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Corals are multipartite sedentary organisms, which have evolved complex, physiological

networks in order to survive perturbations and environmental fluctuations. However,

climate change is warming tropical waters, pushing the limits of coral tolerance and

driving global declines. Coral susceptibility to thermal anomalies is variable among

species and through time, and directly relates to constituent immunity. Constituent

immunity refers to immune activities required to ensure homeostasis, whereas an immune

response is acutely heightened immune activity to a perturbation. Understanding the

mechanisms behind coral health, and sustained health through adverse conditions,

is increasingly important for establishing effective reef conservation and restoration

projects. However, most experimental studies of coral health use species that are highly

susceptible to thermal events, potentially skewing our understanding. To determine

the influence of warmer water on immunity, activities of key coral immune pathways

and an antioxidant were compared under ambient (27◦C) and warmer water (32◦C),

and between injured and uninjured (control) branches of the tolerant reef coral Porites

cylindrica. Three types of phenoloxidase, mono-phenoloxidase, ortho-diphenoloxidase

and para-diphenloxidase, indicative of two melanin synthesis pathways (the tyrosinase

and laccase-type), and peroxidase were measured at 0 (control), 1, 6, 24, 48, and 168 h

post-injury. All four enzymes demonstrated consistent levels of activity under ambient

conditions (27◦C), indicating constituent immunity. Upon injury at ambient temperature,

all enzyme activities were significantly higher 1 h post-injury as compared to uninjured

controls, demonstrating a comprehensive immune response to tissue disruption. Under

warmer water, constituent immunity increased through time indicative of immune

modulation to maintain homeostasis. However, warmer water, within the non-bleaching

summer range, suppressed the immune response to injury, delaying it by 24 h. Therefore,

upon the environmental cue of warmer water, the tolerant coral P. cylindrica may

divert resources away from immune responses (immunosuppression) while enhancing

constituent immunity (immune modulation) so as to maintain health through sub-optimal

conditions. These changes in immunity with warmer water demonstrate that temperature

affects coral immunity and, for this tolerant coral, triggers immune-modulation that may

provide cross-tolerance to perturbations more frequent in summer months, such as

bleaching and disease.
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INTRODUCTION

Immunity underpins organism health and survival and
determines tolerance (Sheldon and Verhulst, 1996; Palmer et al.,
2010; Palmer, 2018). Accelerating climate change, due to global
carbon emissions, is challenging the survival of reef corals, and
therefore the persistence of functional coral reefs (Hughes et al.,
2018a). Tropical waters are warming to temperatures beyond the
range of normal diurnal and seasonal fluctuations historically
experienced by reef corals. This shift is more frequently inducing
breakdowns in the mutualism between the coral and microscopic
algae, Symbiodinium spp., known as coral bleaching (Hughes
et al., 2018b). Corals have differing tolerances to shifts in thermal
regimes, as evidenced by the variable extent of bleaching among
corals during extreme thermal events (Marshall and Baird, 2000;
van Woesik et al., 2011; Hughes et al., 2018a). This variation
suggests that coral holobiont immune systems, as proponents of

survival and determinants of tolerance, are variably effective and
are being increasingly pushed to and beyond their limits (Palmer
et al., 2010, 2012).

Immunity is costly with energetic investment consequently

being diverted away from other life history traits such as
reproduction and growth (Sheldon and Verhulst, 1996). Immune
system activity is therefore dynamic in the pursuit of optimal
health, operating with finite resources under fluctuating biotic

and abiotic conditions. Immunity also incurs the cost of self-
harm, known as autoimmunity, and the additional resource
costs required to mitigate or recover from it (Sadd and Schmid-
Hempel, 2009). Therefore, at any given time, the manifestation
of organism immunity, such as that of the coral holobiont,
represents current physiological trade-offs operating under
evolutionary constraints i.e., Life history trade-offs (Sadd and
Schmid-Hempel, 2009; see Palmer, 2018).

There are two aspects of organism immunity. One is
constituent immunity that maintains holobiont homeostasis
under normal, fluctuating conditions. Constituent immunity
provides surveillance and maintenance in the absence of an
infection or acute perturbation—similar to our circulating white
blood cells (Tauber, 2015). Levels of coral constituent immunity
relates directly to both bleaching and disease susceptibility
(Palmer et al., 2010). The second aspect of immunity is the
immune response. This is acute, localized heightened immune
activity in the presence of a threat so as to reestablish
homeostasis (Pastori and Foyer, 2002; Tauber, 2015; Foyer et al.,
2016). Of these, constituent immunity provides continual health
maintenance at low cost, whereas an immune response provides
acute protection incurring comparatively high cost (Sheldon and
Verhulst, 1996; Sadd and Schmid-Hempel, 2009). Therefore,
immune responses are used sparingly, are tightly controlled
(Sheldon and Verhulst, 1996) and are a balanced consequence
of signaling, organism condition and overall immune strategy
(Lazzaro and Rolff, 2011; Palmer, 2018).

Corals are sedentary, multipartite organisms that have evolved
complex, integrated physiological systems to survive fluctuations
in local environmental conditions, predation and disease (e.g.,
Miller et al., 2007; Palmer and Traylor-Knowles, 2012; Mydlarz
et al., 2016). As such, differing immune strategies have

likely evolved among corals to maintain optimal fitness while
mitigating the energetic and autoimmune costs in upregulating
an immune response (Palmer et al., 2010, 2011c). Various coral
immune strategies, and their efficacies, are therefore evident in
comparative tolerances to perturbations (Palmer, 2018), such
as thermal events (e.g., Hawkins et al., 2014, 2015; Hughes
et al., 2018a). However, coral stress and health studies are
predominantly conducted on fast growing, branching coral
species e.g., Acropora spp. (Moya et al., 2012; van de Water et al.,
2015a; Traylor-Knowles et al., 2017) and Pocillopora spp. (Sogin
et al., 2016), with few exceptions (e.g., Fuess et al., 2017). The
well-studied fast-growing coral genera have amongst the lowest
levels of constituent immunity and are the most susceptible to
disease and bleaching (Palmer et al., 2010, 2012). It is likely,
therefore, that the immune strategy of these susceptible corals
to perturbations differs from that of coral species with higher
constituent immunity that are more tolerant of them (Palmer,
2018). By focusing research efforts on the immune responses
of these susceptible corals, our information on coral tolerance,
resistance and, ultimately, reef resilience as a whole may be both
skewed and underestimated (Palmer, 2018).

Corals, as other invertebrates, use phenoloxidase cascades,
also known as melanin synthesis pathways, as mainstays of
immunity (Cerenius et al., 2010; Palmer and Traylor-Knowles,
2012). Several types of phenoloxidase cascades have been
identified in multiple corals, as determined by enzymatic
activity using different substrates (Palmer et al., 2012) and
corroborated by gene searches within available coral genomes
(Palmer, unpublished). Of the phenoloxidase pathways, the
more cytotoxic tyrosinase type is the better understood within
invertebrates in general, and involves both mono-phenoloxidase
and o-diphenoloxidases to resist infection (Cerenius et al., 2010;
Mydlarz and Palmer, 2011; Palmer et al., 2012). The laccase-
type phenoloxidase pathway, indicated by p-diphenoloxidase
activity, is likely involved in reinforcing damaged tissue and
may have a sensory function (Mydlarz and Palmer, 2011; Palmer
et al., 2012). Both pathways have the potential to deposit
melanin—a redox-active brown/black pigment that absorbs
light. Found within mobile coral cells, melanin may offer
photoprotection of algal endosymbionts and mitigate bleaching
(Palmer et al., 2010). The phenoloxidase pathways produce
cytotoxic radicals, particularly the tyrosinase type, which must
be tightly controlled to avoid autoimmunity (Cerenius et al.,
2010). Immunity-induced oxidative stress and that experienced
during warmer water and high light conditions, can be mitigated
with increased antioxidant activity (Hawkins et al., 2015). Coral
antioxidants include catalase, superoxide dismutase, peroxidase
and fluorescent proteins, and may be used to maintain health
by reducing autoimmunity and limiting self-harm (Palmer et al.,
2009b; Mydlarz and Palmer, 2011; Hawkins et al., 2015).

With the intention to better elucidate how warmer water may
affect coral immunity, constituent immunity and the immune
responses of a tolerant Indo-Pacific reef-building coral species,
Porites cylindrica, were investigated. The activities of three
phenoloxidases (PO) as well as the antioxidant peroxidase were
measured in response to injury at both ambient and elevated
temperature.
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METHODS

Sample Collection
Large, >50 cm diameter, and visibly healthy colonies of brown
Porites cylindrica were located on the upper reef slope (∼1–2m
depth) in Pioneer Bay at Orpheus Island, Great Barrier Reef
(GBR), Australia, and sampled in May 2008. From each of three
colonies of P. cylindrica, 60 branches were removed (Tn = 180)
and transported in 1µm filtered seawater to the laboratory.

Experimental Set-Up
Six aquaria within temperature-controlled rooms at Orpheus
Island Research Station were supplied with flow-through filtered
seawater (1µm) at ambient temperature (27◦C), and with 12 h
light/12 h dark light regimes using metal halide lights, with
light levels maintained at 150–250 µmol quanta m−2s−1. Three
aquaria were each designated to ambient or elevated temperature
treatments, and the 180 coral branches were randomly allocated
among them. Coral branches were held upright using labeled
plastic clothes pegs. All six aquaria were maintained at ambient
conditions for 3 days to allow branches to recover from sampling-
wounds seal in this species in 48 h (Palmer et al., 2011b)-
and to acclimate to aquaria conditions. On day four, three
branches from each colony were randomly selected and placed
into liquid nitrogen as pre-treatment controls (0 h), and stored
at −30◦C. Water temperatures in three of the aquaria were
then increased by 1 to 1.5◦C per day, for 3 days and stabilized
at 32◦C. After 2 days at 32◦C, three branches from each
colony were sampled randomly from both elevated and control
temperature treatments. A wound was then created on half of
the remaining branches using bone-cutters to score a ring of
damage approximately 2.5mm deep, 1 cm below the branch tip.
Three injured branches and three non-injured (control) branches
were sampled from each colony per temperature treatment at
1, 6, 24, 48, and 168 h (7 d) post-injury. All samples were
immediately snap-frozen in liquid nitrogen and stored at−30◦C.
For the duration of the experiment no mortality occurred and all
coral branches appeared healthy with no visible paling (loss of
zooxanthellae) or infection.

Biochemical Analyses
A ∼6 polyp-wide band of tissue surrounding the lesion was
removed, and from equivalent areas on control branches,
using an airgun with 100 mmol.l−1 phosphate buffer with 5
mmol.l−1 2-mercaptoethanol (Sigma-Aldrich M7522; Palmer
et al., 2008). While 2-mercaptoethanol has some inhibitory effect
on phenoloxidase activity, the low concentration and methods
ensured this was minimal and consistent among samples,
making them directly comparable. Tissue from branch tips and
bases were avoided. Resulting tissue slurries were frozen in
liquid nitrogen and stored at −30◦C. Thawed samples were
homogenized using a vortex with glass beads for 1min and
centrifuged for 5min to remove tissue debris, glass beads and the
zooxanthellae. Supernatants were carefully removed and aliquots
stored at −30◦C. All samples were treated the same, ensuring
direct comparability among samples despite any inadvertent PO
degradation during processing.

Phenoloxidase (PO) activities were quantified as change in
absorbance (at 410 nm) over time using the substrates: tyramine
(Fluka 93810) for mono-phenoloxidase activity, dopamine
hydrochloride (Sigma-Aldrich H8502) for o-diphenoloxidase
activity and hydroquinone (Sigma H9003) for p-diphenoloxidase
activity (as per Palmer et al., 2012). For each of the PO
assays, three 10 µl aliquots of each sample extract were
placed in wells of a clear 96-well microtiter plate. To each
well, 50 µl of 50 mmol.l−1 phosphate buffer (pH 7.5) and
25 µl of deionized water (DI) were added. Plates were then
covered and incubated at either 27◦C or 32◦C, depending
on the experimental treatment regime of each sample, for
15min in order to record the activity of enzymes under
experimental treatment conditions. The appropriate substrate
(30 µl of 50 mmol.l−) was then added and the change in
absorbance for each well, including blank controls, was measured
at 410 nm for 45min. Peroxidase activity was measured by
adding 40 µl of guaiacol (25 mmol.l−1) to 10 µl of sample
and 35 µl of 50 mmol.l−1 phosphate buffer (pH 6.0). The
reaction was activated by the addition of 25 µl of H2O2

(20 mmol.l−1) and measured at 470 nm for 45min. For each
sample, the change in absorbance was calculated for the linear
portion of the reaction curve and standardized to total protein
concentration, as determined by the Quick Start Bradford assay
(Bio-Rad).

Protein activities were compared between injury treatments
(uninjured or injured) and temperature treatments (27◦C or
32◦C) using two-way repeated measures ANOVAs, executed
using log-transformed data in SPSS. Data satisfied assumptions of
sphericity, as determined with Mauchley’s test, and homogeneity
of covariance as determined by Box’s test.

RESULTS

Porites cylindrica demonstrated significantly higher mono-
phenoloxidase activity in injured than uninjured samples at
ambient seawater temperatures (27◦C) (Table 1 and Figure 1A).
Heightened mono-phenoloxidase activity was particularly
noticeable 1 h post-injury, when it was 4.5-fold greater than for
uninjured branches, indicating the rapid activation of an immune
response. Levels of mono-phenoloxidase activity were similar
between injured and uninjured branches between 6 and 168 h,
(Table 1). At elevated water temperature (Figure 1B), there was
no difference in mono-phenoloxidase activity between injured
and uninjured branches, at any time point (Table 1), indicating
a lack of response of this enzyme to injury in warm waters.
However, mean mono-phenoloxidase activity of uninjured
branches increased by approximately 3-fold over time in the
elevated temperature treatment (Table 1), which was absent in
the ambient water temperature treatment (Figure 1). Injured
branches demonstrated a peak of activity at 24 h post-injury
with elevated water temperature (Figure 1B), which was similar
in magnitude to the peak of activity at 24 h post-injury in the
injured treatment at ambient water temperature. Consistently,
mono-phenoloxidase activity of injured branches over time was
dependent on temperature (temperature x time, Table 2).
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TABLE 1 | A summary of the F- and P-values results of the two-way repeated measures ANOVAs examining the effects of injury (uninjured controls vs. injured samples)

and time post-injury (1, 6, 24, 48, and 168 h), and their interaction on immunity protein activity for both ambient (27◦C) and elevated (32◦C) temperatures.

Immunity enzyme Injury (df = 1, 10) Time (df = 4, 10) Injury × time (df = 4, 10)

Ambient Elevated Ambient Elevated Ambient Elevated

F P F P F P F P F P F P

Mono-PO 5.4 0.04 0.01 0.93 3.1 0.69 6.8 <0.01 3.0 0.07 0.5 0.84

o-diPO 4.7 0.06 0.6 0.48 0.5 0.71 8.3 0.03 1.1 0.40 1.7 0.23

p-diPO 3.5 0.09 0.1 0.78 2.7 0.09 0.9 0.49 2.3 <0.01 4.5 0.03

Peroxidase 13.8 0.04 0.01 0.92 2.8 0.09 8.0 <0.01 1.6 0.25 2.0 0.18

P values <0.05 are in bold.

FIGURE 1 | Mean mono-phenoloxidase activity (± SE) for uninjured (control) and injured branches of P. cylindrica at: (A) ambient (27◦C), and (B) elevated (32◦C)

water temperature over time post-injury.

Mean o-diphenoloxidase activity at ambient water
temperature did not differ significantly between injury
treatments, or over time (Figure 2A, Table 1). However, at
both 1 and 24 h post-injury, o-diphenoloxidase activity was more
than 2-fold higher in the injured treatment than the control
treatment. This indicates a rapid response of o-diphenoloxidase
activity to injury, which was sustained for 24 h. At elevated
water temperature (Figure 2B), there was no difference in
o-diphenoloxidase activity between injured and uninjured
branches (Table 1), indicating no immediate response to injury.
However, at elevated water temperature o-diphenoloxidase
activity in uninjured samples at 24 h was equivalent to that
of the injured ambient samples (Figure 2B), suggesting that
the response of o-diphenoloxidase activity is delayed at
higher temperatures. Additionally, and similar to the mono-
phenoloxidase activity, control levels of o-diphenoloxidase
activity significantly increased over time by approximately 4-fold
at elevated water temperature (Table 1) and overall were higher
than control levels at ambient water temperature (Table 2). This
indicates a response of o-diphenoloxidase activity to warmer
water.

Mean p-diphenoloxidase activity with injury depended upon
the time post-injury at both ambient and elevated water
temperature (injury × time, Table 1) and the timing of activity

in response to injury significantly varied between the water
temperature treatments (Time, Table 2). At ambient water
temperature p-diphenoloxidase activity of injured samples at
1 and 24 h post-injury was approximately 3-fold and 2.5-
fold higher than controls, respectively (Figure 3A). This up-
regulation in activity indicates a direct response of laccase-type
PO activity to injury. At elevated water temperature (Figure 3B),
there was a trend of increasing p-diphenoloxidase activity over
time in the control treatment, although this was not significant
(Time, Table 1).

At ambient water temperature, mean peroxidase activity
(Figure 4A) was significantly higher in the injured treatment
as compared to the control treatment (Injury, Table 1). There
was a 25-fold increase in peroxidase activity with injury at 1 h
at ambient water temperature, which remained up-regulated,
compared to controls, for 48 h, demonstrating a direct and
sustained response of this antioxidant to injury. At elevated water
temperature (Figure 4B), there was no significant difference in
peroxidase activity between controls and injured samples (Injury,
Table 1), although activity varied over time post-injury (Time,
Table 1). Overall, peroxidase activity differed significantly with
the temperature treatments over time (Temperature x time,
Table 2), and control levels of activity were significantly higher at
elevated water temperature as compared to ambient, likely driven
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TABLE 2 | A summary of the P-values results of the two-way repeated measures ANOVAs examining the effects of temperature (ambient 27◦C vs. elevated 32◦C) and

time post-injury (1, 6, 24, 48, and 168 h), and their interaction on immunity protein activity for both uninjured controls and injured samples.

Immunity enzyme Temperature (df = 1, 10) Time (df = 4, 10) Temperature × time (df = 4, 10)

Control Injured Control Injured Control Injured

F P F P F P F P F P F P

Mono-PO 0.1 0.73 1.5 0.25 2.1 0.15 0.6 0.70 2.8 0.08 5.5 0.01

o-diPO 5.5 0.04 0.01 0.83 1.0 0.45 2.4 0.12 1.4 0.31 5.5 0.01

p-diPO 4.7 0.06 0.05 0.83 1.4 0.30 3.8 0.04 1.6 0.26 1.1 0.41

Peroxidase 11.0 <0.01 7.5 0.02 1.0 0.44 4.5 0.02 0.8 0.53 6.0 <0.01

P values <0.05 are in bold.

FIGURE 2 | Mean o-diphenoloxidase activity (± SE) for uninjured (control) and injured P. cylindrica at: (A) ambient (27◦C) and, (B) elevated (32◦C) water temperature

over time post-injury.

by the 6 h time point, whereas the reverse was true for the injured
samples (Temperature, Table 2). These results demonstrate that
peroxidase activity increases in response to both elevated water
temperature and injury, but is suppressed when these treatments
are combined.

DISCUSSION

Porites cylindrica demonstrated consistent activity of all
investigated enzymes in the absence of injury at 27◦C, confirming
the presence of constituent immunity and its stability under
constant ambient conditions (Palmer et al., 2010; van de Water
et al., 2016). An immune response occurred within 1 h of injury
under ambient water temperature. Warmer water induced a
gradual ramping of constituent immunity in control samples
and the immune response to injury was altered as compared
to ambient conditions. Elevated water temperature, within
non-bleaching summer range, had an immuno-enhancing effect
on constituent immunity but an immunosuppressive impact on
the P. cylindrica immune response.

Immune Response Under Ambient
Conditions
The constituent immunity levels of P. cylindrica, under ambient
control conditions, remained approximately constant for the

duration of the experiment, representing activities used to
maintain homeostasis in the absence of a perturbation (Palmer
et al., 2010; Tauber, 2015; Palmer, 2018). Of 18 Indo-Pacific
hard coral species P. cylindrica has amongst the highest levels of
constituent immunity (Palmer et al., 2012). Such investment into
maintaining homeostasis fosters tolerance and promotes survival
through both biotic and abiotic fluctuations and perturbations
(Palmer, 2018).

The immune response of P. cylindrica to injury occurred
within 1 h and was demonstrated by heightened activity of
all four enzymes as compared to their constituent levels
(Tauber, 2015). These results reconfirm the involvement of
phenoloxidases and peroxidase in a P. cylindrica immune
response (Palmer et al., 2008, 2011a) and are consistent with
the timings of de-granulation of melanin-containing granular
cells observed in P. cylindrica with injury (Palmer et al.,
2011b). The tyrosinase-type phenoloxidase pathway (mono-
phenoloxidase and o-diphenoloxidase) is highly cytotoxic, and
therefore potentially plays a pathogen-killing or sterilization role
at the wound site (van de Water et al., 2015b). The laccase-type
pathway, indicated by p-diphenoloxidase activity, is less cytotoxic
and likely used for structural reinforcement of injured coral tissue
(Palmer et al., 2011b). Coincident with the increase in cytotoxic
immune pathway activity was the corresponding heightened
activity of the antioxidant peroxidase, a hydrogen peroxide-
scavenging enzyme. Peroxidase activity, serving a protective
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FIGURE 3 | Mean p-diphenoloxidase activity (± SE) for uninjured (control) and injured P. cylindrica at: (A) ambient (27◦C) and (B) elevated (32◦C) water temperature

over time post-injury.

FIGURE 4 | Mean peroxidase activity (± SE) for control and injured P. cylindrica at (A) ambient (27◦C) and (B) elevated (32◦C) water temperature over time post-injury.

role, upon injury was approximately 25-fold higher than control
levels, whereas phenoloxidase activities were just 2- to 4.5-fold
higher, suggestive of their toxicity and tight regulation due to the
potential for self-harm.

Inducing a rapid immune response to efficiently seal a wound
restores homeostasis and reduces the likelihood of infection, and
therefore promotes survival. Using proteolytic cascades enables

rapid immune activation, by-passing transcription. Given the
energetic cost and the autoimmune risk of inducing an immune

response (Lee, 2006; Palmer, 2018) benefits of P. cylindrica
mounting a response to injury must out-weigh the costs incurred
or the risk of not doing so (Lazzaro and Rolff, 2011). Therefore,
under ambient and healthy control conditions, P. cylindrica
has the resources available to mount an effective immune
response and to mitigate autoimmunity. However, decreased
activity of enzymes after the immune response, as compared
to constituent immunity levels, are suggestive of the cost of
heightened immunity (Harvell, 1990). The immediacy of the
coral immune response is characteristic of innate immunity
(Palmer et al., 2008, 2011c) and highlights how easy it is to miss
a coral immune peak. Caution should therefore be taken to avoid

underestimating or misinterpreting a coral immune response in
studies where sampling times are delayed (e.g., van de Water
et al., 2015b; Wright et al., 2016).

Immune Trade-Offs With Warmer Water
Warmer water, within normal summer ranges, enhanced
constituent immunity of P. cylindrica controls and suppressed
the immune response of injured samples. These data, compared
to those of ambient conditions, indicate a shift in immune
strategy with warmer water. This provides further evidence that
coral holobiont immune systems are responsive—phenotypically
plastic—to environmental shifts (e.g., Mydlarz et al., 2008; Palmer
et al., 2011c; Pinzón et al., 2015; Palmer, 2018). Such temperature-
induced immune modulation and consequent shift in immune
strategy is likely the result of trade-offs between maintaining
optimal health and the costs incurred in doing so—both energetic
and autoimmune (Sadd and Schmid-Hempel, 2009; Lazzaro and
Rolff, 2011; Palmer, 2018).

The gradual investment into constituent immunity with
warmer water may represent a relatively low-cost strategy to
maintain homeostasis and minimize the necessity of costly
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and dangerous immune responses (Lee, 2006; Palmer, 2018).
Investment into constituent immunity with temperature change
is supported by the direct relationship of high coral constituent
immunity with low disease and bleaching susceptibility (Palmer
et al., 2010, 2012). Such immuno-dynamics are suggestive of
the cross-tolerance phenomenon, whereby exposure to one type
of disturbance, e.g., adverse environmental conditions, enhances
protection against concurrent disturbances, such as infection or
injury (Foyer et al., 2016).

Elevating constituent immune activity with the environmental
cue of warmer water seems an appropriate strategy since both
disease and bleaching pose higher threats during summer
months (e.g., Sato et al., 2009). Therefore, there is the potential
that P. cylindrica has adapted to modulate immunity—i.e.,
enhance constituent immune function- in order to increase
survival during warmer conditions (Palmer, 2018). However,
the generalized protection afforded by increased investment
into constituent immunity and consequent cross-tolerance will
come at a cost to other biological functions (Harvell, 1990;
Sheldon and Verhulst, 1996). Such costs could be manifested
as an inhibition of an effective immune response to acute,
localized perturbations, such as injury and as observed in this
study. Alternatively, or additionally, costs of elevated constituent
immunity may be exhibited by compromised reproductive
output or growth. However, in this study it is impossible to
determine the evolutionary-scale influences and trade-offs from
the physiological ones (Harvell, 1990; Sadd and Schmid-Hempel,
2009).

With warmer water, the immune response to injury occurred
at 24 h with both mono and o-diphenoloxidase activities. In
this temperature-induced delayed immune response, heightened
activity was present but limited for p-diphenoloxidase and absent
for peroxidase. The lack of immune response within 1 h of injury
under warmer water suggests that implementing an immune
response would be too costly. While variable through time,
activity of the antioxidant peroxidase did not demonstrate a clear
response to either temperature or injury. This suggests that the
temperature changes in this experiment did not induce oxidative
stress conditions (Jin et al., 2016) and/or that an alternative
strategy may have been used to mitigate autoimmunity—possibly
relying on the redox nature of melanin systhesis (Cerenius et al.,
2010). After the immune response peak of injured samples,
immune activity levels fell below constituent immunity levels of
the control samples, indicative of the high cost of an immune
response. The immune response, albeit delayed, appears to come
at the cost of constituent immunity and suggests that P. cylindrica
may be more vulnerable to disease and bleaching after physical
injury during warmer water conditions. Such immune-energetics
have implications for coral reefs during the summer months,
when water temperatures are higher and cyclone activity raises
the potential for physical injury.

Having a thermal cue for increasing constituent immunity
in a tolerant coral seems appropriate given that elevated
water temperature on coral reefs is associated with high
photosynthetically active radiation (PAR; Brown and Dunne,
2015) and increased pathogen load and virulence (Harvell
et al., 1999, 2002; Mydlarz et al., 2006). Two, possibly

interacting, hypotheses of how water temperature triggers
immune modulation include; (1) that during periods of elevated
water temperature coral cells release “danger” components, such
as nitric oxide and uric acid (Hawkins et al., 2014), which
modulate immunity (Gallucci et al., 1999; Palmer, 2018) and (2)
that the increase in water temperature is the cue in itself detected,
potentially, by an anthozoan endocrine system yet-to-be
thoroughly explored (Tarrant, 2015), which signals the immunity
network. Regardless of the mechanism, inducing melanin
synthesis pathways with warmer water may be particularly
helpful as melanin is a photoprotective, radical-scavenging,
brown to black pigment (Meredith et al., 2006) that is located
within mobile coral cells (Palmer et al., 2008). Melanin synthesis
pathway activity therefore has the potential to mitigate coral
bleaching by affording photoprotection of Symbiodinium spp.
(Palmer et al., 2010).

Consistent with a role in mitigating coral bleaching,
increased prophenoloxidase activity (the zymogen form of
phenoloxidase) has been documented in bleached Montastraea
faveolata as compared to controls (Mydlarz et al., 2009).
However, results of studies of other coral species at various
stages of thermal stress are highly variable (e.g., Palmer et al.,
2011a,c; Pinzón et al., 2015; van de Water et al., 2016).
Variability in phenoloxidase activities both among and within
coral species during thermal stress is likely the result of the
physiological, ecological and historical context of the coral,
leading to different immune strategies and energetic trade-offs
(Sadd and Schmid-Hempel, 2009; Palmer, 2018).

Coral immunity is intrinsically linked to ecological-scale
patterns of coral health and ultimately, therefore, coral
reef resilience (Palmer, 2018). This study demonstrates
that P. cylindrica is able to make physiological adjustments
in response to environmental cues in order to promote
survival. The potential for corals to demonstrate cross-
tolerance provides a tantalizing avenue of exploration as
we seek to effectively conserve, restore and manage coral
reefs.
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