensities of gold indicate higher expression of genes in samples, while increasing intensities of turquoise indicate lower

bct complex)

combinations of temperature and water treatments were only
found for comparisons between control and elevated temperature
treatments for symbiont density and both areal chlorophyll
metrics. Symbiont density and areal chlorophylls a and ¢, were
significantly reduced in both elevated temperature treatments,
with no significant pairwise differences between offshore
and discharge water treatments, respectively (Supplementary
Figure 6). The ratio of chlorophylls a:c; and cellular chlorophylls
a and ¢, did not vary significantly among treatments.

Differential Expression

Pre-filtering of raw counts resulted in 11,248 coral host
and 1,834 symbiont transcripts across 127 and 125 samples,
respectively. PERMANOVA results for the ex situ experiment
indicated that genotype and temperature were significant
factors, while water was marginally significant for the
host dataset, and there was a significant temperature:water
interaction (genotype: R? = 0.14197, p < 0.0001; temperature:
R? = 0.01098, p < 0.0197; water: R*> = 0.00984, p < 0.0516;
temperature:water: R*> = 0.01011, p < 0.0452; Table 3). For
the symbiont dataset, genotype was marginally significant
while temperature significantly affected algal gene expression
(genotype: R? = 0.08906, p < 0.0871; temperature: R*> = 0.01876,

p < 0.0013; Table 3). DESeq2 identified 1,450 host and 18
symbiont differentially expressed genes (DEGs) associated
with genotype, 1,575 [725 up, 850 down; (elevated/control)]
host and 25 (8 up, 17 down) symbiont DEGs for temperature,
while only 45 [13 up, 32 down; (discharge/offshore)] host
and 0 symbiont DEGs for water, and 35 host and 0 symbiont
DEGs for temperature:water (Supplementary Table 1). For
both datasets, the highest number of DEGs were associated
with pairwise treatment comparisons of elevated discharge
over control offshore samples, with 269 (74 up, 195 down)
host and 33 (6 up, 27 down) symbiont genes (Figure 3).
Corals appeared to respond more strongly to estuarine
discharge than did the symbionts across all treatments.
DEGs associated with each of the remaining interaction terms
and pairwise comparisons between treatments are found in
Supplementary Table 1. PCoAs demonstrated that there was
stronger genotypic variation in the coral host than in the
symbiont dataset, as well as evidence of a synergistic effect of
temperature and water treatments for both datasets (Figure 4).
Each of the temperature and water treatments alone were
relatively close to one another in the ordination space, with a
somewhat distinct sample spread for the combined treatment
(elevated discharge).
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FIGURE 3 | (A,D) Heatmaps of eukaryotic orthologous groups (KOGs) among pairwise comparisons of water + temperature factors for the ex situ experiment, split
into coral host (M. cavernosa) and symbiont (Cladocopium spp.) datasets. Increasing intensities of red/blue indicate enrichment of KOGs
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Gene Enrichment and Weighted Gene Co-expression
Network Analyses

Gene ontology categories across all three divisions (molecular
function, MF; biological process, BP; cellular component,
CC) were largely positively-enriched in elevated versus
control temperature and discharge versus offshore water,
respectively (Figure 5). The overall number of significantly
enriched GO terms, as well as the number of DEGs within
those GO categories, were higher for the temperature
treatment compared to the water treatment, although there
were several similarities between the two. GO categories
“structural constituent of ribosome” (MF), “translational
initiation” (BP), “translational elongation” (BP), “RNA catabolic
process” (BP), “cellular component disassembly” (BP), and
several ribosomal pathways (CC) were elevated in both

temperature and water treatments relative to their respective
controls. Few GO categories, on the other hand, were under-
expressed in treatments [“lysase” (MF), “transferase” (MF),
“carboxylic acid catabolic process” (BP), “cell projection part”
(CC), and “basolateral plasma membrane” (CC)], although
none of these were represented across both temperature and
water treatments.

Eukaryotic orthologous group analyses across main factors
identified three main trends: (1) expression patterns for genotype
and temperature factors were strongly correlated for both host
and symbiont datasets, (2) some KOG classes had an inverse
relationship between responses to temperature and water stress
in both datasets, and (3) corals and symbionts responded
differently to the same factors (Supplementary Figure 7). Indeed,
correlation coefficients between genotype and temperature
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responses were r = 0.99 with highly significant p values in both
datasets, suggesting that variation in response to temperature
stress was innately tied to coral genotype, and was largely
captured by the latter term in statistical models. Several KOG
classes, including “cytoskeleton,” “extracellular structures,” and
“nuclear structure” were differentially expressed between water
and temperature treatments for the coral host (Supplementary
Figure 7A). For the symbiont dataset, “extracellular structures”
and “coenzyme transport and metabolism” were differentially
expressed between water and temperature treatments, while other
KOG classes showed generally weaker enrichment in the water
treatment compared to the temperature and genotype factors
(Supplementary Figure 7D).

When examining pairwise combinations of treatments
against the control (control offshore) for the host dataset,
only two KOG classes (“nuclear structure” and “cell motility”)
were positively enriched in control discharge versus both
elevated temperature treatments (Figure 3A). In the symbiont
dataset, the same was true of “cell motility,” while “extracellular
structures” and “nucleotide transport and metabolism” classes
were more-expressed in control discharge and elevated offshore
treatments versus elevated discharge samples (Figure 3D).
Both of these observations may imply that the coral host
responded more strongly to elevated temperatures than

estuarine discharge, while algal symbionts demonstrated a
synergistic response to elevated temperatures and estuarine
discharge combined.

Further filtering of raw gene counts for WGCNA resulted
in a dataset of 967 host and 43 symbiont genes. WGCNA
clustered genes into five modules for the host dataset and
a single module for symbionts; therefore only host data are
presented (Supplementary Figure 8; five host genes were
unassigned). All of the modules demonstrated significant
correlations to individual coral genotypes, while turquoise,
yellow, green, and blue modules were also significantly
correlated with experimental treatments, suggesting genotype-
driven transcriptomic responses to stress. None of the symbiont
or chlorophyll metrics were significantly correlated to any of
the modules. Variation in module correlation directions between
elevated offshore and elevated discharge treatments (turquoise,
yellow, and green modules) corroborated a potential synergistic
effect of temperature stress and water treatments on coral
gene expression patterns. GO-MWU analysis of host modules
identified significantly enriched GO categories within blue and
brown modules only, with enriched ribosomal and cell division
GO categories in the blue module, and immune/stress response
and cell component GO terms enriched in the brown module
(Supplementary Figure 8).
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DISCUSSION

In situ Experiment

Temporal analyses of gene expression across three sites at St.
Lucie Reef revealed that time was the only significant factor
driving transcriptomic patterns for both the coral host and
its symbiotic algae. This suggests that despite observations of
rapid changes in water quality parameters following discharge
events along a gradient with increasing distance from the
St. Lucie Inlet (Beal et al., 2012; Pickering and Baker, 2015;
Shatters, 2017), corals responded similarly at the transcriptomic
level among sites. There did not appear to be a strong
relationship between estuarine discharge rates at the time of
sampling to either coral or symbiont expression profiles. Taken
in the larger context of seasonal variation including rainfall
and discharge rates, however, there were observed shifts in
expression patterns from the first two time points to all
subsequent time points (Figure 2). The wet and dry seasons
in 2013-2014 followed the typical pattern described earlier
(Beal et al., 2012; Klepac et al., 2015), but the 2015 “wet”
season was unusually dry (Shatters, 2017), and was followed by
an abnormally rainy 2015-2016 “dry” season (Stockley et al.,
2018). Likewise, the number and magnitude of discharge events
varied over the course of the study (Supplementary Figure 1).
In 2013-2014, there were several larger pulses of discharge
(>50 m* s7!) during the wet season, with relatively low or
no discharge events during the dry season. Beginning in 2015,
conversely, there were lower (<40 m> s71), but consistent,
discharges throughout the year, followed by approximately
9 months of discharge at rates in excess of 50 m> s~!, and
in excess of 150 m*® s~! in 2016 (Supplementary Figure 1;
Stockley et al., 2018).

The apparent shifts in gene expression patterns at later
versus earlier time points is perhaps the result of covarying
environmental factors through time, namely compounding
rainfall and discharge flow rates that introduce hyposalinity,
nutrient, and elevated temperature stressors to the reef. In
the coral host, this is best illustrated by relative expression
through time of genes within the “nuclear structure” KOG
class. Despite relatively low sequencing coverage associated
with the algal symbionts, genes in the “extracellular structures”
class were differentially expressed over time (Supplementary
Figure 5). Many of the gene ontology (GO) categories that
were under-expressed in comparisons between 2015-2016 and
initial 2013-2014 time points were then over-expressed in 2016
versus 2015 time points, suggesting variable expression of the
same gene pathways in response to different levels of estuarine
discharge exposure and hyposalinity stress associated with
increased rainfall. Few studies have examined transcriptomic
responses to sublethal exposures of estuarine water in natural
environments, where differentially expressed stress response
genes were linked to increased precipitation and runoff
events [Beal et al, 2012; Edge et al, 2013; but see also
Wright et al. (2019)].

A recent metanalysis, however, has suggested that
transcriptomic responses may be conserved across various

stressors, with diverging responses dependent on stress intensity.
Dixon et al. (2020) identified a type “A” response to high-
intensity bleaching, heat, hyposalinity, or immune challenge
stressors where cell death, immune response, and protein
degradation pathways were generally up-regulated, and a
type “B” response to lower-intensity stress exposures with an
inverse relationship to type “A” expression levels. During the
time period of our study, no phenotypic changes occurred in
the fate-tracked colonies (i.e., bleaching or tissue mortality)
to suggest that corals were exposed to high-intensity stress.
Expression of gene pathways associated with cell growth
[e.g., KOG terms “nuclear structure” in the coral host and
“extracellular structures” in the symbionts (Supplementary
Figure 5); GO terms “protein localization to endoplasmic
reticulum” and several mitosis-related pathways in the coral
host (Supplementary Figure 4)] were generally more expressed
during later sampling time points when discharge rates and
rainfall were higher, compared to earlier time points with
less consistent freshwater inputs to the reef (Supplementary
Figure 1). Immune GO pathways including “regulation of
immune effector process” and “regulation of production of
molecular mediator of immune response” were conversely down-
regulated during the later sampling time points (Supplementary
Figure 4). These patterns would therefore suggest that corals
at St. Lucie Reef were exhibiting a more type “B” response
following sublethal exposures to estuarine discharge and
hyposaline stress.

While individual sublethal stressors may not cause significant
disruptions to the coral-algal symbiosis, consecutive or
concurrent stress events that are common in nearshore
environments may form a “negative feedback loop” ultimately
leading to colony mortality. In particular, exposure to salinity
stress and/or sedimentation in estuarine discharge water has
been shown to increase susceptibility of corals to diseases
(Pollock et al., 2014; Shore-Maggio et al., 2018). While it was
perhaps inevitable that SCTLD would reach coral populations
in the northern extent of the reef tract, repeated exposure
to estuarine discharge may have exacerbated individual
corals’ susceptibility to SCTLD infection and contributed
to the spread of the disease across additional reefs. Testing
this hypothesis requires further manipulative experiments
applying multiple stressors experienced by nearshore reefs
to observations of SCTLD transmission and progression.
Transcriptomic approaches may also increase the ability
to recognize early signs of infection following exposure to
multiple sublethal stressors. Beyond synergistic effects on
coral/symbiont physiology and health, estuarine discharge may
have additional ramifications for the survival of coral populations
in southeast Florida. For example, exposure to hyposalinity stress
can severely limit coral fertilization success (Hédouin et al.,
2015). The frequent hyposaline conditions (e.g., 27-28 psu
commonly measured at St. Lucie Reef but as low as 19 psu
for brief periods) in this region due to estuarine outflow, Lake
Okeechobee discharges, and watershed runoff may contribute
to the rare occurrence of reproduction in St. Lucie Reef corals
(Beal et al., 2012).
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EXx situ Experiment

In the ex situ factorial experiment, there was clear evidence of
transcriptomic responses to thermal stress in both the coral host,
and to a lesser extent, their algal symbionts (Supplementary
Table 1 and Supplementary Figure 7). It is possible that
reduced representation of symbiont transcripts in part explains
the limited variation among treatments and lack of significantly
enriched GO pathways in the symbiont dataset. In the coral
host, several gene pathways were elevated following exposure to
the increased temperature treatments, including GO categories
for metabolic and catabolic processes, protein translation and
localization, and translational elongation, which are part of
the metabolic and photosynthetic responses to thermal stress
(Murata et al., 2007; Reyes-Bermudez et al., 2009; Seneca and
Palumbi, 2015; Davies et al., 2016; Studivan and Voss, 2020).
Ribosomal expression was also higher in elevated temperature
corals, which is likely associated with an attempt by the
corals to return to homeostasis following exposure to stress
(Kiiltz, 2005; DeSalvo et al., 2008; Kenkel et al., 2013b).
Several of the GO categories described above, including “protein
localization to endoplasmic reticulum,” “nuclear-transcribed
mRNA catabolic process,” and protein-containing complex and
cellular component disassembly, were positively expressed in
the final time points of the in situ experiment (Supplementary
Figure 4). The KOG classes “nuclear structure” and “extracellular
structures” were also differentially enriched for temperature
and water treatments (Supplementary Figure 7), reinforcing
the notion that in situ corals at St. Lucie Reef were likely
responding to sublethal stress during 2015 and 2016 time
points similarly to the artificial stress treatments applied in the
ex situ experiment. These similarities also demonstrated that
corals in the ex situ experiment were demonstrating a type
“B” transcriptomic response to sublethal environmental stress
(Dixon et al., 2020).

While exposure to estuarine discharge water alone did not
significantly alter coral or symbiont gene expression patterns
in the ex situ experiment, many of the same GO categories
that were positively enriched with thermal stress were also
enriched with exposure to discharge water (Figure 5). This
observation concurs with the hypothesis of a conserved stress
response among broad taxonomic groups including corals (Wang
et al, 2009; Dixon et al, 2020), with variation of genes or
expression levels within a general environmental stress response
that may be stressor-specific. For example, hyposaline conditions
can lead to differential expression of heat shock protein and
oxidative stress genes, among others (Seveso et al., 2013; Aguilar
et al, 2019). Our data suggest that responses were similar
in terms of gene function, but that thermal stress caused
stronger responses in both corals and their symbionts. There
was also a synergistic effect between temperature and water
treatments that could not be explained by elevated temperature
or estuarine discharge alone (Figures 3, 4 and Supplementary
Figure 6). Previous studies have observed synergistic effects of
multiple stressors including temperature, salinity, and nutrient
factors, with proteomic indicators of oxidative stress (Dias et al.,
2019b), bleaching and reduced growth/condition (Coles and
Jokiel, 1978), and reduced photosynthetic performance and/or

mortality (Li et al., 2009; Faxneld et al, 2010; Dias et al,
2019a). Exposure to multiple stressors may cumulatively result
in more severe impacts than with individual type “B” stressors
alone, and can lead to a type “A” stress response (Dixon
et al., 2020). In addition to direct effects of multiple stressors
on coral health, thermal stress has been shown to impede
several species’ ability to cope with enhanced sedimentation
(Bessell-Browne et al., 2017), and causes reductions of surface
mucopolysaccharide layers (i.e., where mucus is produced)
in P. clivosa (Pratte and Richardson, 2014). Such synergistic
relationships could have important ramifications for the health
of corals in Florida, as nearshore reef environments are often
exposed to several stressors simultaneously with tidal fluctuations
(Yentsch et al.,, 2002; Lirman and Fong, 2007; Beal et al., 2012;
Gregg, 2013).

Synergistic effects of discharge water and thermal stress
treatments were not apparent in the symbiont and chlorophyll
metrics; significant differences among treatments were attributed
only to elevated temperatures (Supplementary Figure 6).
Previous studies examining physiological responses to hyposaline
conditions identified reductions in symbiont densities and
photosynthetic efficiency (Kerswell and Jones, 2003; Downs
et al, 2009; Gardner et al, 2016), although this response
may be dependent on the coral species. Siderastrea radians, a
common shallow-water species found extensively in nearshore
reef environments in Florida, was not affected by hyposalinity
stress until its predicted lower tolerance limit of 10 psu
(Chartrand et al., 2009; Lirman and Manzello, 2009). Such
limits have not been established for M. cavernosa, but it
has been hypothesized that salinity and light attenuation
are major limiting factors in the distribution of nearshore
coral populations (Yentsch et al, 2002; True, 2012), and
that inshore environments experience seasonal stress and
recovery phases (Haslun et al., 2016). While our ex situ
experiment did not examine as many salinity treatments
as the aforementioned studies, significant differences were
observed between similar salinity levels as tested here. Also,
areal chlorophyll metrics differed among treatments whereas
cellular chlorophyll metrics did not, implying that decreases
in areal chlorophylls a and ¢, were largely driven by reduced
symbiont density in elevated temperature treatments, rather
than a change in the number of symbiont cells within
coral symbiosomes.

Variation in host responses to thermal stress was highly
linked with coral genotype (Figure 3 and Supplementary
Figure 6), suggesting a strong genetic component to thermal
stress  susceptibility/resilience. A similar relationship has
been identified with several coral species (Baums et al,
2013; Kenkel et al., 2013a; Bay and Palumbi, 2014), and host
transcriptomic patterns may also be influenced by symbiont
genotypes as well (DeSalvo et al, 2010; McGinley et al,
2012; Rocker etal., 2012; Cunning and Baker, 2020). In our
study, it appears that M. cavernosa genotypes demonstrated
variable susceptibility to thermal stress, as genotype explained
an order of magnitude more transcriptomic variation in
the coral dataset compared to temperature and water
treatments (14.2% versus 1.1% and 1.0%, respectively; Table 3).
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Additionally, there was a strong correlation of KOG expression
between genotype and temperature factors (Supplementary
Figure 7). Furthermore, in WGCNA, many of the significant
correlations observed between experimental factors and
modules of related genes were attributed to individual coral
genotypes rather than to temperature or water treatments
(Supplementary Figure 8).

In the symbiont dataset, there was also an influence
of coral genotype on transcriptomic patterns, despite
relatively homogeneous symbiont assemblages across all
samples in the ex sifu experiment (Supplementary Data
1). The marginally significant p value associated with the
genotype factor was likely the direct result of a lack of
variation in symbiont among coral genotypes. However,
8.9% of the transcriptomic variation was explained by
coral genotype, versus 1.9% explained by the temperature
treatment (Table 3). The strong links between coral
genotypes and responses to thermal stress in both host
and symbiont gene expression patterns may be indicative
of resilience among some individuals in the sampled coral
populations. Nearshore reef environments in southeast
Florida (including Breakers Reef) experience seasonal and
freshwater  discharge-related  environmental fluctuations,
notably including changes in temperature at episodic and
chronic temporal scales (Yentsch et al., 2002; Beal et al,
2012; Gregg, 2013). An interesting hypothesis is that these
corals are particularly resilient to thermal stress given
repeated exposure to temperature variation, resulting in a
conserved transcriptomic response to sublethal stress events.
Additional research is therefore warranted to further elucidate
potential relationships between coral-algal genotypes and
susceptibility to multiple stressors in this species across
populations in Florida and beyond (Cunning and Baker, 2020;
Smith et al., 2020).

Conclusion

Few studies to date have examined coral responses to multiple
stressors (e.g., reduced salinity, higher nutrients, sedimentation,
increased light attenuation) associated with estuarine discharge
in coastal zones. Through complementary ex situ and in situ
experiments, this study demonstrated that corals and their
algal symbionts responded to thermal and estuarine discharge
stressors, and that synergistic impacts from these stressors
could influence their transcriptomic responses. Compared to a
recent metanalysis of general environmental stress responses that
generalized two characteristic transcriptomic patterns (Dixon
et al,, 2020), our results suggest that M. cavernosa displays a type
“B” response following exposure to sublethal stress in both their
natural environments and following manipulative treatments.
Cell growth and protein production/modification pathways were
observed to be up-regulated while immune pathways were
down-regulated following temperature and hyposaline stress.
Nearshore coral populations at the northern extent of Florida’s
coral reef tract are commonly exposed to multiple stressors in
the form of variable temperature, salinity, and water quality
(Yentsch et al, 2002; Lirman and Fong, 2007; Beal et al,
2012; Gregg, 2013) that may combine to negatively affect coral

health. Continued examination of marginal populations found
in this region may not only identify the molecular mechanisms
responsible for coral resilience, but may also identify resilient
genotypes for conservation and restoration initiatives. Given
that modern coral reef ecosystems, especially those found in
coastal environments, are more frequently exposed to multiple
stressors, management actions are needed to mitigate potentially
synergistic impacts of stressors on the health and resilience of
coral reef organisms.
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Coral reefs are declining worldwide due to global changes in the marine environment.
The increasing frequency of massive bleaching events in the tropics is highlighting the
need to better understand the stages of coral physiological responses to extreme
conditions. Moreover, like many other coastal regions, coral reef ecosystems are facing
additional localized anthropogenic stressors such as nutrient loading, increased turbidity,
and coastal development. Different strategies have been developed to measure the health
status of a damaged reef, ranging from the resolution of individual polyps to the entire
coral community, but techniques for measuring coral physiology in situ are not yet widely
implemented. For instance, while there are many studies of the coral holobiont response
in single or limited-number multiple stressor experiments, they provide only partial insights
into metabolic performance under more complex and temporally and spatially variable
natural conditions. Here, we discuss the current status of coral reefs and their global and
local stressors in the context of experimental techniques that measure core processes in
coral metabolism (respiration, photosynthesis, and biocalcification) in situ, and their role
in indicating the health status of colonies and communities. We highlight the need to
improve the capability of in situ studies in order to better understand the resilience and
stress response of corals under multiple global and local scale stressors.

Keywords: environmental monitoring, underwater respirometry, fluorometry, photobiology, coral metabolism

INTRODUCTION

Coral reef ecosystems are hotspots of biodiversity and productivity in the ocean (Roberts
et al., 2002) that exceed that of tropical rainforests (Ray, 1988). They provide crucial ecosystem
functions and services such as providing goods for subsistence and economic fisheries, coastline
protection from storms, and centers of the growing field of ecotourism (Cesar et al., 2003;
Knowlton et al,, 2010; Van Zanten et al, 2014). As a key habitat-forming taxa, corals are
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critical to both reef systems and the coastal human populations
that rely on them, and it is imperative to accelerate advances
to ensure the longevity and survival of corals and coral reefs.

Coral reefs have drastically declined worldwide in the last
30 years because of recruitment failures, reduced growth rates,
and acute and chronic mortalities (Hughes et al., 2011, 2019),
with only a fraction expected to survive in their current form
over the next three decades in the Indo-Pacific region (Bruno
and Selig, 2007; Descombes et al., 2015). One of the most
significant and widespread anthropogenic causes of this
degradation is the change in climate drivers associated with
the rise in atmospheric carbon dioxide (CO,) and other
greenhouse gases (Goulletquer et al, 2014; Hannah, 2016).
Local stressors also go hand in hand with global stressors,
such as coastline erosion or development, which threaten the
resilience of corals through pollution and sedimentation (D’Angelo
and Wiedenmann, 2014; Silbiger et al., 2018; Loiola et al., 2019;
Jones et al., 2020).

Increased energy consumption since the Industrial Revolution
has led to the highest CO, levels recorded in the atmosphere
since human evolution (>410 ppm; Dlugokencky and Tans,
2020). Of the multiple greenhouse gases [such as N,O, CH,,
or chlorofluorocarbons (CFCs)] affecting global biogeochemical
cycles, biodiversity, and human health (Galloway et al., 2004;
Bustamante et al., 2012), CO, has been the most relevant to
marine ecology because of its dual role in marine heatwaves
(Gruber, 2011) and ocean acidification (Ciais et al., 2013;
Figure 1). Overall average seawater temperatures in tropical
regions have increased by almost 1°C over the past 100 years
and are projected to continue increasing at 1-2°C per century
(Kuffner et al, 2015). Increased seawater temperatures are a
major contributor to coral bleaching and are considered as
the limiting factor for coral survival (Hughes et al, 2017b,
2019). Roughly half of the CO, emitted into the atmosphere
dissolves into the surface ocean, reacting with water to form
several dissolved inorganic components of the carbonate system
(Zeebe and Wolf-Gladrow, 2001) and lowering seawater pH
(Anthony et al., 2008). In comparison with pre-Industrial
Revolution levels, seawater pH has decreased by approximately
0.1 (Caldeira and Wickett, 2003), which equates to roughly
30% increase in acidity and may decrease further by 0.06 to
0.32 based on emission scenarios (Ciais et al, 2013). This
process of ocean acidification is particularly disruptive to marine
organisms like reef-building hard corals that create calcium
carbonate skeletons, increasing the energy requirements for
growth and survival (Anthony et al., 2008; Cohen and Holcomb,
2009; Eyre et al, 2014). Thus, corals and coral reefs may
be significantly more vulnerable than previously thought when
considering the combined effects of ocean acidification and
warming (Hoegh-Guldberg et al., 2007; Pandolfi et al., 2011).

Although climate drivers are widely recognized as dominating
factors in coral loss and reef ecosystem shifts (Hughes et al.,
2017b), localized stressors also are impacting coral health,
where a survival-resilience pattern is observable in urban
subtropical reefs subjected to several anthropogenic stressors
(Heery et al,, 2018). Here, there are indications that stress-
tolerant hard coral species have been selected to foster more

resistant though less diverse reefs (Darling et al., 2012). Impacts
from eutrophication, increased turbidity, and lowered dissolved
oxygen significantly affect coral metabolism, changing energy
pathways and reef ecology (Figure 1). A coral as a holobiont
includes diversity functional, genomic, and potential epigenetics
traits that regulate its ecological plasticity under an environmental
change. But not all coral species showed the same response
patterns under anthropogenic threats.

Turbid water conditions commonly occur within inshore
shallow coastal waters (Browne et al., 2014), owing to the
collective interactions of river runoff and the natural
re-suspension of sediments (e.g., tides or storms) as well as
anthropogenic activities (e.g., ship wakes, coastline modification,
and storm and other sewage discharge). The adaptive responses
that corals require to survive these conditions are both stressful
and energetically costly (Brown and Bythell, 2005), utilizing
energy that otherwise would be put towards growth and
reproduction. One consequence of increased turbidity is the
reduction of the in situ irradiance and thereby photosynthesis,
while high levels of settling sediments can hinder feeding or
smother coral polyps (Fabricius, 2005). The resulting decreases
in photosynthetic efficiency and increases in respiration lower
the daily productivity of corals [measured as the ratio of
photosynthesis to respiration (P/R)]. This decreased productivity,
in turn, lowers the coral nutritional energy reserves (e.g.,
reduced lipids content and changes in lipids class composition),
which can lead to mortality (Weber et al.,, 2012; Jones et al.,
2020). Lower productivity also can increase coral susceptibility
to infection and bleaching (Anthony et al., 2007), generating
community- and ecosystem-level impacts. In contrast, corals
associated with urban developments are frequently exposed to
acute sedimentation but appear to escape tissue mortality by
better acclimation to low light conditions (Dubinsky et al,
1984) and by increasing their feeding rates to offset energy
deficits from photosynthesis (Anthony and Fabricius, 2000).
However, any increased frequency or severity of acute
sedimentation contributes additional stress to corals that can
be functioning near the limits of their physiological tolerances
(Bessell-Browne et al., 2017; Loiola et al., 2019; Jones et al., 2020).

Although increased planktonic production can enhance the
food supply for corals, very high photosynthetic production rates
can generate hyperoxic conditions in reef waters that can cause
coral damage and photorespiration (Mass et al., 2010). At best,
hyperoxic conditions may shift coral energy use into the production
of antioxidants rather than calcification (Wijgerde et al., 2014).
In contrast, low oxygen concentrations also challenges coral
survival, stimulating metabolic acclimation through the expression
of hypoxia-inducible factors in corals (Alderdice et al., 2021).
There are few reports of hypoxic events and dead zones in the
tropical coral reef environments, though episodic or seasonal
hypoxia has been recently linked to bleaching and mortality in
deeper water corals (Altieri et al., 2017).

The anthropogenically derived increased inputs of nutrients
and organic matter in coastal regions have degraded many
coral reefs, and this cultural eutrophication might exacerbate
the effect of global warming on coral survival (Silbiger et al., 2018;
DeCarlo et al., 2020). The nutrient gradient affects the nutritional
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FIGURE 1 | Local and global impacts affecting the nutritional energy of reef-building corals. Full lines indicate direct interactions; dotted lines indicate indirect

status of corals, in particular when the calcification rate is
reduced but heterotrophy enhanced under high nutrient loading
(Sawall et al., 2011). Indeed, traces of nitrate pollution can
be found in both hard and soft corals through the analysis
of radioisotopes 8"N in the tissue (Baker et al., 2011; Duprey
et al, 2017) and 8"C as an estimate of particulate organic
matter ingestion (Baker et al.,, 2010; Conti-Jerpe et al., 2020).
At the community level, a shift from net community calcification
(NCCQ) to dissolution can occur under high nutrient conditions
(Silbiger et al., 2018), due to combination of direct and indirect
responses of corals. Indeed, nutrient enrichment might negatively
affect the physiological performance of coral metabolism, increase
the productivity of reef macroalgae, or both, inducing a cascade
of change in the coral ecosystems (D’Angelo and Wiedenmann,
2014; Silbiger et al., 2018). Eutrophic conditions can increase
the productivity of reef waters by increasing food availability
(e.g., particulate matter; Fabricius, 2005), although macroalgae,
turf, and bioeroders can inhibit competitively the coral
recruitment (D’Angelo and Wiedenmann, 2014). However, several
factors influencing the susceptibility to eutrophication have to
be included, such as hydrodynamic connectivity and location
(Fabricius, 2011). Even so, Sawall et al. (2011) found higher
photosynthetic rates of coral endosymbionts nearshore along
an anthropogenic driving inshore-offshore nutrient gradient,
showing that eutrophication effects on coral may not always
be negative.

Gaining knowledge of the stress responses of corals and
their effects on reef ecology, along with the pathways to best
minimize these impacts, depends on two related tasks:
understanding coral health from polyp-endosymbiont symbiosis
to the community level and achieving early detection of the
onset of the stress responses. The first provides the foundation

for studying and developing potential mitigation and
managements strategies, and the second is crucial for
implementing these strategies soon enough to help

minimize impacts.

While most early studies of an environmental change on
coral health focused on the effects of single drivers (e.g.,
temperature, ocean acidification, and turbidity), their interactive
effects require addressing multiple stressor effects on physiological
processes at the holobiont level if we are to comprehensively
understand their impacts on coral communities. Some of these
drivers have major effects (e.g., temperature and light), but
there undoubtably are other interactions that can affect the
resistance and recovery response of coral communities, factors
critical for reef management and proactive preventative planning.
However, our current understanding of coral stress responses
is largely based on experimental manipulation studies in
laboratory systems that are poor representations of their natural
habitats. In situ studies, by either SCUBA or automated sensors,
could provide a better understanding of local and global impacts,
but only a few recent studies have undertaken the logistical
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complexities of studying fine-scale physiological processes of
corals in situ recently (Roth et al.,, 2019; Cyronak et al., 2020;
Srednick et al., 2020). The primary objective of this review is
to summarize the current strategies for quantifying aspects of
coral metabolism to highlight the benefits of non-destructive
methodologies. A list of recommendations is provided that
would expand the efficacy of underwater studies for improving
local knowledge and better understanding of how corals respond
to stressors.

OVERVIEW OF THE CORAL
METABOLISM

Metabolic Responses at Coral Polyp Level
The concept of the coral as a “holobiont” was introduced in
the 2000s, whereby the coral comprises not only the animal
polyps but also the associated symbiotic organisms, including
photosynthetic endosymbionts, bacteria, viruses, fungi, and
protists (Rohwer et al., 2002; Rosenberg et al.,, 2007). These
have a fundamental role in nutrient and energy acquisition
processes of coral polyps (Peixoto et al., 2017), genome evolution
in the coral host and microbial partners, maintaining holobiont
homeostasis, and the overall health of the holobiont (Thompson
et al, 2015). The functional diversity of these microbes
contributes to the stress response and acclimation to changing
conditions, e.g., high seawater temperature and bleaching events
(Jones et al., 2008; Hume et al., 2016).

The family Symbiodiniaceae includes several genera of
dinoflagellates, which reside in the tissue of corals and other
marine organisms (LaJeunesse et al, 2018). The coral-
Symbiodiniaceae association is an obligate symbiosis for the
coral, where the photosynthetic dinoflagellates provide the coral
oxygen and energy in the form of glucose for aerobic respiration
(Muscatine, 1998; Gardella and Edmunds, 1999). While most
of the oxygen arising from photosynthesis is immediately utilized
in coral respiration (Kuhl et al., 1995; Al-Horani et al., 2003a,b),
the excess oxygen is released to the surrounding seawater
throughout the day (Yonge et al, 1932; Finelli et al, 2006;
Al-Horani et al., 2007; Mass et al., 2010), supporting the oxygen
availability on the reef. Therefore, at night, corals must acquire
oxygen from the surrounding environment to fuel the respiration
process (Al-Horani et al., 2007). As a consequence, the energy
acquisition follows a circadian pattern where endosymbiont-
derived photosynthesis is dominant during the day while polyp-
guided respiration is dominant at night.

This continuous loop is stable under normal conditions,
but the symbiotic dynamics within the coral holobiont are
changing rapidly in the Anthropocene (Hughes et al., 2017a).
Temperature-induced stress damages a key protein (D1) in
the dinoflagellate photosystem II within the dinoflagellate
(PSII; Hill et al., 2011), inactivating the Rubisco center
(Lilley et al., 2010), affecting the production of ATP (Franklin
et al., 2004), and leading to the overproduction of reactive
oxygen species that can induce damaging conditions for
both the endosymbiont and coral host. The increased frequency
and severity of temperature anomalies will lead to negative

consequences for coral survival (Anthony et al., 2008;
Randall and Szmant, 2009). Under warming and eutrophic
conditions, coral host-endosymbiont relationship may shift
from a mutualistic to parasitic strategy with respect to nutritional
resource allocation (Lesser et al., 2013). This shift has important
implications for the resilience of coral reefs under bleaching
conditions, where decreases in net primary productivity of
the holobiont mainly from increased respiration in the host,
with little apparent metabolic cost to the endosymbiont
(Douglas, 2008; Baker et al., 2018).

The coral symbioses also can be influenced by other types
of stress related to environmental changes. The impact of
high seawater pCO,/low pH on corals is highly variable, where
it can stimulate growth and photosynthetic efficiency in certain
Symbiodiniaceae species (Brading et al., 2011). In other cases,
increasing pCO, had no measurable effect on net photosynthesis
(gross  photosynthesis respiration) but decreased
biocalcification rates (Comeau et al., 2017). Similarly, elevated
concentration of nitrates (NO;") or phosphate (PO,”) can
stimulate both photosynthesis and respiration rates in corals,
but not necessarily result in a concomitant increase in net
biocalcification (Silbiger et al., 2018). Such imbalance between
photosynthetic energy supply and biocalcification (as biologically
induced formation of CaCO;) may indicate increasing
competition for dissolved inorganic carbon (DIC) between
coral host and endosymbionts under conditions of high
production. Adding further complexity to these responses,
ammonia (NH,") enrichment appears to support coral resistance
to thermal stress, unlike enrichments of NO,", which can
lead to increased levels of reactive species and oxidative
damage (Fernandes de Barros Marangoni et al., 2020).

Bleaching, where the endosymbionts may decrease their
chlorophyll content or be ejected from the coral host, signals
severe physiological consequences arising from oxidative stress
and starvation, leading to reduced respiration rates and energy
acquisition (Williams et al., 2017). Though the role of
endosymbiont reactive oxygen species production is believed
to be fundamental to this process, recent work shows that
coral bleaching is more complex than previously thought
(Radecker et al., 2021). Although bleaching can be a reversible
condition, it often leads to coral tissue death if sustained too
long. However, endosymbionts have developed adaptive
mechanisms to limit thermal stress by increasing electron flow
in photosystem I as photoprotection (Hoogenboom et al., 2012),
thereby limiting the extent of bleaching. Moreover, coral polyps
may partially compensate for the lost photosynthetically derived
energy during bleaching by enhanced feeding if sufficient prey
are available (Anthony et al., 2007).

Responses of the Coral Community

When magnified across coral tissues, the polyp-level metabolic
responses can affect reefs at the community level. Growth
of coral colony, or NCC, is measured in terms of the deposition
of its calcium carbonate (CaCO;) foundation, which is
determined largely by coral energy reserves and the need to
maintain optimal chemical conditions in the calcifying fluid
at the tissue/calcium carbonate interface. Hard corals build
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their skeleton of CaCO; through the uptake of calcium and
carbonate ions from seawater. The reaction occurs in the
calicoblastic cells lining the surface where primary crystal
secretion occurs (Cohen and Holcomb, 2009) and is facilitated
at pH levels above that of seawater. However, ocean acidification
reduces the seawater pH and the aragonite saturation state
(a; Eyre et al, 2014), which can have a strong effect on
NCC, along with the balance of organic matter production
and respiration, or net community production (NCP; Albright
et al., 2015). Moreover, the projected decreases in pH in the
future ocean eventually will affect the stability of existing
reef ecosystems, because the CaCO; formed by corals (aragonite)
is more susceptible to dissolution than that formed by other
biocalcifying organisms (Shaw et al., 2013). These effects
overlay natural seasonal variations in the carbonate chemistry
in reef systems, and the question remains of what extent
does globally and locally derived ocean acidification have on
the seasonal balance of NCP and NCC (Cyronak et al., 2018).
However, these estimates remain imprecise, owing to the lack
of information about seawater residence time and volume,
which would modulate reef chemistry (Courtney et al., 2017).
The relationship between host and endosymbionts is exacerbated
under the combined effects of global drivers of stress (e.g.,
temperature, ocean acidification, and atmospheric conditions),
leading to lower energy reserves for growth (Anthony et al.,
2008; Hughes et al, 2011, 2018; Hoegh-Guldberg, 2014).
These, in turn, are combined with local drivers in coastal
regions (e.g., increased nutrient, turbidity, and freshwater
inputs), causing reduced calcification and oxidative stress and
eventually leading to bleaching events (Silbiger et al., 2018;
Fernandes de Barros Marangoni et al., 2020).

Even with these impacts though, it is possible for coral
communities to recover after destructive events. For example, the
coral reef in Kaneohe Bay showed positive NCC and NCP about
1 year after the last drastic bleaching event in 2015 (Courtney
et al., 2018), indicating the capacity of local rapid post-bleaching
recovery. However, these estimates considered only the abiotic
factors, such as carbonate chemistry and oceanographic patterns,
without considering potential effects from the benthic community,
which would contribute to the depletion or repletion of alkalinity
in the coral reef (Page et al, 2017).

Defining the health of corals and coral communities is
complex given the array of elements that contribute the status
of reef ecosystems. The coral microenvironment comprises
ecologically dependent niches (a network made up of bacteria,
viruses, and fungi) that supports and regulate the general
homeostasis and plasticity of the coral holobiont. But
understanding these in situ responses to variable multistressor
conditions cannot be adequately informed by just laboratory-
based manipulation studies, so the adaptive resilience of coral
species and their response thresholds remain only partially
understood. It is difficult therefore to chart ways forward
for pragmatic and effective steps towards protection and
restoration. Overcoming these limitations will depend on
applying new in situ observational techniques that can bridge
from single organisms to ecosystems and on to regional
global scales.

MATERIALS AND METHODS

We conducted a literature review based on case studies of
in situ observations of coral metabolism from published
peer-reviewed scientific literature. We included cases involved
in original research on direct (e.g., using SCUBA divers,
benthic chambers, and optical sensors) underwater
measurements of metabolic rates on both coral individuals
and coral communities. We excluded sample collections (e.g.,
coral fragmentation), laboratory experiments, and indirect
measurements of metabolic fluxes (e.g., ex situ from
sample incubations).

We used the advanced search on Google Scholar to identify
studies with the keywords “coral in situ metabolism” and
“underwater,” excluding the keyword “collection,” in articles
published between 1991 and 2020. The search yield (n = 2,090)
was scrutinized, and the literature was manually reviewed to
fulfill our selection criteria described above. A final list of 55
studies was included for the analysis in this review (Table 1).

The literature screening was categorized in eight separate
categories based on the methodology used (Table 2), including
(1) SCUBA fast repetition rate (FRR) fluorometry; (2) SCUBA
pulse amplitude modulated (PAM) fluorometry; (3) Clark-type
O, sensors; (4) boundary layer; (5) SCUBA imaging; (6) benthic
chambers; (7) submersible chambers; and (8) automated sensors.
The database was further classified based on the system type
(open, semi-closed, and enclosed); measured parameters [O,,
photosynthetic efficiency (Fv/Fm), electron transport rate (ETR),
and calcification rate (CA)]; sampling frequency (minutes, hours,
and days); sampling scale (symbionts, polyp, colony, and
community); aim of the study (monitoring and experiment);
and environmental stressor considered (light, temperature,
turbidity, water quality, water flow, ocean acidification, and
time). We ranked the database by publication year (Table 3)
and identified the most commonly used techniques for studying
in situ coral metabolism. We analyzed the objectives of the
studies included in this review (Figure 2) in order to give an
overview on the topics mostly studied between 1991 and 2020.
Finally, we collated all 55 studies into a map to show the
global distribution of experimental studies in situ discussed
in this review (Figure 3).

RESULTS

Methodologies and Objectives for Coral

in situ Metabolism

Several tools and instruments have been developed to
noninvasively measure coral metabolic and physiological
processes in both field and laboratory studies. These methods
can be used to distinguish among healthy and stressed organisms,
and the transitions between these states. We focus here on
diver-portable technologies, designed to non-destructively
estimate energy production and expenditure, such as
respirometers and fluorometers. Although there is little consensus
about the extent to which apparently healthy corals are adapting
to the changing conditions (Baker et al., 2008), measures of
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TABLE 1 | Reference studies discussed in this review, listed in chronological
order of publication.

ID no. Reference

1 Patterson et al., 1991

2 Gattuso et al., 1993

3 Beer et al., 1998

4 Ralph et al., 1999

5 Gorbunov et al., 2000

6 Lombardi et al., 2000

7 Lesser and Gorbunov, 2001
8 Banaszak et al., 2003

9 Winters et al., 2003

10 Yates and Halley, 2003

11 Levy et al., 2004

12 Okamoto et al., 2005

13 Wild et al., 2005

14 Levy et al., 2006

15 Carpenter and Patterson, 2007
16 Finelli et al., 2007

17 Nakamura and Nakamori, 2007
18 Weber et al., 2007

19 Frade et al., 2008

20 Piniak and Storlazzi, 2008
21 Nakamura and Nakamori, 2009
22 Schneider et al., 2009

23 Carpenter et al., 2010

24 Sawall et al., 2011

25 McGillis et al., 2011

26 Mass et al., 2011

27 Kline et al., 2012

28 Suggett et al., 2012

29 Wangpraseurt et al., 2012b
30 Haas et al., 2013

31 Ferrier-Pagés et al., 2013
32 Okazaki et al., 2013

33 Roder et al., 2013

34 Long et al., 2013

35 Wangpraseurt et al., 2014
36 Shaw et al., 2014

37 Treibitz et al., 2015

38 Rovelli et al., 2015

39 Camp et al., 2015

40 Takeshita et al., 2016

41 Chow et al., 2016

42 Biscéré et al., 2017

43 Albright et al., 2018

44 Takeshita et al., 2018

45 McMahon et al., 2018

46 Roth et al., 2019

a7 Cyronak et al., 2020

48 Ramesh et al., 2019

49 de Froe et al., 2019

50 Doo et al., 2019

51 Pramneechote et al., 2020
52 Srednick et al., 2020

53 Oh et al., 2020

54 Roth et al., 2020

55 Dellisanti et al., 2020

metabolic proxies (e.g., variations in dissolved oxygen and pH)
have been used at both individual coral and coral community
scales to infer the metabolic state of benthic ecosystems (Bates
et al, 2010). Quantitative links then are sought between these
coral indicators and the wider status of the ecosystem physical
and biogeochemical indicators.

Laboratory-based studies of coral metabolism in almost all
cases involve the destructive sampling of individual colonies
or fragments thereof. Although this framework provides crucial
knowledge on isolated physiological responses, mechanisms,
and pathways under well-controlled conditions, the study
conditions cannot comprehensively reflect the stochasticity and
cyclical fluctuations in environmental conditions on a reef,
nor the cumulative effects of multiple chronic or acute stressors.
In the last decades, experimental techniques to study the
metabolic status of corals directly in situ have been developed,
using specific tools engineered for automated analysis on coral
surface and reef communities. Among these, microsensors and
benthic chambers for respirometry and fluorometry techniques
became the most popular for coral studies over a wide range
of topics (Table 2).

The focus of instrumentation development for the in situ
study of coral metabolism has shifted over the last three decades,
from using fluorometric techniques to estimate endosymbiont
photosynthetic efficiency to a more comprehensive investigation
of the holobiont relationships in individuals and communities
(Table 3). Indeed, through the use of benthic chambers, it is
possible to run experimental manipulations of carbon or nutrient
fluxes and monitor long-term ecosystem responses via automated
sensors. With this shift, the linkages among biogeochemical
and physiological processes in corals have greatly improved
the understanding of coral ecosystems functioning to where
modeling now has a realistic possibility to predict benthic
conditions under future climate scenarios (Roth et al., 2019).

Among the objectives of coral physiology studies, 59% of
the published works comprised investigations of the diel or
seasonal changes in primary productivity, highlighting that
quantification of natural variations in energetic fluxes is a
central concern for the assessment of coral conditions (Figure 2).
Moreover, coral primary productivity was the only objective
of these studies being covered by all methodologies at different
sampling scales, from polyp to community. Conversely, 25%
of studies addressed coral physiology under stress, including
bleaching responses, environmental changes, and bathymetric
change conditions (transplantation). The assessment of recovery
of health status was investigated by 9% of the studies. The
remaining papers centered on issues of light limitation, including
zonation (4%) and photo-inhibition (3%).

Underwater Fluorometry
The photochemical performance of coral endosymbionts is a
key aspect influencing the health of scleractinian corals, so
measures of holobiont photophysiology provide a valuable
insight into coral metabolic status. Fluorometry can provide
this insight in two broad ways: (i) by characterizing the
abundance, character, and distribution of light-harvesting
pigments (potential energy source) and fluorescent proteins (a
sign of immune response and tissue repair) in corals and (ii)
as an indicator of how efficiently these pigments are being
used to generate energy for the coral, indicated by the photo-
physiological status of the endosymbiont.

A fundamental measure of coral status is quantification of
the light-harvesting pigments of the endosymbionts over time,
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TABLE 2 | Experimental techniques available for in situ monitoring of coral physiological processes.

Method System Parameters Sampling Sampling scale  Aim Stressor Reference ID no.
frequency
SCUBA FRR Open ETR, Fv/Fm Minutes Symbionts Monitoring Light 5-7,11, 14,37
fluorometry
SCUBA PAM Semi-closed ETR, Fv/Fm Minutes Symbionts Monitoring Light, temperature, 3, 8,9, 12, 15, 16,
fluorometry water flow, water 19, 20, 24, 28, 33
quality
Clark-type O, Open O, Hours Symbionts, polyp  Experiment, Water quality 18, 49
microsensor monitoring
Diffusive boundary ~ Semi-closed 0O,, CA Minutes Symbionts, polyp  Monitoring Light, water 10, 25, 34, 35, 38,
layer quality, time 40
SCUBA imaging Open O, Hours Symbionts, polyp,  Monitoring Light, water quality 41, 48, 53
colony
Benthic chamber Enclosed O,, CA Days Colony Experiment, Light, water flow, 1,2, 13, 21-23, 26,
monitoring water quality, 30-32, 39, 42, 46,
ocean acidification  52-55
Submersible Enclosed O,, CA Hours Colony, Experiment, Light, water 11, 14, 21, 22, 26,
chamber community monitoring quality, ocean 39, 43, 50, 51
acidification
Automated sensors  Open 0O,, CA Hours Community Monitoring Water quality, 40, 43-45, 47

ocean acidification

SCUBA FRR, SCUBA-based fast respiration rate fluiorometer; SCUBA PAM fluorometry, SCUBA-based pulse amplitude modulation,; O,, dissolved oxygen; CA, calcification; ETR,
electron transport rate; Fv/Fm, maximum quantum yield of photosystem II; Stressors, includes environmental stressors considered in the study; Reference, the identification number

is referred to Table 1.

TABLE 3 | Time ranking of published peer-reviewed studies on coral in situ
metabolism according to this study.

Year Methodology Objective Sampling
scale

B41991-2005  Fluorometry, benthic, and Productivity, diel Polyp,
submersible chamber change colony

2006-2010 Fluorometry, benthic, Diel change, Colony,
chamber and automated productivity, physiology community
sensors under stress

2011-2015 Benthic and submersible  Physiology under Colony,
chamber, diffusive stress, productivity polyp,
boundary layer community

2016-2020 Benthic and submersible  Seasonal change, Colony,

chamber, automated
Sensors

productivity, physiology community
under stress

whereby decreasing trends may provide early warning of the
onset of bleaching events. The underwater fluorescence imaging
has been adapted to conduct large-scale in situ assessments
of coral reefs, through the detection of chlorophyll and green
fluorescent proteins wide spatial scales (Treibitz et al., 2015;
Oh et al., 2020). Chlorophyll concentrations are indicative of
photo-acclimation, among other things, and green fluorescent
proteins may, in addition to being a signal of tissue repair
(D’Angelo et al., 2012), contribute to photoprotection in corals;
and thus, quantifying these concentrations can provide crucial
information on the bleaching susceptibility or resistance of
corals (Salih et al., 2000; Kenkel et al., 2011; Roth and Deheyn,
2013). In addition, this imaging technique can also mark early
signs of disease as well as help to detect coral juveniles thereby
leading to more accurate assessment of coral reef health
(Treibitz et al., 2015; Ramesh et al., 2019).

Early in situ studies on coral physiology estimated the rates
of photosynthesis and respiration within recirculating chambers
by measuring changes in oxygen concentrations (Patterson
et al., 1991). While still a highly useful approach (see below),
the introduction of variable fluorescence techniques has greatly
increased the ability to assess the photophysiology of the
endosymbionts and thus provide a sensitive indicator of their
metabolic status. With variable fluorescence, very rapid pulses
of light are used to probe the photosystems and inform on
a number of photosynthetic parameters including the quantum
yield of photosystem II (PSII), which is used as a metric for
photosynthetic efficiency (Schreiber et al., 1986) and is a key
indicator of the physiological status of the endosymbiont.
Changes in photosynthetic efficiency provide an early signal
of stress, some of which are natural responses to changes in
irradiance but become more prolonged and severe when
conditions of imminent bleaching occur.

The estimation of the potential quantum yield of PSII
as a metric for photosynthetic rates was first applied to
underwater organisms by Beer et al (Beer et al, 1998).
PAM fluorometer uses light pulses of relatively long duration
(300-1,200 ms, 3,000-10,000 mmol photons m™ s™') to
modify the fluorescence yields, generating multiple turnover
for the reduction of PSII, allowing noninvasive chlorophyll
fluorescence analysis, quantum vyield, and ETR of coral
endosymbionts. The introduction of an underwater version
of this instrument (Diving-PAM, Walz) facilitated the direct
observation of changes in coral health in situ conditions
(Ralph et al., 1999). The introduction of in situ PAM
fluorometry enabled the construction of photosynthesis-
irradiance models for corals based on varying sun exposures
in reefs (Beer et al., 1998; Ralph et al., 1999). For example,
observations of decreased quantum yield during the day
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FIGURE 2 | Study objectives of in situ methodologies for the measurement of coral physiology.
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reflected photoinhibition through loss of photosynthetic
capacity, a response seen in shallow but not deeper water
corals (Winters et al., 2003). Similar reduced photosynthetic
efficiency has been observed in corals exposed to seasonal
turbid conditions (Piniak and Storlazzi, 2008). The use of
Diving-PAM continuous monitoring during bleaching events
also showed that combined thermal and light stress generated
greater reductions in photosynthetic efficiency and was a
sensitive indicator of metabolic stress in impacted areas
(Roder et al, 2013). Even so, variable responses in the
coral community to these stresses suggested coral species-
specific physiological responses (Banaszak et al., 2003;
Okamoto et al., 2005; Frade et al., 2008; Suggett et al,
2012). Further development on PAM technology is the high-
resolution imaging fluorometry used for analysis of
heterogeneity within colonies, from coenosarc tissue to polyp
tentacles, but so far, this methodology is not available for
underwater studies (Ralph et al., 2005).

A second approach for measuring variable fluorescence is
the FRR fluorometer, which uses a different approach to saturate

the photochemistry during measurement. Here, shorter
(150-400 ms, >20,000 mmol photons m™ s™') but more intense
light is used to generate a single turnover and reduction of
the primary electron acceptor (Kromkamp and Forster, 2003;
Suggett et al., 2003). The methodology is more sensitive than
PAM fluorometry, which can be beneficial when endosymbiont
abundance (or chlorophyll concentrations) is very low in corals.
The SCUBA-based FRR fluorometry was developed by Gorbunov
et al (Gorbunov et al, 2000) for measuring chlorophyll
fluorescence from PSII reaction centers in corals, sea grasses,
macroalgae, and algal turfs. FRR fluorometry has been also
used to monitor coral physiology during bleaching events and
their later recovery (Lombardi et al., 2000; Lesser and Gorbunov,
2001). Although nutrient availability (as nitrogen or iron) and
sunlight irradiance were already recognized as the main factors
directly affecting photosynthesis in the aquatic ecosystem
(Falkowski and Kolber, 1995; Behrenfeld and Kolber, 1999),
the use of FRR fluorometry enabled more direct measurements
of nutrient limitation effects on photosynthetic efficiency of
corals. Indeed, the FRR fluorometry predicted which corals
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might be more susceptible to bleaching under stress conditions
even when no signs of stress are visible, but photosynthetic
quantum yield was reduced (Lesser and Gorbunov, 2001).

Submersible chambers have been used to study the evolution
of diurnal hysteresis in coral photosynthesis in situ, enabling
the comparison of respirometry and fluorometry-based techniques
(see below; Levy et al., 2003, 2006). Marked discrepancies
were observed, reflecting the importance of different scales of
measurements. FRR and PAM fluorometry methods yield signals
at the polyp-symbiont scale (Gorbunov et al, 2000), while
changes in oxygen concentrations in chambers integrate the
whole colony response (Schneider et al., 2009). The assumption
here is that the chamber system designs and durations impart
no added stress condition on the corals, which appears to
be the case in many studies (Camp et al, 2015; Roth et al,
2019; Dellisanti et al, 2020). While it can be argued that
chamber methods may be more informative in terms of the
holobiont, the portability, ease of operation, and comparatively
low cost of fluorescence instruments (Diving-PAM, FRR, and
imaging systems) have greatly expanded their use for studying
photosynthetic performance of coral symbionts and monitoring
diel changes of coral productivity.

Benthic Chambers, Diffusive Flux
Methods, and Flow Analysis

Early in situ studies on coral biology used the strategy of
encapsulating single or multiple individuals within closed benthic
systems (Patterson et al., 1991). These chamber methods enabled
the non-destructive measurement of coral physiological rates
through changes in water chemistry to better understand
community level responses to perturbation (Patterson et al.,
1991; Gattuso et al., 1993). For example, incubation chambers
have been used to study in situ coral calcification and

photosynthesis rates and showed that ocean acidification can
lower the biocalcification rates (Okazaki et al., 2013). Larger
incubation systems have enabled measurements of benthic
community metabolism as well as conducting in situ experiments,
providing a better insight into ecological responses in reefs
than can be the focus of studies on host-symbiont relationships
(Yates and Halley, 2003; Haas et al., 2013).

The common metrics to assess the health of corals are the
levels of photosynthesis by the endosymbionts, respiration of
the holobiont, and ideally the rates of biocalcification (or growth).
Benthic chambers are well-suited to measure these essential
parameters in situ (Wild et al., 2005; Nakamura and Nakamori,
2007; Ferrier-Pages et al., 2013; Camp et al., 2015). For example,
differences in coral metabolism were measured between shallow
(reef flat) and deeper area (reef slope) at Ishigaki Island, Japan,
with negative net calcification rates being attributed to nighttime
decreases in pH due to benthic respiration (Nakamura and
Nakamori, 2009). In another study, Sawall et al. (2011) used
benthic chamber to study the coral nutritional status at elevated
anthropogenic nutrient loading. The novel incorporation of a
transparent 3-L urine bag into the “Flexi-Chamber” design led
to an easily managed, low-cost device for use by any underwater
scientists, where short incubations are able to detect changes
in biological processes absent of any visual signs of coral stress
or change in endosymbionts concentration (Camp et al.,, 2015).
A similar benthic chamber design was used to show that abiotic
conditions, including light intensity, were drivers of spatial-
temporal patterns of reef metabolism, although some limitations
on the use of these incubation chambers emerged when applied
on large boulder colonies (Pramneechote et al., 2020). Here,
the amount of light available for photosynthesis and the energetic
budget can vary based on colony shape (micro niches) and
the immediate surrounding environment (backscattering light;
Wangpraseurt et al., 2014). However, newer designs of noninvasive
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diver-portable in situ incubation chambers (~70 L, 0.2-m? area)
have been developed to measure biogeochemical processes in
both simple (sediments) and structurally complex (corals or
rocky bottoms) reef communities, allowing the in situ study
of diverse habitats, such as corals, sediments, and seagrass
meadows (Roth et al., 2019). The introduction of benthic and
submersible chambers has made it possible to link individual
metabolic host-symbiont processes to community-wide reef
responses, improving the generality and robustness of previous
metabolic and physiology studies.

An ambitious program began in mid-1996 to adapt benthic
chambers for use as flow respiratory systems to study the in
situ responses of coral communities. Using a combination of
in situ flow chambers and fluorometric techniques, Shepard
et al. (1996) demonstrated how both water flow and temperature
combined to influence coral physiology. Later, the “Submersible
Habitat for Analyzing Reef Quality” was designed to maintain
and measure a turbulent flow of water over benthic substrates
for extended periods while measuring temperature, oxygen,
salinity, pH, and irradiance (photosynthetically active radiation)
and to monitor the daily variations in photosynthesis, respiration,
and calcification (Yates and Halley, 2003). This system enabled
some of the first studies of the direct influence of high CO,
levels on coral communities in short-term experiments (Yates
and Halley, 2003). But the real strength of this approach is
the ability to study the ecology and biogeochemistry of coral/
benthic communities and how they may acclimate to altered
conditions over multiple days. A similar automated closed
chamber was used to study coral responses over a variety of
substrate types (Gevaert et al., 2011).

These flow systems have enabled new strategies for in situ
investigation of the effects of environmental stressors on reef
metabolism, ecology, and biogeochemistry. Flow systems have
been used to demonstrate asymmetric patterns of photosynthetic
yield across coral colonies (Carpenter et al.,, 2010), where the
upper side has a reduced quantum vyield (Carpenter and
Patterson, 2007). Other experimental studies have used flow
chambers to study coral physiology under chemical enrichment
in a benthic chamber experiment (Biscéré et al., 2017), adding
new findings on coral responses to high pCO, and the combined
effect of chemical inputs and global warming. Haas et al. (2013)
used large collapsible benthic isolation tents (cBITs) to study
the integrated responses of corals, macroalgae, and microbes
over diurnal cycles, and they showed how the release of algal
exudates influenced microbial metabolism and energy transfer
to higher trophic levels. Similarly, small benthic chambers
enclosing ~70 L (Roth et al., 2019) were used to study complex
benthic structures and to measure coral reef community budgets
of primary production over coral-dominated or algae-dominated
reef communities (Roth et al., 2020), adding new findings on
the biogeochemical cycles of coral reef ecosystems. A common
feature of these flow systems is that they commonly require
constructing or placement of large or cumbersome structures
on the reef, so replicating findings across and among reef
systems is difficult. A new diver-portable respirometer
[community in situ metabolism (CISME)] enables short-term
(minutes) quantification of coral photosynthetic, respiration,

and biocalcification rates combined with the ability to study
the effects of flow and chemical manipulations (Dellisanti et al.,
2020). Although its use has been limited to date, it offers
many of the benefits of larger chamber devices but also the
ability to assess individual coral colonies across and among
reef environments with good accuracy and resolution.

Micro- and Automated Sensors

While benthic chambers provide a means for studying the
community level responses, by design, these systems alter water
flow dynamics around the study corals and restrict water
exchange sufficiently to enable changes in water chemistry to
accumulate (i.e., the measurement signals). It is unclear at
what stage these changes in water flow and bulk chemical
conditions may begin influencing coral responses. The use of
micro- and automated sensors for unenclosed measurements
has been developed to help avoid these potential artifacts.
These approaches are broadly separated into community-scale
and individual coral or polyp scales.

Unenclosed, diffusive boundary layer (DBL) approaches
were developed to avoid these potential issues, whereby sensors
placed well above the coral interface make unobstructed
measurements of vertical gradients in velocity, temperature,
and chemical constituents on the open reef to calculate the
flux of momentum, heat, and O, in the boundary layer
(McGillis et al., 2011). Use of these unenclosed strategies
has revealed new insights into coral metabolism by showing
the fluctuations in biologically mediated changes in chemical
conditions under different natural regimes of dissolved oxygen,
pH, and light intensity (Cyronak et al., 2018; McMahon et al., 2018;
Takeshita et al., 2018).

The use of microsensors at coral tissue levels in turn has
illustrated how these factors influence and are influenced by
the coral-seawater interface (McGillis et al., 2011; Wangpraseurt
et al, 2012a, 2014; Long et al, 2013; Takeshita et al., 2016).
For example, the oxygen saturation at the coral-water interface
fluctuates from supersaturated during daytime due to production
by endosymbionts to hypoxic at night from respiration of the
holobiont (Shashar et al., 1993; Kuhl et al., 1995; Gardella
and Edmunds, 1999). However, despite these broad chemical
changes, oxygen microsensors used in the microenvironment
of coral-turf and coral-coralline algae showed that low oxygen
concentrations were not generally found at the interface of
Porites spp., turf algae, and crustose coralline algae (Wangpraseurt
et al, 2012a), an observation that illustrated the value of
combining microstructure measurements with benthic or flow
chamber methods that can take into account multiple reef species.

More microenvironment studies are needed to better
understand the metabolic regulation between corals and the
surrounding (Wangpraseurt et al, 2014).
Technological development of microsensors in a modified diver-
operated system (Weber et al., 2007) allowed the quantification
of irradiance at the coral surface and the measurement of the
efficiency of photosynthetic system at polyp and coenosarc
microscale (Wangpraseurt et al., 2012b), confirming the ability
of corals to adapt to environmental changes, such as temperature

environment
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or irradiance (Brown et al., 2002). On a broader scale, micro-
and automated sensors increasingly have been used in both
closed (benthic chamber) and open (reef-scale) approaches to
studying coral and reef ecologies. We consider now the subset
of unconfined sensor-based studies of whole reef environments.

Reef Scale Experiments
The study of larger scale reef environments in open or unconfined
natural systems was made possible by combining the sensors
for measuring both water flow and relevant aspects of water
chemistry. A common approach is the DBL method that relies
on eddy correlation techniques (Berg et al, 2003), where
noninvasive acoustic Doppler velocimeters measuring water
flow are coupled with O, sensors to provide three-dimensional
fields of oxygen distribution over benthic environments (Long
et al, 2013). This method can examine in situ dynamics of
O, production and consumption (i.e., respiration) in different
habitats, including highly productive reef crests relative to reef
slopes (Long et al, 2013) as well as cold-water (deep) coral
reefs (Rovelli et al., 2015; de Froe et al., 2019). These ecosystem-
scale measurements show how high oxygen fluxes are possible,
even in nutrient-replete environments such as reef slopes and
deep waters. The advantage of such techniques has been discussed
by Takeshita et al. (2016) who introduced a new autonomous
system (the benthic ecosystem and acidification measurement
system) for simultaneous measurement of NCP and NCC from
a coral reef through the autonomous use of O, and pH sensing
technology. Using this strategy, Takeshita et al. (2018) showed
how seawater carbonate chemistry is strongly driven by local
benthic metabolism, and that these effects varied substantially
over small-scale habitats, across the entire reef platform, and
over seasonal timescales, an important perspective for better
assessing the impacts of ocean acidification on these ecosystems.

A comparison between the enclosed and open system
approaches showed good general agreement with respect to
discrete measurements of oxygen from the gradient flux (GF)
method at the DBL and a multiparametric probe in a benthic
chamber (Yates and Halley, 2003), although other findings
indicate that the GF method can offer more accurate
measurements of these fluxes (McGillis et al., 2011). The low
physical disruption with DBL methods means both less direct
impacts on corals and more spatially integrative observation
and interpretation of coral reef responses to changes in the
natural environment at colony or community levels. Their
smaller infrastructure requirements also make them an attractive
strategy for investigations. Even so, these approaches can
be complementary. For example, DBL studies show that water
flow can be a factor affecting the light-limited photosynthesis
in coral colonies (Finelli et al., 2006), and more spatially focused
studies have used benthic chambers to show that increased
water flow leads to increased calcification rates, carbonate
deposition, protein concentration, and endosymbionts density
(Mass et al., 2011).

Experiments at reef scale represent a key step forward in
the in situ studies of coral responses in the natural environment
(Kline et al,, 2012; Albright et al., 2018; Doo et al, 2019;

Srednick et al., 2020), but they also have provided the opportunity
to quantify reef-scale responses to environmental perturbations.
For example, manipulations to lower Qa by ~20% led to a
34% decrease in NCC consistent with the effect of lower pH
on biocalcification (Albright et al., 2016), although this finding
may have been influenced by a high abundance of crustose
coralline algae living in the reef community (Albright et al,
2018). Another free ocean CO, enrichment (FOCE) system
was used to incubate coral reef communities at ambient pCO,
(393 patm) and high pCO, (949 patm), and a decrease in
daily NCC by 49% under high pCO, was observed over a
21-day experiment, corresponding to 26% reduction in NCC
per unit of Qa (Doo et al, 2019). These results were in line
with previous studies on ecosystem-level responses of coral
reef communities to ocean acidification level projected in the
next century. Indeed, a modification of this experimental
approach, the coral-proto free ocean carbon enrichment system,
allowed the short-term in situ study of the induced ocean
acidification on coral reef organisms and diel changes of the
seawater carbonate system (Kline et al., 2012). Srednick et al.
(2020) introduced another novel FOCE for spatial and temporal
studies on shallow reefs, with the aim of studying a coral reef
community in situ under controlled conditions of current and
projected levels of pCO,. They directly estimated the hysteresis
of seawater carbonate chemistry along a reef transect, using
high accuracy and precision measurements of seawater pH,
pCO,, and the biological responses of the reef community
with high temporal resolution (Srednick et al., 2020). Other
high-frequency sampling of coral reef carbonate dynamics and
metabolic rates have used automated systems for measurements
of alkalinity, pH, and pCO, at high-frequency sampling
(McMahon et al., 2018; Cyronak et al., 2020). Through automated
measurements with the slack water and flow respirometry
approaches, it is now possible to characterize the net calcification
and productivity of a reef system (either reef flats or crests),
as well as reveal long-term changes driven by global changes
(ocean acidification and global warming) or hysteresis under
local changes (Albright et al, 2018; McMahon et al, 2018).
However, dissimilarities in the methods used in community
metabolism studies (Shaw et al, 2015) create potential
uncertainties when applied to coral reefs, in terms of community
calcification and seawater carbonate conditions. Limitations of
metabolic studies at community level are related to lack of
suitable controls, spatial heterogeneities, and thus replicability
among sites, as well as confounding factors in open systems,
such as the introduction of organisms and differing oceanographic
settings in the surrounding reef environments.

DISCUSSION AND CONCLUSION

We have collated and summarized here the underwater
methodologies from 55 studies on coral metabolism and
physiology conducted since 1991 (Table 1). The current
knowledge of combined effects of local and global stressors
comes from a wide breadth of manipulation studies on coral
responses under predicted future scenarios but limited in
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representing complex abiotic factors in ecosystems. Interaction
among environmental variables, including temporal changes
in inorganic carbon chemistry, physical parameters, or nutrient
loads, is an important factor affecting the biogeochemistry of
coral health (Doo et al, 2019) and can play a key role in
population dynamics. Though invaluable as a study tool,
manipulation studies are limited in the ability to mimic important
spatial-temporal patterns and interactions. On the other hand,
comprehensive long-term in situ metabolic measurements still
are lacking but nevertheless necessary to understand the energetics
and trophodynamics of reef ecosystems.

Laboratory-based studies have provided a strong foundation
for understanding coral metabolism and the responses to
stress, and they will continue to serve as a primary means
of research under controlled conditions. However, the expanding
role of in situ-based studies of coral systems is essential for
extrapolating and modulating these laboratory-based findings
to the temporal and spatial complexity of natural reef and
environmental conditions. The advantages of in situ experimental
techniques described here relate to the ability for measuring
metabolic and biogeochemical properties of different benthic
habitats having both simple (sediments) and complex (corals
or rocky bottom) structures. Standardization of methods and
replication of experimental studies would allow the simultaneous
measures of coral health in different locations with the ability
to compare the ecosystem functions. However, there are
limitations to in situ methodologies. In the case of benthic
chambers, there are restrictions to which substrate surfaces
are suitable for study, and they are not well suited, even with
enhanced flow capabilities, for longer-term monitoring of coral
health. These restricted systems also have limited spatial
footprints and thus may not adequately account for all benthic
of pelagic components (e.g., macroalgae and fish). In the
case of DBL approaches, limitations include the needed
maintenance and fragility of microsensors, which can limit
deployments to shorter duration, or under more quiescent
weather conditions.

Long-term continuous observations of coral biological process
are critical to the assessment of responses to climate and
other anthropogenic drivers and though so far lacking newly
developed platforms for general oceanographic study offer this
potential moving forward. In particular, autonomous platforms,
such as gliders and surface vehicles, are incorporating
biogeochemical sensors (i.e., pCO,, dissolved oxygen, pH, and
chlorophyll a), able to cover spatial, vertical, and temporal
observations (Chai et al., 2020; Cryer et al., 2020). While
these autonomous devices are not well suited for shallow reef
environments, the advances in sensor development and
operational constraints will be valuable in designing systems
or autonomous robots that can provide reliable long-term
assessments of the status of reef ecosystems. Indeed, autonomous
measurements of light, dissolved oxygen, and alkalinity were
used to estimate the NCP and NCC in order to evaluate the
efficacy of coral restoration in supporting the net ecosystem
metabolism (Platz et al., 2020). Autonomous sensors can be used
also to measure the seasonal variability in carbonate chemistry
and the relationship between carbonate chemistry and biological

activity of benthic organisms identifying spatial differences
according to different substrates, like corals, seagrasses, or
mangroves (Meléndez et al., 2020). These systems are especially
important in natural ocean acidification laboratories, such as
hydrothermal vents, characterized by naturally high fluctuations
of pH and temperature (Kerrison et al., 2011; Fabricius et al., 2015;
Torres et al., 2021).

Co-deployment of multiple instrumentation approaches,
from water chemistry and physics to coral physiology, will
be needed to ensure both accuracy and logistic practicality
in monitoring fluxes of O,, changes of pH, and other aspects
of the carbonate system in coral reefs. Even with these
accounted for, most studies on coral metabolic rates rely on
observation of changes in DIC and alkalinity in a specific
(small) area to calculate the carbon fluxes for productivity
and biocalcification estimates (Anthony et al., 2011); the
movement of seawater flow and aspects of reef heterogeneity
cannot be fully taken into account, leading to potentially
biased findings that may not adequately reflect natural
conditions. Moving forward then, it will be more informative
by combining different scales of in situ techniques, such as
the application of flow respirometry approaches to estimate
carbon fluxes over a small spatial scales and different substrate
type within a reef, coupled with reef-scale methods that
provide an integrative assessment of the temporal variability
in coral productivity and growth (McMahon et al., 2018).
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Artificial Light at Night, ALAN, is a major emerging issue in biodiversity conservation,
which can negatively impact both terrestrial and marine environments. Therefore, it
should be taken into serious consideration in strategic planning for urban development.
While the lion’s share of research has dealt with terrestrial organisms, only a handful
of studies have focused on the marine milieu. To determine if ALAN impacts the coral
reef symbiotic algae, that are fundamental for sustainable coral reefs, we conducted a
short experiment over a period of one-month by illuminating isolated Symbiodiniaceae
cell cultures from the genera Cladocopium (formerly Clade C) and Durusdinium (formerly
Clade D) with LED light. Cell cultures were exposed nightly to ALAN levels of 0.15 wmol
quanta m=2 s~! (~4-5 lux) with three light spectra: blue, yellow and white. Our
findings showed that even in very low levels of light at night, the photo-physiology
of the algae’s Electron Transport Rate (ETR), Non-Photochemical Quenching, (NPQ),
total chlorophyll, and meiotic index presented significantly lower values under ALAN,
primarily, but not exclusively, in Cladocopium cell cultures. The findings also showed
that diverse Symbiodiniaceae types have different photo-physiology and photosynthesis
performances under ALAN. We believe that our results sound an alarm for the probable
detrimental effects of an increasing sensory pollutant, ALAN, on the eco-physiology of
symbiotic corals. The results of this study point to the potential effects of ALAN on other
organisms in marine ecosystem such as fish, zooplankton, and phytoplankton in which
their biorhythms is entrained by natural light and dark cycles.

Keywords: coral, light pollution, photosynthesis, Symbiodiniaceae, ALAN, light pollution

INTRODUCTION

The ever-increasing amount of nighttime light, known as Artificial Light at Night (ALAN), is
an inherent consequence of population growth along ocean coastlines, and a major emerging
sensory pollutant concern for coral reef ecosystems (Becker et al., 2013; Tamir et al., 2017; Ayalon
et al., 2019, 2021). This is in addition to the other insults that these complex populations have
been exposed to over the last few decades, either due to human actions (overfishing, chemical
pollution), or natural stressors (storms, diseases, sedimentation, heatwaves), Baker et al. (2008),
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Dubinsky and Stambler (2010), Caroselli et al. (2017), Tamir et al.
(2017), Hughes et al. (2018), Ayalon et al. (2019, 2021). The three-
dimensional habitats that comprise a coral reef are among the
most diverse marine ecosystems on earth, supporting thousands
of organisms that live in close association and dependency. It
is possible that sensory pollution could affect this ecosystem by
altering neural processing, behavioral patterns, and endocrine
signaling (Cucurachi, 2014; Halfwerk and Slabbekoorn, 2015).
For example, ALAN could disrupt ecological behavior such as
feeding time, active time (Bolton et al., 2017), reproduction,
and communication by masking the natural light of the moon
and stars and increasing the apparent periodicity of daily light
hours (Bourgeois et al., 2009; Kaniewska et al., 2015; Swaddle
et al., 2015). The natural day-night cycle is a crucial factor for
many processes in the marine ecosystem, including metabolism,
photosynthesis, night recovery, and hormone secretion, among
other physiological and metabolic responses.

Broadcast spawning, the main mode of coral reproduction,
depends on very precise timing of gamete release into the water
column to be successful (Shlesinger and Loya, 1985). This is
achieved by synchronization of the corals with the lunar cycle
(Babcock et al., 1986; Kaniewska et al., 2015; Ayalon et al., 2021).
Corals possess an array of sensitive photoreceptors, including
GPCRs rhodopsins and cryptochromes, which operate in the
blue region of the light spectrum (Gorbunov and Falkowski,
2002; Levy et al.,, 2007), and are synchronized with the moon
phase. However, exogenous environmental factors, such as water
temperature, low tides, or time after sunset, can also cue
spawning timing (Harriott, 1983; Hunter, 1988; Wyers et al.,
1991; Guest et al., 2002).

The relationship with the intracellular symbiont
dinoflagellates (family Symbiodiniaceae) (LaJeunesse et al.,
2018) is essential for corals to thrive in low-nutrient tropical
oceans and, consequently, for the entire coral reef system.
As their contribution to this symbiotic relationship, the
endosymbionts provide most of the coral host’s metabolic energy
requirements, enhancing calcification rates and coral growth
(Muscatine and Porter, 1977). The role of symbiont diversity is
key to coral survival under conditions that cause environmental
bleaching or other stressors. Corals typically associate with
Symbiodiniaceae from the genera Symbiodinium (formerly
Clade A), Breviolum (formerly Clade B), Cladocopium (formerly
Clade C), and Durusdinium (formerly Clade D), LaJeunesse
et al. (2018), with each association being suitable for different
environmental conditions such as irradiation, temperature,
depth, and geographic location (Trench, 1993; Baker and Rowan,
1997; Rowan, 2004; Stat et al., 2008). The most common genera in
symbiosis with corals are Cladocopium and Symbiodinium, while
the association with Durusdinium is less common. Members
of the latter genera display higher tolerance to thermal stress
(Douglas, 1998; Hoegh-Guldberg, 1999).

The symbioses between corals and their endosymbiotic
algae are strongly influenced by the surrounding environment
(Douglas, 1998; Frade et al., 2008), and global or local multimodal
pollutant stressors (Baker et al., 2008; Hughes et al., 2017) can
impair the symbiotic relationship. The exponential rise in the
anthropogenic stress of ALAN (Gaston et al., 2013; Davies et al,,

2014; Tamir et al., 2017) resulting from population growth and
the use of new electricity technology (Nicholls, 1995; Gaston
et al., 2013; Davies et al., 2014) has prompted much research
in this area in recent years (Davies et al., 2013; Tamir et al,
2017). We have previously described a strong impact of light
at night on coral physiology, and the gametogenesis cycle and
reproduction phylogeny (see Ayalon et al., 2019, 2021). Here
we have extended these results by exploring the physiological
and photosynthetic implications of light pollution by exposing
two Symbiodiniacea cultures (Cladocopium and Durusdinium) to
LED lights “cold white” (440-700 nm, 6,000-6,500 K) spectrum,
and also to specific narrow light spectra (blue and yellow) that
“mimic” the light spectrum and levels measured on shores close
to coral reefs, in the Gulf of Eilat/Aqaba, which is an arm of the
Red Sea (see Tamir et al., 2017). Our results clearly demonstrate
that ALAN can influence Symbiodiniacea cultures, and that
there are physiological differences in the responses of the two
Symbiodiniacea alga types to light pollution.

MATERIALS AND METHODS

Experimental Setup

Symbiodiniacea cell cultures of Cladocopium (CCMP 2466) and
Durusdinium (CCMP 2556) in stationary growth stage were used
in this study. All cell cultures were grown in 2 L Fernbach
flasks containing 1 L half-strength medium (f/2) without silica.
Mumination was provided by lateral white LED bulbs (440-
700 nm, 6,000-6,500 K) under a 12L:12D cycle. Irradiance was
measured by a quantum spherical sensor (LI-COR, Lincoln, NE,
United States) and was 100 pmol quanta m~2 s (4,400 lux).
The cell cultures were maintained at 25°C in a culture room
with controlled temperature during experiments. After 3 weeks
of growth, the cell cultures were subdivided (100 ml/flask) and
triplicates of flasks with each algae type were allocated to one
of three experimental light groups, with an extra group acting
as control. The cultures were treated with one of three colors of
LED lights as previously published by our group (Ayalon et al.,
2019, 2021): blue (420-480 nm, 10,000 K); yellow (580-620 nm,
2,000 K); or white (440-700 nm, 6,000-6,500 K), with an intensity
of 0.15 wmol quanta m~2 s~! (~4-5 lux). An Ocean optics
JAZ spectrometer was used to make the spectral measurements.
Cell cultures were illuminated every night from 19:00 until 7:00
in the morning using a photocell, and during the daytime, all
groups were illuminated with a white LED lamp as described
above (440-700 nm, 6,000-6,500 K). The control group did not
experience any light pollution at night, as a black curtain was
used between treatments to avoid light contamination between
the experimental groups. The cell cultures were sampled after
one-month of exposure to light pollution for physiological and
fluorescence assessments.

Algae Density and Mitotic Index

The density of algae was measured on a 100-pl sample from
each experimental treatment by counting cells on a Marienfeld
hemacytometer. Cells were counted in five fields: all the
corner squares plus the middle from each field, using a light
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microscope (Nikon Eclipse TE 2000-E; Nikon) under x100
magnification. The average of the counts in each field was
multiplied by 10,000 to give the numbers of cells/ml (each field
is 0.1 cm x 0.1 cm x 0.01 cm depth). The same squares were
counted to evaluate the Mitotic Index (MI), which is the ratio
between the numbers of cells undergoing mitosis and the total
number of cells.

Algae Chlorophyll Measurements

In order to extract the chlorophyll from the symbiotic cells,
1 ml of each sample was centrifuged for 5 min at 2,000 g at
4°C. The pellet was then rinsed with 90% acetone and stored
for 24 h at 4°C in the dark. The optical density (OD) at 630,
663, 750 nm was measured against a blank of 90% acetone
using a Multiskan Spectrum Plate reader (Multiskan Spectrum;
Thermo Scientific). The total concentration of chlorophyll (pg
chlorophyll per cell) was calculated as described previously
(Jeffrey and Humphrey, 1975).

Fluorescence Measurements

Photosynthetic efficiency was measured in triplicates of
experimental cell cultures wusing the IMAGING-PAM
fluorescence (Pulse Amplitude modulation, Maxi-PAM,
Walz Gmbh). The results were analyzed with the Imaging
Win software program (v2.00; Walz Gmbh). In order to
estimate photosynthetic performances, fluorescence vyield,
rapid light curve (RLC), electron transfer rate (ETR), and
non-photochemical quenching (NPQ) were calculated after
increasing the illumination at 20 sec intervals (0, 10, 35, 55, 110,
185, 230, 280, and 335; jLmol quanta m~—2 s~ 1), All samples were
dark adapted for 40 min before measurements started.

Statistical Analysis

Effects of light treatments on the number of symbionts, the
mitotic index, and the total amount of chlorophyll were evaluated
using a one-way ANOVA, followed by Tukey’s post hoc test.
Homogeneity of variances and data normality were verified
prior to the analysis by using Levene and Shapiro-Wilk tests,
respectively. Results were expressed as mean =+ standard error.
Non-linear relationships between irradiance and ETR (or NPQ)
under different light conditions were modeled with linear mixed-
effects regressions. ETR (or NPQ) was defined as the outcome
variable, and irradiance was defined as a continuous predictor.
The light treatments were defined as a fixed factor, and the
quantity of algae as a random effect. A third degree polynomial
term for irradiance was included in the model, as well as an
interaction between light treatments and irradiance, resulting
in different curves for each light treatment. Several models
were tested (with or without interactions, or with a lower
polynomial degree) and the final models were selected based on
the Akaike information criterion (AIC). Comparisons between
light treatments were performed by pairwise comparisons of
polynomial coefficients of the same degree. Statistical significance
was assessed by testing linear contrasts and p-values were
obtained by Z-tests and corrected for multiple comparisons using
the FDR procedure (see Supplementary Tables 1-4 for detailed
results). Homoscedasticity and the normality of residuals were

inspected visually with residual plots. Regression analyses were
conducted using the R statistical environment (R Core Team,
2020). R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria URL'.
Linear mixed models were fitted using the LmerTest package
(Kuznetsova et al., 2017). Post hoc analysis with linear contrasts
was performed using the glht function from the multcomp
package (Hothorn et al., 2008).

RESULTS

A number of parameters related to algae physiology were
examined after one-month exposure to light pollution in order to
evaluate the effect of ALAN on the symbiotic algae cell cultures.
There was no significant effect of light conditions on the number
of algae (p > 0.05) for either algal type, although the total number
of cells per ml was higher for Cladocopium than Durusdinium
cultures for all light treatments (Figures 1A,B). It should be noted
that the starting concentrations were 1 million cells per ml for
both types of algae. However, there was a significant reduction in
the mitotic index of Cladocopium cultures after exposure to blue
and yellow LED lights (p < 0.05) compared to the control, but
no significant difference between control and exposure to white
LED light (p > 0.05). In contrast the only significant difference
in the mitotic index of Durusdinium cultures was between the
control and the blue treatment (p < 0.001) with no difference
observed with yellow or white light (p > 0.05, Figures 1C,D).
Physiological analysis (Figure 2) revealed a significant reduction
in total chlorophyll (pg total chl per ml) compared to the control
in Cladocopium cultures after one-month exposure to ALAN
(blue, yellow, and white LEDs, p < 0.05, Figure 2A). There were
no such differences for Durusdinium cultures (Figure 2B).

The assay for maximal PSII Quantum Yield (F,/F,,)
performed after 40 min of darkness revealed significant
differences between control and white treatments (p < 0.01)
for the Cladocopium cells but no significant differences were
induced by the other color lights (Figure 3A). In contrast,
there were significant reductions in yield in the Durusdinium
cell cultures after exposure to blue (p < 0.001), or yellow
(p < 0.05) light, but not to white light (p > 0.05, see
Figure 3B) compared to the relevant controls. As the next
step, we modeled the non-linear relationship between ETR
(and NPQ) and increasing irradiance levels under different
light treatments with cubic polynomial linear mixed models
(Figures 3C,D for Cladocopium and Durusdinium, respectively).
The final models included interaction terms between irradiance
and light treatment, resulting in a different regression model
for each light treatment. For this reason, the models were
compared by testing coefficients of same degree (see methods
and supplementary material for results of pairwise comparisons
of light treatments). The results revealed that all light treatments
had a similar effect on NPQ in Cladocopium (the curves have a
similar shape), although the distance between the curves slightly
increases with rising irradiance levels, with the highest levels
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FIGURE 1 | Algae growth and mitotic index ration of the two algae cultures exposed to ALAN. No significant differences in algae density in Cladocopium and
Durusdinium cell cultures (A,B) after one-month exposure to ALAN resulting from blue, yellow or white LEDs; irradiance level 0.15 wmol quantam=2 s~ (4-5 lux).
Data are expressed as mean + SEM (n = 3). One way-Anova (p > 0.05) between control and different light treatments (A,B). In contrast there are significant
differences in the Mitotic Index (M) (C,D), Data are expressed as mean + SEM (n = 3), ANOVA was followed by post hoc Tukey’s test, asterisks indicate significantly
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of NPQ in the control. The first-degree polynomial coefficients
differed significantly between light treatments (p < 0.0001 for
all comparisons), with the initial slope at an irradiance level
of zero. In contrast, there were no differences between the
control, blue, and yellow light for Durusdinium (most polynomial
coeflicients were not significantly different), while the white light
treatment significantly reduced the NPQ compared to other
light treatments (all polynomial coeflicients were significantly
different (p < 0.01), except for the third coefficient of the yellow
light treatment). Regarding the effect of irradiance on ETR, the
most significant effect of the light treatments was observed in
Cladocopium, where the control ETR levels were significantly
higher than all other light exposures (all polynomial coefficients,
except the third degree, were significantly different, p < 0.005 for
all comparisons).

All light treatments reduced ETR levels in Durusdinium
but to a variable degree. Both blue and white light had

the same effect on ETR (no significant differences between
any coefficients). The control light treatment curve displays
a similar shape to those of the blue and white lights, except
an increased rate [first degree polynomial coeflicient of the
control was significantly different from those of the blue and
white light (p < 0.0001)]. However, the yellow light treatment
had a different effect; it generated a more gradual increase in
ETR levels [3rd degree coefficients were significantly different
between the yellow and other light treatments (p < 0.05 for
all comparisons)].

DISCUSSION

In primary production chemical energy is converted into living
biomass via photosynthesis, with light as the fundamental source.
Since photosynthesis is usually closely linked to sunlight, the
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FIGURE 2 | Total chlorophyll concentrations under ALAN. Cladocopium (A)
and Durusdinium (B) cell cultures (pg total chl per ml) after one-month
exposure to ALAN resulting from blue, yellow or white LEDs; irradiance level
0.15 wmol quanta m=2 s~ (4-5 lux). Data are expressed as mean & SEM
(n = 3), ANOVA was followed by post hoc Tukey'’s test, asterisks indicate
significantly different mean values ("p < 0.05).

process is harmonically synchronized with daylight hours. While
the photosynthesis machinery can theoretically function under
irradiance levels slightly higher than moonlight (Raven and
Cockell, 2006), and this may operate for algae adapted to
long polar nights, the minimal thresholds for photosynthesis
in nature have not been fully established (Grubisic, 2018).
It is unclear whether light pollution can stimulate nocturnal
photosynthesis, in this context, since the light typically supplied
by street illumination is only 0.002% of daytime light levels
(Grubisic, 2018). Light also serves as a universal cue in
entraining the biological clock present in most living organisms
on our planet to be harmonized with their environment.
Therefore, altering the natural light regime by Artificial Light
at Night, ALAN might impact the physiology of primary
producers in complex and multiple ways, in addition to
influencing photosynthesis.

Our results clearly show different responses of the algae
cultures to light pollution which are genetically diverse.
Cladocopium cell cultures were generally more sensitive to
ALAN in comparison to Durusdinium cell cultures, This was
observed as a significant decrease in the fluorescence yield
under the white light exposer, a decrease in the mitotic index
(MI) under blue and yellow light spectra, and a decrease
in the total chlorophyll in all light treatments (Figures 1C,
2A, 3A). In the Durusdinium cell cultures there was a
significant change in the MI decreasing only under the
blue light spectra which was also more pronounced in the
fluorescence yield values (Figures 1D, 3B). Both cell cultures
showed no significant difference in the total number of algae
per ml, although Durusdinium cell cultures grow less. The
difference response of the two cell cultures is also aligned
with previous studies on the eco-physiology of Cladocopium
and Durusdinium. Little et al. (2004) showed that Acropora
coral juveniles grow faster when associated with Cladocopium
compared to Acropora juveniles associated with Durusdinium.

The authors related the juveniles’ accelerated growth rate to
a higher contribution of Cladocopium symbionts to the host
nutrition related to faster rates of population growth inside
the host (Little et al., 2004). Another observation resulted
from our study was related to the performance of ETR of
the two cell cultures. The control Cladocopium cell cultures
showed higher ETR values when compared to Durusdinium,
while both cell cultures had been affected with lower ETR
values under ALAN. Nonetheless, this was far more evident
and significant in Cladocopium cells (Figure 3). The decrease
in photosynthetic capacities in our cell cultures is presumably
due to oxidative stress as our previous research from our
group examined corals exposed to ALAN showed a decrease
in coral photosynthesis performances which was in line with
oxidative stress (Ayalon et al.,, 2019; Levy et al., 2020) and even
led to bleaching. The four coral species formerly tested under
ALAN showed overproduction of reactive oxygen species (ROS)
and an increase in oxidative damage to lipids in Pocillopora
damicornis, Acropora eurystoma, and Stylophora pistillata, which
experienced a more severe oxidative stress condition than the
other species tested, Turbinaria reniformis. The question as to
why Durusdinium cell cultures are less affected by ALAN may
be related to lower phonesthetic capacity in the basal level
as evident by the control ETR measurements, which probably
lead to less ROS elevation and damage, or a more profound
antioxidant scavenging system. This was shown in several types
of Symbiodiniacea cultures. Among them, the most thermally
sensitive was Cladocopium, which produced the highest amount
of ROS at elevated temperatures, while Durusdinium cell cultures
remain unaffected by elevated temperatures. This suggests
that alternative mechanisms prevent ROS up-regulation in the
first place, such as a more stable photosynthetic apparatus
(McGinty et al., 2012).

Our study on Symbiodiniacea cultures is reported here
for the first time. To the best of our knowledge, Poulin
et al. (2014) was the first study to explore the effect of
light pollution on diel changes in the photo-physiology
of Microcystis aeruginosa (freshwater cyanobacteria). The
researchers did this by mimicking the nearshore light conditions
of a light—polluted area in the laboratory and investigating
the effects on cyanobacteria cultures. They managed to show
that nighttime irradiance levels comparable to nearshore light
pollution in lakes can influence other aspects of the photo-
physiology of M. aeruginosa. Thus, the study by Poulin et al.
(2014) highlights the importance of looking specifically at the
influence of artificial night lighting on phytoplankton. Their
results revealed that while light with an irradiance level of six
lux did not affect net photosynthesis or growth, it did influence
photo—physiological parameters, such as photochemistry,
functional absorption cross—section of photosystem II, and
the RuBisCo number. Prolonged exposure to similar nocturnal
illumination in the field was later reported by Holker et al.
(2015), who studied the influence of microbial communities
in soft bottom sediments. In this case, artificial illumination
changed the composition of the microbial community by
increasing the numbers of primary producers, including
diatoms and cyanobacteria (Holker et al, 2015; Grubisic,
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2018). Their results also indicated that ALAN could stimulate
nocturnal photosynthesis at higher light intensities in the
lab. Another study examined the microbiome associated with
the reef-building coral Acropora digitifera. It investigated the
temporal effects of ALAN on the coral-associated microbial
community, and showed that some of the microbial taxa

were significantly enriched in corals subjected to ALAN
(Baquiran et al., 2020).

Considering, that ALAN is a new evolving area of study in
marine ecosystems, our combined results on symbiotic algae
cell cultures demonstrate the potential deleterious impacts of
ALAN on phytoplankton and symbiotic corals exposed to
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increased light pollution, in particular blue and white light.
As our worldwide-modeled light pollution atlas has shown,
coral reefs in the Caribbean Sea, Red Sea, and places in the
Pacific Ocean are under increasing light pollution (Ayalon et al.,
2021). Therefore, we believe that ALAN can aggravate a decline
in photosynthetic performance which will eventually led to
deteriorated coral reefs. ALAN should now be considered as a
chronic sensory pollutant which can lead to asynchronous in
reproduction, decrease in growth rates and even bleaching. We
hope that our results from this study can be used for urbane
planning and mitigation of light pollution in coastal areas.
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The intensity and frequency of coral bleaching events have increased worldwide
especially due to thermal stress and seawater pollution. Although it has been observed
that metal concentration in seawater can affect the coral’s ability to adopt cellular
defensive mechanisms to counteract bleaching, more investigations are needed to
better understand the role of metals in coral physiology. In this study, we analyzed the
individual and combined effects of prolonged heat stress and manganese (Mn) and iron
(Fe) enrichments at the cellular level on the coral Stylophora pistillata. Thermal stress
caused an up-regulation in the expression of the host Heat shock proteins (Hsps) 60
and 70, which showed a parallel pattern of modulation in all treatments, as well as an
increase of lipid peroxidation (LPO) in the holobiont. Fe enrichment did not induce any
change in Hsp expression or in the oxidative status of the corals both at the ambient
temperature of 26°C or at increased temperature, suggesting that Fe didn’t seem to play
a role in mitigating the cellular damages and the coral bleaching. Mn or MnFe enrichment
at 26°C seemed to increase the oxidative stress in zooxanthellae, since high LPO and
glutathione reductase (GR) levels were recorded, but it did not cause any effect on polyp
Hsp expression, probably due to the antioxidant action of GR. With the temperature
increase, Mn enrichments prevented any increase in Hsp levels and caused a significant
decrease of LPO and GR activity, strengthening a previous hypothesis suggesting that
Mn could mitigate the negative cellular effects produced by the thermal stress.

Keywords: metal enrichment, manganese, iron, thermal stress, Stylophora pistillata, coral bleaching, bleaching
mitigation

INTRODUCTION

Over the last decades, coral bleaching events have become more frequent and severe, representing
a persistent threat to reef health (Oliver et al., 2018; Eakin et al., 2019). During these events, the
symbiotic relationship between corals and their photosynthetic algae is disrupted, causing hosts to
lose their color and ultimately to die (Brown, 1997). Although bleaching can be caused by multiple
stressors (Lesser, 2011), rising seawater temperature unequivocally represents the main bleaching-
inducing factor (Hughes et al., 2017; Lough et al., 2018).
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Thermal stress may elicit different types of damage within
coral and symbiont cells (Hoegh-Guldberg, 1999; Weis, 2008). It
may also disrupt the inter-partner molecular and cell signaling,
causing the impairment of the cellular and physiological
mechanisms that maintain the partnership homeostasis (Davy
et al, 2012; Cleves et al, 2020; Rosset et al., 2020; Suggett
and Smith, 2020; Williams et al.,, 2021). In this context, the
production of reactive oxygen species (ROS) by heat-stressed
algal chloroplasts as well as by host cells increases the oxidative
stress of the coral holobiont and has been proposed to be
an initiating cause of a series of events leading to symbiont
loss (Downs et al., 2002; Weis, 2008; Oakley and Davy, 2018;
Cziesielski et al., 2019). However, recent studies have found
that ROS production by the symbiont does not seem to be
the direct cause of bleaching, highlighting the need for further
investigations (Nielsen et al., 2018; Radecker et al., 2021).

In addition, local increases in the level of seawater pollutants,
in particular that of metals, are another significant stress
source for corals (Goh, 1991; van Dam et al, 2011; Ranjbar
Jafarabadi et al., 2018; Patterson et al., 2020). Metals like iron,
copper, and manganese are required at trace concentrations
for many cellular processes, such as antioxidant defenses, and
for the physiological functions, especially in photosynthetic
organisms (Merchant, 2009; DalCorso et al., 2014; Reich et al,,
2020). However, when metal concentrations reach or exceed
the threshold level of tolerance, which is species and site-
specific, processes such as coral growth and reproduction,
larval development, photosynthetic efficiency and calcification
can be compromised (Bielmyer-Fraser et al., 2010; Negri and
Hoogenboom, 2011; Biscéré et al., 2015; Reichelt-Brushett and
Hudspith, 2016; Gissi et al., 2017). At cellular level, exposure
to metals can lead to oxidative stress and subsequent damages
of both host and symbiont cells (Mitchelmore et al, 2007;
Vijayavel et al, 2012; Siddiqui and Bielmyer-Fraser, 2015;
Marangoni et al,, 2017). In addition, metal pollution acts in
synergy with thermal stress and further compromises different
coral physiological pathways (Nystrom et al., 2001; Shick et al.,
2011; Kwok and Ang, 2013; Ferrier-Pages et al., 2018; Reich
et al., 2020). In this regard, an increased bleaching susceptibility
of scleractinian corals has been observed when subjected to
the combined effects of thermal stress and copper or nickel
enrichment (Biscéré et al., 2017; Fonseca et al., 2017; Banc-
Prandi and Fine, 2019). Also, iron enrichment has been shown
to impair calcification and induce significant bleaching (Wells
et al., 2011; Biscéré et al.,, 2018). On the contrary, manganese
enrichment may alleviate the deleterious effect of heat stress on
corals, by enhancing chlorophyll concentrations, photosynthetic
efficiency, and gross photosynthetic rates at ambient and elevated
temperature (Biscéré et al., 2018). All together, these studies
suggest that the effects of metals on coral physiology are metal
and concentration-dependent, and that interactions between
metals also exist. Therefore, more investigations are needed to
better understand the role of metals in coral physiology. In this
context, since changes at cellular level are the first detectable
response of an organism to an environmental perturbation
(Bierkens, 20005 Kiiltz, 2005), the analysis of cellular stress
biomarkers may represent a useful diagnostic tool, able to reflect

changes in cellular integrity and pathways due to trace metals
before larger scale physiological processes are affected (Downs,
2005; Seveso et al., 2017).

Heat shock proteins (Hsps) are molecular chaperones and
are part of a cytoprotective mechanism able to mitigate the
deleterious effects of stressors, and have consequently been
frequently adopted as cellular stress biomarkers in corals (Downs
etal., 2000, 2005; Chow et al., 2012; Kenkel et al., 2014; Louis et al.,
2017; Seveso et al., 2018). Hsps maintain protein homeostasis by
facilitating proper protein folding and translocation, deterring
and/or reducing the aggregation of other proteins, and assisting
in refolding or degrading stress-damaged proteins (Balchin et al.,
2016). Hsp expression is usually up-regulated when organisms
face conditions that may affect their cellular protein structure.
Hsps are involved in the coral heat stress-induced bleaching
response, while acting as a protection from ROS toxicity (Downs
et al.,, 2002; DeSalvo et al., 2008; Seneca et al., 2010; Mayfield
etal., 2011; Olsen et al., 2013; Seveso et al., 2016, 2020). However,
to date very few studies have analyzed their expression in corals
subjected to metal pollution (Venn et al, 2009). In addition,
corals produce antioxidant enzymes in order to neutralize the
harmful effects of ROS caused by metals and other stressors, and
they also represent useful oxidative stress biomarkers (Lesser,
2006; Dias et al., 2019b, 2020; Marangoni et al., 2019b). Among
these, superoxide dismutase (SOD) works as the first line of
defense in the detoxification process, reducing the damaging
potential of superoxide anion radicals (O,°7) by catalyzing
its dismutation to hydrogen peroxide (H,O,) (Lesser, 2006).
Glutathione reductase (GR) catalyzes the NADPH-dependent
reduction of glutathione disulfide (GSSG) to the sulthydryl form
glutathione (GSH), which is a critical molecule in counteracting
oxidative stress and maintaining the reducing environment
of the cell (Deponte, 2013). However, if ROS production is
higher than the antioxidant system reductive potential, ROS
may lead to cellular damage, including lipid peroxidation (LPO)
(Gaschler and Stockwell, 2017).

A previous work dealing with the effect of manganese and/or
iron enrichment in combination with thermal stress has shown
interesting results on coral physiology, particularly with reference
to the potential role of manganese in the reduction of heat
stress impact, likely due to its involvement in the antioxidant
system (Biscéré et al., 2018). Starting from these statements,
we performed on the same coral samples an in-depth analysis
of the cellular mechanisms underlying the response observed
by Biscéré et al. (2018), in order to better understand the
role of manganese and iron, which is poorly elucidated when
compared to that of other metals (Schwarz et al., 2013; Biscéré
et al., 2017; Bielmyer-Fraser et al., 2018; Zhou et al., 2018;
Marangoni et al., 2019¢). In particular, in this study we analyzed
the individual and combined effects of prolonged heat stress
and metal enrichment (Mn and Fe) at the cellular level on
the coral Stylophora pistillata, by investigating changes in the
host cellular protein homeostasis, and the holobiont oxidative
status. In this regard, the expression of the cytoplasmic Hsp70
and the mitochondrial Hsp60 in the coral polyps, as well as
the LPO levels and the SOD and GR enzymatic activity in the
holobiont were measured. In the frame of the photophysiological
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parameters determined by Biscéré et al. (2018) on the same
samples, the data presented here support a possible role of
Mn in mitigating the physiological impact of heat stress
causing bleaching.

MATERIALS AND METHODS

Maintenance and Growth Condition of

Corals

The experimental setup as well as the biological samples analyzed
in this study corresponds to those reported in Biscéré et al. (2018).
In particular, experiments were performed with small apexes
(~2 cm long) of the scleractinian species S. pistillata, obtained
from several large mother colonies originally sampled in the
Red Sea. Nubbins were kept in 25 I tanks for 3 weeks under
controlled conditions in order to recover, as described in Biscéré
et al. (2018). Briefly, tanks were supplied with seawater pumped
from 40 m depth, with a 100% water turnover every 12 h. The
photoperiod was generated by 400 W metal halide lamps (HPIT,
Philips) at an irradiance of 200 £ 10 pwmol photons m~2 s~!
switching from dark to light every 12 h. Light was controlled
by a LI-COR data logger (LI-1000) connected to a spherical
quantum sensor (LI-193) once a week. Temperature was set
to an optimum of 26°C (£0.2°C) and was controlled along
the experiment through heaters connected to the controllers
(Elli-Well PC902/T). Corals were fed with nauplii of Artemia
salina twice a week.

Experimental Design and Stress

Exposure

After the recovery period, eight different experimental conditions
were set up in duplicated aquaria by combining two seawater
temperatures and two concentrations of Mn and Fe (Biscéré
et al., 2018). Specifically, four different metal conditions were
reproduced as follows: (1) Control, with Mn and Fe values of
oligotrophic seawaters, respectively, 0.06 £ 0.05 jLg/l Mn (Morley
et al,, 1997) and <0.22 pg/l Fe (Ferrier-Pages et al,, 2001); (2)
Manganese enrichment (+Mn) to reach 4.1 £ 0.2 pg/l; (3) Iron
enrichment (+Fe) to reach 3.0 £ 0.2 pg/l; (4) Manganese and
iron enrichment (+MnFe) at the two respective concentrations
indicated above. Mn and Fe enrichments were chosen based on
the highest levels recorded for these metals in some fringing reefs
along the coasts of New Caledonia (Moreton et al., 2009).

The metal enrichment was performed using two peristaltic
pumps (ISMATEC), which continuously supplied the
experimental tanks with 15 ml/h of a solution of stable Mn
(MnCl,, Humeau, France) or stable Fe (FeCl,, Humeau, France).
The divalent form was chosen for Fe and Mn, since Fe?*
and Mn?T are considered the most soluble and bioavailable
forms (Fairbrother et al, 2017). In addition, submersible
pumps (Aquarium system, micro-jet MC 320, Mentor, OH,
United States) were placed in each tank in order to avoid any
metal concentration gradient and to ensure water circulation
and oxygenation. To make sure that the metal concentrations in
the tanks were the desired ones, seawater samples were collected

and analyzed by sector field inductively coupled plasma-
mass spectrometry (SF-ICP-MS) using a Thermo Element 2
instrument, as previously described (Biscéré et al., 2018).

Temperature was kept constant at 26°C in all tanks for
the first 3 weeks of treatments, during which corals in the
+Mn, +Fe, and +MnFe tanks were subject to metals enrichment
as described above. After 3 weeks, temperature was gradually
increased during 1 week to 32°C (1°C per day) in half of the tanks
and maintained for an additional 2 week period without stopping
metal enrichment (Biscéré et al., 2018). After 6 weeks from the
beginning of the experiment, and thus after 3 weeks of thermal
stress, five nubbins per condition were collected and immediately
frozen to —80°C for further analyses.

Analysis of the Hsp Expression

Protein Extract Preparation and Western Analyses

To extract total proteins, frozen coral apexes were powdered
with a pre-chilled mortar and pestle and homogenized in
SDS-buffer (0.0625 M Tris-HCl, pH 6.8, 10% glycerol,
2.3% SDS, 5% 2-mercaptoethanol) containing 1 mM
phenylmethylsulfonylfluoride (Sigma-Aldrich), and complete
EDTA-free protease inhibitors cocktail (Roche Diagnostic).
Samples were then processed following a previous method that
allows removing, in addition to calcium carbonate debris, any
Symbiodiniaceae contamination, obtaining extracts that contain
only polyp proteins (Seveso et al., 2013, 2014). Extracts were
stored at —80°C until further processing. Aliquots were used
to determine total protein concentrations through Bio-Rad
protein assay kit (Bio-Rad Laboratories). An equal amount of
proteins for each sample was separated by SDS-PAGE on 8%
polyacrylamide gels (Vai et al., 1986), then run in duplicates
using a Mini-Protean Tetra Cell (Bio-Rad Laboratories). After
the electrophoresis, a gel was stained with Coomassie Brilliant
Blue to visualize total proteins, while the other was electroblotted
onto nitrocellulose membrane (Amersham Protran 0,45 mm)
for Western Blot analysis as previously described (Seveso et al.,
2012). Filters were stained with Ponceau S Red (Sigma-Aldrich)
to confirm correct protein transfer. The following primary
antibodies were used: anti-Hsp70 monoclonal antibody (IgG2a
mouse clone BB70, SPA-822, Enzo Life Sciences), anti-Hsp60
monoclonal antibody (IgGI1 mouse clone LK-2, SPA-807, Enzo
Life Sciences) and anti-B-Actin monoclonal antibody (IgGlk
mouse clone C4, MAB1501, Millipore). The primary antibodies
were diluted 1:1,000 in TBS-0.1% Tween 20 and 5% skimmed
milk, with the exception of B-Actin, diluted 1:3000. After being
washed three times with fresh changes of TBS-0.1% Tween
20 (15 min each), filters were incubated with anti-mouse 1gG
polyclonal secondary antibodies conjugated with horseradish
peroxidase (ADI-SAB-100, Enzo Life Sciences) diluted 1:1,000
for Hsp70 and 1:10,000 for Hsp60 and 1:15,000 for f-Actin in
TBS-0,3% Tween 20 and 5% skimmed milk. Western blots were
developed using Pierce ECL Western Blotting Substrate followed
by exposition of filters to Amersham Hyperfilm ECL.

Densitometric Analysis
Densitometric analysis was performed as previously described
(Seveso et al., 2013). Films were scanned on a Bio-Rad GS-800
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calibrated imaging densitometer and the pixel density of the
scanned bands were quantified with the Image]J free software' of
the NIH Image software package (National Institutes of Health,
Bethesda, Md.). For each blot, the scanned intensity of the bands
of each Hsp was normalized against the intensity of the -Actin
ones, which was used as an internal loading control since in
all our experiments the B-Actin level did not display significant
changes (Supplementary Figure 1). The densitometric data were
expressed as relative levels (arbitrary units).

Analysis of the Antioxidant Enzymatic
Activities

Protein Extraction

Coral fragments reduced into powder with pre-chilled mortar
and pestle were transferred into tubes and homogenized in
750 wl lysis buffer (Tris-HCl 50 mM, pH 7.4, NaCl 150 mM,
glycerol 10%, NP40 detergent 1%, EDTA 5 mM) containing
1 mM phenylmethylsulfonylfluoride (Sigma-Aldrich). After a
first centrifugation step (5 min, 3,000 rpm) to remove skeletal
components, cells were broken by sonication (6 x 10 s pulse on
ice, amplitude 10 pm, Soniprep 150, Sanyo). Samples were then
subjected to a second centrifugation step (15 min, 14,000 rpm,
4°C) and the supernatant was sampled and frozen immediately
(—80°C) until subsequent assays. Total protein content of each
sample was determined through the Bradford method using
bovine serum albumin (BSA) as a calibration curve.

Superoxide Dismutase Activity Assay

Superoxide dismutase activity was assessed according to Vance
et al. (1972). As SOD competes with ferricytochrome ¢ for
oxygen radicals, its activity was detected as the ability to
inhibit the reduction of ferricytochrome ¢ by O~ generated
from the xanthine/xanthine oxidase system. For the reaction
mix, the following reagents (purchased from Sigma-Aldrich),
ferricytochrome ¢ 0.01 mM, EDTA 0.1 mM, xanthine 0.01 mM,
and xanthine oxidase 0.0061 U were used in a final volume of
1 ml. Different volumes of each sample were tested and added
to the reaction mix to determine the 50% inhibition of the
reaction rate. The rate of reduction of ferricytochrome ¢ was
followed spectrophotometrically at 550 nm, 25°C, through a
Varian Cary 50 Scan Spectrophotometer (Agilent Technologies).
Under the above conditions, one unit of SOD was defined as the
amount of enzyme inhibiting the reduction of ferricytochrome
¢ by 50%. Results are expressed as units (U) of enzyme
per mg of proteins.

Glutathione Reductase Activity Assay

The enzymatic assay of GR was performed according to
Wang et al. (2001). The activity of GR was evaluated
through the spectrophotometric detection of the absorbance
at 340 nm (Varian Cary 50 Scan spectrophotometer, Agilent
Technologies) of NADPH oxidation to NADP + reaction,
which occurs in conjunction with the glutathione reduction,
and is proportional to the decrease in absorbance over
time. In particular, NADPH reaction was initially detected

Thttp://rsb.info.nih.gov/ij/

in the reaction mix (containing 0.1 M potassium phosphate
buffer pH 7.6, 0.16 mM NADPH, 1 mg ml~! BSA, and
4.6 mM oxidized glutathione), and then adding different
volumes of sample. GR activity was obtained from the
difference of the two absorbance values. One unit of GR
activity was defined as the oxidation of 1 nmol NADPH/min
at 25°C. Results are expressed as units (U) of enzyme
per mg of proteins.

Lipid Peroxidation

Lipid peroxidation levels were assessed via malondialdehyde
(MDA) contents determined using a commercially available
MDA assay kit (Bioxytech LPO-586, Oxis International,
United States). The method is based on the reaction of a
chromogenic reagent, N-methyl-2-phenylindole, with MDA
at 45°C. Specifically, frozen coral apexes (approximately 1 g
each) were reduced into powder with pre-chilled mortar and
pestle and homogenized in 1 ml of 20 mM phosphate buffer,
pH 7.4. To prevent sample oxidation, 10 ul 0.5 M butylated
hydroxytoluene in acetonitrile was added to 1 ml of tissue
homogenate. Following sample centrifugation (3,000 x g at
4°C for 10 min), an aliquot of supernatant was used for protein
determination using the Bradford method. The subsequent
assay procedure (hydrochloric acid solvent procedure) was
performed according to the manufacturer’s instructions. The
blue product was quantified by measuring absorbance at 586 nm
(Gérard-Monnier et al., 1998). Results are presented in pmol of
MDA per | g of proteins.

Data Analysis

Data normality was verified using the Shapiro-Wilk test and
where assumptions were violated, the data were corrected
by transformations. To evaluate significant differences in Hsp
expression, enzymatic activity and LPO in corals subjected to
metal stress at both ambient temperature (26°C) and following
heat stress (32°C), separated one-way ANOVAs followed by
Tukey’s HSD post hoc tests were used. The same analysis
was adopted in order to assess significant differences in the
levels of each biomarker in coral colonies subjected to thermal
stress within each metal treatment. All statistical analyses were
performed using SPSS ver. 26 (IBM). Values were considered
statistically significant at p < 0.05, and all data are presented as
arithmetic means &+ SE (n = 4, for each biomarker analyzed),
unless stated otherwise.

A multivariate analysis was performed wusing the
statistical package PRIMER-E v.7 (Clarke and Gorley, 2015)
with the permutational multivariate analysis of variance
(PERMANOVA) + add on (Anderson et al., 2008) to investigate
together the modulation of all biomarkers in response to
metal and thermal stresses. In particular, data related to the
levels of all the biomarkers were normalized and square root
transformed to calculate a matrix based on the Bray-Curtis
similarity. To test for differences in biomarker levels among
temperature and treatments and the combination of both,
a non-parametric PERMANOVA was performed using 999
permutations with partial sum of squares and unrestricted
permutation of raw data. Temperature and treatment were
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FIGURE 1 | Levels of Hsp70 and Hsp60 detected in samples of S. pistillata exposed to the different metal treatments (A: Control; B: +Mn; C: +Fe; D: +MnFe) after
6 weeks at 26°C or 3 weeks at 32°C. The values were determined by densitometric analysis as described under section “Materials and Methods.” In the same
section, the values related to the metal concentrations for each treatment are also shown. Data are expressed as arbitrary units and as mean + SEM (n = 4, for both
Hsp70 and Hsp60). For each biomarker, asterisks indicate significant differences between corals maintained at 26 and 32°C under different treatments and, within

each treatment, between corals maintained at 26 and 32°C.
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selected as fixed factors. Values were considered statistically
significant at p < 0.05. Pairwise PERMANOVA tests were
conducted to assess differences between treatments at 26
and 32°C and between temperatures within each metal
treatment, as performed for the univariate analyses. Due to
the restricted number of unique permutations in the pairwise
tests, p-values were also obtained from Monte Carlo samplings
(Anderson and Robinson, 2003). To visualize similarities
among metal treatments and temperature responses, a non-
metric multidimensional scaling plot (nMDS) was done using
Bray-Curtis similarity.

RESULTS

Hsp Expression

The expression of Hsp70 and Hsp60 in the coral S. pistillata
was investigated in different temperature conditions and Mn-
Fe concentrations, applied alone and in combinations. Each
monoclonal antibody (anti-Hsp70 and anti-Hsp60) produced in
all samples a single specific band (Supplementary Figure 1),
whose molecular weight corresponds to that expected based on
the amino acid sequences (Seveso et al., 2020). Moreover, both
Hsps showed common and comparable patterns of expression
in each treatment, and thus responded in a similar way to
single and combined stressors (Figure 1), further confirming that
they work in tandem.

As expected, in the Control samples, starting from a low basal
constitutive level, a significant up-regulation of the expression of
both Hsp70 and Hsp60 was observed when the water temperature
shifted from 26 to 32°C (Figure 1A and Table 1). On the
contrary, no significant effect of metal addition was observed on
Hsp expression at the ambient temperature of 26°C [one-way
ANOVA, F(3,12) = 0.39, p > 0.05 for Hsp70; F(3,12) = 0.59,
p > 0.05 for Hsp60; Figure 1].

At 32°C, the Hsp70 and Hsp60 levels detected in Mn
and MnFe enriched samples were similar to those of corals
maintained at 26°C and therefore no significant modulation
of Hsps following heat stress was observed (Figures 1B,D and
Table 1). In contrast, the combination of Fe enrichment and
heat stress led to an expression of Hsp70 and Hsp60 similar

to that observed in the Control tanks at 32°C (Figure 1C and
Table 1). Consequently, significant differences in Hsp expression
were observed among all conditions at 32°C [one-way ANOVA,
F(3,12) = 13.56, p = 0.04 for Hsp70; F(3,12) = 36.56, p = 0.001 for
Hsp60; Figure 1].

Antioxidant Activity

The antioxidant activity of two enzymes involved in ROS
detoxification, namely SOD and GR, was assessed in the coral
samples subjected to the different stressors.

No significant changes were observed in SOD antioxidant
activity among different treatments both at 26°C or following the
temperature shift at 32°C (p > 0.05; Figure 2).

As far as GR activity is concerned, significant differences were
detected at 26°C [one-way ANOVA, F(3,12) = 9.45, p = 0.005].
In particular, a higher activity was recorded in +Mn and +MnFe
treatments, compared to Control and +Fe samples (Figure 2).
Moreover, at 32°C, GR activity significantly decreased in the
treatment +Mn and +MnFe (Figures 2B,D and Table 1), while it
did not change significantly in corals under Control conditions
and in those subjected to Fe enrichment (Figures 2A,C and
Table 1). As a result of these modulations, no significant
differences were detected among all conditions at 32°C [one-way
ANOVA, F(3,12) = 0.89, p > 0.05; Figure 2].

Lipid Peroxidation

Oxidative damage on S. pistillata was evaluated by analyzing
the LPO levels through MDA production. Significant variations
of the MDA levels were observed in corals maintained at 26°C
and subjected to different metal enrichments [one-way ANOVA,
F(3,12) =17.81, p = 0.001]. Specifically, the enrichment of Mn and
MnFe caused a significant increase of the MDA levels compared
to Control and +Fe treatments (Figure 3).

However, heat stress produced a significant increase in MDA
levels only in Control and in +Fe samples (Figures 3A,C and
Table 1), while in coral subjected to Mn and MnFe enrichments
a slight and not significant decrease of the MDA level was
detected (Figures 3B,D). As a result, no significant differences
were detected among all conditions at 32°C [one-way ANOVA,
F(3,12) = 3.26, p > 0.05; Figure 2].

TABLE 1 | Summary of the one-way analysis of variance (ANOVA) for values of Hsp70, Hsp60, SOD, GR, and LPO in colonies maintained at 26°C vs. those subjected to

thermal stress (32°C) at each metal treatment.

26°C vs. 32°C

Control +Mn +Fe +MnFe
MS F P MS F P MS F P MS F P
Hsp70 6.478 27.017 0.007 0.130 0.262 ns 7.228 8.841 0.040 0.186 0.638 ns
Hsp60 3.757 111.781 0.000 0.180 1.820 ns 2.478 23.215 0.003 0.079 2.348 ns
SOD 0.100 0.001 ns 0.018 0.083 ns 0.065 1.106 Ns 0.113 0.530 ns
GR 0.100 2.278 ns 0.001 8.235 0.040 0.001 0.992 Ns 0.001 16.723 0.015
LPO 0.065 61.308 0.001 0.033 3.995 ns 0.116 12.745 0.020 0.016 5.832 ns

Significant values are in bold. Values not significant (p > 0.05) are indicated with ns.
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FIGURE 2 | Enzymatic activity of SOD and GR detected in samples of S. pistillata exposed to the different metal treatments (A: Control; B: +Mn; C: +Fe; D: +MnFe)
after 6 weeks at 26°C or 3 weeks at 32°C. The values related to the metal concentrations for each treatment are reported in section “Materials and Methods.” Data
are expressed as units (U) of enzyme per mg of proteins and as mean + SEM (n = 4, for both SOD and GR). For each biomarker, asterisks indicate significant
differences between corals maintained at 26 and 32°C under different treatments and, within each treatment, between corals maintained at 26 and 32°C.
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FIGURE 3 | Levels of lipid peroxidation (LPO) detected in samples of

S. pistillata exposed to the different metal treatments (A: Control; B: +Mn; C:
+Fe; D: +MnFe) after 6 weeks at 26°C or 3 weeks at 32°C. The values related
to the metal concentrations for each treatment are reported in section
“Materials and Methods.” Data are expressed as wmol of MDA per g of
proteins and as mean + SEM (n = 4). Asterisks indicate significant differences
between corals maintained at 26 and 32°C under different treatments and,
within each treatment, between corals maintained at 26 and 32°C.

Multivariate Analysis

In order to investigate together the modulation of Hsp
expression, enzymatic activity and LPO in response to metal
and thermal stresses, multivariate analyses were performed.
The PERMANOVA revealed significant differences in biomarker
levels among temperatures and treatments and the combination
of both (Table 2). In particular, the biomarker levels in Mn and
MnFe enriched corals appeared significantly different from that
recorded in Control and +Fe treatments, especially when corals
were subjected to temperature increase at 32°C (Table 3). In line
with this, the nMDS analysis showed that Mn and MnFe enriched
corals maintained at both ambient and increased temperatures,
displayed a cellular response similar to corals kept in Control
condition at 26°C, but different from that of Control and Fe
enriched corals subjected to thermal stress (Figure 4).

DISCUSSION

The tolerance of corals to heat stress-induced bleaching
can be influenced by metal concentrations in seawater.
In this context, manganese and iron enrichments have
previously been shown to exhibit contrasting effects on
S. pistillata physiological parameters, such as cellular chlorophyll
concentrations, photosynthetic efficiency, gross photosynthetic
rates, and calcification (Biscéré et al., 2018). Going on with
the characterization of the same coral samples, the results here
obtained contribute to clarify the impact of these metals on the
coral cellular homeostasis and their possible role in thermal
stress-induced bleaching, suggesting that both temperature,
metal enrichment and their interaction significantly affect the
coral cellular response.

Hsp70 and Hsp60 showed similar patterns of expression
in response to metal enrichment, temperature stress, and the
combination of both stressors. Hsp70, as cytosolic chaperonin,
is engaged in assembly of newly synthesized proteins and in
the refolding of misfolded or aggregated proteins, contributing
to the transfer of proteins to different cellular compartments
or to the proteolytic machinery (Balchin et al., 2016). Hsp60
is a mitochondrial chaperonin that plays a crucial role in the
synthesis and transportation of mitochondrial proteins and in
the folding of newly imported or stress-denatured proteins (Arya
et al., 2007). A parallel pattern of modulation of Hsp70 and
Hsp60 in all treatments confirms that, despite their different
cellular localization, these chaperones work in tandem and
plays a synergic role in assisting the folding process, under
both physiological and stressful conditions (Zhou et al., 1996;
Feder and Hofmann, 1999; Papp et al., 2003; Chen et al., 2018;
Rosenzweig et al., 2019). Moreover, both the Hsps displayed
a low basal constitutive level in corals maintained at 26°C, as
commonly observed in healthy corals (Fitt et al., 2009; Chow
et al., 2012; Ross, 2014; Seveso et al., 2016, 2017, 2020).

We observed significant changes in the cellular response
of S. pistillata to thermal stress. Elevated temperatures indeed
resulted in a significant up-regulation of Hsp70 and Hsp60,
as previously reported (Downs et al., 2002; Baird et al., 2009;
Seveso et al, 2018, 2020; Louis et al., 2020), as well as in
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TABLE 2 | Results of the PERMANOVA testing the effects of the temperature (26 and 32°C) and treatments (Control, +Mn, +Fe, and +MnFe) on the levels of Hsp70,

Hsp60, SOD, GR, and LPO obtained by permutations (perm) for each group.

Source of variation df SS MS F P (perms) perms
Temperature 1 3357.3 3357.3 17.945 0.001 999
Treatment 3 2118.4 706.14 3.7744 0.011 999
Temperature x Treatment 3 5191.9 1730.6 9.2505 0.001 998
Error 24 44901 187.09

Total 31 15158

Significant p-values, P (perms), are in bold.

TABLE 3 | Results of the PERMANOVA pairwise comparisons between
treatments at 26°C and 32°C (A), and between temperatures within each metal
treatment (B) obtained by permutations (perm) for each group.

Groups t P (perm) perms P (MC)
A
26°C Control vs. +Mn 1.883 0.06 35 0.061
Control vs. +Fe 0.132 0.813 35 0.801
Control vs. +MnFe 2.102 0.028 35 0.042
+Mn vs. +Fe 1.854 0.078 35 0.099
+Mn vs. +MnFe 0.624 0.707 35 0.699
+Fe vs. +MnFe 2.164 0.043 35 0.051
32°C Control vs. +Mn 3.205 0.026 35 0.01
Control vs. +Fe 0.662 0.75 35 0.639
Control vs. +MnFe 6.502 0.034 35 0.003
+Mn vs. +Fe 2.892 0.03 35 0.019
+Mn vs. +MnFe 1.424 0.173 35 0.215
+Fe vs. +MnFe 4.561 0.025 35 0.005
B
Control 26°C vs. 32°C 5.088 0.028 35 0.001
+Mn 26°C vs. 32°C 1.326 0.272 35 0.218
+Fe 26°C vs. 32°C 3.935 0.021 35 0.007
+MnFe 26°C vs. 32°C 2.385 0.065 35 0.073

Significant p-values, both P (perms) and Monte Carlo P (MC), are in bold.

the LPO levels. LPO reflects the structural integrity of the cell
membranes and production of LPOs indicates that levels of
ROS are overwhelming the antioxidant pathways, accumulating
and damaging cellular membrane lipids, thus signaling an
ongoing oxidative stress (Lesser, 2006; Weis, 2008). An increase
of LPO in response to heat stress-inducing bleaching has
been widely observed in corals (Downs et al., 2000; Flores-
Ramirez and Lifian-Cabello, 2006; Dias et al., 2019a,b; Marangoni
et al., 2019a). The increase of both Hsps and LPO in control
samples following heat stress coincided with a significant
decrease of symbiont density, chlorophyll concentration, and
photosynthetic rate, measured previously on the same coral
samples (Biscéré et al., 2018).

Iron enrichment did not induce any change in the cellular
protein homeostasis and in the oxidative status of S. pistillata
at the normal growth temperature of 26°C. This has to be
linked to the lack of Fe effect on S. pistillata photophysiological
parameters previously analyzed (Biscéré et al., 2018). However,
when Fe was coupled to thermal stress, a strong rise in LPO

and Hsp levels was observed, in conjunction with coral bleaching
and reduced calcification reported by Biscéré et al. (2018). This
indicates that Fe enrichment did not provide significant beneficial
effects to the coral, although Fe is present in many molecules
involved in photosynthesis such as chlorophyll, photosystem I
and II, cytochrome b6f complex, and ferredoxin (Geider and
La Roche, 1994; Shcolnick and Keren, 2006). This is surprising,
as it has previously been reported that Fe limitation increased
coral bleaching susceptibility (Shick et al., 2011), while a slight
enrichment enhanced photosynthesis, but significantly decreased
calcification (Ferrier-Pages et al, 2001). Overall, these results
suggest that Fe is essential to corals, as a complete lack of it
impairs coral physiology, but it should remain in trace amounts
to avoid becoming toxic. In addition, the high Fe level used in this
study did not mitigate the thermal stress.

As far as Mn is concerned, it is a key element in photosynthetic
organisms. It is directly involved in chlorophyll synthesis and
is an essential component of the Oxygen Evolving Complex of
photosystem II, one of the photosynthetic molecules of coral
symbionts most affected by heat stress and responsible for ROS
production (Hill and Ralph, 2008; Millaleo et al., 2010). In the
same samples analyzed previously (Biscéré et al., 2018), Mn
enrichment allowed corals to maintain high symbiont density
and chlorophyll concentrations, maximal rates of photosynthesis,
and to enhance host metabolism and calcification both at control
temperature and during thermal stress, avoiding bleaching. While
in this study there was no effect of Mn or MnFe on Hsps of
S. pistillata at 26°C, we indeed observed beneficial effects of
Mn or MnFe on the oxidative stress response of S. pistillata
to thermal stress, as Mn is an essential metal involved in cell
catalytic functions and antioxidant mechanisms (Papanikolaou
and Pantopoulos, 2005; Santamaria, 2008). Mn and MnFe
enrichments prevented any increase in Hsp levels following
thermal stress, suggesting the absence of protein damage and
strengthening the hypothesis that Mn could mitigate the negative
cellular effects produced by the thermal stress (Biscéré et al,
2018). In addition to this, our data suggest that Mn could also
be able to maintain the normal cellular protein homeostasis in
the host facing heat shock, probably due to its key role in cellular
adaptation to oxidative stress and ROS detoxification (Horsburgh
etal,, 2002; Aguirre and Culotta, 2012). There was also no change
in LPO levels of Mn and MnFe-enriched corals between control
and heat stress conditions. However, the lack of post-thermal
change in LPO may be due to the pre-existing high LPO level
detected in Mn-enriched corals kept at normal temperature, in
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conditions.

which the Mn increase alone likely caused oxidative stress, as also
indicated by the antioxidant activity of the GR. Indeed, our results
showed that at 26°C the GR activity increased as well in corals
under Mn enrichments (+Mn and +MnFe). In previous studies,
an increased activity of the enzyme, together with LPO level,
has been observed in larvae of Pocillopora damicornis after 7-
days exposure to iron chloride [100 ppm] (Vijayavel et al., 2012),
and after 96-h exposure to Cu (Bielmyer-Fraser et al., 2018). The
enzyme GR is involved in maintaining and restoring the balance
between oxidized and reduced forms of glutathione, a tripeptide
able to react with different ROS forming a disulphide bond with
another oxidized glutathione. This antioxidant action in coral
bleaching response is well known (Lesser, 2006; Krueger et al.,
2015). For this reason, it appears surprising that GR activity did
not change with the temperature increase, although this trend
has been already observed in corals (Lifan-Cabello et al., 2010;
Nielsen et al., 2018). The same pattern was detected for corals
exposed to Fe enrichment, while a significant decrease in the
GR activity was observed after thermal stress in corals exposed
to Mn enrichments.

The contrasting effect of Mn enrichments on the oxidative
status of the holobiont and on the protein homeostasis of the
host, revealed by LPO/GR and Hsps, respectively, needs to
be explored. We speculate that Mn may initially be toxic to
zooxanthellae, and the resulting oxidative damage could affect the
polyp. Therefore, the high level of LPO and GR may be mostly
associated with zooxanthellae, considering that Mn enhanced
the coral’s photosynthetic rate even at ambient temperature as

measured in the same coral samples (Biscéré et al., 2018) and this
increase may result in an overproduction of ROS in zooxanthellae
(Roth, 2014; Foyer, 2018). In this context, high levels of GR in
Mn enrichment conditions could detoxify the generated ROS,
protecting the host proteins. This could possibly explain the low
levels of Hsps measured here and the similar levels of symbiont
density and bleaching status observed by Biscéré et al. (2018) in
+Mn and Control conditions. In addition, the increased symbiont
photosynthetic activity promoted by Mn could support the coral
host for longer during heat stress, in line with recent findings
indicating that altered symbiotic nutrient cycling may be the
direct cause for symbiont expulsion (Radecker et al., 2021).

Unexpectedly, the results of the SOD did not follow the same
trend as those of the GR and LPO, as SOD activity did not
show any significant variation at different temperatures and in
the various treatments. SOD propels the disproportion of O;~
ion into H,O, and molecular oxygen (O;) and can be found
mainly in three forms, Cu/Zn SOD, MnSOD, and FeSOD, each
one with a specific cellular location (Verma et al., 2019). Although
our corals were treated with +Mn and +Fe, two fundamental
cofactors for the enzyme functioning, SOD activity was not
influenced by enhanced availability of these metals. In addition,
the rise in temperature did not affect its activity, in line with
previous reports (Yakovleva et al., 2004; Linan-Cabello et al,
2010; Krueger et al., 2015).

Overall, our results, together with those obtained previously
(Biscéré et al., 2018), provide a clear indication of how Mn
enrichment causes a cellular and physiological response in
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S. pistillata samples significantly different from the one recorded
in Control and +Fe treatments. At the concentrations and
exposure times considered here, Mn could increase the levels
of oxidative stress by enhancing photosynthetic rates at 26°C
(Biscéré et al., 2018), although this did not affect the cellular
homeostasis of corals. In addition, Mn seems able to mitigate the
negative cellular effects produced by thermal stress, increasing the
coral’s resistance to heat stress-induced bleaching, as previously
hypothesized (Biscéré et al, 2018). On the contrary, the Fe
enrichment does not appear to play any role, since it showed
neither a mitigating effect of thermal stress nor a damaging
effect at 26°C (Biscéré et al.,, 2018). Therefore, it appears evident
that the underlying molecular mechanisms and pathways of
host and symbiont response to metal and thermal stresses
are more complex than expected. In this context, it becomes
essential to better clarify the role of Mn, and in general that of
metals, in preventing catastrophic outputs for coral reefs, such as
coral bleaching.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

EM and DS wrote the manuscript and analyzed the results. DS,
TB, CF-P, and FH conceived and designed the research and the
experiments. MV and CF-P provided significant contributions

REFERENCES

Aguirre, J. D., and Culotta, V. C. (2012). Battles with iron: manganese in oxidative
stress protection. J. Biol. Chem. 287, 13541-13548. doi: 10.1074/jbc.R111.
312181

Anderson, M., Gorley, R., and Clarke, K. (2008). PERMANOVA+ for PRIMER:
Guide to Software and Statistical Methods. Plymouth: PRIMER-E.

Anderson, M. ., and Robinson, J. (2003). Generalized discriminant analysis based
on distances. Aust. N. Z. . Stat. 45, 301-318. doi: 10.1111/1467-842X.00285
Arya, R., Mallik, M., and Lakhotia, S. C. (2007). Heat shock genes - integrating
cell survival and death. J. Biosci. 32, 595-610. doi: 10.1007/s12038-007-

0059-3

Baird, A. H., Bhagooli, R., Ralph, P. J., and Takahashi, S. (2009). Coral bleaching:
the role of the host. Trends Ecol. Evol. 24, 16-20. doi: 10.1016/j.tree.2008.09.005

Balchin, D., Hayer-Hartl, M., and Hartl, F. U. (2016). In vivo aspects of protein
folding and quality control. Science 353:aac4354.

Banc-Prandi, G., and Fine, M. (2019). Copper enrichment reduces thermal
tolerance of the highly resistant Red Sea coral Stylophora pistillata. Coral Reefs
38, 285-296. doi: 10.1007/s00338-019-01774-z

Bielmyer-Fraser, G. K., Grosell, M., Bhagooli, R., Baker, A. C., Langdon, C., Gillette,
P., et al. (2010). Differential effects of copper on three species of scleractinian
corals and their algal symbionts (Symbiodinium spp.). Aquat. Toxicol. 97,
125-133. doi: 10.1016/j.aquatox.2009.12.021

Bielmyer-Fraser, G. K., Patel, P., Capo, T., and Grosell, M. (2018). Physiological
responses of corals to ocean acidification and copper exposure. Mar. Pollut.
Bull. 133, 781-790.

Bierkens, J. (2000). Applications and pitfalls of stress-proteins in biomonitoring.
Toxicology 153, 61-72.

and revisions. PG secured funding for this research and for
all reagents and materials. TB performed aquaria experiments.
EM, 10, and MF performed and supervised the laboratory
activities. All authors contributed to the article and approved the
submitted version.

FUNDING

TB was beneficiary of a Ph.D. grant (CIFRE No. 2015/0301,
France) supported by the Koniambo Nickel SAS and Ginger
Soproner companies in New Caledonia. These funders were not
involved in the study design, collection, analysis, interpretation
of data, the writing of this article or the decision to submit it
for publication. Part of this work was also funded by the CNRT
Nickel (DYNAMINE project) to TB and FH.

ACKNOWLEDGMENTS

The authors would like to thank Simone Montano and Roberto
Giacchini for the logistic support and technical assistance. The
authors would also like to thank Elena Cotugno and Hayden
Weiler for English revision.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2021.681119/full#supplementary- material

Biscéré, T., Ferrier-Pages, C., Gilbert, A., Pichler, T., and Houlbréque, F. (2018).
Evidence for mitigation of coral bleaching by manganese. Sci. Rep. 8:16789.
doi: 10.1038/541598-018-34994-4

Biscéré, T., Lorrain, A., Rodolfo-Metalpa, R., Gilbert, A., Wright, A., Devissi, C.,
et al. (2017). Nickel and ocean warming affect scleractinian coral growth. Mar.
Pollut. Bull. 120, 250-258. doi: 10.1016/j.marpolbul.2017.05.025

Biscéré, T., Rodolfo-Metalpa, R., Lorrain, A., Chauvaud, L., Thébault, J., Clavier,
J., et al. (2015). Responses of two scleractinian corals to cobalt pollution
and ocean acidification. PLoS One 10:¢0122898. doi: 10.1371/journal.pone.012
2898

Brown, B. E. (1997). Coral bleaching: causes and consequences. Coral Reefs 16,
129-138.

Chen, B., Feder, M. E., and Kang, L. (2018). Evolution of heat-shock protein
expression underlying adaptive responses to environmental stress. Mol. Ecol.
27, 3040-3054.

Chow, A. M., Beraud, E., Tang, D. W, Ferrier-Pages, C., and Brown, L. R. (2012).
Hsp60 protein pattern in coral is altered by environmental changes in light
and temperature. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 161, 349-353.
doi: 10.1016/j.cbpa.2011.12.004

Clarke, K. R., and Gorley, R. N. (2015). Getting started with PRIMER v7. (Plymouth:
PRIMER-E), 20.

Cleves, P. A, Krediet, C. J., Lehnert, E. M., Onishi, M., and Pringle, J. R. (2020).
Insights into coral bleaching under heat stress from analysis of gene expression
in a sea anemone model system. Proc. Natl. Acad. Sci. U.S.A. 117, 28906-28917.
doi: 10.1073/pnas.2015737117

Cziesielski, M. J., Schmidt-Roach, S., and Aranda, M. (2019). The past, present, and
future of coral heat stress studies. Ecol. Evol. 9, 10055-10066. doi: 10.1002/ece3.
5576

Frontiers in Marine Science | www.frontiersin.org

June 2021 | Volume 8 | Article 681119


https://www.frontiersin.org/articles/10.3389/fmars.2021.681119/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2021.681119/full#supplementary-material
https://doi.org/10.1074/jbc.R111.312181
https://doi.org/10.1074/jbc.R111.312181
https://doi.org/10.1111/1467-842X.00285
https://doi.org/10.1007/s12038-007-0059-3
https://doi.org/10.1007/s12038-007-0059-3
https://doi.org/10.1016/j.tree.2008.09.005
https://doi.org/10.1007/s00338-019-01774-z
https://doi.org/10.1016/j.aquatox.2009.12.021
https://doi.org/10.1038/s41598-018-34994-4
https://doi.org/10.1016/j.marpolbul.2017.05.025
https://doi.org/10.1371/journal.pone.0122898
https://doi.org/10.1371/journal.pone.0122898
https://doi.org/10.1016/j.cbpa.2011.12.004
https://doi.org/10.1073/pnas.2015737117
https://doi.org/10.1002/ece3.5576
https://doi.org/10.1002/ece3.5576
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Montalbetti et al.

Metal Impact on Coral Cell

DalCorso, G., Manara, A., Piasentin, S., and Furini, A. (2014). Nutrient metal
elements in plants. Metallomics 6, 1770-1788. doi: 10.1039/c4mt00173g

Davy, S. K., Allemand, D., and Weis, V. M. (2012). Cell Biology of Cnidarian-
Dinoflagellate Symbiosis. Microbiol. Mol. Biol. Rev. 76, 229-261. doi: 10.1128/
MMBR.05014-11

Deponte, M. (2013). Glutathione catalysis and the reaction mechanisms of
glutathione-dependent enzymes. Biochim. Biophys. Acta 830, 3217-3266. doi:
10.1016/j.bbagen.2012.09.018

DeSalvo, M. K., Voolstra, C. R., Sunagawa, S., Schwarz, J. A., Stillman, J. H,,
Coffroth, M. A, et al. (2008). Differential gene expression during thermal stress
and bleaching in the Caribbean coral Montastraea faveolata. Mol. Ecol. 17,
3952-3971. doi: 10.1111/j.1365-294X.2008.03879.x

Dias, M., Ferreira, A., Gouveia, R., Madeira, C., Jogee, N., Cabral, H., et al.
(2019a). Long-term exposure to increasing temperatures on scleractinian coral
fragments reveals oxidative stress. Mar. Environ. Res. 150, 104758. doi: 10.1016/
j.marenvres.2019.104758

Dias, M., Ferreira, A., Gouveia, R., and Vinagre, C. (2019b). Synergistic effects of
warming and lower salinity on the asexual reproduction of reef-forming corals.
Ecol. Indic. 98, 334-348. doi: 10.1016/j.ecolind.2018.11.011

Dias, M., Madeira, C., Jogee, N., Ferreira, A., Gouveia, R., Cabral, H,, et al. (2020).
Integrative indices for health assessment in reef corals under thermal stress.
Ecol. Indic. 113:106230. doi: 10.1016/j.ecolind.2020.106230

Downs, C., Mueller, E., Phillips, S., Fauth, J. E., and Woodley, C. M. (2000). A
molecular biomarker system for assessing the health of coral (Montastraea
faveolata) during heat stress. Mar. Biotechnol. 2, 533-544. doi: 10.1007/
5101260000038

Downs, C. A. (2005). “Cellular diagnostics and its application to aquatic and
marine toxicology,” in Techniques in Aquatic Toxicology, Vol. 2, ed. G. K.
Ostrander (Boca Raton, FL: CRC Press), 181-208.

Downs, C. A, Fauth, J. E,, Halas, J. C., Dustan, P., Bemiss, J., and Woodley, C. M.
(2002). Oxidative stress and seasonal coral bleaching. Free Radic. Biol. Med. 33,
533-543. doi: 10.1016/S0891-5849(02)00907-3

Downs, C. A., Fauth, J. E., Robinson, C. E., Curry, R,, Lanzendorf, B., Halas, J. C.,
et al. (2005). Cellular diagnostics and coral health: declining coral health in the
Florida Keys. Mar. Pollut. Bull. 51, 558-569.

Eakin, C. M., Sweatman, H. P. A., and Brainard, R. E. (2019). The 2014-2017
global-scale coral bleaching event: insights and impacts. Coral Reefs 38, 539-
545. doi: 10.1007/s00338-019-01844-2

Fairbrother, A., Wenstel, R., Sappington, K., and Wood, W. (2017). Framework
for metals risk assessment. Ecotoxicol. Environ. Saf. 68, 145-227. doi: 10.1016/j.
ecoenv.2007.03.015

Feder, M. E., and Hofmann, G. E. (1999). Heat-shock proteins, molecular
chaperones, and the stress response: evolutionary and ecological physiology.
Annu. Rev. Physiol. 61, 243-282.

Ferrier-Pages, C., Sauzéat, L., and Balter, V. (2018). Coral bleaching is linked to the
capacity of the animal host to supply essential metals to the symbionts. Glob.
Change Biol. 24, 3145-3157. doi: 10.1111/gcb.14141

Ferrier-Pages, C., Schoelzke, V., Jaubert, J., Muscatine, L., and Hoegh-Guldberg,
O. (2001). Response of a scleractinian coral, Stylophora pistillata, to iron and
nitrate enrichment. J. Exp. Mar. Biol. Ecol. 259, 249-261. doi: 10.1016/50022-
0981(01)00241-6

Fitt, W. K., Gates, R. D., Hoegh-Guldberg, O., Bythell, J. C., Jatkar, A., Grottoli,
A. G, et al. (2009). Response of two species of Indo-Pacific corals, Porites
cylindrica and Stylophora pistillata, to short-term thermal stress: the host does
matter in determining the tolerance of corals to bleaching. J. Exp. Mar. Biol.
Ecol. 373, 102-110.

Flores-Ramirez, L. A., and Lifidn-Cabello, M. A. (2006). Relationships among
thermal stress, bleaching and oxidative damage in the hermatypic coral,
Pocillopora capitata. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 146, 194—
202. doi: 10.1016/j.cbpc.2006.09.008

Fonseca, J. S., Marangoni, L. F. B., Marques, J. A., and Bianchini, A. (2017).
Effects of increasing temperature alone and combined with copper exposure on
biochemical and physiological parameters in the zooxanthellate scleractinian
coral, Mussismilia harttii. Aquat. Toxicol. 190, 121-132.

Foyer, C. H. (2018). Reactive oxygen species, oxidative signaling and the regulation
of photosynthesis. Environ. Exp. Bot. 154, 134-142. doi: 10.1016/j.envexpbot.
2018.05.003

Gaschler, M. M., and Stockwell, B. R. (2017). Lipid peroxidation in cell death.
Biochem. Biophys. Res. Commun. 482, 419-425. doi: 10.1016/j.bbrc.2016.10.086

Geider, R. J., and La Roche, J. (1994). The role of iron in phytoplankton
photosynthesis, and the potential for iron-limitation of primary productivity
in the sea. Photosynth. Res. 39, 275-301. doi: 10.1007/BF00014588

Gérard-Monnier, D., Erdelmeier, I, Régnard, K., Moze-Henry, N., Yadan,
J. C, and Chaudiere, J. (1998). Reactions of 1-methyl-2-phenylindole
with malondialdehyde and 4-hydroxyalkenals. Analytical applications to a
colorimetric assay of lipid peroxidation. Chem. Res. Toxicol. 11, 1176-1183.

Gissi, F., Stauber, J., Reichelt-Brushett, A., Harrison, P. L., and Jolley, D. F.
(2017). Inhibition in fertilisation of coral gametes following exposure to nickel
and copper. Ecotoxicol. Environ. Saf. 145, 32-41. doi: 10.1016/j.ecoenv.2017.
07.009

Goh, B. P. (1991). Mortality and settlement success of Pocillopora damicornis
planula larvae during recovery from low levels of nickel. Pac. Sci. 45, 276-286.

Hill, R., and Ralph, J. R. (2008). Dark-induced reduction of the plastoquinone pool
in zooxanthellae of scleractinian corals and implications for measurements of
chlorophyll a fluorescence. Symbiosis 46, 45-56.

Hoegh-Guldberg, O. (1999). Climate change, coral bleaching and the future of the
world’s coral reefs. Mar. Freshw. Res. 50, 839-866.

Horsburgh, M. J., Wharton, S. J., Karavolos, M., and Foster, S. J. (2002). Manganese:
elemental defence for a life with oxygen. Trends Microbiol. 10, 496-501. doi:
10.1016/50966-842x(02)02462-9

Hughes, T. P., Kerry, J., Alvarez-Noriega, M., Alvarez-Romero, J. G., Anderson,
K. D., Baird, A. H,, et al. (2017). Global warming and recurrent mass bleaching
of corals. Nature 543, 373-377. doi: 10.1038/nature21707

Kenkel, C. D., Sheridan, C., Leal, M. C., Bhagooli, R., Castillo, K. D., Kurata, N.,
et al. (2014). Diagnostic gene expression biomarkers of coral thermal stress.
Mol. Ecol. Resour. 14, 667-678. doi: 10.1111/1755-0998.12218

Krueger, T., Hawkins, T. D., Becker, S., Pontasch, S., Dove, S., Hoegh-Guldberg, O.,
et al. (2015). Differential coral bleaching contrasting the activity and response
of enzymatic antioxidants in symbiotic partners under thermal stress. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 190, 15-25. doi: 10.1016/j.cbpa.2015.
08.012

Kiiltz, D. (2005). Molecular and evolutionary basis of the cellular stress response.
Annu. Rev. Physiol. 67, 225-257. doi: 10.1146/annurev.physiol.67.040403.
103635

Kwok, C. K., and Ang, P. O. Jr. (2013). Inhibition of larval swimming activity of
the coral (Platygyra acuta) by interactive thermal and chemical stresses. Mar.
Pollut. Bull. 74, 264-273. doi: 10.1016/j.marpolbul.2013.06.048

Lesser, M. P. (2006). Oxidative stress in marine environments: biochemistry and
physiological ecology. Annu. Rev. Physiol. 68, 253-278. doi: 10.1146/annurev.
physiol.68.040104.110001

Lesser, M. P. (2011). “Coral bleaching: causes and mechanisms,” in Coral Reefs:
An Ecosystem in Transition, eds Z. Dubinsky and N. Stambler (Dordrecht:
Springer). doi: 10.1007/978-94-007-0114-4_23

Lindn-Cabello, M. A., Flores-Ramirez, L. A., Zenteno-Savin, T., Olguin-Monroy,
N. O., Sosa-Avalos, R., Patifio-Barragan, M., et al. (2010). Seasonal changes of
antioxidant and oxidative parameters in the coral Pocillopora capitata on the
Pacific coast of Mexico. Mar. Ecol. 31, 407-417. doi: 10.1111/j.1439-0485.2009.
00349.x

Lough, J. M., Anderson, K. D., and Hughes, T. P. (2018). Increasing thermal stress
for tropical coral reefs: 1871-2017. Sci. Rep. 8:6079. doi: 10.1038/541598-018-
24530-9

Louis, Y. D., Bhagooli, R., Kenkel, C. D., Baker, A. C,, and Dyall, S. D. (2017).
Gene expression biomarkers of heat stress in scleractinian corals: promises
and limitations. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 191, 63-77.
doi: 10.1016/j.cbpc.2016.08.007

Louis, Y. D., Bhagooli, R., Seveso, D., Maggioni, D., Galli, P., Vai, M., et al. (2020).
Local acclimatisation-driven differential gene and protein expression patterns
of Hsp70 in Acropora muricata: implications for coral tolerance to bleaching.
Mol. Ecol. 29, 4382-4394. doi: 10.1111/mec.15642

Marangoni, L. F. B., Dalmolin, C., Marques, J. A., Klein, R. D., Abrantes, D. P.,
Pereira, C. M., et al. (2019a). Oxidative stress biomarkers as potential tools
in reef degradation monitoring: a study case in a South Atlantic reef under
influence of the 2015-2016 El Nifo/Southern Oscillation (ENSO). Ecol. Indic.
106:105533. doi: 10.1016/j.ecolind.2019.105533

Frontiers in Marine Science | www.frontiersin.org

June 2021 | Volume 8 | Article 681119


https://doi.org/10.1039/c4mt00173g
https://doi.org/10.1128/MMBR.05014-11
https://doi.org/10.1128/MMBR.05014-11
https://doi.org/10.1016/j.bbagen.2012.09.018
https://doi.org/10.1016/j.bbagen.2012.09.018
https://doi.org/10.1111/j.1365-294X.2008.03879.x
https://doi.org/10.1016/j.marenvres.2019.104758
https://doi.org/10.1016/j.marenvres.2019.104758
https://doi.org/10.1016/j.ecolind.2018.11.011
https://doi.org/10.1016/j.ecolind.2020.106230
https://doi.org/10.1007/s101260000038
https://doi.org/10.1007/s101260000038
https://doi.org/10.1016/S0891-5849(02)00907-3
https://doi.org/10.1007/s00338-019-01844-2
https://doi.org/10.1016/j.ecoenv.2007.03.015
https://doi.org/10.1016/j.ecoenv.2007.03.015
https://doi.org/10.1111/gcb.14141
https://doi.org/10.1016/s0022-0981(01)00241-6
https://doi.org/10.1016/s0022-0981(01)00241-6
https://doi.org/10.1016/j.cbpc.2006.09.008
https://doi.org/10.1016/j.envexpbot.2018.05.003
https://doi.org/10.1016/j.envexpbot.2018.05.003
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.1007/BF00014588
https://doi.org/10.1016/j.ecoenv.2017.07.009
https://doi.org/10.1016/j.ecoenv.2017.07.009
https://doi.org/10.1016/s0966-842x(02)02462-9
https://doi.org/10.1016/s0966-842x(02)02462-9
https://doi.org/10.1038/nature21707
https://doi.org/10.1111/1755-0998.12218
https://doi.org/10.1016/j.cbpa.2015.08.012
https://doi.org/10.1016/j.cbpa.2015.08.012
https://doi.org/10.1146/annurev.physiol.67.040403.103635
https://doi.org/10.1146/annurev.physiol.67.040403.103635
https://doi.org/10.1016/j.marpolbul.2013.06.048
https://doi.org/10.1146/annurev.physiol.68.040104.110001
https://doi.org/10.1146/annurev.physiol.68.040104.110001
https://doi.org/10.1007/978-94-007-0114-4_23
https://doi.org/10.1111/j.1439-0485.2009.00349.x
https://doi.org/10.1111/j.1439-0485.2009.00349.x
https://doi.org/10.1038/s41598-018-24530-9
https://doi.org/10.1038/s41598-018-24530-9
https://doi.org/10.1016/j.cbpc.2016.08.007
https://doi.org/10.1111/mec.15642
https://doi.org/10.1016/j.ecolind.2019.105533
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Montalbetti et al.

Metal Impact on Coral Cell

Marangoni, L. F. B., Marques, J. A., Duarte, G. A. S., Pereira, C. M., Calderon,
E. N., Barreira, C,, et al. (2017). Copper effects on biomarkers associated
with photosynthesis, oxidative status and calcification in the Brazilian coral
Mussismilia harttii (Scleractinia, Mussidae). Mar. Environ. Res. 130, 248-257.
doi: 10.1016/j.marenvres.2017.08.002

Marangoni, L. F. B., Mies, M., Giith, A. Z., Banha, T. N. S, Inague, A., Fonseca,
J. D. S., et al. (2019b). Peroxynitrite generation and increased heterotrophic
capacity are linked to the disruption of the coral-dinoflagellate symbiosis in
a scleractinian and hydrocoral species. Microorganisms 7:426.

Marangoni, L. F. B., Pinto, M. M. A. N, Marques, J. A., and Bianchini, A. (2019¢).
Copper exposure and seawater acidification interaction: antagonistic effects on
biomarkers in the zooxanthellate scleractinian coral Mussismilia harttii. Aquat.
Toxicol. 206, 123-133. doi: 10.1016/j.aquatox.2018.11.005

Mayfield, A. B, Wang, L. H,, Tang, P. C,, Fan, T. Y., Hsiao, Y. Y., Tsai, C. L., et al.
(2011). Assessing the impacts of experimentally elevated temperature on the
biological composition and molecular chaperone gene expression of a reef coral.
PLoS One 6:¢26529. doi: 10.1371/journal.pone.0026529

Merchant, S. S. (2009). His protects heme as it crosses the membrane. Proc. Natl.
Acad. Sci. U.S.A. 106, 10069-10070. doi: 10.1073/pnas.0905189106

Millaleo, R., Reyes-Diaz, M., Ivanov, A. G., Mora, M. L., and Alberdi, M. (2010).
Manganese as essential and toxic element for plants: transport, accumulation
and resistance mechanisms. J. Soil Sci. Plant Nutr. 10, 470-481.

Mitchelmore, C. L., Alan Verde, E., and Weis, V. M. (2007). Uptake and
partitioning of copper and cadmium in the coral Pocillopora damicornis. Aquat.
Toxicol. 85, 48-56. doi: 10.1016/j.aquatox.2007.07.015

Moreton, B. M., Fernandez, J. M., and Dolbecq, M. B. (2009). Development of a
field preconcentration/elution unit for routine determination of dissolved metal
concentrations by ICP-OES in marine waters: application for monitoring of
the New Caledonia lagoon. Geostand. Geoanal. Res. 33, 205-218. doi: 10.1111/j.
1751-908X.2009.00899.x

Morley, N. H.,, Burton, J. D., Tankere, S. P. C., and Martin, J. M. (1997). Distribution
and behaviour of some dissolved trace metals in the western Mediterranean Sea.
Deep Sea Res. Part II Top. Stud. Oceanogr. 44, 675-691.

Negri, A. P., and Hoogenboom, M. O. (2011). Water contamination reduces the
tolerance of coral larvae to thermal stress. PLoS One 6:€19703. doi: 10.1371/
journal.pone.0019703

Nielsen, D. A., Petrou, K., and Gates, R. D. (2018). Coral bleaching from a single
cell perspective. ISME J. 12, 1558-1567. doi: 10.1038/s41396-018-0080-6

Nystrom, M., Nordemar, I, and Tedengren, M. (2001). Simultaneous and
sequential stress from increased temperature and copper on the metabolism of
the hermatypic coral Porites cylindrica. Mar. Biol. 138, 1225-1231. doi: 10.1007/
5002270100549

Oakley, C. A., and Davy, S. K. (2018). “Cell biology of coral bleaching, in
Coral Bleaching. Ecological Studies (Analysis and Synthesis), Vol. 233, eds
M. van Oppen and J. Lough (Cham: Springer). doi: 10.1007/978-3-319-75
393-5_8

Oliver, J. K., Berkelmans, R., and Eakin, C. M. (2018). “Coral bleaching in space
and time,” in Coral Bleaching. Ecological Studies (Analysis and Synthesis, Vol.
233, eds M. van Oppen and J. Lough (Cham: Springer). doi: 10.1007/978-3-
319-75393-5_3

Olsen, K., Ritson-Williams, R., Ochrietor, J. D., Paul, V. J., and Ross, C. (2013).
Detecting hyperthermal stress in larvae of the hermatypic coral Porites
astreoides: the suitability of using biomarkers of oxidative stress versus heat-
shock protein transcriptional expression. Mar. Biol. 160, 2609-2618. doi: 10.
1007/s00227-013-2255-2

Papanikolaou, G., and Pantopoulos, K. (2005). Iron metabolism and toxicity. Toxic.
Appl. Pharmacol. 202, 199-211. doi: 10.1016/j.taap.2004.06.021

Papp, E., Nardai, G., Séti, C., and Csermely, P. (2003). Molecular chaperones,
stress proteins and redox homeostasis. Biofactors 17, 249-257. doi: 10.1002/biof.
5520170124

Patterson, J., Jeyasanta, K. I, Sathish, N., Edward, J. K. P., and Booth, A. M. (2020).
Microplastic and heavy metal distributions in an Indian coral reef ecosystem.
Sci. Total Environ. 744:140706. doi: 10.1016/j.scitotenv.2020.140706

Radecker, N., Pogoreutz, C., Gegner, H. M., Cérdenas, A., Roth, F., Bougoure, J.,
et al. (2021). Heat stress destabilizes symbiotic nutrient cycling in corals. Proc.
Natl. Acad. Sci. U.S.A. 118:2022653118. doi: 10.1073/pnas.2022653118

Ranjbar Jafarabadi, A., Bakhtiari, A. R., Maisano, M., Pereira, P., and Cappello,
T. (2018). First record of bioaccumulation and bioconcentration of metals in

Scleractinian corals and their algal symbionts from Kharg and Lark coral reefs
(Persian Gulf, Iran). Sci. Total Environ. 640-641, 1500-1511. doi: 10.1016/j.
scitotenv.2018.06.029

Reich, H. G., Rodriguez, I. B., LaJeunesse, T. C., and Ho, T. Y. (2020).
Endosymbiotic dinoflagellates pump iron: differences in iron and other trace
metal needs among the Symbiodiniaceae. Coral Reefs 39, 915-927. doi: 10.1007/
s00338-020-01911-z

Reichelt-Brushett, A., and Hudspith, M. (2016). The effects of metals of emerging
concern on the fertilization success of gametes of the tropical scleractinian coral
Platygyra daedalea. Chemosphere 150, 398-406. doi: 10.1016/j.chemosphere.
2016.02.048

Rosenzweig, R., Nillegoda, N. B., Mayer, M. P., and Bukau, B. (2019). The Hsp70
chaperone network. Nat. Rev. Mol. Cell Biol. 20, 665-680.

Ross, C. (2014). Nitric oxide and heat shock protein 90 co-regulate temperature-
induced bleaching in the soft coral Eunicea fusca. Coral Reefs 33, 513-522.

Rosset, S. L., Oakley, C. A., Ferrier-Pages, C., Suggett, D. J., Weis, V. M., and Davy,
S.K. (2020). The molecular language of the Cnidarian-Dinoflagellate symbiosis.
Trends Microbiol. 29, 320-333. doi: 10.1016/j.tim.2020.08.005

Roth, M. S. (2014). The engine of the reef: photobiology of the coral-algal
symbiosis. Front. Microbiol. 5:422. doi: 10.3389/fmicb.2014.00422

Santamaria, A. B. (2008). Manganese exposure, essentiality & toxicity. Indian J.
Med. Res. 128, 484-500.

Schwarz, J. A., Mitchelmore, C. L., Jones, R., O’'Dea, A., and Seymour, S. (2013).
Exposure to copper induces oxidative and stress responses and DNA damage in
the coral Montastraea franksi. Comp. Biochem. Physiol. C Toxicol. Pharmacol.
157, 272-279. doi: 10.1016/j.cbpc.2012.12.003

Seneca, F. O., Forét, S, Ball, E. E., Smith-Keune, C., Miller, D. J., and van Oppen,
M. J. (2010). Patterns of gene expression in a scleractinian coral undergoing
natural bleaching. Mar. Biotechnol. 12, 594-604. doi: 10.1007/s10126-009-
9247-5

Seveso, D., Arrigoni, R., Montano, S., Maggioni, D., Orlandi, I., Berumen, M. L.,
et al. (2020). Investigating the heat shock protein response involved in coral
bleaching across scleractinian species in the central Red Sea. Coral Reefs 39,
85-98. doi: 10.1007/s00338-019-01878-6

Seveso, D., Montano, S., Maggioni, D., Pedretti, F., Orlandji, L, Galli, P., et al. (2018).
Diel modulation of Hsp70 and Hsp60 in corals living in a shallow reef. Coral
Reefs 37, 801-806. doi: 10.1007/s00338-018-1703-0

Seveso, D., Montano, S., Reggente, M. A. L., Maggioni, D., Orlandi, I, Galli,
P, et al. (2017). The cellular stress response of the scleractinian coral
Goniopora columna during the progression of the black band disease. Cell Stress
Chaperones 22, 225-236. doi: 10.1007/s12192-016-0756

Seveso, D., Montano, S., Strona, G., Orlandi, 1., Galli, P., and Vai, M. (2013).
Exploring the effect of salinity changes on the levels of Hsp60 in the tropical
coral Seriatopora caliendrum. Mar. Environ. Res. 90, 96-103. doi: 10.1016/j.
marenvres.2013.06.002

Seveso, D., Montano, S., Strona, G., Orlandi, L., Galli, P., and Vai, M. (2014). The
susceptibility of corals to thermal stress by analyzing Hsp60 expression. Mar.
Environ. Res. 99, 69-75. doi: 10.1016/j.marenvres.2014.06.008

Seveso, D., Montano, S., Strona, G., Orlandi, I, Galli, P., and Vai, M. (2016). Hsp60
expression profiles in the reef-building coral Seriatopora caliendrum subjected
to heat and cold shock regimes. Mar. Environ. Res. 119, 1-11.

Seveso, D., Montano, S., Strona, G., Orlandi, I., Vai, M., and Galli, P. (2012). Up-
regulation of Hsp60 in response to skeleton eroding band disease but not by
algal overgrowth in the scleractinian coral Acropora muricata. Mar. Environ.
Res. 78, 34-39. doi: 10.1016/j.marenvres.2012.03.008

Shcolnick, S., and Keren, N. (2006). Metal homeostasis in cyanobacteria and
chloroplasts. Balancing benefits and risks to the photosynthetic apparatus. Plant
Physiol. 141, 805-810. doi: 10.1104/pp.106.079251

Shick, M. J., Iglic, K., Wells, M. L., Trick, C. G., Doyle, J., and Dunlap, W. C. (2011).
Responses to iron limitation in two colonies of Stylophora pistillata exposed
to high temperature: implications for coral bleaching. Limnol. Oceanogr. 56,
813-828. doi: 10.4319/10.2011.56.3.0813

Siddiqui, S., and Bielmyer-Fraser, G. K. (2015). Responses of the sea anemone,
Exaiptasia pallida, to ocean acidification conditions and copper exposure.
Aquat. Toxicol. 167, 228-239. doi: 10.1016/j.aquatox.2015.08.012

Suggett, D. J., and Smith, D. J. (2020). Coral bleaching patterns are the outcome
of complex biological and environmental networking. Glob. Change Biol. 26,
68-79. doi: 10.1111/gcb.14871

Frontiers in Marine Science | www.frontiersin.org

June 2021 | Volume 8 | Article 681119


https://doi.org/10.1016/j.marenvres.2017.08.002
https://doi.org/10.1016/j.aquatox.2018.11.005
https://doi.org/10.1371/journal.pone.0026529
https://doi.org/10.1073/pnas.0905189106
https://doi.org/10.1016/j.aquatox.2007.07.015
https://doi.org/10.1111/j.1751-908X.2009.00899.x
https://doi.org/10.1111/j.1751-908X.2009.00899.x
https://doi.org/10.1371/journal.pone.0019703
https://doi.org/10.1371/journal.pone.0019703
https://doi.org/10.1038/s41396-018-0080-6
https://doi.org/10.1007/s002270100549
https://doi.org/10.1007/s002270100549
https://doi.org/10.1007/978-3-319-75393-5_8
https://doi.org/10.1007/978-3-319-75393-5_8
https://doi.org/10.1007/978-3-319-75393-5_3
https://doi.org/10.1007/978-3-319-75393-5_3
https://doi.org/10.1007/s00227-013-2255-z
https://doi.org/10.1007/s00227-013-2255-z
https://doi.org/10.1016/j.taap.2004.06.021
https://doi.org/10.1002/biof.5520170124
https://doi.org/10.1002/biof.5520170124
https://doi.org/10.1016/j.scitotenv.2020.140706
https://doi.org/10.1073/pnas.2022653118
https://doi.org/10.1016/j.scitotenv.2018.06.029
https://doi.org/10.1016/j.scitotenv.2018.06.029
https://doi.org/10.1007/s00338-020-01911-z
https://doi.org/10.1007/s00338-020-01911-z
https://doi.org/10.1016/j.chemosphere.2016.02.048
https://doi.org/10.1016/j.chemosphere.2016.02.048
https://doi.org/10.1016/j.tim.2020.08.005
https://doi.org/10.3389/fmicb.2014.00422
https://doi.org/10.1016/j.cbpc.2012.12.003
https://doi.org/10.1007/s10126-009-9247-5
https://doi.org/10.1007/s10126-009-9247-5
https://doi.org/10.1007/s00338-019-01878-6
https://doi.org/10.1007/s00338-018-1703-0
https://doi.org/10.1007/s12192-016-0756
https://doi.org/10.1016/j.marenvres.2013.06.002
https://doi.org/10.1016/j.marenvres.2013.06.002
https://doi.org/10.1016/j.marenvres.2014.06.008
https://doi.org/10.1016/j.marenvres.2012.03.008
https://doi.org/10.1104/pp.106.079251
https://doi.org/10.4319/lo.2011.56.3.0813
https://doi.org/10.1016/j.aquatox.2015.08.012
https://doi.org/10.1111/gcb.14871
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Montalbetti et al.

Metal Impact on Coral Cell

Vai, M., Popolo, L., and Alberghina, L. (1986). Immunological cross-reactivity
of fungal and yeast plasma membrane H+-ATPase. FEBS Lett. 206, 135-141.
doi: 10.1016/0014-5793(86)81355-2

van Dam, J. W., Negri, A. P., Uthicke, S., and Mueller, J. F. (2011). “Chemical
pollution on Coral Reefs: exposure and ecological effects,” in Ecological Impact
of Toxic Chemicals, eds F. Sanchez-Bayo, P. ]. van den Brink, and R. M. Mann
(Sharjah: Bentham Science Publishers Ltd).

Vance, P. G., Keele, B. B. Jr., and Rajagopalan, K. V. (1972). Superoxide dismutase
from Streptococcus mutans. Isolation and characterization of two forms of the
enzyme. J. Biol. Chem. 247, 4782-4786.

Venn, A. A., Quinn, J., Jones, R., and Bodnar, A. (2009). P-glycoprotein (multi-
xenobiotic resistance) and heat shock protein gene expression in the reef coral
Montastraea franksi in response to environmental toxicants. Aquat. Toxicol. 93,
188-195.

Verma, M. K, Jaiswal, A., Sharma, P., Kumar, P., and Singh, A. N. (2019). Oxidative
stress and biomarker of TNF-a, MDA and FRAP in hypertension. J. Med. Life
12, 253-259. doi: 10.25122/jml-2019-0031

Vijayavel, K., Downs, C., Ostrander, G., and Richmond, R. (2012). Oxidative DNA
damage induced by iron chloride in the larvae of the lace coral Pocillopora
damicornis. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 155, 275-280. doi:
10.1016/j.cbpc.2011.09.007

Wang, Y., Oberley, L. W., and Murhammer, D. W. (2001). Antioxidant defense
systems of two lipidopteran insect cell lines. Free Radic. Biol. Med. 30, 1254
1262. doi: 10.1016/s0891-5849(01)00520-2

Weis, V. M. (2008). Cellular mechanisms of Cnidarian bleaching: stress causes the
collapse of symbiosis. J. Exp. Biol. 211, 3059-3066. doi: 10.1242/jeb.009597

Wells, M., Shick, J. M., and Long, P. (2011). Effects of Trace Metal Limitation on
Oxidative Stress in Zooxanthellae and Its Role in Coral Bleaching. University of

Maine Office of Research and Sponsored Programs: Grant Reports Paper. (Orono,
ME: University of Maine), 291.

Williams, A., Chiles, E. N., Conetta, D., Pathmanathan, J. S., Cleves, P. A., Putnam,
H. M., et al. (2021). Metabolomic shifts associated with heat stress in coral
holobionts. Sci. Adv. 7:eabd4210.

Yakovleva, 1., Bhagooli, R., Takemura, A., and Hidaka, M. (2004). Differential
susceptibility to oxidative stress of two scleractinian corals: antioxidant
functioning of mycosporine-glycine. Comp. Biochem. Physiol. B Biochem. Mol.
Biol. 139, 721-730. doi: 10.1016/j.cbpc.2004.08.016

Zhou, J., Bruns, M. A., and Tiedje, ]. M. (1996). DNA recovery from soils of diverse
composition. Appl. Environ. Microbiol. 62, 316-322. doi: 10.1128/AEM.62.2.
316-322.1996

Zhou, Z., Yu, X,, Tang, J., Wu, Y., Wang, L., and Huang, B. (2018). Systemic
response of the stony coral Pocillopora damicornis against acute cadmium stress.
Aquat. Toxicol. 194, 132-139. doi: 10.1016/j.aquatox.2017.11.013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Montalbetti, Biscéré, Ferrier-Pageés, Houlbréque, Orlandi, Forcella,
Galli, Vai and Seveso. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Marine Science | www.frontiersin.org

60

June 2021 | Volume 8 | Article 681119


https://doi.org/10.1016/0014-5793(86)81355-2
https://doi.org/10.25122/jml-2019-0031
https://doi.org/10.1016/j.cbpc.2011.09.007
https://doi.org/10.1016/j.cbpc.2011.09.007
https://doi.org/10.1016/s0891-5849(01)00520-2
https://doi.org/10.1242/jeb.009597
https://doi.org/10.1016/j.cbpc.2004.08.016
https://doi.org/10.1128/AEM.62.2.316-322.1996
https://doi.org/10.1128/AEM.62.2.316-322.1996
https://doi.org/10.1016/j.aquatox.2017.11.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

'.\' frontiers

in Marine Science

ORIGINAL RESEARCH
published: 19 July 2021
doi: 10.3389/fmars.2021.660153

OPEN ACCESS

Edited by:
Davide Seveso,
University of Milano-Bicocca, ltaly

Reviewed by:

Brad Buckley,

Portland State University,
United States

Paul Yancey,

Whitman College, United States

*Correspondence:
Anderson B. Mayfield
abm64@miami.edu;
anderson.mayfield@noaa.gov

Specialty section:

This article was submitted to
Aquatic Physiology,

a section of the journal
Frontiers in Marine Science

Received: 28 January 2021
Accepted: 21 April 2021
Published: 19 July 2021

Citation:

Mayfield AB, Aguilar C,

Kolodziej G, Enochs IC and
Manzello DP (2021) Shotgun
Proteomic Analysis of Thermally
Challenged Reef Corals.

Front. Mar. Sci. 8:660153.

doi: 10.3389/fmars.2021.660153

Check for
updates

Shotgun Proteomic Analysis of
Thermally Challenged Reef Corals

Anderson B. Mayfield"?*, Catalina Aguilar’2, Graham Kolodziej'?, lan C. Enochs? and
Derek P. Manzello?3

" Cooperative Institute for Marine and Atmospheric Studies, University of Miami, Miami, FL, United States, 2 Atlantic
Oceanographic and Meteorological Laboratory, National Oceanic and Atmospheric Administration, Miami, FL, United States,
3 NOAA Coral Reef Watch, Center for Satellite Applications and Research, Satellite Oceanography & Climate Division,
National Oceanic and Atmospheric Administration, College Park, MD, United States

Although coral reef ecosystems across the globe are in decline due to climate change
and other anthropogenic stressors, certain inshore reefs of the Upper Florida Keys reef
tract have persisted, with some even thriving, under marginalized conditions. To better
understand the molecular basis of the thermotolerance displayed by these corals, a
laboratory-based temperature challenge experiment that also featured conspecifics from
a more stress-susceptible offshore reef was conducted with the common Caribbean
reef-builder Orbicella faveolata, and the proteomes of both the coral hosts and their
endosymbiotic dinoflagellate communities were profiled in (1) controls, (2) corals that
succumbed to high-temperature stress and bleached, and (3) those that instead
acclimated to high temperatures ex situ. Proteomic signatures varied most significantly
across temperatures, host genotypes, and Symbiodiniaceae assemblages, and the
two eukaryotic compartments of this mutualism exhibited distinct proteomic responses
to high temperatures. Both partners maintained high levels of molecular chaperones
and other canonical (eukaryotic) stress response (CSR) proteins in all treatments
(including controls). Instead, proteins involved in lipid trafficking, metabolism, and
photosynthesis played greater roles in the holobionts’ high-temperature responses, and
these energy mobilization processes may have sustained the elevated protein turnover
rates associated with the constitutively active CSR.

Keywords: coral reefs, dinoflagellates, global climate change, proteomics, symbiosis

INTRODUCTION

Corals reefs the world over are threatened by global climate change (GCC; Hoegh-Guldberg
et al, 2017), and especially the rapidly increasing seawater temperatures associated with
this phenomenon (Brown, 1997). South Florida’s coral reefs, in particular, have deteriorated
dramatically over the past decades (Manzello, 2015) as a result of land-based pollution, GCC,
and disease, yet certain inshore reefs continue to persist (even thriving in certain cases; Gintert
et al., 2018). These seemingly marginalized reefs are characterized by high summer seawater
temperatures, high sediment loads, extreme high or low light levels (depending on season), high
nutrient levels, and otherwise poor seawater quality conditions for coral survival (Manzello et al.,
2015). Nevertheless, they feature a large number of massive coral colonies that do not regularly
succumb to bleaching or disease [including the now-prevalent stony coral tissue loss disease
(SCTLD)]. Only 1-2 km away, the offshore reefs have suffered to a greater extent (<5% live
coral cover), and their resident corals appear to have lower resilience with respect to elevated
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temperatures and disease (Manzello et al., 2019); this is despite
the presumably more favorable seawater quality associated
with these habitats.

To gain insight into the thermotolerance of massive corals
of the Upper Florida Keys inshore reef tract, we previously
exposed Orbicella faveolata genotypes from sites of differing
environmental tolerances to each of two high-temperature
conditions: a 5-day (d) extreme high-temperature hold at
33°C and a 31-day exposure to 32°C (a temperature these
corals encounter in situ, albeit not typically over multi-week
durations; Manzello et al, 2019). As hypothesized, offshore
corals were less thermotolerant than inshore genotypes, which
failed to bleach at 33°C. Furthermore, some corals shuffled
their endosymbiotic dinoflagellate (family Symbiodiniaceae)
communities over the course of the study, though switching
from Breviolum-dominated assemblages to those with higher
proportions of the hypothetically more thermotolerant genus
Durusdinium did not demonstrate improved survival at 32°C.
Although the inshore-offshore gradient in thermotolerance was
confirmed, even the most resilient inshore genotypes had at least
begun to bleach slightly after 31 days at 32°C.

We sought to exploit this sample set to better understand
the molecular basis of thermotolerance in this Caribbean reef-
builder by specifically characterizing the cellular processes
underlying (1) acclimation in corals found to be relatively
more high-temperature resilient and (2) the stress response
in those that were beginning to bleach. A mass spectrometry
(MS)-based proteomics approach was taken because, although
many works have attempted to characterize the cellular biology
of thermotolerant corals based on mRNA profiling alone
(e.g., Bellantuono et al, 2012; Pinzén et al, 2015), the lack
of correlation between gene expression and concentration
of the respective protein in both scleractinian corals and
Symbiodiniaceae dinoflagellates (Mayfield et al., 2016, 2018a,b)
signifies that those seeking to make inferences about the cellular
biology of corals and their endosymbionts must instead profile
proteins; unlike mRNAs, these macromolecules directly effect
behavioral changes in cells.

MATERIALS AND METHODS

The Experiment

Key features of the experiment have been detailed in the
Supplementary Material. Briefly, 20 O. faveolata colonies from
each of three sites (Table 1; see Manzello et al., 2019 for maps and
detailed site information.)-“Little Conch” (UKO2; offshore), “The
Rocks” (UKI2; inshore), and “Cheeca Rocks” (UKI1; inshore)-
were tagged, genotyped, and cored. After in situ recovery of the
cores, they were moved to the laboratory, acclimated to aquarium
conditions for several days, adhered to tile “pucks” (~4 x 4 cm),
again allowed to recover for several days, and then exposed to
the treatments described above (33°C for 5 d or 32°C for 31 d,
with a 7-d ramping period between the acclimation temperature
of 30°C and the target temperature). The trailing two-week
mean at the time of sampling (July 2017), 30°C, was used for
the control treatment. Historical temperature data from Cheeca

Rocks can be found at https://www.pmel.noaa.gov/co2/pco2data/
cheeca/alldata/.

Extractions and MS

A subset of 16 samples was chosen for proteomic analyses
(Table 1), and an “identical twin” design was employed in which
the responses of fragments made from the same source genotype
were tracked across all treatments. Genetic analyses (Manzello
et al.,, 2019) revealed that all 20 offshore colonies from Little
Conch are unique genotypes; one such clone of the black(a)
genotype (2b-RAD nomenclature), colony C5, was randomly
chosen for proteomics. In contrast, the inshore reef The Rocks
lacks genetic diversity and is dominated by a single O. faveolata
clone: skyblue (Manzello et al., 2019). One skyblue colony, A4,
was chosen for proteomics. Randomly selected colonies from
two genotypes of Cheeca Rocks, light-yellow (B5) and grey60
(D5), constituted the final two colonies whose fragments were
analyzed in each of the four treatments. Four and two host
coral and Symbiodiniaceae samples yielded few proteins upon
MS (discussed below) and were omitted. This resulted in a
total sample size of 12 and 14 for the host and endosymbionts,
respectively (Table 1), with 3-4, 3, and 6-7 samples from Little
Conch, The Rocks, and Cheeca Rocks, respectively (3-4 offshore
and 9-10 inshore samples).

Coral pucks were flash-frozen in liquid nitrogen (LNj)
immediately upon sampling and quickly pulverized in additional
LN, with a Baileigh Industrial hydraulic press (United States)
into a wet, sand-like consistency prior to freezing (—80°C).
Later, RNAs, DNAs, and proteins were extracted from ~100 mg
of partially ground tissue (including powdered skeleton) as
described in the Supplementary Material. Briefly, coral and
endosymbiont proteins were extracted with a modified TRIzol™
(Invitrogen, United States) protocol, and 15 g were dissolved
in ammonium bicarbonate (AB) supplemented with sodium
dodecyl sulfate, quantified, electrophoresed [for protein quality
control (QC)], repurified, resuspended in AB, denatured with
urea, alkylated with iodoacetamide, digested overnight with
trypsin, repurified, and resuspended in 20 pl of 2% acetonitrile
with 0.1% formic acid (to aid in ionization) prior to nano-
liquid chromatography (LC) on an Easy Nano LC™ 1000
[Thermo Fisher Scientific (TFS), United States] with a Nanospray
Flex ion source (TFS) as described in Musada et al. (2020).
Peptide eluates from a 2-98% acetonitrile gradient (84 min) were
run on a Q Exactive Orbitrap MS (TES) as in Musada et al.
(2020). Details for all aforementioned steps can be found in the
Supplementary Material.

MS Data Analysis

RAW data files from the MS were uploaded into Proteome
Discoverer (ver. 2.2, TFS), and each of three fasta mRNA
sequence libraries (conceptually translated to proteins) was
queried: an O. faveolata transcriptome, a Symbiodiniaceae (in
hospite with O. faveolata) transcriptome, and a Pocillopora
acuta-Symbiodiniaceae transcriptome (Mayfield et al., 2014).
All three sequence databases are described in detail in the
Supplementary Material. The peak integration tolerance was
20 ppm, and the peak integration method was based on
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TABLE 1 | Orbicella faveolata samples analyzed by shotgun proteomics.

Sample code Temp. (°C) (level) Time (days) Temp. x time Genotype (2b-RAD) Shelf Health status
A4-1 30 (control) 5 Control-short Skyblue Inshore Healthy control
A4-5 32 (high) 31 High-long Skyblue Inshore Stressed @ high temp.
A4-7 33 (very high) 5 High-short Skyblue Inshore Healthy @ high temp.
A4-8* 30 (control) 31 Control-long Skyblue Inshore Healthy control
B5-1 30 (control) 31 Control-long Lightyellow Inshore Healthy control
B5-2* 32 (high) 31 High-long Lightyellow Inshore Stressed @ high temp.
B5-4 bu 33 (very high) High-short Lightyellow Inshore Healthy @ high temp.
B5-7 bu 30 (control) Control-short Lightyellow Inshore Healthy control
C5-1 30 (control) Control-short Black(a) Offshore Healthy control
C5-2 32 (high) 31 High-long Black(a) Offshore Stressed @ high temp.
Ch-7 30 (control) 31 Control-long black(a) Offshore Healthy control
C5-82:b 33 (very high) High-short Black(a) Offshore Stressed @ high temp.
D5-22 30 (control) 5 Control-short Grey60 Inshore Healthy control
D5-3 32 (high) 31 High-long Grey60 Inshore Stressed @ high temp.
D5-5 33 (very high) 5 High-short Grey60 Inshore Healthy @ high temp.
D5-8 bu? 30 (control) 31 Control-long Grey60 Inshore Healthy control

Underlined samples possessed Durusdinium spp.-dominated Symbiodiniaceae (Sym) communities; all others were instead Breviolum spp.-dominated unless noted
otherwise. In the "health status” column, designations were made from Coral Watch scores (Siebeck et al., 2006); those samples colored < E3 were considered to be
potentially stressed. Samples denoted by asterisks (*) were omitted from analysis due to low host coral protein yield (<30 ng). “bu” = backup (i.e., original extraction

attempt failed). temp. = temperature.

aAssessed Sym proteins only. P Mix of Breviolum spp. and Durusdinium spp. dinoflagellates.

the most confident centroid. Precursor and fragment mass
tolerances were 10 ppm and 0.02 Da, respectively, and up to
two missed cleavages were permitted. Each of the 16 RAW
files was queried separately against the three fasta libraries,
and a false discovery rate (FDR)-adjusted g-value of 0.01 was
set a priori. It should be noted that these stringent search
parameters reduced the overall number of peptide “hits” (see
“Results.”) yet ensured confidence in assignment of the peptide
to the correct compartment of origin (host coral vs. dinoflagellate
endosymbiont). All proteomic data (RAW MS, MZML, and
MZID files), as well as the fasta libraries against which
the MZML files were queried, were submitted to “MassIVE”
(University of California, San Diego; accession: MSV000086098),
ProteomeXchange (Vizcaino et al., 2014; accession PXD021349),
and NOAA’s Coral Reef Information System (CoRIS; accession
0227133). Finally, a tab-delineated Online Supplementary Data
File (OSDF) accompanies this article and includes all data
featured in analyses, figures, and tables.

Statistical Analysis-Overview

Sequenced proteins were manually checked by BLASTp (against
NCBI nr) to determine if any represented duplicate hits found in
both the (1) O. faveolata and P. acuta holobiont transcriptomes
and (2) Symbiodiniaceae and P. acuta holobiont transcriptomes;
duplicate data were concatenated and scored as presence (1)
vs. absence (0) for each protein. Those host and endosymbiont
proteins synthesized by only 1-2 samples were excluded from
differentially concentrated protein (DCP) analyses, as were
those sequenced from =11 and =12 samples, respectively
(“housekeeping proteins”). This difference in criteria between
compartments arises from the fact that two samples that were
eliminated from the host analysis due to low number of peptide

hits, C5-2 and D5-2, were included in the Symbiodiniaceae
analysis (Table 1). When the host and endosymbiont proteins
were combined for “total holobiont” analysis, these two samples
were excluded (n = 12). DCP identification was therefore carried
out with only the host and endosymbiont proteins found in 3-
10 and 3-11 of the 12 and 14 samples, respectively (hereafter
“variable proteins”). In contrast, multivariate statistical analyses
(MSA) were conducted with all host coral, endosymbiont, and
total holobiont proteins.

MSA

Multi-dimensional scaling (MDS) was undertaken to depict
similarity among the 5-day, 31-day, and all 12-14 samples.
To assess multivariate differences across eight experimental
parameters (EP)- temperature (analyzed as 1: control vs. high
and 2: 30, 32, or 33°C), (3) temperature X time, (4) genotype
(n = 4), (5) site (n = 3), (6) shelf (inshore vs. offshore), (7)
endosymbiont assemblage (Breviolum-dominated, Durusdinium-
dominated, or mixed-lineage; Table 1), and (8) pigmentation
(i.e., “health status;” Table 1)- PERMANOVA was carried out
with PRIMER ver. 6 (United Kingdom) after ensuring that
multivariate dispersion was similar across bins with PERMDISP
(alpha = 0.05 for all MSA). PRIMER’s “relate” algorithm was
used to determine whether patterns in the proteomic dataset
correlated with those in the experimental one after converting
categorical EP data to integers (e.g., inshore = 1, offshore = 2).
A Bray-Curtis (BC) similarity matrix was constructed from these
recoded EP data and compared to the BC similarity matrix of the
presence-absence proteomic data. These same two matrices were
compared against one another with PRIMER’s “BEST” algorithm
to identify the EP that accounted for the greatest degree of
variation in the proteomic datasets similarity structure. As a
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second, arguably more robust approach for selecting influential
EP, PRIMER’s distance-based linear modeling (DistLM) was used
to generate backward selection models for which the Bayesian
information criterion (BIC) was minimized.

DCPs

We sought to identify proteins sequenced in all samples of
one treatment (or exclusively within one bin, e.g., genotype)
and in none of the remaining. Since few fulfilled this criterion,
five additional DCP identification methods were executed
in JMP Pro® (United States; ver. 15): response screening
(RSA; FDR-adjusted multiple comparisons), predictor screening
(PSA; proteins accounting for the largest proportion of
variation associated with each EP), stepwise discriminant analysis
(SDA), stepwise regression (SRA), and generalized multivariate
regression (GMR). Each approach is described in detail in the
Supplementary Material.

RESULTS

Overview of Proteomic Data

Across all samples, 20,185 host and 3,470 Symbiodiniaceae
peptides were sequenced (1,673,323 and 495,276 amino acids,
respectively); these mapped to 3,824 and 1,116 proteins,
respectively, in the coral and Symbiodiniaceae sequence
databases queried (FDR-adjusted g < 0.01). It should be
reiterated that this represents a subset of the total number
of proteins sequenced given the high degree of stringency
employed; had we been less concerned with correctly elucidating
the compartment of origin, host or endosymbiont, a larger
number would have been mapped and included in downstream

analyses. Details on protein yield per sample, host/endosymbiont
protein ratios, and protein coverage can be found in the
Supplementary Material (notably Supplementary Figure 1).
Of the 769 presumably unique anthozoan proteins, 300 were
later found to be repeated in both the O. faveolata and P. acuta
databases; MSA were carried out with the remaining 469 [of
which all but 44 (9.4%) could be identified using alignment-
based bioinformatics approaches]. Of the 1,116 endosymbiont
proteins, 315 were unique and featured in such analyses [of
which all but 74 (23%) could be identified]. Of these 469 host
and 315 endosymbiont proteins, 96 and 15, respectively, were
housekeeping proteins (OSDF and Supplementary Figure 2),
and 160 and 212, respectively, were only identified in only 1-2
samples. Univariate DCP identification was carried out with
the remaining 213 and 88 “variable” host and endosymbiont
proteins, respectively.

Multivariate Effects

A number of multivariate effects (Table 2) were uncovered
for the holobiont (Figures 1A-C), host coral (Figures 1D-
F and Supplementary Figure 2A), and Symbiodiniaceae
(Figures 1G-I and Supplementary Figure 2B) proteomes.
Predominant findings of interest have been included below,
with details found in the Supplementary Material. The
holobiont proteome was affected by temperature (BEST
and DistLM), site (BEST, DistLM, and PERMANOVA), and
pigmentation (DistLM), though in the MDS plot (Figure 1C)
some influence of Symbiodiniaceae assemblage is also evident.
For the host proteome alone (Figures 1D-F and Table 2),
site (BEST and PERMANOVA) and genotype (DistLM and
PERMANOVA) best distinguished samples. Unlike the host, the
PERMANOVA effect of temperature was marginally significant

TABLE 2 | Statistically significant multivariate effects on the Orbicella faveolata-Symbiodiniaceae (Sym) proteome.

Experimental parameter df PseudoF p #Permutations BEST  DistLM PERMANOVA multiple
model? model? comparisons

Holobiont (n = 784 proteins)*

Correlation of BEST model = 0.401. DistLM BIC = 82.9 (R? = 0.334)

Temp. (control vs. high) 1 1.079 0.306 406 Yes Yes

Site (n = 3) 2 1.543 0.0487 958 Yes Yes The Rocks#Cheeca Rocks

Health status (n = 2) 1 1.216 0.245 216 Yes

Host coral (n = 469 proteins)

Correlation of BEST model = 0.261. DistLM BIC = 75.7 (R? = 0.158)

Site 2 1.738 0.030 942 Yes The Rocks#Cheeca Rocks

Genotype 3 1.591 0.045° 973 Yes No post-hoc differences

Endosymbiont (n = 315 proteins)*

Correlation of BEST model = 0.366. DistLM BIC = 107 (R? = 0.130)

Sym assemblage 2 1.53 0.014° 988 Yes Breviolum-
dominated#Durusdinium-

dominated
Health status 1 1.55 0.053 630 Yes

Experimental factors that either significantly affected the holobiont, host coral, or Symbiodiniaceae proteomes (PERMANOVA p < 0.05; bold font) or were included in
PRIMER’s BEST and/or DistLM models have been included in the table. For non-statistically significant model terms, please see Supplementary Table 1. Note that,
although “health status” features three categories in Table 1, only two (healthy vs. bleached) were considered in the PERMANOVA. BIC = Bayesian information criterion.
Temp. = temperature. *significant rho (Spearman rank-based) between experimental parameter data matrix and proteomic data matrix.

aSee Figures 1A,B. See Figures 1D-F. ©See Figures 1C,G-I.
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FIGURE 1 | Multivariate analysis of the Orbicella faveolata-Symbiodiniaceae (Sym) proteome. Multi-dimensional scaling (MDS) depicting similarity among samples at
the 5-day (A,D,G), 31-day (B,E,H), and 5+31-day (C,Fl) sampling times for all 784 holobiont proteins (A-C), the 469 host coral proteins (D-F), and the 315 Sym
proteins (G-I). Icons have been coded to denote dominant PERMANOVA effects (Table 2). Site names (A,B) are abbreviated as “Ch” (Cheeca Rocks), “R” (The
Rocks), and “LC” (Little Conch); Sym assemblages (C,G-l) as “B” (Breviolum-dominated), “D” (Durusdinium-dominated), and “M” (mixed-lineage; Breviolum and
Durusdinium); and host genotypes (D-F) as “S” (skyblue), “G” (grey60), “Y” (lightyellow), and “BA” [black(a)]. In all panels, icons colored green, orange, and red
correspond to control (30°C), high temperature (32°C), and very high temperature (33°C) samples, respectively, and samples that were Stressed at the time of
sampling have been denoted by “-S” in I.

for the Symbiodiniaceae proteome (Figures 1G-I and Table 2),
though Symbiodiniaceae assemblage most strongly affected the
endosymbionts’ proteomes (DistLM and PERMANOVA; i.e., the
Breviolum and Durusdinium proteomes differed significantly
from one another.).

DCP Overview

The five DCP identification approaches tended to yield the same
suites of proteins as being responsive to each EP of interest
(Supplementary Figure 3 and Supplementary Tables 2, 3), and
host genotype and temperature were the EP across which the
largest number of proteins differed in abundance: 18/47 DCPs
(38.3%) for each (Supplementary Figure 4). Host genotype also
most strongly affected the host proteome at the multivariate scale

(see above.), and temperature best accounted for the structure of
the holobiont proteomic dataset (Table 2). In contrast, although
site significantly affected both holobiont and host proteomes
(Table 2), only three site-responsive DCPs were uncovered
(Supplementary Figure 4C); this is because, with the exception
of Cheeca Rocks (for which two genotypes were analyzed), only
one genotype was analyzed at each of the remaining sites. For
this reason, we generally discuss genotype and site effects in
tandem hereafter. The functional breakdowns of the 27 coral
(Table 3), 20 endosymbiont (Table 4), and 47 holobiont DCPs
can be seen in Figures 2A,B, and C, respectively, and the most
dominant cellular processes (gene ontology) of the coral hosts
and endosymbiotic dinoflagellates were metabolism (Figure 2A)
and photosynthesis (Figure 2B), respectively. When analyzing all
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TABLE 3 | Host coral differentially concentrated proteins (DCPs).

Contig Identity

Function Trend(s)

Temperature-responsive proteins (n = 8; Figure 3)
comp111800_c2_seq1
contig8136
OFAVBQ_DN204682_c1_g1_i2
OFAVBQ_DN211578_c1_g2_i4
OFAVBQ_DN212753_c2_g1_i4
OFAVBQ_DN214053_c3_g2_i3
OFAVBQ_DN215575_c0_g1_i3
OFAVBQ_DN222739_c0_g1_i5
Genotype-responsive proteins (including site effects; n = 14; Figure 4)
OFAVBQ_DN221283_c3_g2
OFAVBQ_DN218618_c3_g1_i10
OFAVBQ_DN208448_c1_g1_i1
OFAVBQ_DN224869_c0_g1_i2
OFAVBQ_DN218284 _c7_g2_i4
OFAVBQ_DN205148_c1_g2_i1
OFAVBQ_DN103730_c0_g1_i1
OFAVBQ_DN210981_c4_g1_i3
OFAVBQ_DN213163_c3_g1_i11
OFAVBQ_DN218286_c0_g1_i1¢
OFAVBQ_DN199317_c0_g3_i1
OFAVBQ_DN197100_c0_g1_i1
OFAVBQ_DN203970_c3_g5_i1
OFAVBQ_DN197154_c0_g3_i1
Shelf-responsive proteins (n = 3; Supplementary Figure 5)
OFAVBQ_DN217467_c0_g1_i3
OFAVBQ_DN204853_c0_g1_il
OFAVBQ_DN192542_c0_g1_i1
Other effect types (n = 2; Supplementary Figure 5)
OFAVBQ_DN198838_c3_g2_i3
OFAVBQ_DN218234_c4_g1_i2P

Ras-related protein rab11
Large subunit ribosomal protein L18e
408 ribosomal protein S3
Citrate synthase
Erlin-1
Calumenin
Glutamine synthetase-like
Unknown?

Collagen alpha-1(l) chain-like
Galaxin-like
Protein DD3-3-like
Laccase-25-like isoform X1
Dermatopontin
Rhamnose-binding lectin
14-3-3 protein epsilon
Legumain-like
Transaldolase
Glycerol kinase
Collagen triple helix repeat-containing protein 1
Protein PRY1-like
Elongation factor 1-beta-like
Galaxin-like

408 ribosomal protein S4-like
Nitrilase with biotinidase and vanin domains
Nucleoside diphosphate kinase

408 ribosomal protein S20
MAC/perforin domain

Vesicle fusion and trafficking High (32°C) > all others, stressed > healthy

Translation Control-temp. only, healthy > stressed
Translation Control temp. only
Metabolism Not expressed by stressed corals

Cholesterol/lipid homeostasis Control-5-day > all others

Protein folding and sorting High > control temp., stressed > healthy

Metabolism Control > high temp.
Unknown High (32°C) > all others, stressed > healthy
Structural Offshore only

Calcification Not found in lightyellow

Cell-cell interactions Not found in lightyellow

Metabolism Grey60 > other genotypes
Cell-cell interactions Grey60 only
Cell-cell interactions Grey60 only

Signaling Grey60 > all other genotypes
Protease Not expressed by skyblue
Metabolism Cheeca genotypes > others
Metabolism Cheeca genotypes > others

Structural Lightyellow only

Lipid secretion Not found in offshore samples

Translation Lightyellow > other genotypes
Calcification Lightyellow only
Translation Offshore > inshore
Metabolism Offshore > inshore
Metabolism Not found in offshore samples
Translation Breviolum assemblages only
Immunity Stressed > healthy

For details on the analytical approach(es) used to identify the 27 DCPs, please see Supplementary Table 2, and for a comparison with other studies, please see

Supplementary Table 4. Sym = Symbiodiniaceae. temp. = temperature.

aalso known as sushi, von Willebrand factor type A, EGF, and pentraxin domain-containing protein 1. ®Durusdinium-dominated assemblages only.

47 DCPs together (Figure 2C), these two processes accounted for
nearly 40% of all DCPs, with translation being the third most
affected process.

Host Coral DCPs

Of the 27 host DCPs (Table 3 and Supplementary Tables 2, 4),
8 were significantly affected by temperature (Figure 3), and
a PCA with these separated samples of the control, 32,
and 33°C treatments (Figure 3A). Only one DCP, ras-related
protein rabll (Figure 3B), fulfilled our optimal criterion
of being synthesized only by corals of a high-temperature
treatment (32°C). Three additional DCPs (Figure 3B)- large
subunit ribosomal protein L18e, 40S ribosomal protein S3,
and glutamine synthetase- were instead only translated by
controls. Metabolism and translation were the two cellular
processes featuring the largest number of temperature-sensitive
host coral proteins (Figure 3C). There was also a strong
effect of host genotype on 14 of the 27 DCPs (Figure 4,

Table 3, and Supplementary Tables 2, 4), and 5 of these
were only found in one of the four genotypes (Figure 4B).
For a detailed treatise of these 14 DCPs, please consult the
Supplementary Material.

Symbiodiniaceae DCPs

Temperature and  Symbiodiniaceae  assemblage  were
the predictors that generated the greatest number of
Symbiodiniaceae DCPs (Supplementary Figure 4B, Table 4,
and Supplementary Tables 3, 5): 9 and 7, respectively (with
2 of these affected by both temperature and assemblage).
These EP were also associated with the lowest PERMANOVA
p-values (Table 2). The nine temperature-responsive DCPs
led to separation among samples in a PCA (Figure 5A).
Although none were maintained only in high-temperatures
and not in controls, four were absent from high-temperature
samples (Figure 5B): photosystem II chlorophyll-binding
protein CP43, an unknown protein, a phosphoglycerate
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TABLE 4 | Symbiodiniaceae (Sym) differentially concentrated proteins.

Contig

Identity

Function

Trend(s)

Temperature-responsive proteins (n = 9; Figure 5)

SYMBOF_DN176524_c0_g1_i1.p1
SYMBOF_DN190166_c0_g1_i2.p1
SYMBOF_DN201098_c1_g4_i1.p1
SYMBOF_DN192802_c0_g1_i2.p1
SYMBOF_DN196424_c4_g3_i3.p1
SYMBOF_DN201284_c0_g2_i5.p1

SYMBOF_DN201349_c3_g4_i2.p1

SYMBOF_DN163023_c0_g2_i2.p1

Rab-related GTPase family rab5
ADP-ribosylation factor

Photosystem Il chlorophyll-binding protein CP43

Unknown
Phosphoglycerate kinase
Chaperone protein DNAJ (HSP40)

Fucoxanthin-chlorophyll a-c binding protein B

60S ribosomal protein L3 (see also Figure 6C.)

Molecular trafficking
Molecular trafficking
Photosynthesis
Unknown
Metabolism

Stress response

High-long > control long
H33 < others

Control temp. only
Control-short > all others
Control > high temp.

Control > high temp.,
Healthy > stressed

SYMBOF_DN218526_c0_g1_i5.p1
Figure 6C.)

Chloroplast soluble PCP precursor-1 (see also

Photosynthesis Control > high temp.,
Healthy > stressed

Translation Control > high temp.,
Mostly D < others

Photosynthesis H32 < all others,

Healthy > stressed,
Mostly D < others

Sym assemblage-responsive proteins [n = 5 (excluding two that were also affected by temp. and instead found above); Figure 6]

SYMBOF_DN191788_c0_g1_i1.p1

SYMBOF_DN208331_c3_g1_i2.p1

SYMBOF_DN211305_c3_g1_i1.p1
SYMBOF_DN215694_c5_g7_i1.p1
SYMBOF_DN217254_c0_g1_i1.p1 Heat shock protein 90 (HSP90)
Other effects (n = 6; Supplementary Figure 5)

SYMBOF_DN192258_c0_g6_i3.p1
SYMBOF_DN223629_c2_g4_i1.p2
SYMBOF_DN184263_c0_g2_i1.p1
SYMBOF_DN181028_c0_g1_i1.p1
SYMBOF_DN214774_c2_g1_i1.p1

Unknown
Acyl-CoA-binding protein

Luminal-binding protein 5 (BIP5)

SYMBOF_DN214550_c0_g1_i1.p1 Ubiquitin

Peridinin chlorophyll a binding protein

Fucoxanthin-chlorophyll a-c binding protein F-1

Chloroplast soluble PCP precursor-2
Fucoxanthin-chlorophyll a-c binding protein F-2

Peridinin-chlorophyll A binding protein

Fucoxanthin-chlorophyll a-c binding protein F

Photosynthesis Mostly B > all others,
Lightyellow > others
Photosynthesis Healthy > stressed,
Mostly D < others
Photosynthesis Mostly D only
Photosynthesis Mostly B only

Stress response Not in mix of B and D

Unknown Lightyellow > all others
Photosynthesis Lightyellow < all others
Metabolism Skyblue only
Stress response Grey60 only

Photosynthesis Inshore > offshore,

Healthy > stressed

Stress response Cheeca Rocks < others

For details on the analytical approach(es) used to identify the 20 DCPs and a comparison with other published works, please see Supplementary Tables 3 and 5,

”

respectively. H32 and H33 = high-temperature (temp; 32°C) treatment and very high temp. (33°C) treatments, respectively. “mostly B,” “mostly D,” and “mix of B and D”
correspond to Breviolum-dominated, Durusdinium-dominated, and mixed Breviolum+Durusdinium Sym assemblages, respectively. “Short” and “long” in the “Trend(s)”
column correspond to the 5- and 31-day sampling times, respectively. PCP = peridinin chlorophyll-a binding protein. QC = quality control (protein trafficking and folding).

kinase, and a DNAj chaperone protein (i.e., HSP40). Two
additional proteins were not synthesized by any 32°C sample
(Figure 5B): 60S ribosomal protein L3 and a chloroplast-soluble
peridinin chlorophyll a-binding protein (PCP). One-third of
the Symbiodiniaceae temperature-sensitive DCPs were involved
in photosynthesis (Figure 5C). To gain greater insight into
Symbiodiniaceae assemblage effects (Figure 6), the mRNA read
breakdowns for the 14 samples were plotted (Figure 6A). For
concentration trends and functional breakdowns of the seven
Symbiodiniaceae assemblage-responsive DCPs (Figures 6B,C),
please consult the Supplementary Material (particularly
Supplementary Figure 5).

DISCUSSION

Herein we sought to uncover high-temperature effects on cellular
biology of massive coral genotypes from distinct thermal habitats
that varied in their capacity to acclimate to experimentally

elevated temperatures. There were clear proteomic differences
among the four host genotypes and three Symbiodiniaceae
assemblages, and the Symbiodiniaceae proteomes were relatively
more affected by high-temperature exposure at the multivariate
scale than their hosts. Symbiodiniaceae dinoflagellates also
demonstrate more pronounced mRNA-level responses to
high temperatures than their cnidarian hosts (Mayfield
et al, 2014), and their proteomic strategy for confronting
environmental change is also different from that of other
corals studied to date (Mayfield et al., 2016); the latter finding
was corroborated herein. Proteins involved in metabolism
and translation were most likely to be affected by high-
temperature exposure in the cnidarian hosts, whereas the
temperature-sensitive endosymbiont DCP pool was dominated
by photosynthesis proteins; this substantiates findings dating
back over 20 years (e.g., Jones et al, 1998). That being said,
molecular trafficking proteins (e.g., rab) were affected by
thermal stress in both compartments and are discussed in
greater detail below.
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FIGURE 2 | Functional breakdown of differentially concentrated proteins
(DCPs). The cellular process color codes are shown only the first time they are
used (the exception being the “all other” category). When proteins involved in
a cellular process (e.g., stress response) were documented at a significantly
higher proportion in one compartment vs. the other (Fisher’s exact test,

p < 0.01), the process name in the compartment with the higher value has
been denoted by an asterisk (*). Processes specific to anthozoan hosts (A)
(i.e., calcification) and dinoflagellates (B) (i.e., photosynthesis) were excluded
from this analysis.

Of the 784 proteins profiled, only 17 (2.2%) were significantly
affected by temperature. This could be due to one of at least
two reasons. First, there was high proteomic fidelity to host
genotype. Even after several weeks of high-temperature exposure,
the host proteomes clustered as much by genotype as by
their temperature treatment. Such distinct differences in protein
signatures (and the associated high inter-genotype variability)
may have thwarted our ability to uncover temperature-sensitive
host DCPs. Instead, those eight identified represent “core”
proteins exploited by all four genotypes upon high-temperature
exposure. Since the low number of universal high-temperature-
sensitive proteins uncovered (including nine of endosymbiont

origin) could have also been due to having pooled the data
from samples that were bleaching with those that had instead
potentially acclimated, a separate, genotype-to-genotype analysis
has been provided in the Supplementary Material. Briefly, the
four host genotypes manifested distinct stress responses, as well
as dissimilar strategies for acclimating to high temperatures.
For instance, of the 80 and 63 proteins found to be involved
in high-temperature acclimation (n = 3 controls vs. n = 3
actively acclimating corals) and bleaching (n = 3 controls vs.
n = 3 bleaching corals), respectively, only 4 (5%; Supplementary
Figure 6) and 5 (8%; Supplementary Figure 7) were utilized in
the acclimation and bleaching responses, respectively, of multiple
genotypes. The fact that coral fragments sampled from colonies
that were within even several meters of each other in situ
utilized entirely different means of acclimating (or succumbing)
to high temperatures is puzzling, unexpected, and is under active
investigation by ourselves and others working in South Florida.
Perhaps, the location on the colonies from which cores were
made could accommodate some of the variation (despite efforts
made to be consistent with respect to the relative positioning
of the drill-bit); biopsies from more shaded areas might display
differing means of thermo-acclimation on account of entrained
light effects, even after acclimation in a common garden prior
to experimentation. Given the low overlap in the acclimation
and stress responses across genotypes/sites, as well as the current
inability to rigorously account for such variation, we have
instead focused the remainder of our discussion on the common
elements uncovered.

Of the 17 temperature-sensitive DCPs, three differed
in abundance between samples that were bleaching (C5-
2) or beginning to bleach (A4-5 and D5-3) at the time
of sampling vs. high-temperature samples that resisted
bleaching: a host ras-related protein rabll involved in
vesicle trafficking and fusion [only synthesized by visibly
stressed samples (color score < E3)], an unknown host
coral protein with sushi, von Willebrand factor type A, EGE
and pentraxin domains (OFAVBQ_DN222739_c0_gl_i5;
only synthesized by visibly stressed samples), and an
endosymbiont fucoxanthin-chlorophyll a-c binding protein
F (FCPE; chloroplastic; SYMBOF_DN208331_c3_gl_i2.p1-1)
involved in photosynthesis (not translated by visibly stressed
samples). Given the large number of FCPE proteins even
within the endosymbiont DCP pool, it is unclear whether the
absence of one isoform would have significant implications
for photosynthetic function. In contrast, the two host proteins
were distinct, and numerous rab proteins involved in vesicle
and lipid trafficking were up-regulated at high temperatures
in bleaching offshore samples in the genotype-by-genotype
analysis (Supplementary Figures 6, 7). Furthermore, an
endosymbiont rab5 protein was up-regulated in the three
bleaching samples.

Prior works have also uncovered proteins involved in
vesicle, lipid, and lipid body trafficking to be affected by high-
temperature exposure in host corals and their endosymbionts
(Mayfield et al, 2018a,b), and the role of lipid trafficking
within the anthozoan-dinoflagellate endosymbiosis has been
well-studied (Chen et al., 2012, 2015, 2017). Prior work on
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FIGURE 3 | Temperature-sensitive Orbicella faveolata proteins. A PCA (A) with the eight proteins whose concentrations differed significantly across temperatures
(temp.); “C,” “H,” and “V” correspond to control (30°C), high (32°C), and very high (33°C) temperatures, respectively. The black, small-font, lower-case letters over
the biplot rays correspond to the row where the respective data for each protein have been displayed in (B). A functional breakdown of the proteins can be found in
(C). For details on these eight proteins, please see Table 3 and Supplementary Tables 2, 4.
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FIGURE 4 | Genotypic differences in Orbicella faveolata proteins. A PCA with the 14 proteins whose concentrations differed significantly across host genotypes (A).
Please note that the black, small-font, lower-case letters adjacent to the biplot rays correspond to the row where the respective data for each protein have been
displayed in (B), and the legend for the sample icons can be found in the bottom right corner. A functional breakdown of these proteins is depicted in (C). For further

details, please see Table 3 and Supplementary Tables 3, 5.

rabll in particular has implicated it in endocytic recycling
(Lock and Stow, 2005), whereby membrane components
internalized in endosomes are transported to (and then recycled
at) the plasma membrane (Montealegre and van Endert, 2010).
This protein has also been linked to the establishment and
maintenance of the anemone-dinoflagellate endosymbiosis
(Chen et al.,, 2003). Specifically, rabll is normally kept away
from the symbiosome, but high concentrations are documented
around phagosomes containing dying endosymbionts at
high temperatures (Chen et al., 2005ab). Later, Downs
et al. (2009) demonstrated that other rab proteins (e.g.,
rab7) are involved in symbiophagy, whereas Weston et al.
(2015) took the large number of rab proteins uncovered
in corals exposed to high temperatures for several hours
to be indicative of dinoflagellate cell exocytosis. However,

as was the case herein, their sampling regimen did not
explicitly allow for the uncovering of proteins that enact
bleaching, merely those associated with it. Whether up-
regulation of rab11 and other rab proteins reflects the possibility
of symbiophagy, dinoflagellate exocytosis, or simply an
increased need to traffic membrane components to the plasma
membrane during periods of elevated temperature remains
to be determined. Furthermore, given that a many corals
switched symbionts over the duration of the study (Figure 6),
differential rab protein levels may simply be a testament to
the need to resheath newly acquired dinoflagellate cells with
symbiosome membranes.

Prior works on endosymbiotic anthozoans have yielded
conflicting results with respect to the relative importance
of canonical eukaryotic stress response (CSR) proteins
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FIGURE 5 | Temperature-sensitive Symbiodiniaceae proteins. A PCA with the nine proteins whose concentrations differed significantly across temperatures (A) in
which “C,” “H,” and “V” correspond to control (30°C), high (32°C), and very high (33°C) temperatures, respectively. The black, small-font, lower-case letters adjacent
to the biplot rays correspond to the row where the respective data for each protein have been displayed in (B). A functional breakdown of these proteins is depicted
in (C). chl = chlorophyll. Fuco-chl-a-c binding = fucoxanthin-chl-a-c binding protein B. PCP = peridinin chl-a-binding protein. PS = photosystem Il. For details on
these nine proteins, please see Table 4 and Supplementary Tables 3, 5.
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FIGURE 6 | Proteomic differences across Symbiodiniaceae (Sym) lineages. In the mRNA breakdown of the 14 samples analyzed by shotgun proteomics (A), the
blue and red shading reflect the proportions of Durusdinium spp. (“D”) and Breviolum spp. (“B”) dinoflagellates, respectively. Samples for which no genus

comprised >80% of the mapped mMRNA reads were deemed “mixed-lineage” (“M”). The numbers in parentheses following the sample codes for the two genotypes
that underwent endosymbiont shuffling, C5 [black(a) from Little Conch (offshore)] and D5 [grey60 from Cheeca Rocks (inshore)], represent sampling days. A PCA
with seven proteins whose concentrations differed significantly across Sym assemblages (B); letters correspond to Sym assemblages, and the colors correspond to
temperatures (see inset legend.) The black, small-font, lower-case letters adjacent to the biplot rays correspond to the row where the respective data for each protein
have been displayed in (C). Five, one, and one of these proteins were involved in photosynthesis (71.4%), the stress response (14.3%), and translation (14.3%),
respectively. chl = chlorophyll. PCP = peridinin chl-a binding protein. For details on these nine proteins, please see Table 4 and Supplementary Tables 3, 5.
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TABLE 5 | Select stress response “housekeeping” proteins, stress-sensitive proteins involved in the canonical eukaryotic stress response (CSR), and

anthozoan-dinoflagellate bleaching-associated proteins identified in prior works.

Accession Compartment Protein name Prior mRNA/protein trend mRNA/protein Prior trend
reference(s) corroborated?
HOUSEKEEPING CSR PROTEINS
OFAVBQ_DN205531_c1_g1_il Coral host 78 kDa glucose-regulated Stress-sensitive Aranda et al. (2011) No
protein (GRP78) Lohelaid et al. (2014)2 No
OFAVBQ_DN217505_c2_g1_i3 Coral host Endoplasmin-like isoform  Stress-sensitive Ruiz-Jones and No
X1 Palumbi (2017)
OFAVBQ_DN202907_c9_g3_i1 Coral host Glutathione S-transferase Constitutively maintained Whalen et al. (2010)2 Yes
OFAVBQ_DN215553_c1_g3_i1 Coral host Heat shock cognate 71 Constitutively maintained Oakley et al. (201 7)’-" Yes
kDa protein Poli et al. (2017) Yes®
OFAVBQ_DN214823_c0_g2_i2 Coral host HSP60 Stress-sensitive Chow et al. (2009) No
OFAVBQ_DN218952_c1_g1_i5 Coral host HSP90-beta Constitutively maintained Nakamura et al. (2012) Yes
OFAVBQ_DN225001_c3_g1_i2 Coral host Peroxiredoxin-5 Stress-sensitive Levy et al. (2016) No
OFAVBQ_DN208085_c0_g2_i1 Coral host Peroxiredoxin-6 Stress-sensitive Mayfield et al. No
(2018b)
SYMBOF_DN199915_c1_g4_i1.p1 Endosymbiont HSP70 Constitutively maintained Putnam et al. (2013) Yes
SYMBOF_DN200180_c0_g1_i1.p1 Endosymbiont HSP70 Constitutively maintained Mayfield et al. (2011) Yes
SYMBOF_DN197301_c4_g6_i3.p1 Endosymbiont HSP90? Constitutively maintained Mayfield et al. Yes
(2017a,b,c) No
SYMBOF_DN217254_c0_g1_i1.p1 Endosymbiont HSP90 Stress-sensitive Rosic et al. (2011)®
SYMBOF_DN198813_c2_g3_i2.p1 Endosymbiont HSP90 Stress-sensitive Lin et al. (2019) No
ANTHOZOAN-DINOFLAGELLATE STRESS RESPONSE AND BLEACHING-ASSOCIATED PROTEINS IDENTIFIED IN PRIOR WORKS
OFAVBQ_DN172775_c0_g1_i1 Coral host Beta-gamma crystallin Stress-sensitive Downs et al. (2002) No
comp97680_c0_seq1 Coral host Calmodulin Stress-sensitive Ricaurte et al. (2016) No
SYMBOF_DN174588_c0_g1_i1.p1 Endosymbiont Calmodulin Stress-sensitive Weston et al. (2015) No
OFAVBQ_DN223119_c2_g2_i5.p1 Coral host Carbonic anhydrase Stress-sensitive Weston et al. (2015) No
OFAVBQ_DN214557_c1_g2_i5 Coral host Caspase Stress-sensitive Tchernov et al. (2011) No
SYMBOF_DN215553_c1_g1_i2.p1 Endosymbiont Chaperone protein DNAK  Stress-sensitive Weston et al. (2015) No
SYMBOF_DN182054_c0_g1_i1.p1 Endosymbiont ES3 ubiquitin-protein ligase Stress-sensitive Mayfield et al. (2018b) No
OFAVBQ_DN194262_c1_g1_il Coral host HSP70 Stress-sensitive Seveso et al. (2017) No
SYMBOF_DN204865_c1_g2_i1.p1 Endosymbiont HSP90 Stress-sensitive Ross (2014) No
SYMBOF_DN165260_c0_g1_i2.p1 Endosymbiont Glutathione S-transferase Stress-sensitive Weston et al. (2015) No
SYMBOF_DN239554_c0_g1_i1.p1 Endosymbiont Peptidylprolyl isomerase D Stress-sensitive Mayfield et al. (2018b) Yes
SYMBOF_DN228106_c0_g1_i1.p1 Endosymbiont Peroxiredoxin-1 Stress-sensitive Weston et al. (2015) No
SYMBOF_DN205301_c4_g1_i1.p1 Endosymbiont Peroxiredoxin-6° Stress-sensitive Mayfield et al. (2018b) No
OFAVBQ_DN213774_c4_g1_i3 Coral host Superoxide dismutase Constitutively maintained Coles and Brown No
(2003)
Stress-sensitive Oakley et al. (2017) No
OFAVBQ_DN199726_c0_g2_i1 Coral host Thioredoxin Constitutively maintained Cziesielski et al. (2018) No
Stress-sensitive Ricaurte et al. (2016) No
Contig14748 Coral host (poly)ubiquitin-B Stress-sensitive Coles and Brown No
(2003)
SYMBOF_DN214550_c0_g1_i1.p1 Endosymbiont Ubiquitinf Stress-sensitive Barshis et al. (2010) No

Please note that a more detailed version of this table featuring additional proteins can be found in the Supplementary Material (Supplementary Table 6). In the “Prior
mRNA/protein trend” column, molecules have either been deemed “stress-sensitive” or “constitutively maintained” based on results of prior gene expression (reference in
regular font) or protein-based (bold font) studies. In the second half of the table, we instead looked at CSR and bleaching-associated proteins identified in prior proteomic
works of anthozoans to determine whether trends were congruent. Please note that this does not represent an exhaustive list of all proteins involved in the CSR (Kultz,
2005), and some heat shock proteins (HSPs) found previously at the mRNA level to be stress sensitive (e.g., hsp32 in Seveso et al., 2020) were not sequenced herein.
One CSR protein uncovered herein, an endosymbiont HSP40 (SYMBOF_DN201284_c0_g2_i5.p1), was down-regulated in bleaching corals.

aQctocoral study. PSea anemone study. °Subtle depth effects noted. “Note that one Symbiodiniaceae HSP90 differed in concentration across Symbiodiniaceae
assemblages. ©Affected by infection status in Sproles et al. (2019), with another isoform (peroxiredoxin-1) up-regulated at high temperatures in \Weston et al. (2015).
fSee Table 4.
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in thermo-acclimation (Table 5 and Supplementary
Tables 4-6). Whereas both corals and Symbiodiniaceae
from upwelling reefs constitutively express mRNAs encoding
heat shock proteins (HSPs; Mayfield et al, 2011, 2012),
others have observed a more traditional heat shock response
at the gene (Rosic et al, 2011) and protein (Coles and
Brown, 2003) levels in corals from stable temperature
environments. Herein numerous CSR proteins in both
the host and dinoflagellate compartments were among the
most abundant housekeeping proteins found in all samples,
including controls (Table 5 and OSDEF). Although one
HSP90 was a DCP, it only differed in concentration across
endosymbiont assemblages. Furthermore, an endosymbiont
HSP40 (chaperone protein DNAj) was only sequenced from
controls, and another endosymbiont molecular chaperone,
DNAK, was only up-regulated at high temperatures in
one host genotype (grey60; Supplementary Figure 7
and OSDF). As an additional example, peroxiredoxins,
which are important in the stress responses of both corals
(Weston et al., 2015) and fish (Kultz et al., 2007), were
instead constitutively maintained in the corals sampled
herein (Table 5).

As a notable exception, one CSR protein, peptidylprolyl
isomerase (Kim et al., 2017), was found only in stressed
endosymbiont communities in Mayfield et al. (2018b), and, when
profiling the bleaching response on a genotype-to-genotype basis
herein (Supplementary Material), this antioxidant was also up-
regulated at high temperatures in endosymbiont communities
within two of the three inshore genotypes (skyblue and
grey60). This remains, at present, the lone protein that both
represents a CSR protein and has been found to be up-
regulated at high temperature in more than one study (Table 5).
The peptidylprolyl isomerase is also critical in the cellular
response of sea squirts (Lopez et al, 2017), and even marine
fish (Kultz et al, 2007), to environmental stress. With the
exception of this molecule, our results obfuscate efforts to use
CSR mRNA or protein concentration levels as biomarkers for
coral health/resilience given their constitutively high abundance.
Rab protein levels, as also recommended by Weston et al.
(2015), appear to be better candidates for gauging levels of
coral heat dosing.

Constitutive activation of the CSR is not a common
strategy for most life forms (Hochachka and Somero, 2002)
given the high metabolic burden it poses (Sokolova et al.,
2012). Specifically, the energy associated with re-establishing
homeostasis could detract from growth and reproduction.
Perhaps the excess energy from endosymbiont photosynthesis
permits sustained periods of engaged CSR. It is also possible
that the constitutive maintenance of a large number of CSR
and antioxidant proteins could simply be indicative of the
high protein turnover and metabolic rate associated with
these corals in summer; the low frequencies of oxidative
stress and apoptosis markers (Table 5 and OSDF) further
signify that the control corals may not have actually been
exhibiting a CSR. In the future, we will analyze the proteomes
of field biopsies from these same coral colonies collected
during different seasons to determine whether (1) the high

control coral levels of certain CSR proteins documented herein
reflect acclimation to a relatively high summer mean of 30°C
or (2) they are presented year-round (sensu Mayfield et al,
2019). It will also be worthwhile repeating the experiment
in winter (when ambient temperatures are only 21-22°C)
to determine whether high-temperature-challenged corals
acclimated to colder temperatures exhibit a more traditional
CSR upon heating.

It was hypothesized over 20 years ago that protein turnover
is the cellular process that ultimately dictates whether corals
will effectively acclimatize (Gates and Edmunds, 1999), with
highest turnover rates generally associated with the more
thermotolerant massive corals like O. faveolata. If high
concentrations of CSR and protein turnover-associated proteins
are not necessarily indicative of stress, but instead high protein
turnover rates, then the observation that the majority of the
temperature-responsive proteins were involved in host coral
lipid trafficking and metabolism and Symbiodiniaceae lipid
trafficking and photosynthesis (see Supplementary Material.)
could signify that these energy mobilization processes are
modulated in a way that ensures that there is sufficient
cellular ATP to maintain the high metabolic rate and turnover
needed to continually break down proteins, refold denatured
ones, and otherwise maintain proteostasis under elevated
temperatures (beyond those already high protein turnover rates
characteristic of controls). This could also explain the up-
regulation of a key regulator of protein turnover, calumenin,
in bleaching samples (herein and in Oakley et al, 2017);
indeed, this protein is up-regulated upon chronic high-
temperature exposure in other marine invertebrates (Sleight
et al, 2018). Although signaling molecules went largely
undetected by our proteomic approach, it is possible that
lipid-signaling molecules generated by the lipid trafficking
proteins uncovered served as the molecular “intermediaries”
through which proteostasis and lipid metabolism were linked.
Whether or not constitutively high protein turnover, or even
an active CSR, is an energetically sustainable strategy over
longer-term timescales remains to be determined, but, at the
time of writing, the inshore corals continue to persist and
reproduce annually, even as those around them succumb to
bleaching and/or SCTLD.
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Heat stress disturbs the mutualistic relationship between the hard corals and the
symbiotic algae, which cause coral bleaching. A wide array of biochemical parameters
is used to demonstrate the phenomenon. This study exposed a shallow-water hard
coral, Acropora digitifera, to a series of elevated temperatures over time while the
interaction between Symbiodiniaceae (SD) density, antioxidants activities, fatty acid (FA)
composition, and putative FA health indicators was evaluated. Heat stress caused
a substantial loss in SD densities, consequently regulated the antioxidant activities
and caused significant changes in FA composition. There was a lack of evidence
showing A. digitifera experienced oxidative stress; nonetheless, a significant decrease
of monounsaturated fatty acid as (MUFA) and polyunsaturated fatty acid (PUFA) during
the thermally induced experiment demonstrated that corals utilize their unsaturated FA
as a final barrier or as a repair system against oxidative damage once the antioxidant
enzyme cannot cope with stress condition. The lower ratio of putative FA health
indicators [i.e., n-3 LC:n-6 LC, eicosapentaenoic acid (EPA):arachidonic acid (ARA),
and docosahexaenoic acid (DHA):ARA] characterized an unhealthy coral. The loss of
SD density was significantly correlated with certain PUFA markers [i.e., linolenic acid
(18:3n6), 20:5n3, and 22:6n3] and putative FA health indicator (i.e., n-3 LC:n-6 LC,
EPA:ARA, and DHA:ARA). These notably imply that the FA linked with the symbiont can
be a potential health indicator for assessing the effect of the environmental stressor on
coral. This study also revealed the regulation of FAs during stress conditions, especially
when heterotrophic feeding is limited. Future studies on FA profiles toward antagonistic
or synergistic effects will offer a better understanding of the nature of this relationship
under a harsh climate.

Keywords: stress response, heat-stress, Symbiodiniaceae, fatty acids, oxidative stress, coral bleaching

Abbreviations: SD, Symbiodiniaceae; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; LC, linolenic
acid; EPA, eicosapentaenoic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; SAFA, saturated fatty acid; CT, control
tank; ET, exposure tank; ROS, reactive oxygen species; FA, fatty acid.
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INTRODUCTION

Coral reefs are declining worldwide subjected to natural and
anthropogenic disturbances (Baker et al., 2008; De’ath et al,
2012; Cziesielski et al., 2019). During the stressful environmental
condition, such as extremes in temperature, oxygen, salinity,
and nutrient supply, the physiology of corals changes and
leads to the disappearance of symbiotic algae or known as
coral bleaching (Baird et al., 2008; Apprill, 2020). The cellular
mechanism underlying the bleaching is tightly coupled with
the accumulation of reactive oxygen species (ROS), which
damages the DI protein of photosystem II (PSII) in the
thylakoid membrane of the symbiotic algae (Downs et al., 2002;
Bhagooli and Hidaka, 2004; Lesser, 2006; Baird et al., 2008;
Takahashi and Murata, 2008). Extended photooxidative damage
and consequential photoinhibition of PSII should overwhelm
the antioxidant system on both partners and should increase
the cellular damage such as heat shock proteins and other
danger-associated molecular patterns, which later suggesting
the breakdown of symbiosis (Lesser, 1997; Downs et al., 2002;
Takahashi and Murata, 2008; Weis, 2008; Palmer, 2018; Mansfield
and Gilmore, 2019). Studies have shown that oxidative stress
is primarily originated from the symbiotic algae and causes
tissue damage to the host (Nesa and Hidaka, 2009; Yakovleva
et al., 2009; Cunning and Baker, 2012). The production of ROS
occurs in the chloroplast by the process linked with PSI- and
PSII-catalyzed electron transfer, leading to the production of
superoxide radical (O, ™) and hydrogen peroxide (H,O3), which
diffuses to the coral cytoplasm but it can be counterbalanced by
enzymatic and non-enzymatic antioxidants from coral (Downs
etal., 2002). The cellular antioxidant enzymes such as superoxide
dismutases (SODs), peroxidases, catalases, and mycosporine-
like amino acids function as scavengers to ROS and act as the
primary defense against oxidative stress (Cook and Davy, 2001;
Biel et al., 2007; Baird et al., 2008). However, under prolonged
and severe stress, the antioxidant system might be unable to
cope with the excessive production of ROS and cause oxidative
damage to the cells (Baird et al., 2008). Due to this, the coral will
regulate the secondary defense or repair system to fight against
endogenous stress.

It is known that marine organisms regulate their fatty
acid (FA) and sterol composition as a defense mechanism
from the influence of changing temperature, pressure, or lipid
peroxidation (Parrish, 2013). Field and experimental studies
demonstrated that stress-related condition induces the FA
composition, resulting in low FA composition (Bachok et al,
2006; Imbs et al, 2014; Rodriguez-Troncoso et al, 2016).
Reduction in FA composition is directly coupled with their
photosynthetic symbionts (Papina et al., 2003; Imbs et al., 2010b).
The loss of the symbiotic algae during coral bleaching alters the
FA composition in the coral, especially the polyunsaturated fatty
acid (PUFA), contents (Bachok et al., 2006; Imbs and Yakovleva,
2012; Rodriguez-Troncoso et al., 2016). This is because some
of the PUFAs were translocated from the symbiont to the host
(Imbs and Yakovleva, 2012).

The PUFAs play an important role as a constituent of the
phospholipids of all cell membranes (Calder, 2010). In general,

some of the PUFAs mainly originated from primary producers
and passed up to the animals via the food chain (Monroig
et al., 2013). In a clinical test, the consumption of PUFA such
as n-3 or known as omega-3 PUFAs is important for human
health due to their capability of partly inhibiting many aspects
of inflammation (Calder, 2010). In corals, the PUFAs of the n-
3 series are mainly originated from symbiotic algae or external
food sources via heterotrophy because the animal cannot produce
these essential PUFAs (Papina et al., 2003; Imbs et al., 2010b).
Experimental work by Imbs and Yakovleva (2012) found that
PUFAs such as 18:3n6 and stearidonic acid (18:4n3) in Montipora
digitata and Acropora intermedia were significantly reduced
under thermal stress conditions. While the reduction of those
PUFAs is associated with the loss of symbiotic algae, PUFA also
plays an important role in the regulation of stress conditions
(Betteridge, 2000). It is suggested that the depletion of PUFA
composition after the loss of symbiont can be associated with
oxidative stress (Imbs and Yakovleva, 2012; Rodriguez-Troncoso
et al., 2016). When oxidative defenses are overwhelmed, the
excess radicals will accumulate and react with the double bond
in unsaturated FAs, especially in PUFAs that are susceptible
to peroxidation (Catald, 2010). In marine organisms, both n-
3 and n-6 PUFAs such as eicosapentaenoic acid (EPA; 20:5n3),
docosahexaenoic acid (DHA; 22:6n3), and arachidonic acid
(ARA; 20:4n6) play an important role against oxidative stress
(Okuyama et al., 2008; Parrish, 2013); hence, it has been used
as coral health indicator (Rocker et al., 2019; Kim et al., 2021).
Meanwhile, coral increased the production of saturated fatty acid
(SAFA) to maintain the rigidity of their biological membrane
(Imbs and Yakovleva, 2012) as the SAFAs are less reactive and
more stable than unsaturated FAs (Ratnayake and Galli, 2009).
The application of FAs (Bachok et al., 2006; Imbs and Yakovleva,
2012; Rodriguez-Troncoso et al., 2016) and antioxidant activities
(Yakovleva et al., 2004; 2009; Teixeira et al., 2013) to evaluate
the stress response in corals is well established. However, the
interaction between these parameters during stress conditions is
not well described and experimentally tested. For that reason,
we examined the composition of FAs in the stress-induced
experiment via heat stress to increase the understanding of the
role of FAs during stress conditions. The aims of this study
were (1) to investigate the changes in the composition of FAs,
Symbiodiniaceae (SD) density, and antioxidant activities of coral
species, Acropora digitifera, under elevated temperature and (2)
to examine the relationship between the SD density with FA
markers and health indicator. This study hypothesized that the
environmental stressor such as heat stress significantly affects the
SD density, antioxidant activities, and FA composition in hard
corals consequently resulting in the potential role of specific FAs
as bioindicators.

MATERIALS AND METHODS

Sample Collection

Colonies of shallow-water coral, A. digitifera, were collected
in Pantai Pasir Tenggara (5°36'42.15"N, 103°3/32.44"E), Pulau
Bidong, Terengganu, Malaysia (Figure 1A) where the species can
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be found abundantly in the area (Figure 1B). The samples were
collected using a hammer and chisel (Figure 1C). The range
of in situ water temperature was from 26.5 to 28.0°C, with a
salinity of 32.0 £ 0.5 ppt. The intensity of light penetrates the
seawater was measured using a light meter (LI-COR LI-250A)
with a measurement ranging from 150 to 200 wmol s~! m~2. The
selection of healthy samples of A. digitifera was performed using
Coral Color Reference Card developed by Siebeck et al. (2006)
as a reference, and all samples were collected from a non-shaded
area. A total of three different colonies were collected at a distance
of at least 5 m to minimize the probability of genetic clones, and
each colony was separated into four sub-colonies that consist of
at least eight coral fragments. Relatively, the samples were taken
at the same depth around 3-4 m during high tide. Samples were
separately placed in a labeled transparent plastic bag filled with
in situ seawater (Figure 1D) and kept in a container with ice
and seawater before reaching land. Back on land, samples were
washed to remove any unwanted organisms (Figure 1E) and
transferred into the designated tanks.

Experimental Tank Preparation

The experiment was conducted in an indoor hatchery using
two rectangular fiberglass tanks separated into control tank
(CT) and exposure tank (ET). Each tank was equipped with
a full-spectrum artificial light (Shark G90 195W LED Casing
Lamp) to consistently illuminate both tanks. To provide
continuous water flow inside the tank, wavemakers (SOBO
aquarium super wavemaker WP-300M) were installed to provide

vigorous aeration and kept the water well mixed throughout
the experimental period. The temperature of treated seawater
(32 £ 1.0 ppt) was acclimatized at 27 £ 1.0°C using an aquarium
chiller (Hailea HX-90A 0.5 hp) for 30 days preceding sample
collection day. A schematic diagram of the experimental design
is shown in Figure 2.

Maintenance of Live Acropora digitifera
Three colonies of A. digitifera with 5- to 6-cm-long branches
were broken into sub-colonies. Each sub-colony comprised 8-
10 branches and was transferred into the tanks accordingly.
Each of the sub-colonies was placed on a cylindrical polyvinyl
chloride pipe to support the samples in an upright position. In
total, each tank contained 12 sub-colonies. The coral colonies
were acclimatized for 10 days without feeding. The temperature
and salinity of the seawater were maintained at relatively
similar to in situ measurements (temperature = 27 £ 1.0°C,
salinity = 32 = 1.0 ppm). Both tanks were illuminated with
artificial light (£150 pwmol photons m~2 s~!) on a 12:12-h
light/dark cycle. During the acclimatization, all samples exhibited
active polyp extensions with no mucus suspension. Coral Color
Reference Card (Siebeck et al.,, 2006) was used as a standard
reference to indicate healthy coral samples.

Experimental Design

In CT, samples were treated similarly to the condition during
acclimatization. Meanwhile, the heat-stress experiment was
assigned in ET by gradually increased the seawater temperature
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FIGURE 1 | Map shows the location of sampling sites in Pantai Pasir Tenggara, Pulau Bidong located in the east coast of Peninsular Malaysia (A). Colonies of
Acropora digitifera in Pantai Pasir Tenggara, Pulau Bidong can be found abundantly in the area (B). A diver using a hammer and a chisel for collecting samples (C)
and keeps them inside a transparent bag (D). Back on land, samples were washed using ReVive Coral Cleaner solution and rinsed with clean seawater before

placing the samples into the tanks (E).
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FIGURE 2 | A schematic diagram of the experimental tank set up in different views (A,B). Red arrows indicate water flow. Three colonies of A. digitifera (C1, C2, and

C3) separated into four sub-colonies (1-4) were arranged in each tank (B).

at 0.5°C/12 h using an aquarium heater (SOBO aquarium
heater 300W-HL) to obtain three temperature regimes (i.e.,
27.0 £ 1.0,29.0 £ 1.0, and 31 % 1.0°C). The highest temperature
(31 & 1.0°C) was chosen following the natural bleaching event
reported in Malaysia (Guest et al., 2012). The sample collection
begins after 10 days of acclimatization by collecting the first sub-
colonies in both tanks and represented as the samples on Day 1.
Then, the seawater temperature in ET was gradually increased
to 29.0 & 1.0°C (0.5°C/12 h), and samples were collected after
24 h of exposure at 29.0 £ 1.0°C and labeled as Day 3. A similar
procedure was applied for Day 5 when the temperature reached
31 £1.0°C.

The remaining samples were left for another 48 h of exposure
at 31 &£ 1.0°C before the final collection (Day 7). Samples in CT
were collected following the sampling frequency in ET (Day 1,
Day 3, Day 5, and Day 7). The summary of the experimental
design is illustrated in Figure 3. In total, 144 fragments were
collected from both tanks and directly kept in a —80°C freezer
prior to the laboratory analysis. In the laboratory, the samples
were divided accordingly for FA analysis, SD density, and
enzymatic assays. For every sample collection (Day 1, Day 3, Day
5, and Day 7), three replicates of coral fragments were used for
each of the analyses.

Preparation of Samples

Samples for FA analysis and SD density were prepared by
removing the coral tissue from the skeleton using a jet of
high-pressure air from an artist airbrush containing chilled
distilled water (80 psi, approximately 1-cm distance from tip
of airbrush to coral) into a thick, transparent polyethylene bag

(Johannes and Wiebe, 1970). The tissue slurry was then poured
into a 50-ml tube, and the plastic bag was rinsed using the
airbrush to ensure full coverage of the remaining tissue on
the plastic wall.

In contrast, samples for enzymatic assay were prepared
by removing the coral tissue from the skeleton utilizing the
jet of high-pressure air from an artist airbrush containing a
phosphate-buffered saline solution. The slurry or homogenate
that contained the tissue (host and symbiotic algae) was then
transferred into 15-ml tubes and centrifuged (8,000 x g) at
4°C for 15 min. The tissue-free supernatant was removed and
replaced with 1 ml of homogenized buffer [0.01 M Tris-Cl, 0.5 M
sucrose, 0.001 M ethylenediaminetetraacetic acid (EDTA), 0.15M
KCl, and pH 7.4]. The pellet was then homogenized using an
ultrasonic cell disruptor (Misonix Microson XL2000) for 20-s
sonication and 50-s rest for 10 cycles on ice. The homogenate
was then centrifuged (18,000 x g) for 20 min at 4°C. The
coral protein extracts in the supernatant were harvested, the
protein concentration was determined by the Bradford assay as
previously described (Bradford, 1976), and the remaining coral
protein extracts were transferred into a clean 1.5-ml tube and
stored in a —80°C freezer before further analysis.

Symbiodiniaceae Cell Count

The density of SD was determined using an hemocytometer
(Neubauer-Improved Tiefe Depth Profondeur, 0.100 mm). The
resultant slurry was shaken vigorously, and the sub-sample was
dropped onto the hemocytometer and viewed under Leica DME
compound microscope at 40 x magnification. The number of
algae cells was calculated from the replicate of the hemocytometer
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count (n = 8). The SD density (x 10° cell cm™2) was determined
by dividing the total number of SD cells with a surface area of the
denuded skeleton.

Fatty Acid Analysis

The remaining slurry was then filtered using a known weight
of blank filter paper (Sartorius, Glass-Microfiber Disks, MGC, @
47 mm, and retention rate of 1.2 pm). Samples were freeze-dried
(Labconco FreeZone 4.5-L Benchtop Freeze Dry System) for 12 h
at —40°C to remove the excess water and determine the dried
coral tissue biomass. The dried samples were kept in the —20°C
freezer prior to FA analysis.

Samples of dried coral tissue were used for FA analysis
using the One-Step method as outlined by Abdulkadir and
Tsuchiya (2008). Samples amounting to 200-300 mg were
mixed with 4 ml of hexane and 1 ml of internal standard
solution in a 50-ml centrifuge glass tube. A glass rod was
used to ensure that the sample was soaked with the mixture
of hexane and internal standard solution. Of note, 2 ml of
14% BF3 in methanol and a magnetic stirrer bar were added
to the tube. Rapidly, the headspace of the tube was flushed
with nitrogen gas before the tube was tightly closed with a
Teflon-lined screw cap. The tube was then transferred into
a glass beaker of boiling water heated using a hot plate
at 100°C for 120 min under continuous stirring. Then, the
tube was cooled at room temperature before adding 1 ml
of hexane and 2 ml of distilled water. The tube was shaken
vigorously and centrifuged at 2,500 rpm to obtain the fatty
acid methyl ester (FAME) of the sample. Among the two
layers formed, the upper layer was the hexane containing
the FAME. Using a glass pipette, the layer of FAME was
slowly transferred into a clean 5-ml sample vial, and the
volume of the FAME collected was also recorded. All extracted
FAMEs were then stored in a —20°C freezer prior to the gas
chromatography (GC) analysis.

The component and composition of FAMEs were identified
using Shimadzu 2010 GC-Flame Ionization Detector (GC-FID),
Shimadzu, Japan, equipped with acapillary column (Shimadzu
Rtx-2330 30 m x 0.25 mm internal diameter x 0.25 pm film
thickness) and connected with a computer possessed of GC
Solution (Shimadzu,Japan) software, autosampler, and splitless
injection system, and connected with computer possessed
GC Solution software. The injection volume was 1 pl, and
the injector and detector temperatures were 300 and 270°C,
respectively. The temperature program was set at 60°C held
for 2 min, then from 60 to 160°C at 20 min, and held
at 240°C for 10 min. Helium was used as a carrier gas
and stream at a constant flow of 1.5 ml min~!. Each
component of FAMEs identified was compared with known
external standards (FAME-37 Sigma-Aldrich, St. Louis, MO,
United States, bacterial acid methyl esters (BAME), and
Cod Liver Oil). The resulting peak was used to determine
the FA composition.

Enzymatic Analysis

All of the chemicals used in the enzymatic analysis were
obtained from Fisher Scientific, Loughborough, United
Kingdom (Tris Base, Tris-Cl, sucrose, potassium dihydrogen
phosphate, and KCl), Merck, Germany (NaOH, H,O;, and
dipotassium hydrogen phosphate), Sigma-Aldrich, St. Louis,
MO, United States [EDTA, 1-chloro-2,4-dinitrobenzene
(CDNB), and reduced glutathione (GSH)], R&M Chemicals,
United Kingdom (paraffin wax), and HmbG Chemicals,
Hamburg, Germany (ethanol).

The enzymatic activity of catalase (CAT) was assessed by
using a spectrophotometric method to measure the breakdown
of H,O; by CAT enzyme by following the study of Beers and
Sizer (1952). Coral protein extracts were diluted with phosphate
buffer (50 mM, pH 7.0) in a quartz cuvette and incubated to reach
room temperature (£25°C). Immediately, 59 mM H,0O, was

Frontiers in Marine Science | www.frontiersin.org

September 2021 | Volume 8 | Article 715167


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Safuan et al.

Coral Antioxidants and Fatty Acids

added while blank was set with a similar condition without the
presence of protein sample extracts. The decrease in absorbance
was measured for 120 s by using UV-spectrometer (Shimadzu
UV-1800 UV-Vis Spectrophotometer), and the enzyme activity
was calculated based on the extinction coeflicient of H,O, at
A240 nm (43.6 M~! cm™!). The unit of CAT activity is defined
as decomposition of 1 pM H,0, to O, and water per minute at
pH 7.0 at 25°C and final substrate absorbance at 240-nm decay at
a constant rate of 0.3-0.5.

The enzymatic assay for glutathione S-transferase (GST)
activity was adapted from the study by Habig and Jakoby (1981)
using the CDNB and GSH as substrates. Coral protein extracts
were diluted with phosphate buffer (150 mM, pH 6.5) and 20 mM
CDNB in a 96-well plate. The reaction was started by adding
GSH, and immediately, the enzyme activity was determined
spectrophotometrically at 340 nm using a microplate reader
(Molecular Devices, SpectraMax® iD3 Multi-Mode Microplate
Reader) at every 30 s for 5 min. The GST activity was
calculated based on the absorbance increase per minute, using
the CDNB extinction coefficient (340 nm = 9.6 mM~! cm™1!).
The unit of GST activity is defined as enzyme-conjugated
10 nmol of CDNB with the presence of GSH per minute in
1 mg of protein.

Superoxide dismutase activity was measured using the
SOD Determination Kit (Sigma-Aldrich, St. Louis, MO,
United States) following the instructions of the manufacturer.
In brief, the reduction of oxygen to superoxide anion is
detected by tetrazolium salt and produces formazan dye, which
can be detected spectrophotometrically. In a 96-well plate
containing coral protein extracts with and without superoxide-
producing enzymes, absorbance at 450 nm was measured,
compared, and standardized by the weight of protein used.
Results were expressed in U per mg protein, where U is
defined as the amount of enzyme necessary to produce
50% inhibition of the reduction rate of tetrazolium salt
measured at 450 nm.

Statistical Analysis

Prior to statistical analysis, the normality of data sets comprised
of SD density, antioxidant activities (CAT, GST, and SOD), and
FA composition (FA classes, FA components, and putative FA
health indicator) was tested by using the Shapiro-Wilk test and
homogeneity test. However, most of the data sets were not
normally distributed even after the arsine transformed; hence, the
Kruskal-Wallis one-way ANOVA on ranks was used. The data
were tested for differences among the samples collected from each
tank (n = 9 per collection). Any data with a p-value less than 0.05
were considered significant and further analyzed using a pairwise
multiple comparison test. To seek the relationship of SD densities
with associated variables (CAT, GST, SOD, and FA composition),
the Spearman’s correlation was performed to the ET data sets to
understand the changes during the experiment. All analyses were
performed using the statistical software SPSS IBM.

RESULTS

Symbiodiniaceae Density

Symbiodiniaceae density in CT and ET during the experimental
period changed over the experimental period (Figure 4). In CT,
acclimatization temperature did not significantly affect the SD
density (Kruskal-Wallis H = 4.345, p = 0.227). Daily observation
showed no physical evidence of stress (polyp retraction, paleness
or bleaching, and/or tissue rupture) among the samples. In
contrast, samples in ET displayed a significant decline in mean
SD densities (Kruskal-Wallis H = 25.887, p < 0.001) especially
at 31 & 1.0°C during Day 5 (1.19 £ 0.15 x 10° cells cm~2) and
continued to drop (0.71 £ 0.06 x 10° cells cm~2) until the end
of experiment. Even though the loss of SD densities occurred at
Day 5, no physical evidence of stress (polyp retraction, paleness
or bleaching, and/or tissue rupture) among the samples was
observed within the period. No significant change was found
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FIGURE 4 | Mean densities of Symbiodiniaceae in CT and ET throughout the experimental period with the images of samples taken from ET and CT during the end
of experiment. All data points are mean + SE (n = 9). Asterisk represent significant difference (p < 0.05).
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during temperature changes at 27 & 1.0 and 29 £ 1.0°C (Day
1 vs. Day 3, p = 0.248, adjusted significance = 1.000).

Antioxidant Enzyme Activities

In this study, antioxidant enzyme activities of CAT, GST, and
SOD in the samples from both tanks were measured and
shown in Figure 5. The activity of CAT in ET (Kruskal-Wallis
H = 14.651, p = 0.002) and CT (Kruskal-Wallis H = 13.116,
p = 0.04) was significantly different among the samples during
the experimental period (Figure 5A). In both tanks, the activity
of CAT increased significantly during Day 5 (p < 0.05) as
revealed using the pairwise test. Even though the pattern of
CAT activity in both tanks was relatively similar, the CAT
activity in ET continued to decrease significantly as compared
with CT during the end of experiment (Day 5 vs. Day 7; ET,
p = 0.001, adjusted significance = 0.003, CT; p = 0.235, adjusted
significance = 1.000).

No clear changes of GST activity were found in CT
(Kruskal-Wallis H = 3.068, p = 0.381) as compared with
ET (Kruskal-Wallis H = 10.325, p = 0.016; Figure 5B). In
comparison with the samples in ET, samples taken during
the end of experiment (Day 7) contained significantly lower
GST activity than the samples from Day 1 (p = 0.006,

5 -
A —0 -CT —@ -ET
*
4 A cé
I
b Z &\ =
E 37 ?/ N
=] O L N
2 - i: == N \;
1 r
B
40 -
£
3
S 35
2 -
Qo — — — —_—
£ e oy e -~ ~ S
= 30 A -~ ~ %
£
~ D
5 25 i U
£ \%
[
20 T
C 12 4
10 A *
K A~ 4
- 8 A N A S SN
& > 2
~
) 6 - 7 \ 7 ‘\ *
~
AN ? 7 N [
4 * 2
2 . . . .
Day 1 Day 3 Day 5 Day 7
FIGURE 5 | Enzymatic activity of catalase, CAT (A), glutathione
S-transferases, GST (B), and superoxide dismutase, SOD (C) in coral
samples from CT and ET during the experimental period. All data points are
mean + SE (n = 9). Asterisk represents a significant difference (p < 0.05).

adjusted significance = 0.038) and Day 3 (p = 0.005, adjusted
significance = 0.029).

The activity of SOD in ET (Kruskal-Wallis H = 16.924,
p = 0.001) and CT (Kruskal-Wallis H = 23.603, p < 0.001)
was significantly different among the samples during the
experimental period (Figure 5C). However, in ET, a gradual
decrease of SOD activity can be observed on Day 7 as compared
with Day 3 (Day 3 vs. Day 7; ET, p = 0.001, adjusted
significance = 0.003).

Fatty Acid Composition

Composition of SAFA, MUFA, and PUFA

The mean composition of SAFA (Kruskal-Wallis H = 10.900,
p = 0.012), monounsaturated fatty acid (MUFA; Kruskal-Wallis
H =10.063, p = 0.018), and PUFA (Kruskal-Wallis H = 8.187,
p = 0.042) was significantly changed between the samples in
ET (Figure 6). In both tanks, the proportion of SAFA, MUFA,
and PUFA remained stable from Day 1 to Day 5. In CT, PUFA
composition significantly increased (Day 5 vs. Day 7; p = 0.008,
adjusted significance = 0.047) during the end of experiment.
Meanwhile, MUFA (p = 0.003, adjusted significance = 0.015)
and PUFA (p = 0.007, adjusted significance = 0.044) drastically
decreased, while SAFA composition increased significantly
(p = 0.003, adjusted significance = 0.020) when the samples
exposed to temperature of 31°C.

Polyunsaturated Fatty Acid Markers
In this study, the pattern of increase and decrease of FA markers
(18:3n6, 18:4n3, 20:5n3, and 22:6n3) was observed in both tanks.
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FIGURE 6 | Composition of fatty acid (FA) classes [saturated fatty acid (SAFA),
monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA)] in
coral samples from CT and ET during the experimental period. All data points
are mean + SE (n = 9). Asterisk represents a significant difference (p < 0.05).
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Except for 18:4n3 (CT; Kruskal-Wallis H = 4.187, p = 0.242,
ET; Kruskal-Wallis H = 7.006, p = 0.072; Figure 7B), other
markers show a significant change of FA composition during
the experimental period. As shown in Figure 7A, no significant
change of 18:3n6 composition was found in CT (Kruskal-Wallis
H =4.373, p = 0.224) but the composition decreased significantly
in ET (Kruskal-Wallis H = 18.584, p < 0.0.01) especially
when the samples were exposed from 29 + 1.0 to 31 £+ 1.0°C
(p < 0.001, adjusted significance = 0.002). Meanwhile, the
composition of 20:5n3 in CT increased significantly (Kruskal-
Wallis H = 12.111, i = 0.007) from Day 3 to Day 7 (p = 0.003,
adjusted significance = 0.019; Figure 7C). In contrast, the marker
composition was significantly changed in ET (Kruskal-Wallis
H =19.649, p < 0.001), whereas the composition was decreased
significantly during the end of experiment (Day 7 vs. Day 1, 3,
and 5; p < 0.05, adjusted significance < 0.05). Slightly lower
22:6n3 composition in ET (Kruskal-Wallis H = 5.056, p = 0.168)
was relatively observed as compared with CT (Kruskal-Wallis
H = 12.842, p = 0.005), which showed a significant increase in
the composition of these markers (Figure 7D).

Putative Fatty Acid Health Indicator

Figure 8 shows the ratio of FA health indicators examined in
CT and ET. Samples in both tanks show a clear difference in
n-3 LC:n-6 LC (CT; Kruskal-Wallis H = 14.892, p = 0.002,
ET; Kruskal-Wallis H = 12.766, p = 0.005) and DHA:ARA

(CT; Kruskal-Wallis H = 9.855, p = 0.020, ET; Kruskal-Wallis
H = 16.770, p = 0.001) and also show relatively similar trend
of increase and decrease (Figures 8A,C). However, the ratios
were significantly lowered in ET as compared with CT, especially
during the samples exposed to higher temperature from 29 & 1.0
to 31 £+ 1.0°C. Conversely, no clear difference was observed
for EPA:ARA in CT (Kruskal-Wallis H = 2.471, p = 0.480) as
compared with ET (Kruskal-Wallis H = 18.213, p < 0.001). In
ET, the EPA:ARA drastically decreased when the samples were
treated at 31 £ 1.0°C (Figure 8B).

Correlation With Symbiodiniaceae

Density

In this study, a positive correlation was found between the
enzymatic activity, FA markers, and health indicator ratio with
the SD densities (Table 1). As the temperature increased,
the SD density was positively correlated with GST activity,
18:3n6, 20:5n3, 22:6n3, and the ratio of n-3 LCin-6 LC,
EPA:ARA, and DHA:ARA.

DISCUSSION

Effect of Thermally Induced Stress
This study revealed the effect of heat stress on SD density,
enzymatic activities, and FA composition in shallow-water
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FIGURE 8 | Ratio of coral health indicators (A = n-3 LC:n-6 LC,

B = EPA:ARA, and € = DHA:ARA) in coral samples from CT and ET during the
experimental period. All data points are mean + SE (n = 9). Asterisk
represents a significant difference (p < 0.05).

TABLE 1 | Summary of significant correlation between SD density with enzymatic
activity, fatty acid marker, and putative FA health indicator from data obtained in
experimental tank data.

rho P
(a) Enzymatic activity
GST 0.529** < 0.001
(b) FA marker
18:3n6 0.648** < 0.001
20:5n3 0.499** 0.002
22:6n3 0.408* 0.014
(d) Putative FA health indicator
n-3LC: n-6 LC 0.338* 0.044
EPA: ARA 0.621** < 0.001
DHA: ARA 0.493** 0.002

Non-significant relationships are not shown.
* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

coral, A. digitifera, via an experimental approach. The results
clearly show that the bleaching response was obvious when the
samples were exposed to 31 £ 1.0°C, which caused paleness or
bleaching as a result of a significant loss of SD density from
the corals. The symptom of bleaching was best explained by the
expulsion of symbiotic algae from their host (Fitt et al., 2000;
Imbs and Yakovleva, 2012; Rodriguez-Troncoso et al., 2016). In

a prolonged heat exposure, the rate of symbiotic algae release is
higher with the degraded forms of symbiotic algae among the
expelled population increased in number. Fujise et al. (2014) also
found that the proportion of degraded cells in hospice was low,
whereas it was high in expelled populations. Therefore, heat stress
can cause deterioration to the symbiotic algae, and the removal
of symbiotic algae by the coral is an important mechanism to
counterbalance the overproduction of ROS by symbiotic algae
(Downs et al., 2002; Cunning and Baker, 2012).

Oxidative stress induced by elevated seawater temperature
affected both corals and their symbiont that causes cellular
damage, and the expulsion of the algae is due to the elimination
or accumulation of toxic ROS (Lesser, 2006, Lesser, 2011; Baird
et al., 2008; Weis, 2008). In normal conditions, the formation of
radicals and the antioxidant system are well regulated to maintain
the steady-state concentration of ROS at low levels involving
antioxidant enzymes such as SOD, CAT, ascorbate peroxidase,
GST, and glutathione peroxidase (Lesser, 2006; Rewitz et al.,
2006; Lushchak, 2011). This can be observed in CT where our
representative CAT, GST, and SOD antioxidant activities were
normally high or well regulated during the steady-state of SD
density as compared with the coral with reduced algae densities
in ET. After 4 days of exposure at 31 £ 1.0°C, A. digitifera cannot
recover their antioxidant defenses even the SD density has been at
the lowest. During this condition, antioxidant enzyme activities
can counterbalance with other oxidative damage products, but
species that withstood longer thermal exposure could present low
levels of antioxidant enzyme activities due to the exhaustion of
enzyme production (Yakovleva et al., 2004; Dias et al., 2019).
This is shown by the gradual decrease of enzymatic activity
(GST and CAT) as demonstrated in this study. CAT activity in
ET significantly decreases once corals lose their symbiont (Day
7) as compared with CT, indicating that the accumulation of
H,0, was significantly decreased. According to the theory of
oxidative stress of coral bleaching, H,O, generated by symbiotic
algae can diffuse into coral cytoplasm, hence jeopardizing the
antioxidant defenses of coral (Downs et al., 2002; Lesser, 2006).
Prolonged exposure to high temperature can also damage ROS-
sensitive enzymes, as observed by the decrease of CAT, GST,
and SOD at the end of the experiment (Yakovleva et al., 2004;
Dias et al., 2019). Therefore, we suggested that at high SD
density, corals are vulnerable to oxidative stress, but prolonged
exposure to heat can damage the enzymatic network and can
be overwhelmed by ROS production. This is consistent with
other studies that observed corals with high SD density are more
susceptible to bleaching (Cunning and Baker, 2012; Xu et al,
2017) as the symbiotic algae produce harmful substances under
high temperature stress, which cause tissue damage to their host
(Nesa and Hidaka, 2009; Yakovleva et al., 2009). Therefore, it is
suggested that the overproduction of harmful ROS induced by
prolonged heat stress regulate the SD density and antioxidant
activities in A. digitifera.

During stress condition, corals significantly rely on their
energy reserve, namely, FAs. The trend of increased SAFA
and decreased PUFA composition during coral bleaching under
heat stress has been well documented (Bachok et al., 2006;
Imbs and Yakovleva, 2012). The reduction of unsaturated
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FAs during stress condition is known to be related to lipid
peroxidation (Okuyama et al, 2008; Ayala et al, 2014).
Lipid peroxidation occurred when the primary defense by the
antioxidant system overwhelms, causing oxidative damage to
the lipid (Baird et al., 2008). During lipid peroxidation, the ROS
attack lipid containing carbon-carbon double bond(s) such as
MUFA and PUFA (Okuyama et al., 2008; Parrish, 2013; Ayala
et al., 2014) because the double bond in unsaturated FA weakens
the C-H bond on the carbon atom nearby to the double bond,
which makes it more susceptible to oxidative stress (Catald, 2010).
The cell membrane consists of lipid that contains PUFA that is
highly susceptible to toxic ROS. The hydrophobic characteristic
of PUFA might prevent the entry of hydrophilic H,O, molecules
(Okuyama et al., 2008). Hence, PUFA composition can be the
response of a coral to maintain membrane integrity and function
during stress (Papina et al., 2007). At present, lower enzymatic
activities during bleaching show that the antioxidant system
is unable to tolerate the overproduction of toxic ROS, leading
to oxidative damage that resulted in lower MUFA and PUFA
composition. A significant decrease of FA composition in both
classes during the thermally induced experiment shows that
corals utilized their unsaturated FA as a final barrier or as a
repair system toward oxidative damage (Baird et al., 2008). The
membrane-shielding effect of PUFA, especially the long-chain
n-3 series are likely to function as a primary protective barrier
against the ROS (Okuyama et al., 2008). MUFA composition
significantly decreased during the experiment. In contrast, the
high composition of MUFA in bleached corals was observed due
to the increase in bacteria colonization, which is proven by the
presence of bacterial markers such as 16:1n7 and 18:1n7 (Bachok
etal., 2006). However, in an experimentally control environment,
the composition of these markers was found in trace amount.
Meanwhile, the trend of increased SAFA in bleached corals is
also related to the aforementioned lipid peroxidation (Parrish,
2013; Avyala et al, 2014) as well as to increase the rigidity of
cellular membranes (Papina et al., 2007). Moreover, SAFA is the
least reactive chemical and more stable than unsaturated FAs
(Ratnayake and Galli, 2009).

Fatty Acid Markers

One of the particular interests in this study was the reduction
in certain PUFA compositions such as 18:3n6, 18:4n3, EPA
(20:5n3), and DHA (22:6n3). In this experiment, heat stress
induced the reduction of 18:3n6 and 18:4n3 composition, which
was similarly observed in other thermally induced experiments
toward A. intermedia and Montipora sp. (Imbs and Yakovleva,
2012). Meanwhile, bleached corals such as Pavona sp., Acropora
sp., and Goniastrea sp. contained significantly lower 18:4n3
and 22:6n3 than healthy corals, indicating that the loss of
symbiotic algae from the host has influenced the FA composition
(Bachok et al., 2006). The 18:3n6, 18:4n3, 20:5n3, and 22:6n3
were recognized as a possible FA characteristic in diatoms and
dinoflagellates as well as recognized as symbiotic algae markers
in hard and soft coral (Papina et al., 2003; Imbs and Dautova,
2008; Imbs et al., 2010b,c, 2014). It is suggested that the presence
of specific markers to the symbiotic algae in the host tissue
indicates that there is a translocation of specific PUFA markers

from symbiotic algae to the host (Papina et al., 2003; Imbs et al.,
2010b). Therefore, changes in SD densities during the experiment
should be correlated with the FA markers. Among the PUFAs,
the 18:3n6, 20:5n3, and 22:6n3 were positively correlated with
the SD density, hence, a possible marker for symbiotic algae. No
significant correlation was found in 18:4n3, and the composition
was not significantly changed in both CT and ET, showing that
the FA possibly represents the host marker. Several PUFAs can
be synthesized by the host coral tissue via de novo synthesis
(Monroig et al., 2013) and marked as the host markers (Treignier
et al.,, 2008; Imbs et al.,, 2010a,b). To be clear, throughout the
experimental period, the corals were not fed; thus, the effect of
heterotrophy feeding is not significant, and this leaves the coral to
rely on autotrophy for their daily energy requirement. Therefore,
as the heterotrophy effect is limited, the 18:4n3 can be considered
as the host marker.

Polyunsaturated fatty acids such as EPA and DHA are known
to be involved in anti-inflammatory processes. PUFA from n-
6 series such as 20:4n6 (ARA) is required for the synthesis
of pro-inflammatory health hormones (Calder, 2017; Kumar
et al., 2019). Inflammation is known as a defense mechanism
that protects the host from stress (Calder, 2010). As shown
in Figures 7C,D, the significant loss of EPA, DHA, and SD
density in ET was observed after exposing the coral to the
higher temperature. As the SD density is reduced, the coral
loses the translocation of EPA and DHA from symbiotic algae,
hence, increasing the possibility of excessive inflammation
on the coral tissue under a prolonged bleaching condition
(Innes and Calder, 2018).

Fatty Acid Health Indicator

Healthy corals can be indicated by a higher ratio of PUFA n-3
LC:n-6 LC (Dalsgaard et al., 2003). By the end of the experiment,
all three PUFA ratios in the coral tissue of A. digitifera exposed
to heat stress were significantly lower than the control condition.
This is consistent with the field data showing that healthy corals
contained a higher ratio of the PUFA n-3 LC:n-6 LC as compared
with unhealthy corals (Rocker et al., 2019; Kim et al., 2021).
Significant loss of the n-3 LC:n-6 LC in ET at the end of the
experiment coincides with the significant loss of SD density,
indicating some of these PUFAs, which were heavily transported
to coral by their symbiotic algae, have been reduced. This is
further proved by a positive correlation between the n-3 LC:n-6
LC with the SD density, showing that the n-3 LC PUFA is mainly
obtained from the symbiotic algae. Under certain circumstances,
n-3 LC:n-6 LC ratio may be preserved via heterotrophy and
autotrophy feeding (Rocker et al., 2019). It is suggested that corals
tend to modulate their feeding modes under certain conditions
to provide an adaptive mechanism for sustaining their growth
under stressful conditions (Grottoli et al., 2004; Teece et al.,
2011). When the autotrophy mode is limited, corals sustain their
metabolism by heterotrophy feeding (Treignier et al., 2008). For
instance, bleached Montipora capitata extensively obtained their
daily energy requirement via heterotrophic mode to assimilate
lipid classes from zooplankton-derived carbon (Rodrigues et al.,
2008). However, in our case, the corals in both tanks were not fed
throughout the experiment; hence, the mechanism of switching
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FIGURE 9 | The pathway of biosynthesis of n-3 and n-6 PUFA in
shallow-water coral (A. digitifera) and a scheme for the possible transport of
these FA between the host and symbiotic algae (Symbiodiniaceae) under
experimental condition (modified from Imbs et al., 2010b). Essential FA
components (ARA, EPA, and DHA) are bold while the red color shows the
essential FAs that are not translocated from heterotrophy feeding. A4, A5,
A6, and A15 are corresponding desaturase; E, elongase; T, transport.

The < FA* indicates FA component that was significantly reduced during the
thermally induced experiment.

the feeding mechanisms can be negligible. Naturally, the balance
among this ratio is influenced by mixotrophic mechanisms, via
autotrophy and heterotrophy feeding. Therefore, in this case, the
balance is interrupted by limiting the heterotrophy feeding, and
the corals extensively rely on their autotrophy mechanism.

The EPA and DHA were known as the FA characteristics
for symbiotic algae and cannot be synthesized by the animals
(Figure 9). At present, when heterotrophy feeding is reduced,
coral heavily relies on symbiotic algae to obtain the EPA and
DHA as shown in Figure 9. This is further proven by the
positive correlation between EPA:ARA and DHA:ARA with the
SD density. EPA and DHA are markers for symbiotic algae while
ARA was suggested to be synthesized by the host (Treignier
et al., 2008; Imbs et al., 2010a,b). Reduction in both ratios shows
the loss of SD density affecting the EPA and DHA composition
while the host preserved the ARA composition. The ARA can
be synthesized by the host through the joint action of desaturase
and elongase enzymes as follows: 18:3n6 — 20:3n6 — 20:4n6
(Figure 9). This is coincided with the decrement of 18:3n6
composition (Figure 7A), possibly indicating that the host
maintained their ARA composition by synthesizing other PUFAs.
The high composition of ARA is also related to heterotrophy
feeding (Rocker et al., 2019), but limited heterotrophy feeding
had required the corals to manipulate other FA to continue
synthesizing the ARA.

CONCLUSION

At present, the heat stress has induced coral bleaching on
shallow-water hard coral, A. digitifera, which causes significant
changes in SD density, antioxidant enzyme activities, FA

composition, and putative FA health indicator. Prolonged stress
had caused the coral to expel their symbiont to counterbalance
the stress condition. However, the significant decrease of CAT,
GST, and SOD indicates that the antioxidant enzyme activities
were overwhelmed by the overproduction of harmful ROS, and
coral was unable to cope with the endogenous stress. As the first
barrier against the stress collapsed, coral expels their symbiotic
algae and regulates their energy reserved via FA to restore healthy
homeostasis. A significant decrease in unsaturated FA (MUFA
and PUFA) significantly correlated with the loss of SD density
and was associated with their susceptibility to harmful ROS.
An increase in SAFA composition shows that the FA remains
stable against the stress condition as compared with unsaturated
FA. Additionally, a significant decrease in certain PUFA markers
(18:3n6, 20:5n3, and 22:6n3) and putative FA health indicators
(n-3 LC:n-6 LC, EPA:ARA, and DHA:ARA) was associated with
the loss of SD density. Perhaps, limited heterotrophy feeding
during the experimental period makes the coral highly dependent
on their symbiotic partners.
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Marine debris has become a global problem affecting coral health around the globe.
However, the photophysiological responses of corals to marine debris stress remain
unclear. Therefore, this study firstly investigated transparent and opaque plastic bag
shading and fishing nets directly contacting the coral. Photosynthetic performance,
pigment content, symbiont density, and calcification rate of a branching coral Pocillopora
acuta and a massive coral Porites lutea were investigated after 4 weeks of exposure to
marine debris. The results show that the maximum quantum yield of PSII significantly
decreased in P lutea with all treatments, while P acuta showed no effect on the
maximum quantum yield of PSII from any treatments. Transparent plastic bag shading
does not affect P acuta, but significantly affected the maximum photochemical efficiency
of P lutea. Photoacclimation of cellular pigment content was also observed under
opaque plastic bag shading for both species at week 2. Fishing nets had the strongest
effect and resulted in P acuta bleaching and P lutea partial mortality as well as a
decline in zooxanthellae density. Calcification rate of P acuta significantly decreased with
treatments using opaque plastic bag and fishing net, but for P lutea only the treatment
with fishing net gave any observable effects. This study suggests that the sensitivities of
corals to marine debris differ strongly by species and morphology of the coral.

Keywords: marine debris, plastic litter, fishing nets, ecophysiology, zooxanthellae, photoacclimation, corals

INTRODUCTION

Coral reefs are the most biologically diverse ecosystems in the world, and provide a variety of
valuable ecosystem services to global communities (Moberg and Folke, 1999; Harrison and Booth,
2007). However, global warming, acidification of our oceans, and sea level rise can severely affect
the survival of corals worldwide (Marshall and Baird, 2000; Orr et al., 2005; Anthony et al., 2008).
Fishing gear found across shallow reefs can damage coral reef structure, destroying both benthic
flora and fauna, as well as entangling macrofauna (Abu-Hilal and Al-Najjar, 2009). In addition, the
anthropogenic activities over the last century have made marine debris a global problem (Ryan,
2015). It is estimated that about 4.8-12.7 MT of marine debris is discharged into the oceans every
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year (Jambeck et al., 2015), with 5.25 trillion plastic particles
weighing 268,940 tons floating in the oceans (Eriksen et al.,
2014). Plastic waste, fishing gear and metals are the dominant
three types of debris observed in the Red Sea (Abu-Hilal
and Al-Najjar, 2009). Marine debris can be found in every
marine habitat, from surface water down to the deep sea
(Dameron et al., 2007; Barnes et al., 2009; Buhl-Mortensen
and Buhl-Mortensen, 2017), and it affects hundreds of marine
species worldwide (Schipper et al., 2008; Barnes et al., 2009;
Todd et al, 2010) as well as disrupts whole reef ecological
systems (de Carvalho-Souza et al., 2018) and causes loss of
coral structural complexity and diversity (Figueroa-Pico et al,
2020). Marine debris has detrimental effects on coral and coral
reef ecosystems both directly and indirectly (Donohue et al,
2001). Large debris items physically damage corals through
abrasion, suffocation, or starvation (Richards and Beger, 2011).
Lamb et al. (2018) found more than 11 billion plastic items
entangled with coral reefs in the Asia-Pacific, and suggested that
coral disease outbreaks increase when corals are entangled with
plastic. Decreased light intensity from being covered by plastic
debris has been documented to effect branching coral health
and lead to coral bleaching (Muhammad et al., 2021). Field
research in Kho Tao, Thailand, found that coral underneath a
fishing net suffered the most damage (Valderrama Ballesteros
et al.,, 2018). Massive and branching coral types are the most
susceptible when compared with colonies of other morphologies
(Putra et al,, 2021). In addition, corals are particularly sensitive
to abrasion (Tanner, 1995) and abrasion responses in corals
are common with plastics. Marine debris has the potential to
accumulate bacteria (Zhang et al,, 2017), and coral health is
controlled by the microbiome within the muco-polysaccharide
layer (Kline et al., 2006). Rapid changes in environmental
conditions alter coral microbiome, causing bleaching, and disease
susceptibility (Bourne et al., 2016). Coral requires carbon both
as an autotrophic and a heterotrophic nutrition source (Anthony
and Fabricius, 2000; Richards and Beger, 2011). However, macro-
and microplastics affect cold-water coral skeleton growth rate,
as microplastics interfere with polyps capturing food particles
(Chapron et al., 2018). Microplastics are found wrapped in
mesenterial tissue within the coral gut cavity, and ingesting
high concentrations of microplastics could potentially damage
the health of corals (Hall et al., 2015). A number of studies
have confirmed that there is abundant marine debris in the
oceans, and that it devastates coral reefs. However, there are
limited studies quantifying the damage from different types
of debris on photosynthesis and productivity of corals and
zooxanthellae. Therefore, this study aimed to investigate how
Pocillopora acuta and Porites lutea coral species respond to
different types of marine debris.

MATERIALS AND METHODS

Experimental Design

Six colonies each of the coral specie P. acuta and P. lutea
were collected from Panwa Cape, Phuket Thailand (7°48'06.9”N
98°24/24.4""E) and transferred within 24 h to aquarium tanks at

Prince of Songkla University, HatYai, Thailand, for acclimation.
Temperature, salinity and light intensity from collection site
were recorded. Every colony was acclimated in a holding tank
for a week under 120 pmol photons m~2 s~! light, 29°C,
33 psu salinity, and pH 8.20. After that, the coral colonies
were cut into 192 nubbins (P. acuta with 3 cm length,
P. lutea with size around 1.5 cm x 1.5 cm) and acclimated
in holding tanks for another week, after which the nubbins
were randomly placed to four sets (24 nubbins/specie/treatment)
of experimental tanks and acclimated for 1 week. After
acclimation, the tanks were subjected to four treatments.
Control had no marine debris (Treatment 1); opaque plastic
(High Density Polyethylene) bag-located 2 ¢cm above nubbins
(15% Light reduction, Treatment 2); transparent plastic (Low
Density Polyethylene) bag-located 2 cm above nubbins (3%
light reduction, Treatment 3); and Fishing net (13% light
reduction and abrasion, Treatment 4). There were 6 replicate
samples per treatment per species (Figure 1). The whole
experiment was performed over 4 weeks to test the effects
of marine debris on coral. We sampled nubbins for the
zooxanthellae density and chlorophyll concentration analysis
in week 2 and week 4. Heater chiller (JMC-02, JBA, China),
COB light (TS-A600, Aquarium lamp, China), and LED light
(A601, Chihiros, China) were, respectively, used to control
water temperature and light intensity in the experimental
tanks. Light intensity, temperature, salinity and pH in each
experimental tank were set for 120 mmol photons m~—2 s~ 1,
29°C, 33 psu and pH 8.20, respectively. Light was turned on
at 10:00 and turned off at 22:00 (12:12 hr light:dark period).
Nitrate and phosphate concentrations were controlled below
0 mg L™! and 2 mg L™!, respectively. Aquariums were filled
with natural seawater filtered with a nomex filter bag and
treated with chlorine [50 mg chlorine L™! (50 ppm)]. Thirty
percent of the aquarium water was replaced every week, and
all physical and chemical parameters were measured every
2 days. Photosynthetic performance of zooxanthellae and health
of corals were monitored using chlorophyll a fluorescence, and
this was randomly measured with the Diving-PAM at the top
of nubbins. Pigment concentration and symbiotic cell density
were investigated for supporting photosynthetic performance of
zooxanthellae. Growth of corals was investigated using buoyant
weight technique (Jokiel et al., 1978).

Chlorophyll a Fluorescence

Chlorophyll a fluorescence of P. acuta and P. lutea in each
treatment was quantified every 2 days over the 4 weeks of
experiment by using a Diving-PAM fluorometer (Walz GmbH,
Germany) connected to a 6-mm diameter fiber-optic probe (6
replicates per species per treatment per time). Photochemical
efficiency of PSII was described by maximum quantum yield
(F,/F,) or active PSII centers (F,/Fy) and measured at 08:00
(before light was turned on). Reduction of PSII reaction center
number can provide photoinhibitory indication (Behrenfeld
et al., 1998). Rapid light curves (RLCs) were measured at 13:00.
Maximum relative electron transport rate (rETR;4,), minimum
saturating irradiance (Ej), and initial slope (alpha) were derived
from curve fits (Platt et al., 1980; Ralph and Gademann, 2005).
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FIGURE 1 | Images of the experiment tank design. (A) Control, (B) Transparent bag, (C) Opaque bag, and (D) Fishing net.

Symbiotic Cell Density

Samples were collected every 2 weeks for zooxanthellae density
analysis. The samples were water-picked into 50 mL of 0.2-
pm-filtered seawater to remove the tissue from the skeleton.
The slurry was centrifuged at 1,000 rpm for 10 min to produce
a well-mixed sample (Hill and Ralph, 2007). Six replicates
for each species and each experiment were counted using a
haemocytometer under a light microscope. The cell density was
determined per cm? following coral surface area determinations
used the paraffin wax technique (Stimson and Kinzie, 1991).

Photosynthetic Pigment Concentration

The slurry from determination of symbiotic cell density
was also used in pigment concentration determinations. For
photosynthetic pigment [chlorophyll (Chl) a and ¢;] analyses,
the slurry was centrifuged for 5 min at 5,000 rpm. After that, the
supernatant was discarded and algal pellets were re-suspended in
3 ml of 90% acetone and stored in darkness for 24 h at 4°C. After
centrifugation, chlorophyll a and ¢, (jug cm™2) concentrations
were determined using the standard spectrophotometric method
of Ritchie (2006) with absorbance measured at 630, 664, and
750 nm (Winters et al., 2009).

Calcification Rate

Buoyant weight technique was used for calculating calcification
rate of the coral skeleton (Jokiel et al., 1978; Spencer Davies,
1989). In theory each sample is weighed in seawater of known
density, and the dry weight of the sample in air is estimated by
using Archimedes’ principle (Sinutok et al., 2011). Each replicate
coral nubbin was weighted at the start of the experiment and
the end of experiment (week 4) using a 4-digit precision balance
(OHAUS, United States). Skeleton bulk densities used for P. lutea
and P. acuta were 1.19 and 2.01 g cm 3, respectively (Tanzil et al.,
2009; Ng et al., 2019). The temperature and salinity of seawater

were measured first. Then the glass stopper was weighted both in
air and in water for calculating the density of seawater (Spencer
Davies, 1989). The skeleton growth rate was calculated from
equation:

a

G=9--1

b
in which G = growth, a = weight at the end of experiment,
b = weight at the start of experiment, and ¢ = number of days
between measuring a and b.

Statistical Analysis

For zooxanthellae density, pigment contents and calcification
rate, one-way ANOVA was used to test for significant differences
between the marine debris treatments. For chlorophyll
fluorescence parameters, mixed repeated ANOVA was used
to determine statistical differences among times of sampling,
treatments and species. All tests used 95% confidence level
threshold. Post hoc LSD test was used to determine statistical
differences among the distinct groups. If the data distribution
was not normal (Kolmogorov-Smirnov test) or not equal in
variances (Leveness test), the data were transformed with square-
root or log10 before testing. If the transformed data did not meet
the assumptions, non-parametric tests were used.

RESULTS

Visual Appearances and
Physicochemical Properties of Seawater

In transparent plastic bag treatment, the plastic gradually turned
opaque due to biofouling from algae. The light reduction
increased from 3% at the start to 76% at the end of experiment.
However, with the opaque plastic bag treatment, light reduction
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increased from 15 to 89% during the same 4 weeks treatment.
A few P. acuta fragments showed a slight color decrease during
the experiment. Dissolved oxygen under opaque and transparent
plastic covered area did not significantly decline when compared
with the area above plastic, indicating no suffocation effects on
the corals (Table 1). In the fishing net treatment, we observed the
production of mucus. P. acuta showed significant bleaching after
2 weeks and death at the end of experiment (Figure 2D). P. lutea
had partial tissue necrosis (Figure 2H) and swelling of the tissues
as a result of the fishing net treatment (Figure 2I).

Chlorophyll a Fluorescence

Mixed repeated ANOVA showed that F,/F, of P. acuta had
stabilized and remained mostly constant over the 4-week
experiment (p = 0.115; Figure 3A), and there were no significant
differences among treatments (p = 0.370; Figure 3A). F,/F,, of
P. lutea was more sensitive to marine debris stress than P. acuta
(p < 0.05). F,/F,, of P. lutea that was exposed to opaque bag,

TABLE 1 | Statistical analysis of dissolved oxygen above and below marine debris
in each treatment tank.

Treatments Df F P-value
Control 1 0.072 0.791
Opagque plastic bag 1 1.419 0.245
Transparent plastic bag 1 0.039 0.845
Fishing net 1 0.487 0.493

transparent bag or net treatment significantly declined from
T7 (p < 0.05; LSD’s post hoc comparisons). At the end of
the exposure period (week 4), F,/F, of P. lutea with opaque
bag, transparent bag and net treatments were significantly lower
than for the control (p = 0.001; Figure 3B). F,/Fy had similar
trend as F,/F,, in both of the two species. P. lutea responded
more to marine debris than P. acuta in all three treatments
(p < 0.05; Figures 3C,D). There was no significant difference

fishing net treatments (D,H, ).

FIGURE 2 | Images of the different corals subjected to treatments for 4 weeks. P acuta and P, lutea in control (A,E), transparent bag (B,F), opaque bag (C,G), and
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FIGURE 3 | Maximum quantum yield of PSII (F,/Fp,; A,B) and F,/Fq (C,D) in P acuta (left column), and P, lutea (right column) from TO to T10 (Graph treated with
moving average, T1in week 1, T4 in week 2, T7 in week 3, and T10 in week 4). Data are presented as Mean + SE (n = 6).
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among treatments in P. acuta (p = 0.271; Figure 3C), but
F,/Fy in opaque bag, transparent bag and fishing net treatments
were significantly lower than in control treatment of P. lutea
(p < 0.001; Figure 3D) after 2 weeks (LSD post hoc comparisons)
(Table 2).

Measurements of RLC were used to calculate alpha, rETR a0
and Ej. Alpha of P. acuta had slightly changed but without
significant differences over time (p = 0.672; Figure 4A) or among
treatments (p = 0.927; Figure 4A). In P. lutea, alpha significantly
decreased over the exposure period (p = 0.005; Figure 4B), but
had no significant differences amongst treatments (p = 0.132;
Figure 4B and Table 2).

Regarding E; and rETRy, in P. acuta and P. lutea,
the impact of marine debris was strong in the fishing net
treatment. Both Ej; and rETRp,. of P. acuta (p < 0.001

and p < 0.001, respectively; Figures 4C,E) and P. lutea
(p < 0.001 and p < 0.001, respectively; Figures 4D,F)
in fishing net treatments were significantly lower than
in the control, opaque bag or transparent bag treatments
(Table 2).

Chlorophyll Concentration

After 2 weeks, there were no significant differences in
chlorophyll a and ¢, concentrations per surface area (jLg
cm~2) in P. acuta (p = 0.101 and p = 0.140, respectively;
Figures 5A,C) or in P. lutea (p = 0.400 and p = 0.363,
respectively; Figures 5B,D) among the treatments. However,
cellular chlorophyll a concentration (pg cell™!) of P. acuta and
P. lutea in opaque bag treatment were significantly higher than
in control (p = 0.001 and p = 0.002, respectively; Figures 5E,F).
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TABLE 2 | Statistical analysis of PAM between treatments (Mixed Two-way Repeated ANOVA).

Pocillopora acuta

Porites lutea

Parameter Df F P-value Df F P-value
Fv/Fm 3 1.106 0.370 3 8.772 0.001*
rETRmax 3 68.666 <0.001* 3 17.914 <0.001*
Fv/Fo 3 1.403 0.271 3 10.921 <0.001*
Alpha 3 0.158 0.927 3 2.100 0.132
Ex 3 26.911 <0.001* 3 15.003 <0.001*

*Significant difference.

When measured after 4 weeks, the cellular chlorophyll a
concentration in both species had returned to the same level as
the control (p = 0.680 and p = 0.230, respectively; Figures 5E,F).

After 2 weeks, there were no changes in chlorophyll
a and ¢, concentrations in fishing net treated P. acuta
(p > 0.05), but surface chlorophyll a and ¢, concentrations
decreased from control in week 4 (p = 0.021 and p = 0.021,
respectively; Figures 5A,C,G). In P. lutea chlorophyll a and ¢,
concentrations per surface area declined in week 4 (p = 0.026
and p = 0.013, respectively; Figures 5B,D), but interestingly in
week 2 chlorophyll a and ¢, concentrations per cell had increased
(p = 0.002 and p = 0.001, respectively; Figures 5EH). At the
end of treatment, the chlorophyll a and ¢, concentrations per
cell had the same levels as in control (p = 0.230 and p = 0.244,
respectively; Figures 5FH and Table 3).

Zooxanthellae Density

In P. acuta, there was no significant difference in symbiont
density after 2 weeks of exposure to marine debris (p = 0.201;
Figure 6A), while there was significantly lower symbiont density
in the net treatment, compared to other treatments after 4 weeks
of exposure (p = 0.014; Figure 6A). In P. lutea, significantly lower
zooxanthellae densities in opaque bag and fishing net treatments
were observed on weeks 2 and 4 of exposure (p < 0.001 and
p < 0.001, respectively; Figure 6B and Table 3).

Calcification Rate

Average calcification rate (% day~!) of both species in opaque
bag, transparent bag and fishing net treatments was lower than in
control treatment. Calcification rates of both species in fishing net
treatment were significantly lower than in the other treatments
(p <0.001 and p = 0.026, respectively; Figures 7A,B and Table 3).

DISCUSSION

Opaque Plastic Bag and Transparent
Plastic Bag

Plastic bag debris can cause coral shading and suffocation
resulting in bleaching as well as physical damage by abrasion,
necrosis and ultimately mortality (Ryan, 2015; Valderrama
Ballesteros et al., 2018). Indeed, shading directly decreases light
availability for photosynthesis used by zooxanthellae, and we

measured that response with opaque plastic bag and transparent
plastic bag which, respectively, reduced light by 15 and 3% at
the start of treatment. Although corals in close contact with
plastic bags can suffer suffocation from oxygen depletion and
lack of metabolite exchange (Ryan, 2015; Mouchi et al., 2019),
in our experiments the plastic bag was located 2 cm above
the coral, and the dissolved oxygen level under plastic covered
area did not significantly decline relative to the area above the
plastic bag, and so no suffocation was observed (Table 3). After
4 weeks of experimental treatment, the shading had increased
to 89 and 76% for opaque plastic bag and transparent plastic
bag cases, which was caused by algae covering the plastic bags.
P. acuta showed no significant change in any indicator of
chlorophyll fluorescence from opaque or transparent plastic bag
stress. In contrast, photochemical efficiency (F,/F,,) of P. lutea
significantly declined in transparent and opaque plastic bag
treatments, while efficiency of photosynthesis (alpha), saturating
irradiance (Ej), and maximum rETR,,,, were not significantly
different. This may indicate that P. lutea has less resilience
to shading than P. acuta. Species-specific resilience to marine
plastic debris has been found in scleractinian corals (Mouchi
et al., 2019; Mueller and Schupp, 2020). A F,/F,, decline can
be caused by limited light availability, low density of symbionts
and D1 protein degradation in PS II (Keren et al., 1997;
Warner et al., 1999; Muller-Parker et al., 2015). As a result, the
symbiont density decreased in the opaque plastic bag treatment
in P. lutea, confirming the decline in maximum quantum yield.
The study by Mueller and Schupp (2020) observed that Porites
rus slightly paled in the first 21 days, then rapidly decreased
when exposed to a transparent plastic bag, which might explain
the fact that zooxanthellae density did not significantly decrease
in our 4 weeks of experiment. Keshavmurthy et al. (2014) put
forward the resistance mechanisms of hosts or the sustainable
relationships with the clades or types of Symbiodiniaceae corals
that can contend natural and anthropogenic stresses. Different
coral species can associate with different symbiont compositions
and the variety of components of Symbiodiniaceae provide
unequal tolerances (Rouzé et al., 2016). Most of P. acuta in
the sampling area associated with symbionts in Durusdinium
spp- (D1) and Durusdinium sp. (D1-6; unpublicized report from
Yucharoen, 2020), while P. lutea is commonly dominated by
C15 (Cladocopium sp.; Chankong et al., 2018, 2020; Tan et al.,
2020). However, there is no direct evidence to demonstrate
that coral reactions to marine debris were affected by genus of
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zooxanthellae, while from the changed environmental factors, we
hypothesized that types of Symbiodiniaceae might drive the corals
to perform differently under marine debris stress.

Physella acuta in the opaque plastic bag treatment had an
effect on its calcification rate. The skeleton growth of scleractinian
corals is mainly influenced by light and water flow (Scoffin

et al., 1992; Houlbréque et al, 2003; Schutter et al, 2011;
Browne, 2012; Wijgerde et al., 2012). Light motivates coral tissue
extension and skeleton growth (Mass et al., 2007; Schutter et al.,
2011; Cohen and Dubinsky, 2015; Eyal et al., 2019). During
the decreased light condition in opaque plastic bag treatment,
we considered that calcification rate got affected by declined
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advisability light. Furthermore, symbiotic zooxanthellae mainly
affect hermatypic host calcification with photosynthesis, which
supplies the inorganic carbon (Erez et al., 2011). Under lower
light conditions, corals will reduce the growth rate due to less
photosynthesis and calcification (Anthony and Hoegh-Guldberg,
2003b) Furthermore, decreased calcification may represent the
photosynthetic performance of symbionts. In our study, the
photosynthetic activity in P. acuta had no effect throughout,
but the cellular chlorophyll a and ¢, concentrations temporarily
increased in week 2, which confirms the photoacclimation
mechanisms of endosymbiotic dinoflagellates that adapt to
reduced light conditions (Falkowski and Dubinsky, 1981; Jones
and Yellowlees, 1997; Anthony and Hoegh-Guldberg, 2003a;
Stambler and Dubinsky, 2005; Jones et al., 2020). P. lutea
also increased cellular chlorophyll a and ¢, concentrations in
week 2, but continuous symbiont cell degradation was observed
throughout. In some extreme low light conditions, decreased
symbiont density also serves as photoacclimation of coral
physiological responses to environmental conditions (Warner
et al., 2002; Ulstrup et al., 2008).

In general, plastic shading affected more the response
indicators for P. lutea than for P. acuta. This may be linked
to the complex architecture of P. acuta, which provides light
microhabitat diversification, thereby improving light utilization
by the branching coral (Helmuth et al, 1997; Anthony and
Hoegh-Guldberg, 2003b). Flow morphology like that of a massive
coral has more work required for adaption to light-limited
conditions, whereas species that have complex architectures, they
are able to occupy extremely low or high-light regimes and
consequently may have reduced competition in those habitats.
Also, a greater physiological tolerance of light-habitat dynamics
(e.g., after physical disturbances) will increase the physiological
potential for colonization of newly formed light gaps.

The amount of biofouling by algae on plastic bags, which
increased as the experiment proceeded, might also be a factor.
Algal competition with coral has been proven, and it can affect
corals via allelochemicals, abrasion, shading and overgrowth
(McCook et al., 2001; Jompa and McCook, 2003; Rasher et al.,
2011; Vieira et al., 2016). Swierts and Vermeij (2016) assumed
that fast-growing corals (e.g., branching coral) suffer negative
effects on growth from competition with epiphytic algae.

Fishing Net

In our experimental plan, the fishing net directly contacted
coral fragments creating the potential for abrasion. Both species
showed strong effects from fishing net stress, but different coral
species respond to fishing nets differently. Heavy bleaching
was observed in P. acuta after treatment with a fishing
net for 2 weeks (Figure 2D). Bleaching is associated with
coral health, because bleaching results from coral releasing
symbiotic zooxanthellae (Douglas, 2003), making the coral more
sensitive to diseases (Muller et al., 2008), and can negatively
affect overall coral growth (Pratchett et al., 2015; McClanahan
et al,, 2018). Cell degradation occurred and surface chlorophyll
concentration significantly declined after week 2, confirming
this speculation. Tissue necrosis in P. lutea was observed under
our treatments (Figure 2H), which can result in symbiont
degradation and photosynthetic pigment decrease. Moreover,

TABLE 3 | Statistical analysis of chlorophyll a and c», zooxanthellae density and
calcification rate (One-way ANOVA).

Parameter Pocillopora acuta Porites lutea

Df F P-value Df F P-value
Chla (g cm=2) 3 2374 0.101 3 1.031 0.400
week 2
Chlcs (ug cm™2) 3 2046 0.140 3 1.123 0.363
week 2
Chla (pg cell= ) 3 8.621 0.001* 3 6.875 0.002*
week 2
Chl ¢y (pg cell= ) 3 6.356 0.003* 3 7.841 0.001*
week 2
Chla (g cm=2) 3 4.041 0.021* 3 3.802 0.026*
week 4
Chlcs (ug cm~2) 3  4.068 0.021* 3 4.594 0.013*
week 4
Chla (pg cell= ") 3 0510 0.680 3 1.559 0.230
week 4
Chl ¢y (pg cell= ) 3 1.710 0.197 3 1.502 0.244
week 4
Zooxanthellae 3  1.693 0.201 3 10.057 0.001*
(x10° cellcm—2)
week 2
Zooxanthellae 3 4529 0.014* 3 11319 0.001*
(x108 cell cm~2)
week 4
Calcification rate 3  9.749 0.001* 3 3.812 0.026*
(%D~

*Significant difference.

corals with small polyps have limited ability to physically clean
up the foreign matter, leading to bleaching and tissue mortality
(Philipp and Fabricius, 2003).

The significantly reduced rETR,,,, indicates the maximum
photosynthetic capacity and this might affect growth of
symbionts (Gao and Zheng, 2010; Xu et al., 2020). From
prior research, abrasion of coral tissue by marine debris
can result in disease outbreaks (Lamb et al, 2018), leading
to decreased chlorophyll pigments and zooxanthellae cell
degradation (Cervino et al., 2004). Therefore, we hypothesize
that after 4 weeks coverage with fishing net, the reduced
symbiont density and lower chlorophyll are related to coral
disease. Furthermore, physical connection of nets to the
corals affected heterotrophic energy acquisition, and increased
energy consumption to produce mucus (Philipp and Fabricius,
2003). Producing the mucus required 35% of energy from an
endosymbiotic (Riegl and Branch, 1995). Mainly, this energy
source is used for host calcification and reproduction via
symbionts synthesizing surplus carbon (Castrillon-Cifuentes
et al., 2017), but under sedimentation conditions, the respiration
from mucus production reversed the dominance and took
up 65% from symbionts. Long-term energy cost combined
with limited photosynthetic energy gain severely affected coral
calcification (Anthony and Fabricius, 2000).

Porites trematodiasis is the most common disease
caused by trematode larvae and manifests as pink
swollen nodules, which we observed when P. lutea

tissue contacted fishing nets (Figure 2I). Both biotic
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and abiotic stresses can cause coral disease outbreaks,
and changes in environmental conditions can promote
physiological stresses that impair host immunity (Jackson
and Tinsley, 2002; Lafferty and Holt, 2003). Similarly,
the red algal Corallophila huysmansii overgrowth on
Porites  cylindrica caused severe stress and mortality
(Jompa and McCook, 2003).

Fishing net not only severely affected maximum quantum
yield of PSII, chlorophyll a and ¢, concentrations, symbiotic
cell density and calcification rate, but also caused actual
tissue necrosis in P. lutea under our laboratory conditions

(Figure 2H). Instead, heavy bleaching was observed in P. acuta

(Figure 2D). Corals with small polyps have limited ability to
remove foreign matter and sediment particles, contributing to
coral bleaching, and tissue mortality (Philipp and Fabricius,
2003). Significantly reduced rETRy,4, as well as the maximum
photosynthetic capacity indicated the poor growth status of
symbionts (Gao and Zheng, 2010; Xu et al, 2020). From
previous research, marine debris abrasion on coral tissue induces
disease outbreaks (Lamb et al., 2018), and diseases have led
to a decrease in chlorophyll pigment and to zooxanthellae cell
degradation (Cervino et al.,, 2004). Therefore, we hypothesized
that after 4 weeks of covering with fishing net, the reduced
symbionts and decreased chlorophyll were related to coral
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diseases. Interestingly, we also observed that cellular chlorophyll
concentration increased in the second week, due to the
photoacclimatization of living zooxanthellae that adapted to
reduced light intensity and increased cellular chlorophyll to
increase energy capture (Falkowski and Dubinsky, 1981; Jones
and Yellowlees, 1997; Anthony and Hoegh-Guldberg, 2003a;
Jones et al., 2020). Furthermore, exposure to fishing nets reduced
energy acquired from photosynthesis and affected heterotrophic
energy acquisition, increasing energy consumption to produce
mucus (Philipp and Fabricius, 2003). Long-term negative energy
costs combined with limited photosynthetic energy gains severely
affected coral calcification (Anthony and Fabricius, 2000).

CONCLUSION

Different species of corals respond differently to various types
of marine debris, differently. The responses may depend on the
symbiont composition and density, coral morphology, and also
on the resilience of the coral species. In this experiment, P. acuta
showed less effects from each form of marine debris exposure
than P. [utea, and a transparent plastic bag showed no effects on
P. acuta. The different kinds of damage from different types of
marine debris also make corals respond in different ways. Two
types of plastic bag resulted in shading impacts on the corals
in this experiment, whereas fishing net treatment affected corals
with abrasion. The fishing net treatment had the strongest effects
on both coral species tested. In conclusion, marine debris cover
on coral causes stress responses in 2 weeks. We hope this work
can help marine national parks and any related organizations to
prioritize the clearing of marine debris. In aquarium experiments,
we have separately assessed the shading and abrasion effects
from marine debris, while in natural environment waves cause
both shading and abrasion to happen simultaneously, which may
accelerate the decline of coral health. The combined responses
remain poorly understood and can be addressed in future work.
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The frequency and severity of coral bleaching events have increased in recent years.
Global warming and contamination are primarily responsible for triggering these responses
in corals. Thus, the objective of this study was to evaluate the isolated and combined
effects of elevated temperature and exposure to copper (Cu) on responses of the
antioxidant defense system of coral Mussismilia harttii. In a marine mesocosm, fragments
of the coral were exposed to three temperatures (25.0, 26.6, and 27.3°C) and three
concentrations of Cu (2.9, 5.4, and 8.6 ug/L) for up to 12days. Levels of reduced
glutathione (GSH) and the activity of enzymes, such as superoxide dismutase (SOD),
catalase (CAT), glutathione S-transferase (GST), and glutamate cysteine ligase (GCL),
were evaluated on the corals and symbionts. The short exposure to isolated and combined
stressors caused a reduction in GSH levels and inhibition of the activity of antioxidant
enzymes. After prolonged exposure, the combination of stressors continued to reduce
GSH levels and SOD, CAT, and GCL activity in symbionts and GST activity in host corals.
GCL activity was the parameter most affected by stressors, remaining inhibited after
12-days exposure. Interesting that long-term exposure to stressors stimulated antioxidant
defense proteins in M. harttii, demonstrating a counteracting response that may beneficiate
the oxidative state. These results, combined with other studies already published suggest
that the antioxidant system should be further studied in order to understand the
mechanisms of tolerance of South Atlantic reefs.

Keywords: coral bleaching, coral reefs, global warming, metal pollution, antioxidant enzymes, oxidative state
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INTRODUCTION

Ocean warming is the main factor causing bleaching in coral
reefs worldwide (Hoegh-Guldberg, 1999; McWilliams et al.,
2005; Yuyama et al., 2012). Bleaching can be defined as the
loss of color in the coral tissue, which can result from the
expulsion of photosynthetic dinoflagellate endosymbionts from
its tissues or degradation of photosynthetic pigments (Glynn,
1993; Downs et al., 2005). Under high stress conditions, reactive
oxygen species (ROS) produced by symbionts can be passed
to host coral tissues (Lesser, 1997, 2006; Weis, 2008; Yakovleva
et al, 2009). In an attempt to avoid oxidative damage, corals
eliminate an important source of ROS (their symbionts) what
ultimately leads to the breakdown of the symbiotic relationship
between the coral host and their photosynthetic symbionts
(Downs et al., 2005; Howells et al., 2016). Due to the importance
of such symbiosis, the bleaching is directly related to episodes
of mass mortality on coral reefs, which contributes to the
degradation of this important ecosystem (Glynn, 1993, 1996;
Hoegh-Guldberg, 1999; Suggett and Smith, 2019).

The symbiosis between corals and photosynthetic algae
produces chronic hyperoxic conditions during the light hours
(Dykens, 1984; Kuhl et al., 1995; Schwarz et al., 2013). To
protect themselves against potential damage induced by ROS,
corals, and symbionts contain a variety of molecules with
antioxidant properties (Lesser, 2006). The antioxidant defense
system (ADS) includes enzymatic and non-enzymatic molecules,
which reduce the amount of ROS and maintain the balance
of the cellular oxidative state (Monteiro et al., 2006; Suggett
and Smith, 2019). Antioxidant enzymes, such as superoxide
dismutase (SOD), catalase (CAT), glutathione S-transferase
(GST), and glutamate cysteine ligase (GCL), are responsible
for acting in the neutralization of ROS. In fact, increased
activity of such enzymes in corals is related to higher
concentrations of ROS (Lesser et al., 1990; Higuchi et al., 2015).
Reduced glutathione (GSH) has non-enzymatic antioxidant
activity acting as substrate for the GST and glutathione peroxidase
(GPx; Hermes-Lima, 2004). Due to the important role of these
molecules in redox metabolism, they can be used as interesting
parameters to assess an early warning response to coral bleaching
in the face of multiple stressors (Weis, 2008; Higuchi et al., 2015).

Metal exposure is typically known to induce oxidative stress
in many organisms through its participation in biochemical
reactions that produce ROS, such as the superoxide anion
(O,7), hydrogen peroxide (H,O,), and hydroxide radical ("OH;
De Nadal et al,, 2011; Schwarz et al., 2013). Copper (Cu) is
a metal commonly found in the aquatic environment (Maria
and Bebianno, 2011). This metal is considered an important
micronutrient for the proper functioning of physiological systems,
such as electron transport chain and antioxidant enzymes
(Mercer and Llanos, 2003; Leary et al., 2009). However, elevated
concentrations of Cu can be found in the aquatic environment
due to run-off, mining, anti-fouling paints, and sewage (Jones,
1997). In fact, Cu contamination has been pointed out as a
notable local threat to coral reefs (van Dam et al., 2011; Marques
et al., 2019). When present in high concentrations, this metal
can accumulate in organisms in concentrations above their

capacity to excrete or detoxify (Rainbow, 2002). Toxic effects
caused by Cu have been extensively reported in corals, including
damage to the energy metabolism (Fonseca et al, 2019),
reduction in the expression of antioxidant enzymes (Schwarz
et al,, 2013), DNA damage (Schwarz et al., 2013; Marangoni
et al,, 2017), reduced activity of enzymes related to the calcification
process (Bielmyer et al., 2010; Marangoni et al., 2017), and
bleaching (Jones, 2004; Gissi et al., 2019).

Thermal stress and exposure to heavy metals, such as Cu,
can act in isolation and result in serious consequences. However,
the impacts on the health of the organisms are more likely
to be the result of a combination of stressors (Negri and
Hoogenboom, 2011; Banc-Prandi and Fine, 2019). For example,
the combination of these stressors presented a synergic effect
in the coral Mussismilia harttii that led to reduced photosynthetic
capacity (Fonseca et al., 2017), as well as decreased activity
of enzymes involved in the energy metabolism (Fonseca et al.,
2019). Cu is known to exhibit high affinity for thiol groups
(—SH) present in antioxidants (Hultberg et al., 2001; Geracitano
et al, 2002). Additionally, increased temperature can reduce
the tolerance of organisms to exposure to metals (Portner,
2001, 2002). Therefore, it can be expected that the combination
of thermal stress and Cu exposure could lead to increased
deleterious effects in the oxidative metabolism of corals.

Most studies that evaluate the ADS of corals have been
conducted with isolated stressors (Downs et al., 2000; Grant
et al, 2003; Mitchelmore et al., 2007; Higuchi et al, 2009,
2012, 2015; Schwarz et al, 2013; Krueger et al, 2015). To
date, only one study has evaluated the combined effect of
increased temperature and exposure to copper on SOD activity
in corals (Banc-Prandi and Fine, 2019). Considering the paucity
of information on the combined effects of these stressors
(temperature and Cu) in parameters associated with the ADS
in corals, the present study aimed to contribute with a better
understanding in this topic by evaluating in further details
the ADS of an important scleractinian coral species of South
Atlantic reefs, M. harttii, subjected to the combination of
relevant stressors affecting coral reefs worldwide. For this
purpose, we evaluated the levels of GSH and the activity of
the antioxidant enzymes SOD, CAT, GST, and GCL in M. harttii
exposed to different levels of thermal stress, Cu concentrations,
and the combination of both. This species of coral is endemic
and important in the construction of coral reefs in the South
Atlantic. In addition, M. harttii has been subjected to Cu
contamination associated with mining and sewage (Francini-
Filho et al, 2019; Marques et al., 2019).

MATERIALS AND METHODS

Collection of Corals

Polyps from three colonies of the coral M. harttii were collected
during July 2012 on the conservation area of the Municipal
Natural Park of Recife de Fora (16°24'31"S; 038°5839"W; Porto
Seguro, Bahia, northeastern Brazil) and transported to the
mesocosm facility of the Coral Vivo Project (Arraial d’Ajuda,
Porto Seguro). Polyps were individualized, glued on ceramic
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plates using cyanoacrylate, and acclimated to the experimental
conditions for 20 days. Coral samples were collected under the
permission of the Brazilian Environmental Agency (permit
#85926584; IBAMA/SISBIO).

Coral Exposure in the Marine Mesocosm
Corals were kept in twenty seven 10L tanks distributed according
to three warming treatments [mean local temperature, and 1.5
and 2.5°C above the mean; that is, 25.0, 26.6, and 27.9°C,
considering warming levels predicted to future climate scenarios
issued by IPCC (2014)] and three Cu concentrations (0, 3,
and 5pg/L above the mean natural concentration, that is, 2.9,
5.4, and 8.6pg/L). The concentrations of Cu used in the
experiment are below or close the limits allowed by the
international and Brazilian legislations for the protection of
aquatic environments (CONAMA, 2005; EPA, 2005). All
treatments were tested in triplicated tanks, where two M. harttii
polyps, randomly distributed, were kept in each tank. After 4
and 12days of exposure, polyps were sampled (between
5-6 pm/17-18h) and immediately flash frozen for posterior
laboratory analysis (see below).

In the mesocosm system, seawater is pumped through a
continuous flow from the adjacent coral reef to four 5,000L
underground reservoirs to receive the desired temperature
treatments before reaching the twenty seven10L tanks. Due to
its direct connection to the reef environment, this system kept
seawater conditions (e. g. natural daily variation of temperature,
turbidity, salinity, pH, zooplankton availability) very similar to
those in the natural environment. Temperature was monitored
and controlled by an Arduino-based system (Reef Angel, Fremont)
while two 15-kW submersible heaters maintained the temperature
required for each treatment. Concomitantly, seawater captured
from the reef environment was held in four pairs of 1,000- L
underground sumps to receive stock solutions of Cu. Cu stock
solutions were daily prepared (24h before use) from a standard
solution of CuCl, (1g/L Cu). The seawater that received the Cu
treatments was mixed with seawater coming from the primary
treatment sumps using peristaltic pumps (flow rate of 0.17L/
min) before reaching the 10-L tanks. Seawater from the secondary
system (Cu contamination) accounted for 10% of the total
seawater flow reaching the 10-L aquariums, while heated water
flow accounted for 90%. Before returning to the ocean, water
was filtered and sterilized in an additional underground sump
where ultraviolet filters and activated carbon cartridges were
installed. Details on the functioning of this mesocosm system
can be found in Duarte et al. (2015).

Seawater Collection and Analysis

Every 3days seawater was collected from the test aquariums
for monitoring concentrations of Cu and dissolved organic
carbon (DOC) throughout the experiment. The concentrations
of dissolved Cu were evaluated in filtered (0.45-mm mesh filter)
water samples acidified with nitric acid (HNOs;, 1% final
concentration; SupraPur, Merck®, Germany). For this purpose,
water samples were desalted using the method proposed by
Nadella et al. (2009) and the concentrations of Cu were

determined through Atomic Absorption Spectrophotometry
with Graphite Furnace (PerkinElmer®, Waltham, United States).
DOC concentration was assessed by Total Organic Carbon
analyzer (Shimadzu®, Japan). Pluviometry was obtained from
the local weather station (Veracel Celulose, Brazil). Daily, random
tanks from each treatment combination were assessed for
temperature, pH (HI 9124, Hanna Instruments®, United States),
and salinity (optical refractometer ITREF 10, Instrutemp®, Sdo
Paulo, Brazil). Temperature measurements were performed using
loggers installed inside the tanks and at the reef environment
to continuously monitor the seawater temperature every 30 min.

Sample Preparation

The antioxidant defense parameters were quantified in both
coral host and endosymbiont microalgae fractions. Samples
were prepared as described by Fonseca et al. (2021). Coral
fragments were cut, homogenized on ice with a buffer for
each analysis (1:1w/v) using a sonicator (20kHz, Sonaer
Ultrasonics®, New York, United States). After homogenization,
samples were centrifuged (2,530¢, 5min, 4°C) to separate coral
(supernatant) and symbiont (pellet) homogenates. Afterward,
200 pl of buffer was added to the pellet, which was sonicated
(30kHz) and used for analysis of the symbiotic microalgae.
All results were normalized considering the protein concentration
of the homogenates, which was quantified using a commercial
kit based on the Bradford method.

Determination of Parameters of the
Antioxidant Defense System

To determine the activity of the antioxidant enzymes CAT,
SOD, and GST, the samples were homogenized in a buffer
containing 20mm Tris Base, l mm EDTA, 1mm dithiothreitol,
500mm sucrose, 150mm KCI, and 0.lmm PMSE pH was
adjusted to 7.6. For determination of the GCL activity and
quantification of GSH content, the samples were homogenized
in Tris-EDTA buffer containing 100 mm Tris-HCl, 2mm EDTA,
and 5mm MgCl,-6H,0. pH was adjusted to 7.75. All enzymatic
assays were carried out at 25°C.

CAT activity was determined as described by Beutler (1975).
The assay consists of the decomposition of H,O, by CAT
present in the sample in water (H,O) and oxygen (O,). The
decomposition of H,0, by CAT is monitored by the decrease
of absorbance in 240 nm. The reaction was evaluated in quartz
microplates containing the homogenate and reaction buffer
(1M tris base, 5mm EDTA, and H,0, (30%), pH 8.0). The
results are expressed in units of CAT, which is defined as the
amount of enzyme required to hydrolyze 1pmol of H,0O, per
min and per mg of protein.

SOD activity was assessed according to McCord and Fridovich
(1969). This analysis reflects changes in superoxide anion (O,)
concentrations through the oxidation of cytochrome C by
xanthine oxidase. The SOD assay was conducted using a buffer
solution containing 50mm KH,PO, (pH 7.8). Absorbance
readings were performed at 550 nm. SOD activity was expressed
in enzyme units, where one unit is the amount of enzyme
needed to inhibit 50% of cytochrome c reduction/min/mg protein.

Frontiers in Physiology | www.frontiersin.org

December 2021 | Volume 12 | Article 804678


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Fonseca et al.

Effects of Stressors on Corals

Glutathione-S-transferase (GST) assay was performed as
described by Habig and Jakoby (1981) using a phosphate buffer
solution (100mm, pH 7.0), following the conjugation of 1 mm
GSH (Sigma-Aldrich, United States) with 0.77mm 1-chloro-
2,4- dinitrobenzene (CDNB; Sigma-Aldrich, United States).
GST activity was measured as the increment in absorbance
at 340nm and was expressed in pmol CDNB/min/mg protein.

GCL activity and GSH concentration were analyzed according
to White et al. (2003). The reaction is based on the measure
of fluorescence emitted by the conjugation reaction of
glutamylcysteine and GSH through fluorochrome NDA (naphthalene-
2,3-dicarboxyaldehyde). The fluorescence measurement is
evaluated by the wavelength of 472nm (excitation) and 528 nm
(emission). The activity of the GCL is expressed in nmol of
GSH per hour and per mg of protein and the GSH concentration
in mg of GSH per mg of protein.

Statistical Analysis

The effects of elevated temperature and exposure to Cu on
the activity of CAT, SOD, GST, GCL, and GSH content, on
corals and symbionts, were evaluated using 2-way factorial
ANOVA followed by the Fisher test for multiple comparisons.
At each experimental time (4 and 12days) we performed
one ANOVA [fixed factors “temperature” (three levels, 25.0,
26.6 and 27.3°C), and “Cu” (three levels, 2.9, 5.4 and 8.6 pg/L)].
Data normality and homogeneity of variances were previously
verified using the Shapiro-Wilk and Cochran C tests,
respectively, and log-transformed when necessary. The
confidence level adopted was 95% (a=0.05).

RESULTS

Seawater Physicochemical Parameters

The measured concentrations of dissolved Cu were 2.9£0.7,
54+0.9, 8.6+0.3pg/L, corresponding to the treatments of 0
(control), 3 and 5pg/L above the mean natural concentration
of 2.9pg/L, respectively. Temperature levels were 25.0+0.1 for
control, 26.6+0.1 and 27.3+0.1°C, corresponding to the
treatments of 1.5 and 2.5°C above ambient seawater temperature.
The other physicochemical parameters analyzed in seawater
are shown in Supplementary Table S1.

Parameters of the Antioxidant Defense
System

CAT activity in the coral host fraction was inhibited after 4 days
of exposure in the highest concentration of Cu tested (8.6 ug/L).
In turn, after 12days of exposure, an increased activity of CAT
was observed in the temperature treatments of 26.6 and 27.3°C
compared to the ones maintained at 25°C (Figure 1;
Table 1).

No effects were observed in the CAT activity of symbionts
after 4days of exposure. However, effects of increased
temperature, Cu, and the combination of both were observed
after 12 days. Exposure to 5.4 pg/L Cu increased CAT activity
on symbionts compared to 2.9 and 8.6 ug/L Cu. Exposure

to 26.6°C reduced CAT activity compared to 25.0 and 27.3°C.
In addition, the results of the combination of stressors
showed an inhibition of CAT activity under 26.6°C and
8.6 ug/L compared to 2.9ug/L at the same temperature.
Exposure to 27.3°C and 5.4 pg/L increased CAT activity in
symbionts compared to those maintained at 2.9 and 8.6 ug/L
at the same temperature (Figure 1; Table 1).

SOD activity in the coral host increased after 4days of
exposure to the combination of stressors. An increased activity
of the enzyme was observed under 27.3°C and 5.4ug/L Cu
compared to 2.9 and 8.6ug/L Cu at the same temperature.
After 12days, exposure to 26.6°C led to an increased activity
of SOD compared to 25.0°C (Figure 2; Table 1).

Effects of temperature and Cu applied in isolation were
observed on SOD activity in symbionts after 4days of
exposure. Exposure to the concentration of 5.4pg/L Cu
increased SOD activity compared to 2.9 and 8.6pg/L Cu.
Exposure to 26.6°C inhibited SOD activity in symbionts
compared to 25.0°C. In turn, exposure to 27.3°C increased
SOD activity in symbionts compared to 25.0 and 26.6°C.
After 12 days, the effect of exposure to isolated and combined
stressors was observed on SOD activity in symbionts. A
significant increase at 8.6 pug/L C compared to 2.9pg/L Cu
was observed. An increase was also observed under 26.6°C
and 27.3°C compared to the control temperature (25.0°C).
The combination of stressors led to an increase in SOD
activity under 25.0 and 26.6°C combined with 8.6 ug/L Cu
compared to 2.9 and 5.4 ug/L Cu at the same temperatures.
Exposure to 27.3°C and 8.6 pg/L reduced SOD activity in
symbionts compared to those maintained at 2.9 and 5.4 ug/L
at the same temperature (Figure 2; Table 1).

No effects were observed in GST activity for any of the
treatments tested on corals after 4 days. However, after 12 days,
effects of temperature and the combination of stressors were
observed on GST activity in the coral host. Exposure to 26.6°C
increased GST activity compared to 25.0 and 27.3°C. In the
combined exposure, an increase in GST activity was observed
under 26.6°C and 8.6ug/L compared to 2.9ug/L Cu at the
same temperature. However, corals maintained at 27.3°C and
8.6pg/L Cu showed an inhibition of GST activity compared
to those maintained at the same temperature at 2.9pg/L Cu
(Figure 3; Table 1).

Effects of Cu and temperature were observed on GST activity
in symbionts after 4days of exposure. Exposure to 5.4pg/L
Cu increased GST activity compared to 8.6 pg/L Cu. The opposite
was observed for temperature. Exposure to 26.6°C inhibited
GST activity compared to 25.0 and 27.3°C. No effects were
observed in the symbiont GST activity after 12 days of exposure
(Figure 3; Table 1).

GCL activity in the coral host was inhibited after 4days
of exposure to Cu and the combination of stressors. Exposure
to 5.4pg/L Cu inhibited GCL activity compared to 2.9 and
8.6pg/L Cu. An inhibition was also observed under 26.6°C
and 54pg/L Cu compared to 29ug/L Cu at the same
temperature. Exposure to 27.3°C and 5.4pg/L and 8.6pg/L
Cu also reduced GCL activity in corals compared to those
maintained at 2.9 pg/L Cu at the same temperature. The isolated
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FIGURE 1 | CAT activity in the coral and for the symbiotic algae of coral Mussismilia harttii exposed to three different temperatures and three different copper (Cu)

Temperature (°C)

effects of temperature and Cu exposure were observed on
GCL activity in the coral host after 12days. Exposure to
8.6pg/L Cu inhibited GCL activity compared to 2.9 and
5.4pg/L Cu. Similarly, exposure to 26.6°C inhibited GCL
activity in corals compared to 25.0 and 27.3°C (Figure 4;
Table 1).

The isolated effects of temperature were observed for GCL
activity in symbionts after 4 days. Exposure to 26.6 and 27.3°C
inhibited GCL activity in symbionts compared to 25.0°C. After
12 days, combined exposure to stressors inhibited GCL activity
in symbionts. The results indicate a significant reduction after
exposure to high concentration of Cu (8.6pug/L) compared to
5.4pg/L Cu. A reduction was also observed under 27.3°C and
5.4pg/L Cu compared to 2.9ug/L Cu at the same temperature
(Figure 4; Table 1).

The levels of GSH in the coral host were reduced after
4 days of exposure to the combination of stressors. A significant
reduction was observed after exposure to Cu at 5.4pg/L
compared to 2.9 and 8.6 pg/L. A reduction was also observed
under 26.6°C and 8.6 pug/L Cu compared to 5.4 pg/L Cu at
the same temperature. After 12 days, the isolated effects of

temperature and Cu increased the levels of GSH in coral
host. Exposure to 5.4pg/L Cu increased the levels of GSH
in the corals compared to those exposed to 2.9pg/L Cu.
Exposure to 27.3°C increased the levels of GSH in corals
compared to those exposed 25.0 and 26.6°C (Figure 5;
Table 1).

Effects of temperature, Cu, and the combination of both
were observed on the GSH levels of the symbionts after
4days of exposure. Exposure to 5.4pg/L Cu reduced GSH
levels in symbionts compared to 2.9 and 8.6 ug/L Cu treatments.
In turn, exposure to 26.6°C increased GSH levels in symbionts
compared to 25.0 and 27.3°C. The combined treatment of
26.6°C and 5.4pg/L Cu reduced the levels of GSH in the
symbionts compared to 2.9 pg/L Cu at the same temperature.
After 12 days, the combination of stressors altered the levels
of GSH in the symbionts. Specifically, a reduction after
exposure to Cu alone at 8.6 ug/L was observed compared
to the treatments of 2.9 and 5.4 pg/L Cu. In turn, an increase
in GSH levels was observed under 26.6°C and 5.4 pug/L Cu
compared to 2.9 ug/L Cu at the same temperature (Figure 5;
Table 1).
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TABLE 1 | Results for the 2-way factorial analysis of variance (ANOVA) conducted for Mussismilia harttii exposed to elevated temperature and Cu contamination for
4 and 12 days.

4-days 12-days
Variable Treatment
df F p Fisher df F p Fisher
CAT coral Cu 2 11.94 0.00 *8.6<2.9, 5.4 2 0.56 0.58
Temperature 2 2.89 0.08 2 4.65 0.02 27.3,26.6>25.0
Cux Temperature 4 214 0.11 4 2.07 0.13
CAT symbiont Cu 2 3.11 0.06 2 4.23 0.03 +5.4>2.9, 8.6
Temperature 2 2.49 0.11 2 9.70 0.00 26.6<25.0, 27.3
Cu x Temperature 4 2.68 0.06 4 4.51 0.01 26.6 (8.6<2.9)
27.3 (5.4>2.9, 8.6)
SOD coral Cu 2 0.80 0.46 2 0.60 0.55
Temperature 2 3.02 0.07 2 5.62 0.01 26.6>25.0
Cux Temperature 4 5.23 0.00 27.3 (5.4>2.9, 8.6) 4 0.93 0.46
SOD symbiont Cu 2 11.30 0.00 5.4>2.9, 8.6 2 6.90 0.00 *8.6>2.9
Temperature 2 17.39 0.00 26.6<25.0<27.6 2 5.34 0.01 27.3, 26.6>25.0
Cu x Temperature 4 1.65 0.20 4 13.00 0.00 25.0 (8.6>2.9, 5.4)
26.6 (8.6>2.9, 5.4)
27.3(8.6<2.9, 5.4)
GST coral Cu 2 2.33 0.12 2 0.53 0.59
Temperature 2 2.03 0.16 2 50.22 0.00 26.6>25.0, 27.3
Cu x Temperature 4 1.10 0.38 4 3.10 0.04 26.6 (8.6>2.9)
27.6 (8.6<2.9)
GST symbiont Cu 2 6.21 0.00 5.4>8.6 2 1.36 0.28
Temperature 2 7.87 0.00 26.6<25.0, 27.3 2 2.75 0.09
Cu x Temperature 4 1.05 0.40 4 0.71 0.59
GCL coral Cu 2 11.47 0.00 5.4<2.9, 8.6 2 14.09 0.00 *8.6<2.9, 5.4
Temperature 2 0.68 0.52 2 23.55 0.00 26.6<25.0, 27.3
Cu x Temperature 4 4.29 0.02 26.6 (5.4<2.9) 4 2.53 0.09
27.3 (5.4, 8.6<2.9)
GCL symbiont Cu 2 3.10 0.07 2 2.38 0.13
Temperature 2 4.21 0.03 %27.6, 26.6<25.0 2 3.39 0.06
Cu x Temperature 4 1.93 0.16 4 3.40 0.04 #25.0 (8.6<5.4)
27.0 (5.4<2.9)
GSH coral Cu 2 1.61 0.22 2 4.09 0.03 5.4>2.9
Temperature 2 1.67 0.21 2 8.38 0.00 27.3>26.6, 25.0
Cux Temperature 4 4.25 0.01 25.0 (5.4<2.9, 8.6) 4 2.40 0.09
26.6 (8.6<5.4)
GSH symbiont Cu 2 14.58 0.00 5.4<2.9, 8.6 2 1.89 0.31
Temperature 2 6.29 0.01 26.6>25.0, 27.3 2 1.26 0.18
Cu x Temperature 4 7.28 0.00 26.0 (5.4<2.9) 4 4.88 0.01 25.0 (8.6<2.9, 5.4)
26.6 (5.4>2.9)

Significant values (p <0.05) are in bold. The results marked in green represent an increase in the ADS, while the results marked in red represent the inhibitory effects on the ADS of
M. harttii.
*indicates the data that has been log-transformed.
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FIGURE 2 | SOD activity in the coral and for the symbiotic algae of coral M. harttii exposed to three different temperatures and three different copper (Cu)
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DISCUSSION

Oxidative stress is defined as an imbalance in the pro-oxidant/
antioxidant ratio, which favors increased pro-oxidants and
results in oxidative damage (Downs et al., 2002; Halliwell and
Gutteridge, 2007). Previous studies have shown that the elevated
temperature and exposure to Cu are typically known to induce
oxidative damage in M. harttii (Fonseca et al., 2017; Marangoni
et al., 2017, 2019a,b; Fonseca et al., 2021), as well as in other
coral species (Lesser, 1997; Schwarz et al., 2013; Dias et al,
2019). Given the clear connection between oxidative stress
and coral bleaching (for a review see Suggett and Smith, 2019),
it is paramount to evaluate changes in the activity of specific
antioxidant molecules that are associated with this condition.
In this context, the present study was carried out evaluating
a higher number of parameters related to ADS (enzymatic
and non-enzymatic) than previous studies conducted with reef-
building corals. A larger picture of the oxidative profile of a
coral species was obtained in the face of the combined exposure
of global and local stressors.

Exposure to increased temperature and Cu generally caused
an inhibition in the activity of antioxidant enzymes after short
exposure (4 days). Interestingly, after prolonged exposure (12 days)
many of these parameters recovered and an increase in the
antioxidant defenses of the coral host and its symbionts was
observed. Results suggest that prolonged exposure to stressors
can increase ROS generation in M. harttii. However, the coral
holobiont (coral host+microalgae symbionts) showed a
counteracting response under such condition by increasing
antioxidant defenses to prevent oxidative damage. In fact, Fonseca
et al. (2017) showed a reduction in lipid damage (as lipid
peroxidation) in M. harttii exposed for up to 12days under the
same experimental conditions. Later, an increase in total antioxidant
capacity (TAC) in algae symbionts of M. harttii was observed
after exposure to increasing temperature and Cu (Fonseca et al.,
2021). Interestingly, South Atlantic corals have been suggested
to be more tolerant to stressors compared to coral reefs in
other parts of the world (Mies et al., 2020). The up-regulation
shown by M. harttii ADS and results found for the same specie
under a heat wave event (Marangoni et al, 2019a,b) suggest
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that the antioxidant response is an important mechanism
potentially connected to the resilience of these corals and indicate
that this process should be further studied in order to understand
the traits that explain the tolerance of the South Atlantic corals.

SOD and CAT are enzymes involved with the neutralization
of ROS and their performance have been related to coral
bleaching (Higuchi et al., 2015). The high activity of SOD
and CAT after prolonged exposure of the coral host to increasing
temperature suggests an increased need for neutralization of
superoxide anion (O,"”), a radical with high potential of inducing
oxidative damage. The dismutation of O, performed by SOD
represents an important source of H,0,, a reactive species
mainly reduced by CAT (Regoli and Giuliani, 2014). Therefore,
a higher generation of O,"~ would be expected after prolonged
exposure of M. harttii to increasing temperature.

The symbiotic algae demonstrated an increase in SOD activity
and a reduction in CAT after prolonged exposure to increasing
temperature alone and combined with Cu. This can cause an
accumulation of H,0, in the symbiont cell. The excess of H,0,
can facilitate its reaction with transition metals, such as Fe
and Cu, through the Fenton reactions facilitating the formation

of  hydroxyl radical ("OH; H,0, + Fe**/Cu* — Fe**/
Cu®*+'OH+OH", see Hermes-Lima, 2004). In addition, high
amounts of H,0, can induce apoptosis and the formation of
nitrite peroxide (ONOO™; Perez and Weis, 2006; Weis, 2008;
Hawkins et al., 2013; Hawkins and Davy, 2013), a highly reactive
nitrogen species (RNS) that has been linked to the onset of
coral bleaching (Marangoni et al., 2019b). RNS, such as ONOO",
are generally responsible for causing damage to proteins and
DNA, in addition to inhibiting key enzymes in energy metabolism
(Wink and Mitchell, 1998; Brown and Borutaite, 2002). In
accordance, the same stressors tested here caused drastic
reductions in enzymes of the energy metabolism of M. harttii
after prolonged exposure (Fonseca et al, 2019). Cu acts as a
cofactor of SOD (Hermes-Lima, 2004), therefore, the higher
concentrations of such metal may have acted as an important
factor inducing SOD activity in symbionts. In accordance, the
increase in SOD activity has already been reported in corals
exposed to Cu (Banc-Prandi and Fine, 2019).

GST is an enzyme of the phase II of the detoxification
processes responsible for conjugating GSH with many organic
and inorganic compounds, including aldehydes produced during
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lipid peroxidation (LPO; Higgins and Hayes, 2011). In fact,
it has been shown that exposure to increased temperature
alone induces LPO in host corals after prolonged exposure
(Fonseca et al., 2021). This result was paralleled to increased
GST activity and increased GSH levels in corals. Interestingly,
increased temperature reduced the levels of LPO in the symbionts
(Fonseca et al,, 2021) and no changes were observed in the
present study in GST activity and GSH levels. These results
suggest a significant role of the glutathione system in the
detoxification of LPO metabolites in corals and symbionts.
Considering the glutathione metabolism, GCL is the rate-
limiting enzyme in GSH synthesis (White et al., 2003). The
activity of this enzyme was inhibited in corals and symbionts
throughout the experiment, which resulted in the reduction of
GSH levels. Those parameters were the most affected by exposure
to stressors, and similar results have already been observed in
other studies (Downs et al., 2000; Pourahmad and O’Brien,
2000; Nagalakshmi and Prasad, 2001; Klein et al., 2017a; Maher,
2018). GCL is an ATP-dependent enzyme (Chen et al., 2005),
and Cu and increased temperature have been previously shown
to inhibit enzymes of energy metabolism in M. harttii (Fonseca
et al,, 2019). GSH plays an important role in numerous intracellular

processes and provides protection for cells from damage caused
by ROS and other stressors (Halliwell and Gutteridge, 2007).
It contains a thiol group (—SH) with important reducing capacity,
binding to electrophilic compounds by assisting its elimination
or biotransformation (Townsend et al.,, 2003). Therefore, the
reduction of GSH levels can compromise detoxification reactions
of organic compounds, as well as the oxidative state of corals.
Also, it is worth noting that exposure to isolated and combined
stressors increased GSH levels in some treatments. Interestingly,
the increase in GSH levels was parallel to the inhibition of
GCL activity in host corals and their symbionts. In fact, it has
already been observed that GCL activity can be inhibited by
high levels of GSH (Maher, 2005; Klein et al., 2017b).
Reef-building corals need to have fine control in H,0O,
neutralization to prevent bleaching (Lesser, 1997; Smith et al,
2005; Weis, 2008). The results of the present study showed a
possible relationship between the activity of SOD and GST and
the levels of GSH in corals and symbionts. Prolonged exposure
to elevated temperature increased the activity of SOD in corals
concomitantly with the increase in GST activity and levels of
GSH. This relationship may be involved with the conjugation
of GSH with LPO products produced by accumulation of H,0,,
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which are catalyzed by GST. In fact, elevated temperature alone
induced LPO in M. harttii (Fonseca et al.,, 2021). In addition,
H,0, can be decomposed by GPx oxidizing GSH in this process
(Hermes-Lima, 2004), which could explain the increase in the
production of this tripeptide. However, the symbiotic algae
showed that the exposure to Cu alone induced SOD and GST
activity after 4days of exposure and this cause a depletion of
GSH levels. In primary producers, the excess H,O, generated
in the presence of Cu is scavenged by peroxisomes. The
detoxification pathway continues through the oxidation of GSH
via the ascorbate-dehydroascorbate system (Nagalakshmi and
Prasad, 2001). Thus, exposure to Cu can facilitate the accumulation
of H,0, in symbiotic algae and consequently trigger bleaching
through this mechanism. In addition, GSH is known to be involved
in metal scavenging (Hermes-Lima, 2004), so this can happen
because GSH is facilitating the elimination of Cu in symbionts.

Symbiotic algae can be a major input of ROS to the coral
host under stressful conditions, especially when it involves
thermal stress and high light conditions (Suggett and Smith,
2019). Due to their photosynthetic nature, these organisms
produce high amounts of ROS and therefore an efficient defense
system to prevent oxidative damage can be expected. Indeed,

exposure to stressors caused an increase in the parameters of
the defense system of symbiotic algae. Increases in the TAC
of low molecular weight scavengers have been observed in
symbionts of M. harttii exposed to a combination of temperature
and Cu (Fonseca et al., 2021). The up-regulation of antioxidant
enzymes is an important component of the cellular response
to stress of symbionts caused by exposure to stressors. This
can provide the symbiotic algae a faster reduction of oxidative
damage, prevent the process of apoptosis and consequently
maintain the normal functioning of the photosynthetic process
(Ralph et al., 2001). These results are interesting, as they reinforce
that bleaching in M. harttii can be a response initiated by the
symbiotic algae. Therefore, a response from the symbiotic algae
defense system would be expected before any visual manifestation
of bleaching. These results highlight the use of these parameters
as potential tools of early warning response to corals bleaching.

Antioxidant enzyme analyzes are important and should
be considered in future studies that evaluate the physiological
responses of M. harttii coral under chronic exposure conditions.
The evaluation of ADS parameters, preferentially combined with
analysis of ROS and RNS, can improve our understanding about
mechanisms of resilience in corals exposed to multiple stressors.
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The symbiosis of coral-Symbiodiniaceae is the quintessential basis of the coral
reef ecosystem, and its breakdown results in coral bleaching, one of the most
severe ecological catastrophes in the ocean. Critical to the establishment of the
symbiosis is the host’s specific recognition of the symbionts through the binding of
the coral host’s pattern recognition receptors (PRRs) to the symbiont cell surface’s
glycoconjugates. However, the molecular basis for this recognition process is poorly
understood. The present study investigated the binding affinities of the coral galectin
PdGLT-1 to different symbiodiniacean species under different temperatures. At 25°C,
the PAGLT-1 recombinant protein (rPdGLT-1) exhibited different binding affinities to
different symbiodiniacean species from five genera, with a significantly higher binding
affinity (p < 0.05) to Fugacium kawagutii (2.6-fold) and Cladocopium goreaui (1.9-
fold) than Symbiodinium microadriaticum. The binding topology of rPdGLT-1 differed
among the five symbiodiniacean species; for S. microadriaticum, Breviolum minutum,
and Durusdinium trenchii, the binding was on some specific sites on the cell
surface, whereas for C. goreaui and F. kawagutii, the binding signals were detected
over the whole cell surface. Interestingly, PAGLT-1 binding induced agglutination of
F. kawagutii cells but not of C. goreaui, explaining why C. goreaui was the most
dominant symbiodiniacean symbionts in corals. Moreover, the affinity of rPdGLT-1 to
Symbiodiniaceae was affected by temperature, and the highest binding affinities were
observed at 30, 20, 30, 35, and 30°C for S. microadriaticum, B. minutum, C. goreaui,
D. trenchii, and F. kawagutii, respectively. The optimal binding temperatures were
consistent with the current understanding that D. trenchii was the most thermal resistant
among these species. These results suggest that the binding affinity of the PRR PAGLT-
1 may determine the specificity of host-symbiont pairing and explain why Cladocopium
is the dominant symbionts of coral P damicornis at normal temperature, and corals with
Durusdinium symbionts may survive better at high temperature.
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Recognition Preference of Coral Galectin

INTRODUCTION

Due to the unrelentless global warming, coral reefs are facing
the danger of massive bleaching predicted for the end of
this century (Hoegh-Guldberg et al., 2007; Magel et al., 2019;
Weis, 2019). Thus, there is an urgent need to preserve the
remaining reefs and help restore the lost or degraded ones.
The establishment and maintenance of coral-Symbiodiniaceae
symbiosis are of vital importance for the coral holobiont
functioning, which is initiated by the chemical recognition
between the coral host and the Symbiodiniaceae (Berkelmans
and van Oppen, 2006; Iguchi et al, 2011; Bellantuono et al,
2012; Kita et al., 2015). The cell surface of Symbiodiniaceae
is populated with glycoconjugates, such as mannose-mannose
and galactose-B(1-4)-N-acetylglucosamine (Markell et al., 1992;
Tortorelli et al., 2021). These glycoconjugates, which form
the microbe-associated molecular patterns (MAMPs), can be
recognized by the pattern recognition receptors (PRRs) such
as lectins on the surface of coral cells (Wood-Charlson et al.,
2006; Weis et al., 2008). Such glycan-lectin interaction is critical
for initiating the coral-Symbiodiniaceae symbiosis (Tortorelli
et al., 2021). The adaptive evolution of the symbionts glycan
structure and the biochemical complementarity between the
coral host and its symbionts are believed to determine the
host specificity (Lin et al., 2015). For example, it has been
shown that glycan ligands on the cell surface of Cladocopium
C1f play a role in recognition during the initial contact at
the onset of symbiosis with the coral Fungia scutaria larvae
(Rodriguez-Lanetty et al., 2004; Wood-Charlson et al., 2006).
Lectins in Sinularia lochmodes and Acropora millepora (Millectin)
can recognize Symbiodiniaceae through the binding to their
D-galactose and mannose (Kvennefors et al., 2008; Jimbo et al.,
2013). Also, the recognition of coral host lectin induces the
morphological transformation of Symbiodinium (Fransolet et al.,
2012). Lectin in the coral Ctenactis echinata mediates the
transformation of the flagellated motile form of Symbiodiniaceae
into the non-motile coccoid form (Jimbo et al., 2010), a common
form of coral symbionts. However, the molecular mechanisms
and factors affecting the establishment and maintenance of
the symbiosis between corals and Symbiodiniaceae are still
poorly understood.

How lectins’ binding affinity to symbionts MAMPs differ
among different species of Symbiodiniaceae is a fundamental
question, and the answer can help address how the host
corals selectively recruit symbionts from the surrounding
environments. The symbiotic dinoflagellate algae in the family
Symbiodiniaceae includes nine Clades named A-I (Pochon and
Gates, 2010; LaJeunesse et al., 2018; Gonzalez-Pech et al.,
2021). Out of the nine clades, Symbiodinium (Clade A) to
Durusdinium (Clade D) are generally associated with the reef-
building corals (Baker, 2003; Traylor-Knowles, 2021). Usually,
there is one dominant species of Symbiodiniaceae in a host,
which shapes the physiological performance of the corals under
environmental stress (Silverstein et al., 2012). For instance, Clade
D (Durusdinium) has been reported as a thermally tolerant
symbionts. The thermal tolerance of coral Acropora millepora
increases by 1-1.5°C when the dominant Clade C symbiont

(Cladocopium) is replaced by Clade D (Berkelmans and van
Oppen, 2006). Thus, to better protect or restore coral reefs under
increasing seawater temperature, there is an urgent need to screen
for the most heat-resistant coral-Symbiodiniaceae association,
which requires a good understanding of the recognition process
mediated by coral lectins.

Another critical issue is how environmental variables affect
the establishment of the coral-Symbiodiniaceae symbiosis (Stat
and Gates, 2011; Suggett and Smith, 2020). Seawater temperature,
eutrophication, ocean acidification, and microplastic pollution
are the most common factors affecting the health of corals
(Hughes et al, 2003; Sully et al, 2019; Barott et al, 2021),
among which heat stress is the most severe stressor. Recent
studies have implicated lectins in the establishment of coral-
Symbiodiniaceae symbiosis under heat stress. For instance, the
C-type lectin from P. damicornis was found to be critical
for the symbiont acquisition and sequestration under heat
stress (Vidal-Dupiol et al., 2009). Furthermore, the galectin
in P. damicornis (PAGLT-1) was shown to recognize both
pathogenic bacteria and Symbiodiniaceae, and its binding activity
was dramatically suppressed by high temperatures (>30°C) (Wu
et al., 2019). However, how the binding activities of coral lectins
to different genera of Symbiodiniaceae differ under heat stress has
never been reported.

This study investigated the binding affinity of a previously
identified coral lectin (PAGLT-1) (Wu et al., 2019) to five species
from different major genera of the family Symbiodiniaceae.
PdGLT-1 was a galectin from P. damicornis, a scleractinian
coral belonging to Pocilloporidae, one of the most abundant
and widespread corals (Schuttenberg and Hoegh-Guldberg,
2007). The five species of Symbiodiniaceae were Symbiodinium
microadriaticum (Clade A), Breviolum minutum (Clade B),
Cladocopium goreaui (Clade C), Durusdinium trenchii (Clade D),
and Fugacium kawagutii (Clade F), which belong to the
symbiont genera in P. damicornis (Cunning et al, 2018;
Tang et al, 2018; Lin et al, 2019; Chankong et al., 2020;
Li et al, 2021). The binding affinity of PAGLT-1 to these
symbiodiniacean species was examined under a gradient of
temperatures. Results in this study help us better understand
the molecular mechanism underlying the initial establishment
of the coral-Symbiodiniaceae symbiosis and lectins’ potential
roles in coral survival or recovery after a heat stress-induced
bleaching event.

MATERIALS AND METHODS

Cultures of Symbiodiniacean Species

The five symbiodiniacean species, S. microadriaticum strain
CCMP828, B. minutum strain CCMP830, C. goreaui strain
CCMP2466, D. trenchii strain CCMP3428, and F. kawagutii
strain CCMP2468, were provided by the National Center for
Marine Algae and Microbiota (Bigelow Laboratory for Ocean
Sciences, East Boothbay, Maine, United States). These strains
were cultured in the L1 medium at 25°C in a light incubator
(photon flux of 110 pwmol photons m~2 s™!) at 12 h/12 h
light-dark cycle until logarithmic growth stage.
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Preparation of PAGLT-1 Recombinant
Protein and Determination of Binding
Affinity of PAGLT-1 Recombinant Protein

to Symbiodiniaceae

The expression and purification of the recombinant PdGLT-
1 protein were carried out as previously reported (Wu et al.,
2019). Briefly, the coding gene was isolated from P. damicornis
and inserted in-frame into an expression plasmid to yield the
recombinant construct PAGLT-1 (pEASY-E1-PdGLT-1), which
was transformed into E. coli BL21 (DE3)-Transetta (TransGen,
China). Positive transformants were screened using antibiotic
resistance and sequencing, and one of them was selected and
grown in the LB medium. The recombinant protein (designated
rPdGLT-1) with 6 x His-tag was purified by a Ni>* chelating
Sepharose column (GE Healthcare).

In each binding affinity experiment, cells from the five
symbiodiniacean species were harvested from 1 mL cultures by
centrifugation at 5,000 g for 5 min at 4°C. The cell pellets were
suspended in fresh medium and serially diluted to 10°, 10%, 10,
10%, and 10 cells mL~!. From each of these cell suspensions, 300
WL of cell suspension was transferred to a fresh 1.5 mL microfuge
tube and co-incubated with 300 pL of 0.1 mg mL~! rPdGLT-1
at 25°C for 1 h. For the negative control, bovine serum albumin
(BSA) was used in place of rPdGLT-1 to be co-incubated with
each symbiodiniacean species. After incubation, the algal cells
were pelleted by centrifugation at 1,600 g for 6 min to eliminate
the unbound proteins. After washing with PBST three times to
remove the non-specifically binding rPdGLT-1, the cells were
pelleted and resuspended in PBS.

In order to compare the binding affinity of rPdGLT-1 to
different symbiodiniacean species, 300 L of algal cells (10*
cells) for each species were co-incubated with 300 wL of 0.2 mg
mL~! rPdGLT-1 at 25°C for 1 h. For the negative control,
BSA was used in co-incubation with an even mixture of five
symbiodiniacean species. The washing and resuspension were
conducted as mentioned above.

The bound rPdGLT-1 on the symbiodiniacean cell surface
was dissociated in 50 pL loading buffer by boiling and the
resulting protein solution was loaded to a SDS-PAGE gel. A blank
control was set up using the loading buffer. After electrophoretic
separation, the target protein was transferred to the PVDF
membrane at 200 mA for 1.5 h. After blocked for 2 h at 25°C,
PVDF membrane was incubated with His-tag mouse monoclonal
antibody (1:1,000 dilution, AH367, Beyotime, China) at 4°C
overnight, and then incubated with AP-labeled goat-anti-mouse
antibody (1:5,000 dilution, A0258, Beyotime, China) at 25°C
for 2 h. After each combination, the membrane was washed
three times with PBST on a concentrator for 10 min, and the
membrane was subjected to processing with BCIP/NBT Alkaline
Phosphatase Color Development Kit (C3206, Beyotime, China)
at 25°C for 5-30 min until clear bands were observed. The
reaction was terminated by adding distilled water to the PVDF
membrane, and each band’s optical density was measured using
image processing software Image J (1.53¢c). In the comparison
experiment of different symbiodiniacean species, incubation
and western blotting were repeated three times (N = 3). The

binding activity of rPdGLT-1 to a symbiodiniacean species
was defined as the band intensity ratio of that species to
S. microadriaticum.

Observation of Binding Site Topology of
PdGLT-1 Recombinant Protein on

Symbiodiniacean Cells

The binding area of rPdGLT-1 on the five symbiodiniacean
species was observed using the immunofluorescence method. In
brief, 10° algal cells from each species were resuspended in 200
L of PBS. They were incubated with 200 pL of 0.1 mg mL~!
rPdGLT-1 at 25°C for 1 h. For negative and blank controls, BSA
and PBS were used in place of rPdGLT-1, respectively. After
incubation, the algae were washed by PBST three times and
then centrifuged at 4,000 g for 5 min to eliminate the unbound
protein. Twenty microliters of His-tag mouse monoclonal
antibody (AH367, Beyotime, China) diluted at 1:200 was added
to resuspend the algal cell pellets. After incubation at 25°C
for 1 h and centrifugation at 1,600 g for 6 min, algal cells
were washed three times with PBST. Next, algal cells were
incubated with 20 wL of Alexa Fluor 488-labeled Goat Anti-
Mouse IgG(H + L) diluted at 1:200 (A0428, Beyotime, China)
in darkness at 25°C for 1 h. After triple washes with PBST,
the algal cells were collected by centrifugation, resuspended
in 20 pwL of PBS, and observed under the IX71 Olympus
fluorescence microscope.

Measurement of the Binding Activity of
PdGLT-1 Recombinant Protein Under

Different Temperatures

The binding activity of rPdGLT-1 to the five symbiodiniacean
species was examined at the temperatures of 20, 25, 30, and
35°C. Briefly, each symbiodiniacean species from stock culture
was split into 4 subsamples, and then 300 WL of 10° cells mL~!
of each symbiodiniacean species were incubated with 300 pL of
0.1 mg mL~! rPdGLT-1 for 1 h at 20, 25, 30, and 35°C. For
the negative control, BSA was used instead of rPdGLT-1. Each
incubation was conducted in triplicate, and the subsequent SDS-
PAGE and western blotting were performed as mentioned above.
Loading buffer was used as the blank control. The band intensity
of the incubation at a temperature was normalized to that of the
incubation at 20°C.

Statistical Analysis

All data were expressed as mean =+ standard deviation (SD).
Before analysis, data were tested for normality using the
Shapiro-Wilk test. When the variance was verified to be
homogeneous, data were subjected to one-way analysis of
variance (ANOVA) followed by multiple comparisons (S-N-
K) to evaluate the significance of differences among different
symbiodiniacean species or temperatures by using software IBM
SPSS 20.0 (IBM, Inc.). Differences were considered significant at
p < 0.05.
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RESULTS (Figure 1). The highest relative band intensity (2.6-fold) was

observed in F. kawagutii, which exhibited a significantly higher
Comparison of Binding Affinity of binding affinity than other symbiodiniacean species (one-way
PAGLT-1 Recombinant Protein Among ANOVA, F = 22.841, p < 0.05). C. goreaui exhibited the

second highest band intensity, 1.9-fold higher than that of
S. microadriaticum, and 1.4-fold higher than that of D. trenchii
A binding band was observed for each of the five (p < 0.05 in both cases). No significant difference was found
symbiodiniacean species examined at 25°C, and the band among S. microadriaticum, B. minutum, and D. trenchii.
intensity increased with increasing algal concentration from 10 There were no detectable bands in the negative or blank
to 10° cells mL™}, especially for B. minutum and D. trenchii  control (Figure 2).

Symbiodiniacean Species

g

S. microadriatici
B. minutum
C. goreaui

D. trenchii

F. kawagutii

FIGURE 1 | Binding activity of PdGLT-1 recombinant protein to five symbiodiniacean species of different concentrations (10, 102, 103, 10%, and 10° cells mL~") at

25°C, including S. microadriaticum, B. minutum, C. goreaui, D. trenchii, and F. kawagutii. BSA (bovine serum albumin) is employed as the negative control, while
loading buffer is used as blank control.
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FIGURE 2 | Binding of PAGLT-1 recombinant protein to S. microadriaticum, B. minutum, C. goreaui, D. trenchii, and F. kawagutii at 25°C. The figure above shows
the binding band obtained by western blotting, and the figure below shows the gray scale ratio. The gray scale of the binding band of S. microadriaticum is used as

the basis to calculate the gray scale ratio. The column represents mean =+ standard deviation (N = 3), and the column with different letters represents significant
difference (p < 0.05).
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FIGURE 3 | The binding region of rPdGLT-1 to S. microadriaticum, B. minutum, C. goreaui, D. trenchii, and F. kawagutii at 25°C through immunofluorescence
method. His-tag mouse monoclonal antibody and Alexa Fluor 488-labeled Goat Anti-Mouse IgG(H + L) are used as primary and second antibodies, respectively.
BSA is employed as negative control and PBS as blank control. Scale-bars are 20 pm.

C. goreaui

PdGLT-1

PdGLT-1 Recombinant Protein Binding

Site Topology on Symbiodiniacean Cells

For C. goreaui and F. kawagutii, clear positive signals were
widespread over the whole cell surface, and rPdGLT-1 bound
F. kawagutii cells were agglutinated. In contrast, the positive
signals were concentrated in smaller discrete regions on the cell
surface of S. microadriaticum, B. minutum, and D. trenchii. No
positive signals were observed in the negative (BSA) and blank
(PBS) control (Figure 3).

Effects of Temperature on the Binding

Affinity of PAGLT-1 Recombinant Protein

The relative band intensity of rPdGLT-1 bound to D. trenchii
was highest at 35°C (1.5-fold), which was significantly higher
than that at 30°C (1.4-fold; one-way ANOVA, F = 38.712,
p < 0.05). The lowest intensities occurred at 20 and 25°C
(1.0-fold, 1.0-fold, respectively), which were significantly lower
(p < 0.05) than that at 30°C (Figure 4). The relative band
intensity of rPAGLT-1 to S. microadriaticum was highest at 30°C
(1.8-fold), slightly lower at 35°C (1.7-fold). The relative band
intensities at 20 and 25°C were markedly lower, between which
that at 25°C was significantly higher (1.4-fold; one-way ANOVA,
F = 44272, p < 0.05) than that at 20°C (Figure 5). Similar

to S. microadriaticum, the highest band intensity of C. goreaui-
bound rPdGLT-1 was detected at 30°C, which was 1.3-fold of that
at 20°C, and significantly higher (one-way ANOVA, F = 9.062,
p < 0.05) than those at 20, 25, and 35°C (1.1- and 1.0-fold;
Figure 6). The highest relative band intensity of rPdGLT-1 bound
to F. kawagutii also occurred at 30°C (1.5-fold), which was higher
than that at 20°C (one-way ANOVA, F = 5.183, p < 0.05).
The relative band intensities at 25 and 35°C (1.2- and 1.3-
fold, respectively) were between that at 20 and 30°C, with no
significant differences (Figure 7). In contrast, the highest relative
band intensity of rPdGLT-1 bound to B. minutum was observed
at 20°C, the lowest temperature among the five species examined.
It was significantly higher than those at 25 and 35°C (one-way
ANOVA, F = 4.555, p < 0.05). Furthermore, the band intensity
at 30°C (0.8-fold) appeared to be higher than those at 25 and
35°C, but there were no significant differences among the three
temperatures (Figure 8).

DISCUSSION

The establishment of the coral-Symbiodiniaceae symbiosis
is essential to the prosperity of the coral reef ecosystem
(Wood-Charlson et al., 2006). Recognition between corals and
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FIGURE 4 | Binding of PAGLT-1 recombinant protein to D. trenchii at different temperatures. The figure above shows the binding band obtained by western blotting,
and the figure below shows the gray ratio. The gray scale of the binding band of 20°C is used as the basis to calculate the gray scale ratio. The column represents
mean =+ standard deviation (N = 3), and the column with different letters represents significant difference (o < 0.05).

Symbiodiniaceae is the very first and critical step, which
requires the involvement of corals’ lectins such as C-type lectins,
galectins, rhamnose-binding lectins, and D-Galactose-binding
lectins (Zhou et al., 2017, 2018; Weis, 2019; Wu et al., 2019).
Besides, the binding of lectins to Symbiodiniaceae can be affected
by temperature (Vidal-Dupiol et al., 2009; Bellantuono et al.,
2012; Wu et al, 2019), and high temperature might decrease
the binding affinity of coral lectins and further suppress their
abilities to acquire and sequestrate the free Symbiodiniaceae
to repopulate the bleached coral (Vidal-Dupiol et al., 2009).
Therefore, information on the differential binding affinity of
coral lectins to different genera of Symbiodiniaceae, and the
differential effects of temperature on the binding capacity, is
essential to understanding the underlying regulatory mechanism
for the initial establishment of coral-Symbiodiniaceae symbiosis.

In the present study, a previously identified lectin (PdGLT-
1) was expressed in E. coli, purified, and used to investigate
the recognition of the coral P. damicornis to five species
of Symbiodiniaceae. The results showed that rPdGLT-1 could
bind to all five species of Symbiodiniaceae. Recognizable
by PdAGLT-1, these algae have the potential to establish
symbiosis with P. damicornis. Consistent with this finding, high
throughput sequencing studies on the symbiont communities of
P. damicornis have indicated the presence of these five genera in
this species of coral (Boulotte et al., 2016). Besides, the present
study reported the differential binding affinities of PAGLT-1 to
different symbiodiniacean species. A higher binding affinity was

found to C. goreaui and F. kawagutii than S. microadriaticum,
B. minutum, and D. trenchii. This result agrees with the
mainstream academic view that clade C is the dominant
Symbiodiniaceae in P. damicornis (Magalon et al., 2007).

To further explore the recognition characteristics between
PdGLT-1 and Symbiodiniaceae, differences among five species
of Symbiodiniaceae in the rPdGLT-1 binding pattern were
carefully examined using immunofluorescence. Interestingly,
rPdGLT-1 was generally bound to discrete loci on the surface
of S. microadriaticum, B. minutum, and D. trenchii, while the
binding sites of rPdGLT-1 to C. goreaui and F. kawagutii were
widespread over the cell surface. These results were consistent
with the higher binding affinity to C. goreaui and F. kawagutii
measured by Western blotting. Intriguingly, rPdGLT-1 not only
exhibited a higher binding affinity to F. kawagutii but also had an
agglutinating effect (Figure 2). This finding suggests that PAGLT-
1 is more likely to induce agglutination than endosymbiosis in
F. kawagutii, which explains why F. kawagutii is not a dominant
symbiont species in P. damicornis or other corals, and its role
as an endosymbiont remains obscure. On the contrary, PAGLT-
1 had high binding activity to C. goreaui but hardly with any
agglutination effect. As such PAGLT-1 is more likely to induce
symbiosis with C. goreaui than agglutination, consistent with the
reports that Cladopodium spp. are dominant Symbiodiniaceae in
P. damicornis (Magalon et al., 2007).

Furthermore, the establishment and maintenance of the
coral-Symbiodiniaceae symbiosis are strongly influenced by
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FIGURE 5 | Binding of PdGLT-1 recombinant protein to S. microadriaticum at different temperatures. The figure above shows the binding band obtained by western
blotting, and the figure below shows the gray ratio. The gray scale of the binding band of 20°C is used as the basis to calculate the gray scale ratio. The column
represents mean =+ standard deviation (N = 3), and the column with different letters represents significant difference (o < 0.05).
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FIGURE 6 | Binding of PdGLT-1 recombinant protein to C. goreaui at different temperatures. The figure above shows the binding band obtained by western blotting,
and the figure below shows the gray ratio. The gray scale of the binding band of 20°C is used as the basis to calculate the gray scale ratio. The column represents
mean =+ standard deviation (N = 3), and the column with different letters represents significant difference (p < 0.05).

Frontiers in Marine Science | www.frontiersin.org 120 December 2021 | Volume 8 | Article 754808


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Wang et al. Recognition Preference of Coral Galectin

%\‘b& %$P» (LQOC ff)oo quOC %500

Relative intensity (fold)

25 30
Temperature (°C)

FIGURE 7 | Binding of PAGLT-1 recombinant protein to £, kawagutii at different temperatures. The figure above shows the binding band obtained by western
blotting, and the figure below shows the gray ratio. The gray scale of the binding band of 20°C is used as the basis to calculate the gray scale ratio. The column
represents mean =+ standard deviation (N = 3), and the column with different letters represents significant difference (o < 0.05).
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FIGURE 8 | Binding of PdGLT-1 recombinant protein to B. minutum at different temperatures. The figure above shows the binding band obtained by western
blotting, and the figure below shows the gray ratio. The gray scale of the binding band of 20°C is used as the basis to calculate the gray scale ratio. The column
represents mean =+ standard deviation (N = 3), and the column with different letters represents significant difference (o < 0.05).
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temperature, the severe coral bleaching in recent years have
been attributed to heat stress (Sampayo et al., 2008; Stat and
Gates, 2011; Klepac and Barshis, 2020). From the PdGLT-1
binding in five temperature (20, 25, 30, and 35°C) experiments,
clear species-specific optimal PAGLT-1 binding temperature was
noted. Interestingly, the highest optimal temperature (35°C)
was found in D. trenchii (Clade D), the second highest (30°C)
in S. microadriaticum (Clade A), C. goreaui (Clade C), and
F. kawagutii (Clade F), and the lowest (20°C) was found
in B. minutum (Clade B). These results suggest that coral
lectins have variable potentials to acquire and sequestrate
Symbiodiniaceae in a temperature-dependent manner. This
might affect the differential repopulation of the symbionts in the
bleached corals.

Accumulating evidence has indicated that a higher relative
abundance of Clade D Symbiodiniaceae in corals contributes
to the heat resistance of corals, and Clade D Symbiodiniaceae
are regarded as the as most heat-tolerant clade among all
Symbiodiniaceae clades (Abrego et al., 2009; Keshavmurthy et al.,
2017; Thinesh et al., 2019). Moreover, symbionts type-switching
from Clades A, B, C, or F to Clade D following a bleaching
event is believed to be the strategy of corals to recover from
bleaching (Thinesh et al., 2019). Results in the present study
show that the binding affinity of PAGLT-1 to D. trenchii remains
relatively high under thermal stress (35°C). This property may
facilitate symbiosis establishment of P. damicornis with Clade D
Symbiodiniaceae under high temperatures and the survival of
the holobiont after thermal stress. This should be verified in the
future using infection experiments.

In summary, the binding affinity of coral lectin PAGLT-1 to
five genera of Symbiodiniaceae was investigated to shed light on
the molecular recognition for symbiosis establishment. PAGLT-1
exhibits a greater binding affinity to C. goreaui and F. kawagutii
than B. minutum, D. trenchii, and S. microadriaticum, implying
a higher likelihood for those two species to be recruited by
P. damicornis as symbionts. However, as PAGLT-1 binding
induces cell agglutination in F. kawagutii, the potential of
F. kawagutii to become symbionts is undermined. These findings
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Endocrine disruption is suspected in cnidarians, but questions remain how occurs. Steroid
sex hormones are detected in corals and sea anemones even though these animals do not
have estrogen receptors and their repertoire of steroidogenic enzymes appears to be
incomplete. Pathways associated with sex hormone biosynthesis and sterol signaling are
an understudied area in cnidarian biology. The objective of this study was to identify a suite
of genes that can be linked to exposure of endocrine disruptors. Exaiptasia diaphana were
exposed to nominal 20ppb concentrations of estradiol (E2), testosterone (T), cholesterol,
oxybenzone (BP-3), or benzyl butyl phthalate (BBP) for 4 h. Eleven genes of interest (GOls)
were chosen from a previously generated EST library. The GOls are 175-hydroxysteroid
dehydrogenases type 14 (178 HSD14) and type 12 (178 HSD12), Niemann-Pick C type 2
(NPC2), Equistatin (El), Complement component C3 (C3), Cathepsin L (CTSL), Patched
domain-containing protein 3 (PTCH3), Smoothened (SMO), Desert Hedgehog (DHH), Zinc
finger protein GLI2 (GLI2), and Vitellogenin (VTG). These GOls were selected because of
functional associations with steroid hormone biosynthesis; cholesterol binding/transport;
immunity; phagocytosis; or Hedgehog signaling. Quantitative Real-Time PCR quantified
expression of GOIs. In silico modelling utilized protein structures from Protein Data Bank as
well as creating protein structures with SWISS-MODEL. Results show transcription of
steroidogenic enzymes, and cholesterol binding/transport proteins have similar
transcription profiles for E2, T, and cholesterol treatments, but different profiles when
BP-3 or BBP is present. C3 expression can differentiate between exposures to BP-3
versus BBP as well as exposure to cholesterol versus sex hormones. In silico modelling
revealed all ligands (E2, T, cholesterol, BBP, and BP-3) have favorable binding affinities
with 178 HSD14, 17p HSD12, NPC2, SMO, and PTCH proteins. VTG expression was
down-regulated in the sterol treatments but up-regulated in BP-3 and BBP treatments. In
summary, these eleven GOls collectively generate unique transcriptional profiles capable of
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Endocrine Disruption in Cnidarians

discriminating between the five chemical exposures used in this investigation. This suite of
GOls are candidate biomarkers for detecting transcriptional changes in steroidogenesis,
gametogenesis, sterol transport, and Hedgehog signaling. Detection of disruptions in
these pathways offers new insight into endocrine disruption in cnidarians.

Keywords: endocrine disruption chemicals, cnidaria, in silico modelling and docking, biomarkers, sex hormones,
xenobiotics, transcriptional profiling, hedgehog signaling

INTRODUCTION

In the past quarter century, public awareness of the dramatic
declines in coral reefs has become increasingly evident. Extensive
research has characterized how coral reefs are shifting in structure
and biodiversity due to climate change, over-fishing, coastal
development, and pollution (Gardner et al, 2003; Hughes
et al., 2003; Pandolfi et al., 2003; Jones et al., 2004; Bruno and
Selig, 2007). Understanding the impact of land-based pollution
onto reefs is further complicated by pulses of anthropogenic
activity, variations in tides, variations in seasonal precipitation,
and sediments which can act as carriers for a variety of organic
compounds (Dachs et al., 1999; Gavio et al.,, 2010; Singh et al.,
2010; Burns and Brinkman, 2011; Edge et al., 2013). Both land-
based pollution and sewage discharge produce terrestrial runoff
which culminates in diminished water quality in coastal marine
environments (McKenna et al., 2001; Fabricius, 2005; Gavio et al.,
2010; Singh et al,, 2010; Vidal-Dorsch et al., 2012; Bahr et al,,
2015; French et al., 2015; Wear and Thurber, 2015; Yoshioka
etal., 2016; Al-Jandal et al., 2018). The composition of sewage is a
complex mixture of freshwater, heavy metals, inorganic nutrients,
microplastics, ~ pathogens,  pesticides,  pharmaceuticals,
plasticizers, sediments, suspended solids, and toxins (Jones
et al., 2003; Kerswell and Jones, 2003; Flood et al., 2005; Jones,
2010; Singh et al., 2010; Sutherland et al., 2010; Tijani et al., 2013;
French et al, 2015; Mahon et al., 2017). Many components of
sewage are recognized as endocrine disrupting chemicals (EDCs)
whose impact on marine invertebrates needs to be characterized
(Tan et al., 2007; Singh et al., 2010; Wear and Thurber, 2015).

One form of pollution in the marine environment that is
ubiquitous even in sewage is plastic (Law, 2017; Mahon et al.,
2017; Lebreton et al., 2018). Plastics are known to accumulate and
persist longer in sediments than on land (Worm et al,, 2017).
With the global explosion of plastic pollution, there is evidence
cnidarians are capable of ingesting microplastics which are
known to release phthalates (Hall et al., 2015; Axworthy and
Padilla-Gamifio, 2019; Rotjan et al., 2019; Deng et al., 2020). As a
leachable compound from plastics, phthalates are one of the most
frequently detected persistent organic pollutants in the
environment (Gao and Wen, 2016). In addition to plastics,
oxybenzone is becoming an increasingly significant
environmental concern for coral reefs because it has been
detected in coastal surface waters and sediments, and has been
shown to influence larval development (Downs et al., 2016;
Mitchelmore et al, 2019). Steroid sex hormones, phthalates,
and oxybenzone are all recognized as EDCs and all have been
detected in sewage effluent and coastal marine environments
where anthropogenic activity is prevalent (Atkinson et al., 2003;

Thibaut and Porte, 2004; Singh et al., 2010; Bargar et al., 2013;
Tsui et al., 2014; French et al., 2015; Thorn et al., 2015; Al-Jandal
et al., 2018; LaPlante et al., 2018; Matouskova et al., 2020). Sterols
represent the second highest proportion of lipids (14-17%) found
in cnidarians (Revel et al., 2016). Because steroid hormones,
phthalates, and oxybenzone all have lipophilic characteristics, the
lipid-rich tissues of cnidarians are likely targets for EDCs. It has
been proposed that lipophilic compounds will easily diffuse into
cnidarian tissues and bioaccumulate (Peters et al., 1997; Imbs,
2013; Ko et al., 2014). Using a variety of mass-spectrometry
assays, steroid hormones (and/or their conjugates), phthalates,
and oxybenzone have been detected in coral tissues (from <10 ng
up to 650ngg ' dry weight) and/or the environment (from
<10ngL™" to >100 ugL™"), (Solbakken et al, 1985; Tarrant
et al,, 2003; Twan et al,, 2003; Twan et al., 2006; Downs et al,,
2016; Mitchelmore et al., 2019). Cnidarians have demonstrated
the ability to uptake estrogens in the water column at
concentrations as low as 300 pg/L (Tarrant et al., 2001).

Steroid sex hormones are known to be important in cnidarian
development and reproduction (Atkinson and Atkinson, 1992;
Gassman and Kennedy, 1992; Slattery et al., 1999; Tarrant et al.,
1999; Twan et al., 2003; Twan et al., 2006; Armoza-Zvuloni et al.,
2014). Exogenous estrogen is known to impact asexual
reproduction (Thorn et al, 2015). A conundrum exists
because anthozoans do not have nuclear estrogen receptors
even though the hormone is detectable in tissues and
functions in their reproductive biology (Reitzel et al., 2008;
Reitzel and Tarrant, 2009). Nuclear receptors capable of
binding estrogen have been identified in other cnidarians
(medusozoans) (Khalturin et al., 2018), and although not yet
well-characterized, a membrane-bound G-protein coupled
estrogen receptor 1-like transcript (GPER1) genomic locus
(LOC114576065) has been identified for E. diaphana (NCBI
Nucleotide). GPER1 has recently been identified in humans in
addition to the two traditional nuclear estrogen receptors ERa
and ERP (Fuentes and Silveyra, 2019). Perhaps GPER1 is also
involved in physiologic estrogen-signaling in anthozoans and
may be a target of EDCs, leading to downstream transcriptional
changes.

Another conundrum exists because cnidarians are known to
synthesize a diverse set of sterols (Tarrant et al., 2009; Revel et al.,
2016), but their repertoire of steroidogenic enzymes appears to be
incomplete. There is no genomic evidence that cnidarians
produce aromatase, and yet aromatase activity has been
detected (Tarrant et al,, 2003; Twan et al., 2003; Twan et al.,
2006). It is also possible that steroid sex hormones may play other
significant roles (e.g., possibly chemical communication) which
have yet to be fully elucidated (Tarrant et al., 2003; Blomquist
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et al., 2006; Lafont and Mathieu, 2007; Shikina et al., 2016). Since
cnidarians use steroid hormones as signaling molecules but they
do not have an endocrine system, Tarrant (2007) asked a
fundamental question: Can endocrine disruption occur in
cnidarians? Previous investigations have identified steroid
hormone-like signaling molecules but there are still significant
gaps in understanding which metabolic pathways are impacted.

One approach of ecotoxicological investigations is to identify
changes in gene transcription in aquatic organisms exposed to an
exogenous substance (Snell et al., 2003; Snape et al., 2004). Calls
have been made to develop a comprehensive assessment of
steroid hormones, phthalates, and personal care products
impacting marine environments (Singh et al, 2010; Tijani
et al,, 2013; Archer et al, 2017; DiNardo and Downs 2018).
More detailed information regarding the impact of EDCs on
specific pathways involved in both synthesis and metabolism of
sex hormones would be highly desirable. Developing biomarkers
for anthropogenic stressors can be useful tools for monitoring
health on coral reefs (Kenkel et al., 2014). Validated mechanistic
biomarkers for aquatic invertebrates which can identify responses
to a particular class of chemical stressor a have been theorized
(Snell et al., 2003; Hutchinson, 2007), but difficult to produce.
Presently, biomarkers for cnidarians exposed to EDCs have not
been developed and validated. This study seeks to identify a suite
of genes that characterize exogenous EDC exposures. Such a suite
of genes could help elucidate the cellular pathways leading to
cnidarian endocrine disruption.

MATERIALS AND METHODS

Toxicant Exposure

Sea anemones (Exaiptasia diaphana previously known as Aiptasia
pallida) were purchased from a supplier (Wards Natural Science,
Rochester, NY, United States) and acclimated to laboratory
conditions (45L recirculating artificial seawater at 22°C and
36 ppt salinity) for 1week. Anemones (100 individuals) were
randomly subdivided into a control group or 20 ppb treatments
of 17P-estradiol (E2), testosterone [T], cholesterol, benzyl butyl
phthalate (BBP), or oxybenzone (BP-3). Toxicant purity was
pharmaceutical secondary standard grade for E2, T, cholesterol,
and BP-3 while BBP was analytical standard grade (Sigma-Aldrich,
St. Louis, MO, United States). Acetone (150 ug/L) was used to
solubilized toxicants were prior to dilution in seawater. Acetone
has previously been used as a wetting agent (Morgan et al., 2001;
Morgan et al., 2012). The 20 ppb concentration was chosen to induce
responses and does not necessarily reflect environmental conditions
even though BP-3 has been detected at concentrations >20 ppb
(Downs et al,, 2016) and cholesterol at 11ppb (French et al,, 2015).
All treatments were nominal concentrations for 4 h in 1L artificial
seawater under ambient laboratory lighting during the early spring
season. The 4-h exposure was chosen to detect responses at an early
stage of exposure.

Selecting Candidate Genes of Interest
Complementary DNA sequences previously generated by
Representational Difference Analysis (RDA) (Edman et al,

Endocrine Disruption in Cnidarians

1997; Hubank and Schatz, 1999; Pastorian et al.,, 2000) were
screened for candidate ESTs to be used in this investigation.
Candidate ESTs were selected based on sequence homology
(BLASTX analysis) to genes of interest (GOI) with known
functions involving sex hormone synthesis, sterol binding,
lipid transport, and/or indirect sterol interactions. Subsets of
these ESTs have previously been used to characterize cnidarian
stress responses (Morgan et al., 2012; Morgan et al., 2015).

Reverse Transcription Reactions

Anemones from each treatment were pooled and total RNA was
isolated using Trizol (Invitrogen, United States). Two milliliter
phase-lock gels (5'Prime, United States) aided in the recovery of
the aqueous phase. Total RNA was DNase I digested and purified
(New England BioLabs, United States). Messenger RNA (mRNA)
was isolated (Oligotex, Qiagen, United States) from 100 ug of
DNase I treated total RNA. First stand synthesis used SuperScript
IV (Invitrogen, United States) along with random hexamers and
oligo-dT primers to reverse transcribe 1 pg of poly-A enriched
mRNA. The RT reaction conditions were 1 h at 37°C, followed by
1 min at each temperature between 42 and 50°C.

Quantitative Real-Time PCR

A QuantStudio 7 Flex Real-Time PCR system (Applied Biosystems
Waltham, MA, United States) used a SYBR Green-based assay to
perform qPCR. A 1/100 dilution of first-strand synthesis reactions
were used as templates for all qPCR reactions. Primers for each GOI
were created using Primer3 (https://primer3.org) (Table 1)®.
Components for each 20 pl gPCR reaction included: 10 ul Luna
Universal qPCR Mix (New England BioLabs, United States), 2.5 pl
Forward primer (10 uM), 2.5ul Reverse primer (10 uM), 2.5 pl
dH,O, 2.5l sample. Thermocycling conditions were 1 cycle at
95°C for 1 min; 40 cycles of 95°C for 15 s and then 60°C for 30 s; and
concluding with 1 cycle of melt curve analysis. Four replicate
reactions were used for analyzing the relative expression of each
GOL. Ribosomal protein L11 (RPL11) was used as gPCR reference
gene (Kenkel et al, 2011). Melt-curve analysis, primer efficiencies,
and gel electrophoresis confirmed specificity of priming. Replicate
Cq values were averaged to determine ACq and AACq for each
treatment and GOL All ACq and AACq values are based on the
consistent expression of RPLI1 across all treatments. The AACq
method was used to determine the differences between targeted
GOIs and a single reference gene (Bustin et al., 2009). Univariate
ANOVA was performed on AACq data to identify significant
expression of individual GOIs across treatments. Similarities in
variance between treatments were determined by Levene’s Test of
Equality of Error Variances. If the variance between treatments was
similar, then the Student-Neuman-Keuls (SNK) posthoc test was
performed to determine which treatment(s) were significantly
different from the rest. If variance between treatments was
different, then Tamhane’s T2 posthoc test was applied since
Univariate ANOVA is generally insensitive to heteroscedasticity.

In silico Molecular Modelling

Human protein homologs have previously been used as
substitutes for cnidarian proteins in molecular modelling
(Khalturin et al., 2018). Some cnidarian proteins have such
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TABLE 1 | BLAST results for RDA probes. Searches performed at NCBI using BLASTX algorithm and the non-redundant database (nr) with default search parameters.

Gene ID Putative Gene Homolog
17pHSD14 17pB-hydroxysteroid dehydrogenase type 14
17pHSD12 17p-hydroxysteroid dehydrogenase type 12
C3 Complement component C3

CTSL Cathepsin L

NPC2 Niemann-Pick C type 2

El Equistatin

PTCH3 Patched domain-containing protein 3

DHH Desert hedgehog protein A

SMO Smoothened-like

GLI2 zinc finger protein GLi2

VTG Vitellogenin 2

BLASTX Organism ID Homolog Accession #

E-value

5e-155 Exaiptasia diaphana KXJ20962
1e-61 Exaiptasia diaphana KXJ12187
3e-57 Exaiptasia diaphana KXJ11955
6e-95 Exaiptasia diaphana KXJ27439
1e-84 Exaiptasia diaphana KXJ29862
7e-57 Exaiptasia diaphana KXJ18222
3e-79 Exaiptasia diaphana KXJ20037
3e-47 Exaiptasia diaphana KXJ11164
1e-87 Exaiptasia diaphana KXJ11374
4e-146 Exaiptasia diaphana XP_020898684
7e-38 Exaiptasia diaphana KXJ14544

TABLE 2 | Binding affinities (in kcal/mol) of ligands to proteins, estimated by docking simulations. Values represent the lowest energy binding mode for each docking
experiment. Cnid: cnidarian; CS: crystal structure. Total number of amino acids and the total number of physical contacts represent binding pocket interactions. *

indicates no direct homolog for PTCH3 so PTCH1 PDB file (BOEU) was used.

Gene ID Ligand Binding energy (kcal/mol) Binding pocket
Total # of aa/total # contacts
Cnid CS Cnidarian (accession #) Crystal
structure (PDB file)
17pHSD14 Estradiol -8.8 -8.4 16aa/238 (KXJ20962) 172a/243 (5HSE)
Testosterone -8 -85
Cholesterol -7.5 -6.4
BBP -7.8 -7.2
BP-3 -7.4 -7.4
17pHSD12 Cholesterol -6.9 -7.4 17aa/217 (KXJ12187) 22aa/202 (2ET6)
Estradiol -6.4 -7.5
Testosterone -6.4 -7.3
BBP -5.2 -6.1
BP-3 -5.8 -5.7
PTCH3* Cholesterol -9.4 -7.3 25aa/281KXJ20037 142a/21360EU
Estradiol -7.9 -7.8
Testosterone -8.5 -8.1
BBP -6.9 -6.2
BP-3 -6.6 -7.0
NPC2 Cholesterol -9.5 -12.1 18aa/177KXJ29862 19aa/2375KWY
Estradiol -8.5 -10.6
Testosterone -8.7 -10.3
BBP -6.9 -85
BP-3 -6.6 -8.0
SMO Cholesterol -8.4 -9.9 122a/190KXJ11374 20aa/2106XBM
Estradiol -7.6 -9.0
Testosterone -8.2 -9.2
BBP -6.6 -7.9
BP-3 -6.5 -7.5

significant homology to human proteins that they are even
capable of stimulating human responses (Dunn et al., 2006;
Wood-Charlson and Weis, 2009; Dufty and Frank, 2011; Dani
et al., 2014; Brennan et al., 2017; Mansfield et al., 2017). The most
similar vertebrate structures (according to BLASTX E-value) were
used for selecting which Protein Databank (PDB) files should be
used for initial docking experiments. Sequence alignments of
cnidarian and relevant homologs determined which relevant

protein sequences (i.e., PDB files) were to be used as
representatives of corresponding cnidarian proteins. Protein
coordinates (PDB files) for homologous constructs were
downloaded from the PDB, and any existing ligands or small
molecules (e.g., water or salt ions) were removed. Cnidarian
protein structures were created with the SWISS-MODEL web
server (https://swissmodel.expasy.org) using the homologs as
templates. Ligands were created in Avogadro (Hanwell et al,
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2012) and energy-minimized prior to docking. Docking was
performed using AutoDock Vina (Trott and Olson, 2010); the
search space was restricted to the known ligand binding site. After
docking, the results were analyzed in UCSF Chimera (Pettersen
et al., 2004) with the Find Clashes/Contacts function which was
set to detect any atoms within 0.4 A of the ligand with the best
docking score.

RESULTS

Genes of Interest

BLASTX analysis of ESTs identified eleven candidate GOIs with
of functions associated with steroidogenesis, gametogenesis,
cholesterol  transport, immunity, phagocytosis, or the
Hedgehog signaling pathway (Table 2). These GOIs were:
17B-hydroxysteroid dehydrogenase type 14 (178HSDI14), 17p-
hydroxysteroid dehydrogenase type 12 (178HSD12), Niemann-
Pick C type 2 (NPC2), Equistatin (EI), Complement component
C3 (C3), Cathepsin L (CTSL), Patched domain-containing
protein 3 (PTCH3), Smoothened (SMO), Desert Hedgehog
protein A (DHH), zinc finger protein Gli2 (GLI2), and
Vitellogenin (VTG). Two GOIs (178HSDI14; 17BHSDI12) are
associated with steroidogenesis. 178HSDI14 converts E2 into E1
and T into androstenedione (A4), while 178HSD12 performs the
reverse reactions, E1 into E2, and A4 into T (Tarrant et al., 2003;
Luu-The et al., 2006; Shikina et al., 2016; Salah et al., 2019). Three
GOIs (CTSL, EI, NPC2) are associated with lysosome/endosomes
and/or symbiosome/phagosome (Dani et al., 2014; Mohamed
et al.,, 2016; Dani et al., 2017; Hambleton et al., 2019). One GOI
(C3) is associated with innate immunity (Miller et al, 2007;
Kvennefors et al, 2010; Palmer and Traylor-Knowles, 2012;

Ocampo et al., 2015). Four GOIs (PTCH3, SMO, DHH, GLI2)
are representative of Hedgehog (HH) signaling which is highly
conserved within vertebrate mammals (Sinkovics, 2015). One
GOI (VTG) is the precursor of the egg yolk protein vitellin
(Matozzo et al., 2008; Shikina et al., 2013; Lotan et al., 2014).

Transcriptional Responses of Genes of

Interests

For the GOIs associated with steroidogenesis, 178HSDI14
expression was significantly up-regulated (p < 0.01) in each
exogenous chemical treatment compared to the control,
whereas 17BHSDI12 expression was significantly up-regulated
(p < 0.01) only in the BP-3 and BBP treatments (Figure 1).
VTG exhibited significant down-regulated expression (p < 0.01)
in E2, T, and cholesterol treatments (see Figure 1).

GOIs associated with phagocytosis had significant
differences in expression in various treatments when
compared to the control condition (Figure 2). Cathepsin
(CTSL) expression was significantly up-regulated in the BP-
3 and BBP treatments (p < 0.01). Equistatin (EI) was
significantly up-regulated in E2, BP-3, and BBP treatments
(p < 0.01) and significantly down-regulated in the T and
cholesterol treatments (p < 0.01) (see Figure 2). NPC2 was
significantly down-regulated in cholesterol (p < 0.01) and
significantly up-regulated (p < 0.01) in BP-3 and BBP
treatments (see Figure 2). Lastly, C3 was significantly up-
regulated in E2, T, and BP-3 treatments (see Figure 2).

For the GOIs associated with HH signaling, PTCH3 was
significantly down-regulated (p < 0.01) in response to all three
sterols, but significantly up-regulated (p < 0.01) in BP-3 and BBP
treatments (Figure 3). SMO was significantly down-regulated
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testosterone; BP-3: oxybenzone; BBP: benzyl butyl phthalate. PTCH3: patched domain-containing protein 3; SMO: smoothened-like; DHH: Desert hedgehog protein A;

GLI2: zinc finger protein GLi2.

(p < 0.01) in all treatments except E2 (see Figure 3). DHH was
significantly down-regulated (p < 0.01) in T and cholesterol
treatments, but significantly up-regulated (p < 0.01) in BP-3
and up-regulated in BBP treatments (p < 0.05) (see Figure 3).
GLI2 was significantly up-regulated (p < 0.01) in all treatments
except E2 (see Figure 3).

Univariate ANOVA reveals all sterol treatments were
significantly different from each other as well as the
xenobiotics (p < 0.01). While the BP-3 and BBP
treatments were significantly different from all the sterols
(p < 0.01), they were not significantly different from each
other (Figure 4).
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Docking Simulations
In order to better understand how sterols and xenobiotics are able

to interact with targeted proteins, in silico modelling was used to
predict the most energetically favorable ligand/protein binding
interactions. The binding affinities of each ligand to the proteins
of interest estimated using docking simulations.
Comparative genomic analyses indicate that cnidarian
genomes show important similarities to vertebrates in gene
content, genomic structure, and organization (Putnam et al,
2007). However, the cnidarian proteome is not as well
characterized as the human proteome. Therefore,
macromolecular structures needed for the in silico modelling
were generated in one of two ways. The first model was the

were

structure in the Protein Databank with the highest degree of
homology to the GOI. These PDB files were: 6oeu (PTCHD3),
5kwy (NPC2), 6xbm (SMO), 5hs6 (17BHSDI14), and 2et6
(17BpHSD12). The best PDB structures corresponded to the
human sequences in all cases except for 17BHSD12, where the
protein with the closest homology was from Candida tropicalis.
The second model was generated using SWISS-MODEL, with the
Exaiptasia sequence as input and the closest PDB structure as a
template. Each ligand was docked to both protein models. The
docking algorithm used flexible fitting with an energy-minimized
ligand to determine possible binding conformations and relative
binding affinities. All ligands bind to each protein, although the
strength of the interactions varied. The binding free energy of the

Frontiers in Genetics | www.frontiersin.org

130

January 2022 | Volume 12 | Article 793306


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Morgan et al.

TABLE 3 | Genes of Interest and their corresponding primers used in gqPCR
reaction. Annealing temperature for all primers was 60°C.

Gene ID Primers Amplicon length

17pHSD14 F: TGCACCCTTTGTTGTGACAT 209bp
R: GATGGCATCCTCCAGAAAGA

17pHSD12 F: AGTCCAGATTTTCTTGCAACCA 226bp
R: TAGACTTCAGTGGTGGGCAG

VTG F: GCTGTAGTGGTTTTGGTCGG 198bp
R: TGGTGCTTCTTGGCTTGTTC

CTSL F: CATTGCCATTGCATTGATTC 215bp
R: CTGCAAATGCCTACAAGCAA

El F: AGTTGCCCTGGTTTCAAAGA 200bp
R: CCGTCGTCTGTACATTGTGG

NPC2 F: TCTTGCAGTTGCCACTTGAC 204bp
R: AATGTTACCGATGCCGAGTC

C3 F: TTATCATGGTCCTGGGTGCT 208bp
R: GCGTCAAACTCGAACGTTTT

PTCH3 F: TGGATGATTGAGGCTGTGGT 180bp
R: CCTACGCAGCCATTTCCATC

SMO F: GAACAGGGTTGGTTGCTCAG 174bp
R: ATTGAAGGCGCTGCTGTTAG

DHH F: CGCGTCCTCTCCCTAAACTA 161bp
R: CCCACTCCAACATTCTCCCT

GLI2 F: GTGTGTGAAATGCAGCCTCA 191bp
R: GCATCACCTGTCAAGTCCAC

best docking pose for each ligand/receptor combination is shown
in Table 3.

Since a crystal structure of 17BHSDI14 with a similar ligand
(estrone) is available on the PDB (5HS6), it is possible to compare
the binding site of an experimentally-determined protein-ligand
structure with our docked models (Laskowski and Swindells,
2011). Figure 5 shows a comparison between human
17BHSD14 with bound estrone, human 17pHSD14 with
docked estradiol, and Exaiptasia 17BHSD14 with docked
estradiol. The search space was confined to the binding pocket
for each protein-ligand interaction, and the orientation of the
ligand within the pocket was fairly well-conserved (see Figure 5).
Additionally, the residues that interact with each ligand were
well-conserved between cnidarian and homologous models. For
example, estrone and estradiol formed hydrophobic contacts with
His93, GIn148, Trp192, and Leul95 in both crystal structure and

Endocrine Disruption in Cnidarians

the docked model of human 17BHSD14. In the cnidarian protein,
these residues correspond to His102, GInl57, Trp201, and
Leu204, and are predicted to interact the estradiol ligand in
the docked model as well (see Figure 5).

DISCUSSION

Attempts at detecting endocrine disruption in cnidarians has
been enigmatic. Genomic studies indicate that cnidarians lack
CYPI19ala (aka: aromatase) that vertebrates use for sex hormone
steroidogenesis (Goldstone, 2008), and yet some cnidarians have
demonstrated aromatase activity (Twan et al., 2003). This study
sought to identify a suite of GOIs that exhibit differential
transcriptional expression in anemones exposed to chemicals
known to be endocrine disruptors. The EDCs used in this
investigation are lipophilic and detected in the marine
environment including sediments and sewage effluent in ng/L
to pg/L concentrations (Atkinson et al., 2003; Singh et al., 2010;
French et al., 2015; Wear and Thurber, 2015; Al-Jandal et al,,
2018; Mitchelmore et al., 2019). Furthermore, all GOIs in this
investigation have direct interactions or indirect associations with
sterols. Using cholesterol in this investigation was critical as a
positive control for evaluating GOIs binding of, and/or
interactions with, cholesterol. Transcriptional activities and
binding affinities of 17PHSDs in the presence of E2 and T are
positive controls since these steroidal hormones are the natural
ligands for 17BHSDs.

Links to Steroidogenesis

Endocrine  disruption involves chemicals that alter
steroidogenesis which interfere with the hormonal signaling
leading to down-stream physiological abnormalities in
reproduction, development, increased risk of disease, and/or
interference with immune and nervous system functions
(Heindel et al., 2012). The 17p-hydroxysteroid dehydrogenases
(17BHSDs) are involved with steroidogenesis of both estrogens
and androgens. 17BHSDs have been detected in cnidarians
(Tarrant et al, 2003; Blomquist et al., 2006; Shikina et al.,
2016). 17BHSD12 and 17BHSDI14 represent the last step in the
steroidogenesis pathway prior to the aromatization of T into E2.
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17BHSD12 reduces estrone (E1) into E2 as well as
androstenedione (A4) into T, while 178HSDI4 performs the
opposite reaction by oxidizing E2 into El, and T into A4
(Luu-The et al., 2006; Caldwell et al., 2012; Sivik et al., 2012;
Thomas and Potter, 2013; Shikina et al., 2016; Salah et al., 2019).
Concentrations of competing sterols may drive which sterol gets
converted by a specific 17BHSD (Lathe and Kotelevtsev, 2014). E2
concentration is known to regulate transcription of 17pHSDs
(Rotinen et al., 2009). Transcriptional profiles herein demonstrate
the organism (regardless of sex) responds to the environmental
“overload” of E2 or T by modulating the transcription of the
enzyme in order to transform both sex hormones into less potent
sterols. These profiles also reveal that cholesterol and xenobiotics
(BBP and BP-3) interfere with steroidogenesis by altering normal
transcriptional demands for 17BHSDs (see Figure 1).

Links to Sterol Binding and Transport
Cnidarians get cholesterol and other sterols by either dietary
intake and/or from their endosymbiont (Revel et al., 2016;
Hambleton et al., 2019). Cholesterol transport and metabolism
is tightly regulated (Maxfield et al, 2016). Due to lipid-rich
tissues, it has been proposed that lipophilic compounds will
easily diffuse into cnidarian tissues (Peters et al., 1997). Sterols
are most concentrated in cnidarian epidermis and some sterols
are known to increase in concentration after exposure to
environmental pollutants (Revel et al., 2016; Stien et al., 2020).
The lack of significant expression of C3 in the cholesterol
treatment is consistent with the fact that it is a natural
constituent of animal membranes.

Five GOIs (C3, PTCH3, CTSL, EI, NPC2) have functional
associations with the endocytic processes whereas a sixth GOI
(DHH) is a secreted morphogen associated with exocytosis/
secretion. C3 is associated with phagocytosis of foreign
particles into cnidarians (Palmer and Traylor-Knowles, 2012),
while PTCH regulates functions of: receptor-mediated
endocytosis  of  sterol-protein  ligands;  down-stream
morphogens; and the removal of oxysterols (Incardona et al,
20005 Strutt et al., 2001; Corcoran and Scott, 2006; Zhong et al.,
2014). Three GOIs (CTSL, EI, NPC2) are associated with
lysosomes and phagocytosis. Cathepsins are lysosomal
proteases and EI is the cnidarian homolog of an inhibitor of
cathepsins (Lenarci¢ et al., 1997; Strukelj et al., 2000). Lysosomes
contribute to the termination of hormone effects by degrading
proteins interacting with the hormone (Qualmann et al., 20005
Totta et al., 2014). NPC2 functions as a key regulator of sterol
transport between Symbiodinium and cnidarian hosts which is
representative of stable symbioses in a structure known as the
symbiosome (Infante et al., 2008; Vance, 2010; Ganot et al., 2011;
Dani et al., 2014; Bucher et al., 2016; Revel et al., 2016; Hambleton
et al,, 2019; Lu et al., 2020). Seven GOIs (NPC2, 17fHSD14, C3,
PTCH3, SMO, DHH, VTG) have known linkages to endoderm.
(Kvennefors et al., 2010; Shikina et al., 2013; Sanders et al., 2014;
Shikina et al., 2016).

Five GOIs (178HSD14, 178HSD12, NPC2, PTCH3, SMO) that
have sterol binding pockets were used in silico modelling. In silico
modelling has previously demonstrated phthalates and steroids
without an aromatic A-ring are capable of binding to sterol-
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binding proteins (Sheikh and Beg, 2017; Khalturin et al., 2018).
Patched genes have multiple functionally redundant homologs
that cannot discriminate between ligands (Carpenter et al., 1998;
Zhulyn et al., 2015; Hu and Song, 2019). Justification for model
docking is based on the fact that cnidarian genomes have
representative vertebrate homologs of relevant proteins (Miller
et al., 2007; Putnam et al., 2007; Kvennefors et al., 2010). In silico
modelling demonstrates the lowest energy docking poses for the
crystal structures of the homologous proteins and the models of
the Exaiptasia proteins correlate well with each other (see
Table 3). The binding scores for the Exaiptasia protein
models generally follow the same trends as the homologs from
the PDB. In both cases, the steroid ligands (cholesterol, E2, and T)
bound more strongly than BP-3 or BBP, although the differences
in binding energy seem to be smaller for the 17BHSDI12 and
17BHSD14 proteins. This result was expected, since BBP and BP-
3 are considerably smaller and as such, would make less contact
with binding pocket residues (see Table 3). Although there are a
few minor differences between homologs, such as hydrogen
bonding patterns, the orientation of the ligand in the
17BHSD14 binding pocket and the side chains involved in
binding are strikingly similar (see Figure 5). All sterols have
similarities in orientations, binding affinities, and expression
profiles (see Table 3 and Figure 5). 17pHSDs are known to
exhibit variability in substrate binding (Blomquist et al., 2006;
Lathe and Kotelevtsev, 2014).

Data herein provides new information about the diversity of
ligands, including xenobiotics that bind to NPC2, PTCH3, SMO,
and the 17PHSDs. The differential expression of these sterol-
binding proteins suggests that these proteins handle natural
sterols and xenobiotics  differently. Laboratory-induced
exposure to cholesterol, E2, and T requires modulating
transcript copy numbers to handle the environmental flux of
natural ligands. However, laboratory-induced exposures of BBP
and BP-3 appear to require transcriptional replacement for
proteins after binding xenobiotics. All GOIs except SMO
exhibit up-regulated expression the BP-3 and BBP
treatments (see Figures 4E,F).

in

Links to Development

Hedgehog (HH) signaling is a highly conserved developmental
pathway that relies on cholesterol interacting with specific sterol-
binding proteins. Endocrine disruption is known to interfere with
HH signaling (Johansson and Svingen, 2020). Developmentally-
regulated signaling pathways involving apoptosis, embryogenesis,
cell proliferation, and development of diseases present in higher
animals are also found in cnidarians including Exaiptasia
(Technau et al, 2005; Matus et al., 2008; Sinkovics, 2015;
Bucher et al., 2016). Four GOIs (PTCH3, SMO, DHH, GLI2)
can be linked to HH signaling. E2 acts as a direct HH pathway
antagonist (Lipinski and Bushman, 2010) and the E2 expression
profile in Figure 3 reaffirms this inhibitory effect. Recognized
inhibitors of HH signaling also include the well-characterized
steroidal alkaloid cyclopamine (Chen 2002). The down-regulated
expression profiles of PTCH3 in the E2, T, and cholesterol
treatments and the down-regulated expression of SMO in the
T and cholesterol treatments suggests all three sterols exhibit
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similar inhibitory effects (see Figure 3). The HH pathway is also
responsive to xenobiotics as well as sterols (Johansson and
Svingen, 2020). Phthalates are known to impact DHH and
PTCH expression, and BP-3 is considered estrogenic (Thibaut
and Porte, 2004; Borch et al., 2006; Downs et al., 2016; Hong et al.,
2016; LaPlante et al., 2018; Matouskova et al., 2020). Although
PCTH3 and DHH were down-regulated in response to sterols,
PTCH3, DHH, and GLI2 were up-regulated in response to BP-3
and BBP (see Figure 3), suggesting opposing effects of sterols and
xenobiotics on HH signaling, presumably with sterols exerting
antagonists effects and xenobiotics exerting agonist effects.
Regardless, the expression profiles in Figure 3 highlight the
inherent vulnerability of the HH pathway to diverse chemical
signals.

Links to Gametogenesis

Gametogenesis is associated with HH signaling. HH signaling
molecules are considered stem-cell factors (Zhang and Kalderon,
2001). Evidence exists in other metazoans that secreted molecules
in the HH signaling pathway are one of the primary regulators of
stem cells which are necessary precursors of oogenesis (Zhang
and Kalderon, 2001). Shikina and Chang (2016) identifies
cnidarian germline stem cells as originating in endodermal
mesentery. HH signaling GOIs (PTCH3, SMO, DHH) are
known to be restricted to the endoderm of male and female
gonophores (Sanders et al., 2014). Germline stem cells are the
essential cells responsible for this process in various metazoans.
In Drosophila, somatic cells in the ovary of cannot proliferate
normally in the absence of Smoothened activity (Zhang and
Kalderon, 2000), and excessive HH signaling can result from
aberrant expansion of stem cell pools (Zhang and Kalderon,
2001). Results show all exogenous treatments (except E2)
caused down-regulation of SMO (see Figure 4). With the
exception of PTCH3, results also show that HH signaling
GOIs in the E2 treatment are not significantly expressed (see
Figure 3).

Exaiptasia reproductive strategies include both sexual and
asexual reproduction (Clayton, 1985; Grawunder et al., 2015).
Subsets of anemones used for each treatment were taken from the
same population as the control anemones. Although not
confirmed, it is highly likely that all anemones used in this
investigation were clonal. Detecting the presence of sex-
specific tissues enhances the ability to interpret anemone
responses to the EDCs. Although the sex of the colony was
not known, expression profiles of the GOIs could provide
clues about the sex of these animals. Vitellogenin is a female-
specific protein commonly found across the animal kingdom and
is the most abundant protein associated with oocyte development
in cnidarians (Shikina et al., 2013; Levitan et al., 2015). Hormonal
and/or environmental cues are known to stimulate release of
oocytes (Levitan et al., 2015). Exogenous E2 is known to influence
pedal laceration and egg bundle formation in cnidarians (Tarrant
et al., 2004; Thorn et al,, 2015). Blue-light cues have also been
used to induce Aiptasia sp gametogenesis in a laboratory setting
(Grawunder et al., 2015).

This investigation also did not attempt to identify the sex of
the anemones nor their reproductive status, per se.
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Hermaphroditism and even Trioecy has been observed in
closely related species (Schlesinger et al, 2010; Armoza-
Zyuloni et al,, 2014). A small amount of data from a previous
study suggests male tissues from hermaphroditic corals also
express VIG (Hayakawa et al, 2005). Results reveal VTG
expression in the control treatment suggesting anemones are
female and already transcribing VTG (see Figure 1). Decreases in
vitellogenin in females can be useful for identifying EDCs (Ankley
et al,, 2002). If these anemones were male, then up-regulation of
vitellogenin would have been expected. Up-regulation of
vitellogenin in males is widely recognized as the prominent
estrogenic effect in many aquatic animals exposed to
exogenous E2 (Denslow et al, 1999; Matozzo et al, 2008).
These results cannot confirm nor reject the possibility that
male reproductive tissues were also present.

A second piece of evidence suggest that these anemones were
female was the expression of 178HSDI4 in E2 which was
significantly up-regulated (p < 0.0001) compared to the T,
cholesterol, BBP, and BP-3 treatments. Female anemones
perform oogenesis which is stimulated by the presence of E2
so when exogenous E2 is introduced, additional 178HSDI14 is
required to reduce E2 potency by transformation into E1. In this
investigation, VTG expression was crucial for differentiating E2
exposure from other EDC exposures. The expression profiles of
17BHSD14 and 17BHSDI2 can be indirect measures of cellular
demands for sex hormones. When exposed to exogenous sex
hormones, transcription of 178HSDI4 is up-regulated while
17BHSDI12 is not significantly different from the control.
These results suggest these anemones were females responding
to the EDCs in this investigation. Future investigations using
these GOIs, coupled with lab-controlled methodologies to induce
gametogenesis in recognized clonal lines of anemones should
provide greater resolution in how these organisms respond
to EDCs.

CONCLUSION

This data demonstrates that endocrine disrupting exogenous
sterols (E2, T, cholesterol) and xenobiotics (BP-3, BBP) alter
transcription of genes associated with steroidogenesis, sterol
transport, oogenesis, and the Hedgehog signaling pathway
(Figures 1-4). In silico modelling demonstrates that EDC’s
bind favorably into pockets of proteins involved with
steroidogenesis, cholesterol transport, and HH signaling.
Because these GOIs were expressed at basal levels in the
control treatment (i.e. unstressed conditions) and significantly
differentially expressed when exposed to EDCs (Figure 4), they
may serve as transcriptional biomarkers. Biomarkers have the
potential to link field and laboratory studies by acting as
“mechanistic signposts” of exposure to anthropogenic
chemicals (Hutchinson, 2007; Traylor-Knowles and Palumbi,
2014). The most validated biomarker of estrogenic exposure is
VTG, an estrogen-dependent glycolipophosphoprotein naturally
expressed only in oviparous females during the reproductive
season (Verderame and Scudiero, 2017). The biomarkers used
in this investigation offer new insight into BBP and BP-3
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