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Abstract: There is a growing interest in transplanting corals onto the intertidal section of artificial
coastal defences (e.g., seawalls) as an ecological engineering strategy to enhance biodiversity on
urban shores. However, this inevitably results in exposure to the harsh environmental conditions
associated with emersion (aerial exposure). Although the effects of a multitude of environmental
stressors on corals have been examined, their photophysiological and gene expression responses to
emersion stress remain understudied, as does the among-genotype variation in these responses. In
this study, we conducted an in situ experiment to test the effects of increased daily emersion dura-
tion on a locally common intertidal coral, Dipsastraea cf. lizardensis. Coral fragments (n = 3) from five
genotypically distinct colonies were subjected to two treatments: (1) increased daily emersion du-
ration (~4.5 h d™') and, (2) control (~3 h d™) for three consecutive days during spring low tide. We
examined the post-experimental photophysiological responses and expression level of a stress-as-
sociated gene, Hsp16. Relative to the controls, coral fragments that were exposed to longer daily
emersion duration displayed significantly reduced effective quantum yield, while endosymbiont
density varied significantly among genotypes across the experimental conditions. We found no sig-
nificant differences in chlorophyll a concentration and Hsp16 gene expression level, suggesting that
changes in these processes may be gradual and the duration of treatment that the corals were sub-
jected to is likely within their tolerance limits. Taken together, it appears that D. cf. lizardensis dis-
plays substantial capacity to cope with sup-optimal conditions associated with emersion which
makes it a promising candidate for transplantation onto intertidal seawalls. However, within-spe-
cies variation in their stress response indicates that not all genotypes respond similarly to emersion,
and this should be taken into account when selecting donor colonies for transplantation.

Keywords: air exposure; coral gene expression; photophysiology; ecological engineering

1. Introduction

Almost three billion people live within 100 km from the coast [1]—a number ex-
pected to increase to six billion by 2025 [2]. This human pressure has led to massive shore-
line changes, especially near coastal cities [3]. Natural intertidal habitats have been exten-
sively replaced with hard amour such as seawalls to curb land erosion and combat threats
arising from climate change (i.e., the impending rise of sea levels and increased frequency
of floods and storms [4-8]). These artificial structures often support lower biodiversity
and different community assemblages due to novel substrate materials, altered hydrody-
namics, and reduced habitat complexity [5,7,9,10].
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There is substantial potential to increase the ecological value to seawalls and other
marine infrastructure (ocean sprawl) to mitigate the loss of coastal communities [11]. To
achieve this, several studies have added enhancements such as crevices and pools to ex-
isting seawalls (see review in [5]) to create refuges for organisms and encourage resource
partitioning [12,13] with the goal of boosting species richness [7,14]. In the tropics, some
researchers have also attempted to increase biodiversity on seawalls by transplanting cor-
als directly onto them [15,16]. As engineer species, scleractinian corals provide the reefs’
framework [17] and structural complexity which helps support additional species [18].
Although corals transplanted onto intertidal seawalls are exposed to environmental
stressors associated with emersion, certain species are able to survive and provide ecosys-
tem services, such as food for parrotfish [15].

The intertidal zone is known to be a harsh environment, with higher fluctuations in
temperature, wave energy, salinity, and solar radiation [19] compared to the subtidal
zone. Intertidal sessile organisms are frequently subjected to emersion due to the regular
yet variable changes in tide levels [19], during which the intensity of these stressors is
amplified along with additional factors such as desiccation [19,20]. Romaine et al. [21]
observed reduced maximum gross photosynthesis and growth rates among aerially ex-
posed corals, while Castrillén-Cifuentes et al. [19] reported reduced fecundity among cor-
als in response to increased emersion duration. Corals found living in intertidal environ-
ments may already be at their physiological limit [22] and their capacity to cope with in-
creased emersion duration is not fully understood.

Ng et al. [15] showed that some coral and sponge species survive better than others
after being transplanted onto intertidal seawalls which were emersed for ~2 h daily for up
to 3 consecutive days each month. However, little is known regarding among-genotype,
phenotypically plastic, responses to emersion stress. To our knowledge, only a single
study has demonstrated within-species variation in plastic responses of corals (i.e., Pocil-
lopora acuta) to emersion stress (see [23]). Phenotypic plasticity, i.e., the capacity of an in-
dividual to change its behaviour, physiology, morphology and/or life history [24-26] in
response to a change in environmental conditions [24], includes acclimatization re-
sponses. There are often different degrees of phenotypic plasticity among genotypically
distinct coral colonies (or “genet”; see examples [27,28]). This variation can be illustrated
by a reaction norm (see [29]), which illustrates the response of different genotypes to dif-
ferent environmental conditions. Most studies have tested morphologically and physio-
logically plastic responses of coral species to different types of stress, however, during the
last decade, more have examined gene expression levels [30-34]. As sessile organisms,
phenotypic plasticity can benefit corals as they are unable to escape their surrounding
conditions [35-38]. Identifying responses to stress and genotypes that can tolerate emer-
sion conditions can help inform coastal ecological engineering projects using coral trans-
plantation.

By 2011, Singapore had already lost approximately 55% of its intertidal coral reef flats
due to land reclamation [6] and installation of coastal armour [39]. This figure is expected
to increase as more land reclamation projects are underway [6]. Along the southern coast-
line, corals have colonized areas of intertidal seawalls up to 0.8 m above chart datum (CD,
lowest astronomical tide) [40,41], highlighting the potential to increase the biodiversity of
seawalls through transplantation of these engineer species. This study aimed to examine
the responses of five genotypes of a locally common intertidal coral, Dipsastraea cf. liz-
ardensis, to increased emersion stress in the intertidal environment, with a view to identi-
tying genotypes that would be suitable for transplantation onto seawalls. Specifically, we
tested photophysiological performance, stress-associated gene regulation, and among-
genotype variation in the level of plasticity. We hypothesized that: (1) Dipsastraea cf. liz-
ardensis will exhibit lower photophysiological performance in response to increased emer-
sion duration; (2) it will exhibit differential regulation of stress-associated genes in re-
sponse to increased emersion duration; and (3) there exists variation in plasticity among

genotypes.
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2. Materials and Methods
2.1. Study Site, Species and Sample Collection

Singapore experiences semidiurnal tides with a tidal range of approximately 3 m.
Low tides occur either early in the morning (between 04:00 and 10:00) or late in the after-
noon (between 16:00 and 22:00; [42]) and intertidal corals can be emersed for these periods
during low spring tides [15]. The study was conducted on the intertidal reef flat along the
westward facing coastline of Pulau Hantu Besar (1°13'35.9" N, 103°44'49.1" E), an island
off the south of Singapore’s main island (Figure 1).
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Figure 1. Map of study site (black star), located at the westward facing coastline of Pulau Hantu
Besar.

Dipsastraea cf. lizardensis is a massive coral species commonly found in Singapore
reefs, including intertidal areas, suggesting some capacity to withstand emersion stress.
This intertidal form appears to be distinct, both genetically and morphologically, from the
archetypical D. lizardensis (see phylogenetic analysis in Supplementary Materials). It is
also present in the subtidal zone to about 5 m in depth [43]. There is only a single mor-
phological form of D. cf. lizardensis in our collection, and it is superficially similar to the
subtidal colonies observed in Huang et al. [44] and Chow et al. [43], although detailed
morphological and morphometric analyses may uncover minute differences between
them.

Out of six tagged colonies (at least 10 m apart along the intertidal zone), five colonies
(G1-G5) were confirmed D. cf. lizardensis based on the mitochondrial intergenic region
(see Supplementary Figure S1). Due to the nature of their growth form [45], massive corals
are less susceptible to fragmentation by physical disturbances. Hence, the tagged colonies
were unlikely to be clonemates. To verify their genetic distinction, we attempted to geno-
type the colonies using the commonly used nuclear marker, internal transcribed spacer 2
(ITS2) (see Supplementary Materials). Out of the five colonies, only gDNA samples from
G1, G3 and G4 were successfully sequenced, and these were found to be genetically dis-
tinct. The average genetic identity match between the three genotypes was 97.87 + 0.41%.
(Supplementary Table S1). Based on the >10 m distance among colonies [46,47] and our
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molecular results, we assumed all five colonies represented distinct genotypes. Popula-
tion genetics studies conducted to date in Singapore have not detected unambiguous clon-
ality [48,49].

From each colony, six fragments (diameter: 50 mm) were obtained using a diamond
core drill bit attached to a 36 V cordless drill, hammer and chisel (N = 30). To minimize
within-colony variability, all coral fragments were taken from mid-level height of a col-
ony. Fragments were immediately attached to polyvinyl chloride (PVC) mesh with epoxy
putty and transplanted onto submerged holding platforms near the donor colonies. Coral
fragments were allowed to acclimatize for two weeks to recover from the stress of being
removed from their parent colony.

2.2. Experimental Setup

Coral fragments were subjected to two treatments: increased emersion duration
(‘'emersed’ hereafter) and a control. The different emersion durations were created by fab-
ricating platforms of different heights. Increased emersion duration was achieved by plac-
ing fragments approximately 0.4 m above substratum and the control was placed at the
height of the donor coral where the fragments were extracted (approximately 0.1 m above
substratum). Emersed, control and holding platforms were made using PVC pipes with
2 x 2 cm square mesh cable-tied over the top to create a surface for the coral fragments.
Control platforms were installed next to the coral colonies at the same height where the
fragments were cored. Emersed platforms were installed on the upper part of the reef flat.
Three fragment replicates from each genotype were haphazardly chosen, assigned and
transplanted onto each emersed and control platform.

The experiment was carried out for three days between 31 August and 3 September
2019 during a spring tide period. At each platform, light level (in photosynthetically active
radiation (PAR)) and temperature were measured using Odyssey Integrated PAR Sensor
(Dataflow Systems, Christchurch, New Zealand) and HOBO Water Temp Pro v2 (Onset
Computer Corporation, Massachusetts, USA), respectively. Loggers were set to log every
two minutes for the entire duration of the experiment. At the end of experiment, all coral
fragments were collected. Each fragment (=sample) was halved with a sanitized chisel and
hammer, of which one half was immediately preserved in RNAlater™ (Thermo Fisher
Scientific, Massachusetts, USA) for differential gene expression analyses while the other
half was wrapped in aluminium foil for photophysiological analyses. Only light data from
the first day of treatment period was used due to logger failure.

2.3. RNA Extraction and Reverse Transcription (RT)

Total RNA for each coral sample (~150-200 mg of tissue) was extracted using the
TRIzol (Invitrogen™, Thermo Fisher Scientific, Massachusetts, USA) following the manu-
facturer’s protocol and a few modifications following Barshis et al. [37]. The quality of
extracted total RNA was examined via gel electrophoresis for presence of two ribosomal
RNA bands. Quantification of RNA yield was performed using Qubit fluorometer with
RNA Broad Range assay kit (ThermoFisher Scientific, Massachusetts, USA).

Complementary DNA (cDNA) was prepared for each sample from the amount of
total RNA amounting to 1.0 pg using a one-step process with iScript™ gDNA Clear cDNA
Synthesis Kit (Bio-Rad Laboratories, Inc., California, USA) according to manufacturer’s
protocol.

2.4. Primer Design, Validation and Primer Efficiency Determination

Stress-associated genes that were known to be differentially expressed under heat
and light stress from previous studies (e.g., [31,33,50]) were selected as genes of interest
(GOlIs) for this study (Table 1). Transcript sequences of genes predicted to be protein-cod-
ing from Coelastrea aspera, a closely-related species to D. lizardensis [44], were obtained
from Reef Genomics database (http://reefgenomics.org/ (accessed on 4 October 2021);
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[51,52]) instead due to lack of transcriptome data for D. lizardensis. Transcript sequences
were aligned against known protein sequences curated in the Uniprot Swiss-Prot protein
database [53] using blastx in QIAGEN CLC Genomics Workbench (V10.0.1; Qiagen Bioin-
formatics GmbH, Hilden, Germany) with a threshold e-value of <1 x 10-%. Sequences that
matched to each GOI were collated to create consensus sequences for designing of primers
using Primer-BLAST [54]. Selection of primer pairs was performed based on the following
criteria: (i) a maximum temperature difference of one; (ii) GC content range of 50-60%;
and (iii) sequence length of around 200 base pairs.

Table 1. List of stress-associated genes of interest and primer sequences used for expression level analyses.

Genes of Interest

Functional Profile Forward and Reverse Primer Sequence

Heat shock protein 16 (Hsp16) Prevents protein aggregation

F: 5-GTATTGCGCTGCCAAAGGAC-3’
R: 5-TAGTTGGCAGTTTCACCCGC-3'

Adenosine kinase (Adk)

Regulates metabolism and possibly F: 5-~ACCAGCGATTGGGCAATACA-3'
growth R: 5-GCAGAGATGTCCAGGAGTGG-3'

Green fluorescent-like protein (GFP) Possibly photoprotective function

F: 5-TTTGCATCGCCACAAACGAC-3'
R: 5-CACATCGGTAATGGCCACCT-3'

NEF-«B inhibitor (IxB)

F: 5-TCCGCAAACTCGTGTATCGT-3'

Regulates apoptosis process R: 5~ CCAGTCAAAAGCCTCCGAGT-3'

Specificity of the primer was validated by performing polymerase chain reaction
(PCR; Labcycler Gradient and Thermoblock 96, Sensoquest, Gottingen, Germany) using
the designed primers (Table 1) and prepared cDNA samples for each GOI. Each reaction
consisted of 12.5 pL of GoTaq Green Master Mix (Promega, Wisconsin, USA), 1.0 uL of
each forward and reverse primer (10 uM), 8.5 puL of water and 2.0 uL of diluted cDNA
sample. PCR reaction steps were: (i) 94 °C for 2 min; (ii) 40 cycles of 94 °C for 45 s and 55—
60 °C for 60 s; (iii) and 72 °C for 5 min. Successful amplifications of target genes were
examined via gel electrophoresis.

Primer efficiency (E) was determined following Kenkel et al. [31] and Pfaffl [55]. A
series of dilutions of cDNA samples, covering three orders of magnitude (50-0.0625 ng of
equivalent RNA concentration) were prepared. Diluted cDNA samples were subse-
quently added to SsoAdvanced Universal Inhibitor-Tolerant SYBR Green Supermix (Bio-
Rad Laboratories, Inc., California, USA) and primers to make up a qPCR reaction volume
of 15.0 uL. Samples were amplified using qPCR (CFX96 Touch Real-Time PCR Detection
System, Bio-Rad Laboratories, Inc., USA) following the thermocycling protocol: (i) 98 °C
for 3 min; (ii) 40 cycles of 98 °C for 15 s and 60 °C for 45 s. Melt curve analysis was per-
formed after qPCR amplification to ensure specific product was amplified. Cycle quanti-
fication (Cq) values were plotted against log2cDNA and the regression slope was used to
determine E via the expression E = 2-(slore), Primers with E ranging between 1.85 and 2.15
were selected for downstream gene expression level quantification via qPCR.

2.5. Quantification of Gene Expression

Amplifications of each GOI were performed following the qPCR steps established in
Section 2.3. Three technical replicates of qPCR reactions (15 uL volume per reaction) were
performed on each cDNA sample (50 ng pL! concentration) along with no template con-
trol and negative-RT control to ensure samples were void of contamination. Cycle of
quantification (Cq) values for each sample were converted to molecule counts following
the expression: Count = E(Cql-Cq), where Cql values are the number of PCR cycles
needed for one target molecule, using MCMC.qpcr package for statistical analysis [56] on
statistical software R (version 4.0.4; [57]).
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2.6. Photophysiological Analyses (Effective Quantum Yield of Photosystem II; Endosymbiont
Density, Chlorophyll a Concentration)

At the end of the experiment, effective quantum yield of Photosystem II (®rsn) (a pa-
rameter that can be measured using Diving-PAM fluorometer) for each fragment was de-
termined using a pulse amplitude modulated (PAM) fluorometer (Diving-PAM-II under-
water fluorometer, Walz, Effeltrich, Germany). @rsu is a widely used metric to assess the
photosynthetic efficiency of corals, which is related to the organism’s ‘health’ [58]. Three
random point measurements were taken at 5.0 mm distance from the surface of each frag-
ment. Due to highly variable ambient light intensity in environment, ®rsu values were
normalized against light readings (in PAR) that were measured concurrently with ®psu
using an external light sensor attached to the sample holder (DIVING-Universal Sample
Holder, Walz, Germany) with the fluorometer’s fibre optic probe.

Algal endosymbiont density and chlorophyll (chl) a concentration were determined
following Ben-Haim et al. [59] with a few modifications. To obtain the endosymbionts
from coral fragments, coral tissue was extracted from the skeleton using an airbrush con-
nected to a SCUBA tank. Each coral fragment was placed in an enclosed container with a
punctured hole for the airbrush nozzle to fit through. Extracted tissue was collected by
washing down tissue from the sides of the container using autoclaved seawater (ASW).
Thereafter, the resultant slurry was filtered through a 100.0 um followed by 50.0 pum
plankton mesh to remove coral tissue and mucus. The resultant filtrate was centrifuged at
4,000 rpm for 30 min at 20.0 °C and the supernatant was removed. The pellet was resus-
pended with ASW and sub-sampled (1 mL; five subsamples per fragment replicate) for
enumeration of endosymbiont cells using Neubauer Improved Haemocytometer under a
microscope.

To determine chl a concentration, the remaining endosymbiont cell suspension was
centrifuged at 5,000 rpm for 15 min at 4.0 °C and the supernatant was removed. The chl a
pigment was extracted from endosymbionts by resuspending the pellet in 100% molecular
grade acetone to a volume of 4.0 mL. Resuspended sample was incubated at 4.0 °C for 24
h, followed by centrifugation at 5,000 rpm rpm for 10 min at 4.0 °C. Absorbance values of
the supernatant were measured using the UV-Vis spectrophotometer (UV-1280, Shi-
madzu, Kyoto, Japan) at 630 nm, 663 nm, and 750 nm. Chl a content (in pg) was quantified
following the equation, 11.43 x Ae3—0.64 x Aess [60]. The content was normalized against
sample volume (after algal endosymbiont density sub-sampling) to obtain chl a concen-
tration. Both measurements of endosymbiont density and chl a concentration were nor-
malized to coral live tissue coverage obtained through images of coral fragments analysed
with Coral Point Count with Excel extensions 4.1 (CPCe; [61]). Two of the coral fragments
kept for photophysiological analyses were degraded after storage and hence excluded
from the analyses for both endosymbiont density and chl a concentration.

2.7. Statistical Analyses

All analyses were performed using R (ver 4.0.4; [57]). To test whether photophysio-
logical responses were influenced by genotype and treatments, the data was fitted into a
Linear Mixed Effects (LME) model using ‘nlme’ package. Stepwise model simplification
and selection of final model were based on Akaike Information Criterion. The data was
later fitted into linear models due to the elimination of all random effects during stepwise
simplification and observation of normality and non-heteroscedascity, which were
checked using Shapiro-Wilk’s test [62] and standard residual diagnostic plots, respec-
tively. Post-hoc analyses with Tukey’s adjustments were performed using emmeans pack-
age [63]. To test whether gene expression levels were influenced by genotype and treat-
ments, the count data obtained from the MCMC.gpcr run was log-transformed and
checked for normality and heteroscedascity before being fitted into an LME model fol-
lowed by a linear model after elimination of random effects.
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3. Results

At the end of the experiment, all coral fragments exposed to the different treatments
were alive and did not show any signs of bleaching.

Corals that were transplanted to emersed and control platforms were exposed for
approximately 4.5 h and 3.0 h of emersion, respectively. Emersion duration was estimated
by identifying a sudden change in temperature around 06:00 and 10:00 (Supplementary
Figure S2), which matched the receding and approaching tide level [42]. Increased emer-
sion duration was accompanied by increased light intensity and temperature. Corals that
were exposed to longer emersion duration experienced greater ranges of temperature
(control: 26.39-31.79 °C; emersed: 26.82-34.83 °C) and light intensity (control: 0.0-440.88
pmol photons m=2s; emersed: 0.0-703.60 pmol photons m=s).

3.1. Stress-Associated Gene Expression Responses

Hsp16, Adk and IxB were successfully amplified during primer validation using the
designed primers, but not GFP. However, during the primer efficiency tests via qPCR,
only Hsp16 was successfully amplified and showed an E value within the specified primer
efficiency prerequisite (E = 1.99). Results showed no clear pattern for Hsp16 under in-
creased emersion duration (Figure 2). There were no significant differences in Hsp16 ex-
pression levels among genotypes (Fs20 = 1.161; p > 0.05) and between treatments (Fi.20 =
0.013; p > 0.05), with no significant influence of genotype on corals subjected to increased
emersion (i.e., genotype x treatment, or G x E interaction; Fa20 = 0.212, p > 0.05).

0.8

0.6

|

0.2

Hsp16 expression levels (in logz scale)

Control Emersed
Treatment
Genotype =G1-G2—G3  G4-G5

Figure 2. Reaction norms of all genotypes showing changes in Hsp16 expression level following
exposure to increased emersion duration.

3.2. Photophysiological Responses (Effective Quantum Yield of Photosystem 11 (®ps),
Endosymbiont Density and chl a Concentration)

Overall, mean @rsi values were observed to decrease with increased emersion dura-
tion (Figure 3). ®@rsnwas significantly different between treatments (Fi.20 = 31.627; p < 0.01)
and among genotypes (Fs20 = 4.167; p < 0.05) but there was no significant G x E interaction
(Fa20=1.164; p > 0.05).
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Figure 3. Reaction norms of all genotypes showing changes in ®rsu following exposure to increased
emersion duration.

There was no distinguishable trend in algal endosymbiont density with increased
emersion duration across genotype (Figure 4). Endosymbiont density was not signifi-
cantly different among genotypes (Fs18 = 2.677; p > 0.05) and between treatments (Fi,1s =
2.234; p > 0.05). However, changes in endosymbiont density for corals exposed to in-
creased emersion duration relative to the control varied significantly among genotypes
(Fa18=3.720; p <0.05).
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Figure 4. Reaction norms of all genotypes showing changes in algal endosymbiont density level
following exposure to increased emersion duration.
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There was an overall slight decrease in chl a under increased emersion duration ex-
cept for G2 (Figure 5). Two-way Analysis of Variance (ANOVA) analysis revealed that chl
a concentration was not significantly different among genotypes (Fs1s=0.951; p > 0.05) and
between treatments (F1,1s = 1.418; p > 0.05) and there was no significant G x E interaction
(Fs18=0.616; p > 0.05).

0.4

o
w

Chlorophyll a (ug cm™2)
o
N

e
—

Control Emersed
Treatment
Genotype —G1-G2—-G3 - G4 ~G5

Figure 5. Reaction norms of all genotypes showing changes in chlorophyll a concentration following
exposure to increased emersion duration.

4. Discussion

With the growing interest in transplanting corals onto the intertidal seawalls as an
ecological engineering strategy, it is critical to understand how different target species, or
different genotypes within species, withstand exposure to the harsh environmental con-
ditions associated with emersion. To date, only Pang et al. [23] has reported among-gen-
otype variation of corals to emersion, using Pocillopora acuta as the model species, and
demonstrated substantial intraspecific differences. Here, we examined a coral species
more commonly found in the intertidal zone, Dipsastraea cf. lizardensis, and investigated
among-genotype variation in photophysiological and gene expression level responses to
increased emersion stress. Our results showed that algal endosymbiont density differed
significantly among genotypes and treatments (i.e., emersed and control). The photosyn-
thetic efficiency of coral fragments under increased emersion duration was significantly
lower than controls. However, corals maintained similar Hsp16 expression levels and chl
a concentration regardless of the treatment. Genotype x environment effects (crossing re-
action norms) were detected for Hsp16 expression levels and photophysiological parame-
ters. These findings indicate that D. cf. lizardensis is capable of acclimatizing to increased
emersion by regulating their photophysiology, but the response can vary among geno-
types.

Upregulation of heat-shock protein (hsp) genes in thermally-stressed corals has been
reported in several studies (see [31,33,34,36,64,65]) and these responses are likely coping
mechanisms of corals to elevated temperature. However, some research (see [37,50,66])
has also observed little to no differential expression of hsp genes, including D. cf. lizarden-
sis in the current study. Bellantuono et al. [50] suggested that the absence of differential
gene expression was because the genes that were upregulated returned to normal levels
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before the sampling timepoint. Barshis et al. [37], on the other hand, described two hypo-
thetical physiological responses that could have taken place. Firstly, these genes could
have been constantly expressed at higher levels as a pre-emptive response to frequently
occurring stress. Secondly, the colonies could have already developed resilience against
these stressors present in their natal site and hence displayed lower stress levels and
changes in stress-associated gene expression levels. Barshis et al. [37] also noted that ther-
mally resilient Acropora hyacinthus colonies have reduced transcription of small heat shock
proteins including Hsp16.2 as compared to colonies that were more thermally sensitive.
Although a comparison with a more thermally sensitive population was not conducted
here, it may be that the coral has developed similar physiological responses against emer-
sion stress, explaining the non-significant changes in Hsp16 expression levels.

We found a significant reduction in photosynthetic efficiency of D. cf. lizardensis in
response to increased emersion (that included increased light and heat intensity) duration,
corroborating the findings of Pang et al. [23]. Elevated light intensity and temperature can
impose photoinhibition and damage on the photosynthetic apparatus of algal endosym-
bionts such as the Photosystem II [67,68]. When the rate of damage is faster than the rate
of repair, reduction in photosynthetic efficiency occurs [69] and, for various coral species,
increased temperature and/or light intensity has led to a decrease in photosynthetic effi-
ciency [68,70]. Under intensive heat and/or light stress, corals may also undergo bleaching
via reduction in endosymbiont density or pigment concentration [71,72]. Our results did
not identify any emersion-driven change in chl a concentration and distinguishable trend
in endosymbiont density, but the reaction norms suggested that the genotypes varied in
the level of plasticity for endosymbiont density.

Variation in plastic responses among genotypes could be due to adaptations of a gen-
otype to its natal site. Bowden-Kerby [73] and Howells et al. [38] reported that the genetic
make-up of corals (i.e., genotype) influence their varying acclimatization capacities. These
studies transplanted different genotypes of corals between contrasting environments (e.g.,
inshore and offshore habitats), and the results revealed that the acclimatization capacity
of a genotype in a new environment may be limited or wide-ranging depending on their
natal environment [38,73]. In the present study, the difference in depth between the shal-
lowest and deepest colonies tested was 0.41 m and maximum temperature experienced
by the two colonies during emersion differed by 2—4 °C (due to daily variation in tidal
fluctuation). Thus, it is possible that the observed response variation among genotypes of
D. cf. lizardensis here was influenced by the natal environment of each colony.

Is D. cf. lizardensis suitable for transplantation onto seawalls to increase biodiversity?
Our results revealed that this species can cope with increased emersion by mainly regu-
lating its photophysiology. Overall, D. cf. lizardensis displayed phenotypic plasticity in
response to emersion but the varying levels exhibited among genotypes suggest a range
of physiological capacity to cope with the stressors related to emersion. Although in-
creased emersion stress caused a slight decrease in photosynthetic efficiency, no tissue
bleaching was observed in all fragments. In addition, these fragments were subjected to
an estimated 4.5 h of daily emersion, a longer duration compared to the corals that were
transplanted onto the intertidal seawall by Ng et al. ([15]; approximately two hours over
three consecutive days). Nevertheless, additional work is required to determine the accli-
matization responses of D. cf. lizardensis after weeks and months of exposure to this new
environment.

In general, D. cf. lizardensis appears to be a promising candidate for transplantation
onto intertidal seawalls as an ecological engineering strategy. Where many previous stud-
ies have discussed “winners” and “losers” when comparing among-species capacity to
survive challenging environments [74-76], our findings underscore the need to examine
responses at a finer resolution (i.e., genotype-level). It is important to choose genotypes
that are resistant to emersion stress as they may be more likely to survive the extreme
conditions characteristic of intertidal seawalls. This genotype-level approach can be ap-
plied to other ecological engineering strategies, including coral restoration and seeding
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artificial reefs, to increase the survivability of transplants and enhance the effectiveness of
these conservation efforts.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/jmse9101096/s1, Figure S1: Maximum likelihood tree of coral species under the family
Merulinidae based on the mito-chondrial intergenic region (iGR), showing five tagged colonies (G1-
G5, in red) clustered under Dipsastraea cf. lizardensis, Figure 52: Temperature (A), light intensity (B)
and estimated emersion period pro-file, Table S1: Genetic identity matches between pairs of geno-
types. References [77-86] are cited in the Supplementary Materials.
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