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Reef-building corals face a multitude of threats not only from global climate change
but also local stressors such as nutrient pollution. Nutrient enrichment can amplify the
negative effects of predation on corals by facilitating dysbiosis in the coral microbiome
that leads to coral mortality. These patterns suggest that nutrient pollution might
suppress the capacity of the coral immune system to respond to microbial infections
that follow mechanical injury from predation. Here, we measured the impact of
nutrient enrichment and predation on tyrosinase-type and laccase-type phenoloxidase
(PO) activities, which are key components of immune defense pathway involved in
melanin synthesis and wound healing in corals. Corals were exposed in situ to either
ambient or enriched nutrient levels in combination with either no damage, mechanical
damage, or predation damage from parrotfishes. The activity of PO enzymes in
response to both tyrosinase-type substrates significantly decreased under nutrient
enrichment, suggesting that corals became immune-compromised. Predation damage
also increased laccase activity, implicating it in tissue repair and potentially defense from
pathogens. Our findings highlight the need to mitigate nutrient pollution on coral reefs, as
higher nutrient levels suppress important coral immune pathways and likely contribute
to patterns of increased coral disease and subsequent mortality on reefs plagued by
nutrient enrichment.

Keywords: phenoloxidase, Porites porites, nutrients, parrotfish, coral, predation, disease, corallivory

INTRODUCTION

Chronic nutrient enrichment is endangering the stability and health of coastal ecosystems
worldwide. Originating primarily from anthropogenic sources such as agricultural run-off (Nixon,
1995; Boesch, 2002), these sources of nutrient input often are major contributors to higher levels
of nitrogen and phosphorus, which are common limiting nutrients in ecosystems (Howarth,
2008). The long-term effects of higher nutrient loads to coastal ecosystems are wide-ranging and
complex such as decreased biodiversity (Howarth, 2008), increased growth of dead zones (Diaz and
Rosenberg, 2008), and harmful algal blooms (Granéli et al., 2008).

In particular, the proposed connection between higher nutrient levels and coral disease and
bleaching (Hayes et al., 2001; Vega Thurber et al., 2014) is especially troubling in light of the
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escalating severity of disease outbreaks over the past few decades
(Harvell et al., 1999; Weil, 2004; Precht et al., 2016). Nutrient
pollution not only causes coral diseases to progress more rapidly
within coral colonies (Bruno et al., 2003; Voss and Richardson,
2006), but can also increase the overall prevalence of disease on
reefs (Vega Thurber et al., 2014). Further, nutrient enrichment
results in higher abundance of potential bacterial pathogens in
the coral microbiome (Shaver et al., 2017) as well as increased
fitness and virulence of pathogens (Vega Thurber et al., 2009),
likely contributing to altered patterns in coral disease.

The repairing function of the coral immune system plays
an important role during tissue recovery from injuries (Palmer
et al., 2011b) such as wounds from predation, a common
phenomenon for many coral species. Fishes such as scraping
and excavating parrotfishes, which frequently prey on corals, can
inflict significant damage to coral tissue and skeleton (Rotjan
and Lewis, 2008; Burkepile, 2012). Consequently, corals with
open wounds from parrotfish bites may be more susceptible
to opportunistic pathogens in their environment compared
to unbitten corals. While studies document increased disease
incidence in corals when there is mechanical damage or open
wounds (Aeby and Santavy, 2006; Page and Willis, 2008),
it remains unknown if parrotfish vector or facilitate coral
disease. Furthermore, corals under nutrient enrichment that are
preyed on by parrotfish experience higher mortality rates and
have more abundant opportunistic bacteria than unenriched
corals (Zaneveld et al., 2016). Thus, to better understand the
mechanisms that underlie the observed synergy between coral
predation and nutrient enrichment, it is vital that we determine
how elevated nutrient levels affect the immune competence
of corals and subsequently corals’ capacity to heal wounds
caused by predation.

In this study, we examined an evolutionarily important
innate immune system pathway in invertebrates, the melanin
synthesis pathway, which is central in healing physical wounds
as well as in the defense against pathogens (Söderhall, 1982;
Sugumaran, 2002; Cerenius et al., 2008). Integral components
of the melanin synthesis pathway, phenoloxidase (PO) enzymes
are stored in their inactive zymogen form as pro-phenoloxidases
(proPO) until the PO pathway is activated in areas of damaged
tissue, at which point proPO enzymes are converted into
their active PO form via proteolysis (Cerenius et al., 2008,
2010). These active phenoloxidase enzymes will then defend the
coral against invaders via the encapsulation and phagocytosis
of pathogens (Nappi and Christensen, 2005) as well as the
production of cytotoxic intermediates (Nappi and Ottaviani,
2000). Broadly classified as either tyrosinase-type or laccase-
type POs based upon their substrate specificity, tyrosinase-
type POs are believed to be responsible for the immune
response of the phenoloxidase pathway in invertebrates via
melanin synthesis (Nigam et al., 1997; Cerenius et al., 2003). In
contrast, laccase-type POs exhibit a wide array of functions in
the diverse organisms where they are found including cuticle
sclerotization in arthropods (Andersen, 2012), lignification in
plants (Barros et al., 2015), lignolysis in certain parasitic
fungi (Dwivedi et al., 2011), and stress resistance in bacteria
(Dwivedi et al., 2011).

While much remains to be understood, our knowledge of the
diverse temporal and species-specific responses of phenoloxidase
pathways in corals has grown in recent years to reflect the
complexity of these pathways. Tyrosinase-type phenoloxidases
have been shown to respond to heat stress (Mydlarz et al., 2009;
Palmer et al., 2011a,b, Wall et al., 2018), disease (Mydlarz et al.,
2008; Palmer et al., 2011a; Kelly et al., 2016), pathogen elicitors
(Palmer et al., 2011b; Fuess et al., 2016), pathogens (van de Water,
et al., 2018), tissue growth (D’Angelo et al., 2012), sedimentation
(Sheridan et al., 2014), seasons (van de Water et al., 2015b,
2016), and damage (van de Water et al., 2015a,b). Tyrosinase-type
POs have also been positively correlated with both disease and
bleaching resistance variability between different coral species
(Palmer et al., 2010, 2012a). This variability is believed to be
partially due to different immune strategies for different life
histories where some species (e.g., Porites spp.) heavily invest
in high baseline immune levels making them more resistant
to disease and heat stress at the expense of decreased growth
while others exhibit the opposite pattern (e.g., Acropora spp.)
(Palmer et al., 2008, 2011b; van de Water et al., 2016). On the
other hand, the laccase-type POs are less understood in corals
but have shown increased enzymatic activity upon contact with
crustose coralline algae during larval settlement (Palmer et al.,
2012b) and when exposed to damage (Palmer, 2018), suggesting
that laccase-type POs might possess a wound healing and/or
structural role in corals. Laccase-type POs are also correlated with
disease resistance (Palmer et al., 2012a), indicating they likely
play an important but complex role within the coral holobiont,
the complex association between corals and the diverse symbiotic
microorganisms including algae, fungi, archaea, bacteria, and
viruses (Rohwer et al., 2002).

Here, we used a field experiment on a coral reef in the
Upper Florida Keys, United States, to assess the synergistic
effect of nutrients and predation on the activity of cresolase,
catecholase, and laccase PO enzymes to investigate the variability
of melanin synthesis pathways underlying the constituent
immunity of corals in response to combined predation and
nutrient enrichment. Understanding whether corals have the
immunological capacity to simultaneously heal wounds from
predators while combating stress from nutrient pollution is
critical to understanding how their response to natural sources of
wounding, such as predation, will be altered in areas of increasing
anthropogenic influences.

MATERIALS AND METHODS

Coral Collection and Experimental
Set-Up
We evaluated the effects of nutrient enrichment and predation
on phenoloxidase pathways in the coral Porites porites using a
fully factorial experiment conducted over the course of 70 days
from June 2015 through August 2015 at Pickles Reef (24.989◦N,
80.376◦W), a shallow (5–7 m) fore reef in the Upper Florida
Keys. Seventeen colonies of P. porites were collected from a
nearby patch reef in the Florida Keys National Marine Sanctuary
(permit no: FKNMS-2014-073). The colonies were fragmented
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into individual coral nubbins for a total of 108 fragments that
were divided among 18 experimental blocks separated by ≥2
m. Each experimental block contained six fragments that were
arranged into three groups of two fragments. All fragments were
individually secured via a cable tie to a masonry nail hammered
into the substrate. The three pairs of coral fragments in a block
were separated by ∼30 cm while the two fragments within each
pair were separated by ∼10 cm. All three pairs of fragments in
each block were covered by separate mesh enclosures constructed
of PVC-coated wire (2.5 cm diameter hole size) secured to the
substrate that excluded corallivorous fishes. The three fragment
pairs within each block were then randomly assigned one of three
treatments: (1) parrotfish predation, (2) mechanical damage, or
(3) undamaged control (Figure 1A).

Exposure to Nutrient Enrichment and
Predation Damage
After 1 week of recovery from fragmentation and experimental
set-up, nine experimental blocks were exposed to enriched
nutrient levels on day 7 following Shaver et al. (2017). Nutrient
enrichment was achieved using nutrient diffusers constructed
from a 15 cm long (5 cm diameter) PVC pipe with holes

drilled in it and covered in window screen. Nutrient diffusers
contained 150 g of Osmocote R© 19-6-12 (N-P-K) Smart-Release
plant fertilizer pellets that were replaced every 2 weeks. This
enrichment protocol was previously validated to triplicate the
ambient levels of DIN for a period of 30–45 days in similar
conditions (Vega Thurber et al., 2014; Shaver et al., 2017).
Measurement of DIN in the enrichment plots have been of 3.91
± 1.34 µM compared to control plots of 1.15 ± 0.05 µM (Vega
Thurber et al., 2014). Similarly, SRP were approximately nine
times higher in the enrichment plots (0.27 ± 0.07 µM) as opposed
to the controls (0.035 ± 0.006 µM) (Vega Thurber et al., 2014).
No nutrients were added to the other nine blocks, which were
maintained under local ambient nutrient conditions of ∼1.0
µM dissolved inorganic nitrogen and ∼0.4 µM soluble reactive
phosphorus (the long-term average background level of nutrients
on this reef) for the duration of the experiment (sensu Zaneveld
et al., 2016).

The mesh enclosures were opened on days 21, 42, and 56
to allow access by corallivorous parrotfishes for pairs of coral
fragments assigned to the parrotfish predation treatment. These
corals were monitored every 1–2 days and the enclosures were
closed when ∼50% of a coral was preyed upon. After 7 days
of exposure to parrotfishes, regardless of the level of predation,

FIGURE 1 | (A) Experimental group layout showing the three damage groups surrounding the nutrient diffuser that contained Osmocote fertilizer for enriched
nutrient blocks. (B) Before and after photos showing results of parrotfish corallivory. (C) Experimental timeline showing the start of nutrient enrichment at week 1 as
well as the times of damage exposures and sampling.
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all cages were closed to allow corals to recover from predation.
At this time, corals in the mechanical damage treatments
were artificially wounded using stainless steel concave cutters.
Artificial wounds were inflicted to replicate levels of predation
that occurred on the parrotfish exposure corals within the same
block (Figure 1B).

Coral Sampling
Six of the eighteen blocks were randomly selected for sampling at
each of the three time points. The sampling timeline (Figure 1C)
consisted of an initial baseline sampling on day 14 (Pre-damage)
after 1 week of nutrient exposure, followed by two post-damage
samplings on day 35 (Post-damage 1) and day 70 (Post-damage
2). We sampled corals after 1 week of recovery from damage from
predation or mechanical wounds to allow phenoloxidase activity
to return to baseline levels (van de Water et al., 2015a), and
determine the effect of predation damage on constitutive immune
levels. This time frame was chosen as Porites spp. have higher
baseline phenoloxidase activity than most coral species (Palmer
et al., 2010, 2012a; Mydlarz and Palmer, 2011; van de Water
et al., 2016), hypothesized to be due to a unique immune strategy
that relies on a continuous, energetically expensive investment
in constituent immunity parameters for increased resistance
to disease and thermal-induced bleaching at the expense of
slower growth rates (Palmer et al., 2008, 2010, 2011b, 2012a; van
de Water et al., 2016). One fragment from each of the three
pairs in the six selected experimental replicates was designated
for sampling for the phenoloxidase enzymatic assays. These
fragments were photographed before being collected, placed into
an individual zip lock bag, immediately frozen in liquid nitrogen,
and then transported on dry ice to the lab where they were
stored at −80◦C until processing. The other fragment in each pair
was used to quantify coral predation throughout the duration of
the experiment. For each of these fragments we photographed,
measured the size of each predation wound in situ to the nearest
mm, visually estimated for percent of damage, and recorded data
on the presence of bleaching and disease.

Extract Preparation
Tissue was scraped from each fragment using bone cutters
for protein extract preparation following Mydlarz and Palmer
(2011). Briefly, tissue was placed in an extraction buffer (50 mM
phosphate buffer, pH 7.8 with 1 mM mercaptoethanol) over ice.
Tissue samples were then homogenized using an Omni Bead
Ruptor 24 for 20 s, incubated on ice for 5 min, vortexed with
a spatula of glass beads for another 20 s, and incubated for a
second time on ice for 5 min. Cellular debris was pelleted and
separated from protein-containing supernatant by centrifugation
of samples at 2400 g at 4◦C for 5 min. Protein extracts were
then stored at -80◦C. To normalize enzymatic activity per total
(holobiont) protein content, the concentration of proteins was
quantified using the Bradford Protein Assay (#23236, Thermo
Fisher Scientific) with Coomassie G-250 dye and bovine serum
albumin as a standard.

Phenoloxidase Activity Assays
Total potential phenoloxidase activity (tpPO), which is the sum
of both proPO and PO activity was measured along with PO

activity according to Mydlarz and Palmer (2011) by diluting 20
µL of protein extracts in 40 µL of phosphate buffer (50 mM, pH
7.5). To measure tpPO levels, 5.25 µL of 0.1 mg mL−1 trypsin
was added followed by a 10 min incubation at room temperature
to allow the conversion of tpPO enzymes to their active PO
form. Stocks of the selected substrates of L-DOPA (tyrosinase-
type catecholase activity), L-tyrosine (tyrosinase-type cresolase
activity), and hydroquinone (laccase activity) (10 mM, Sigma-
Aldrich) were created fresh each day. The creation of the colored
oxidative product after the addition of 30 µL of each substrate
stock was monitored on a SpectraMax 340 PC 384 microplate
reader at 490 nm for 30 min at 30◦C. Data from initial velocity
conditions, when the enzyme reaction is linear, is presented as
1 absorbance mg protein−1 min−2. All samples were run in
triplicate on three separate 96-well plates at the same time as the
negative controls of phosphate buffer (50 mM, pH 7.5) and boiled
protein extracts.

Statistical Analysis
Mean tpPO and PO values of the phenoloxidase assay technical
replicates for each of the 54 coral samples were calculated
and then tested for normality and homoscedasticity using the
Shapiro-Wilk’s Test and Levene’s tests, respectively. The effect of
nutrient enrichment on the proportion of each colony preyed
upon by parrotfishes was analyzed using a four-factor analysis
of variance (ANOVA) that considered time (Post-damage 1 or
2) and nutrient treatment (ambient or enriched) as interacting
factors, and parent colony and block as non-interacting factors.
Data on the proportion of coral colony preyed upon were log
transformed to meet assumptions of ANOVA.

To assess the effects of nutrients and damage on phenoloxidase
activity, we built a distance matrix of the square root-
transformed phenoloxidase values and performed four different
permutational multivariate analysis of variance (PERMANOVA)
analyses each on both the tpPO and PO phenoloxidase
values using the vegan package in R (Oksanen et al., 2018).
For both tpPO and PO values, PERMANOVAS were first
conducted on the three phenoloxidase enzyme types collectively
to assess the overall effects on phenoloxidase activity. This
initial PERMANOVA was then followed by three individual
PERMANOVA analyses for each of the three phenoloxidase
enzyme types to identify any effects that were specific to that
particular enzyme. A priori planned post-hoc tests were then
carried out according to the significant main and/or interaction
effects identified in each PERMANOVA analysis using two-
way t-tests. The α for each set of post-hoc tests was adjusted
accordingly based on the number of planned comparisons
conducted for the particular PERMANOVA. Finally, ratios of
PO to tpPO activity were calculated for each of the three
phenoloxidase enzymes followed by a PERMANOVA analysis
and a priori post-hoc tests as described above. All statistical
analyses were conducted in R (R Core Team, 2014).

Phenoloxidase activity may have been influenced by multiple
variables in this study. Therefore, for each sampling point we
used model selection to test the effects of plausible predictors
on PO activity using a likelihood ratio test (LRT). The LRT
compared generalized linear mixed effects models with each main
factor to a null model that only included phenoloxidase activity
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modeled by random block effects as well as a full model with all
explanatory variables included. Factors were tested via stepwise
selection of best fit model where each potential explanatory
variable was added to the model and then compared to the
null model that only included the random effect of block. To
determine if including a factor significantly improved the model,
we compared the model with the factor(s) in it to the null
model using an ANOVA with p <0.05 indicating significant
improvement of the model fit. Plausible explanatory variables
for PO activity were: nutrient enrichment (ambient, enriched),
parent colony (unique for each parent colony), predation type
(control, mechanical, parrotfish), damage (binary; no, yes),
number of wounds (continuous), and proportion of coral preyed
upon (range = 0–1).

RESULTS

Colony Damage
Parrotfish preyed on ambient and nutrient-enriched corals
similarly, although there was a trend for more, larger wounds
on enriched corals (Treatment effect: F1, 17 = 3.871, p = 0.066;
Supplementary Material S1). For corals exposed to parrotfishes,
the average proportional area of each colony affected by predation
did not change through time (Time effect: F1, 17 = 3.255,
p = 0.089) and was not influenced by block (Block effect: F6,
17 = 1.107, p = 0.399) or parent colony (Parent colony effect: F12,

17 = 0.422, p = 0.133).

Phenoloxidase tpPO and PO Enzyme
Activity
The overall level of tpPO was only affected by nutrients [F(1,

48) = 74.9781, p< 0.001, Figure 2] and damage [F(2, 48) = 4.4329,
p < 0.01, Figure 3], with a priori post-hoc tests revealing that
phenoloxidase tpPO levels were lowered in corals exposed to
predation by parrotfish compared to both control (p < 0.001)
and mechanically damaged corals (p < 0.001). Nutrients also
lowered the individual tpPO activity levels for all three types of
phenoloxidase enzymes including cresolase [F(1, 48) = 98.4896,
p < 0.001], catecholase [F(1, 48) = 78.7658, p < 0.001], and
laccase [F(1, 52) = 30.451, p < 0.001]. While damage did not
affect laccase tpPO activity, it elevated overall cresolase [F(2,

48) = 9.2281, p < 0.001] and catecholase [F(2, 48) = 5.2131,
p < 0.01] tpPO activity.

The overall level of PO was more variable than tpPO levels,
as it was affected by nutrients [F(1, 40) = 73.6032, p < 0.001,
Figure 2], damage [F(2, 40) = 30.7031, p < 0.001, Figure 3], and
timepoint [F(2, 40) = 8.8214, p < 0.001] along with the combined
influence of nutrients and damage [F(2, 40) = 8.8236, p < 0.001]
and nutrients and timepoint [F(2, 40) = 4.3326, p < 0.05].
In contrast to the overall patterns in PO levels, catecholase
PO activity was only affected by nutrients [F(1, 48) = 65.1892,
p < 0.001] and damage [F(2, 48) = 16.1323, p < 0.001]. While
mechanical damage had a particularly strong effect on increasing
catecholase PO activity (p < 0.01) there was also an increase
in response to predation although it was not significant after
adjusting for the multiple a priori comparisons (p < 0.05).

On the other hand, cresolase and laccase PO activity were
both affected by not only nutrients, damage, and timepoint but
also the interactions between nutrients and damage as well as
nutrients and timepoint. While a priori post-hoc tests revealed
that predation (p < 0.001) and mechanical damage (p < 0.001)
elevated laccase PO levels as a whole, particularly under enriched
nutrient levels (p < 0.001), cresolase PO was only significantly
elevated in combination with enriched nutrient levels and either
predation (p < 0.001) or mechanical damage (p < 0.001).

When examining the ratio of PO to tpPO for the different
phenoloxidase enzymes, cresolase ratios were affected by the
interaction of nutrients and damage [F(2, 48) = 5.7124, p < 0.01]
while catecholase ratios were only affected by nutrients [F(1,

52) = 9.1486, p < 0.01]. On the other hand laccase ratios were
affected by nutrients [F(1, 48) = 33.0044, p< 0.001], damage [F(2,

48) = 13.8797, p < 0.001], and the interaction between nutrients
and damage [F(2, 48) = 8.6651, p < 0.001]. While nutrients
decreased the ratios (p < 0.001), predation damage increased the
ratios (p < 0.01) while mechanical damage had no significant
effect on the ratios. This suggests that while nutrients decrease the
level of PPO to PO conversion, predation damage in particular
causes a higher level of conversion to the active PO enzyme.

Generalized Linear Mixed Effects Models
of PO Activity in Relation to Experimental
Conditions
First Post-damage Sampling
When we tested for the best predictors of PO activity, we found
that nutrient enrichment improved the model fit over the null
model for tpPO [LRT: χ2(4) = 13.92, p < 0.001] and PO [LRT:
χ2(4) = 12.67, p < 0.001] catecholase activity as well as tpPO
[LRT: χ2(4) = 14.49, p < 0.001] and PO cresolase activity [LRT:
χ2(4) = 11.68, p < 0.001]. Predation type marginally improved
fit for PO cresolase activity [LRT: χ2(4) = 5.86, p = 0.054].
Nutrient enrichment also significantly improved the model fit
for tpPO laccase activity [LRT: χ2(4) = 9.50, p = 0.002] while
none of the predictors were better than the null model for PO
laccase activity.

Second Post-damage Sampling
Nutrient enrichment improved the model fit for both tpPO
[LRT: χ2(4) = 17.65, p < 0.001] as well as PO [LRT:
χ2(4) = 10.88, p < 0.001] catecholase activity. Both the
percent of the colony wounded [LRT: χ2(4) = 6.67, p = 0.009]
as well as the number of wounds on a colony [LRT:
χ2(4) = 5.75, p = 0.016] improved model fit for PO catecholase
activity, suggesting an increase in catecholase activity with
increased predation. Nutrient enrichment improved the model
for cresolase tpPO [LRT: χ2(4) = 14.93, p < 0.001] while
cresolase PO was improved by both nutrient enrichment
[LRT: χ2(4) = 10.48, p = 0.001] as well as parent colony
identity [LRT: χ2(7) = 12.65, p = 0.013]. The model for
laccase tpPO was improved by nutrient enrichment [LRT:
χ2(4) = 9.79, p = 0.001] while the model for laccase PO
was improved by the number of wounds on a colony [LRT:
χ2(4) = 4.46, p = 0.035].
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FIGURE 2 | The level of tpPO and PO (±SD) in the coral P. porites for (A) tyrosinase-type catecholase, (B) tyrosinase-type cresolase, and (C) laccase phenoloxidase
activity after 1 week of exposure to either ambient or enriched nutrient levels.

DISCUSSION

This study is the first to examine both the combined and
independent effects of nutrient enrichment and predation
on essential immune pathways used to combat infectious
agents in a coral. Our findings indicate that nutrients
differentially affect tyrosinase-type (i.e., catecholase and
cresolase) and laccase-type phenoloxidase immune pathways
in the scleractinian coral Porites porites. This discovery is
timely and important, as it may represent a mechanism
explaining why coral disease increases with nutrient
enrichment (Bruno et al., 2003; Voss and Richardson, 2006;
Vega Thurber et al., 2014; Zaneveld et al., 2016). Nutrient
pollution may trigger the loss of immune competence,
contributing to the increased prevalence and severity of
coral disease in areas of higher nutrient levels. This finding
is particularly alarming, as anthropogenically derived
nutrients on coral reefs continue increasing with the
development of coastal areas (Fabricius, 2005; Todd et al.,
2010; Nava and Ramírez-Herrera, 2012).

Differential Responses of Tyrosinase vs.
Laccase Type PO Pathways
Specifically, nutrients elevated laccase activity and suppressed
tyrosinase-type activity, which is more cytotoxic against invaders
making it normally preferred under healthy conditions (Cerenius
and Söderhall, 2004; Cerenius et al., 2008, 2010). Nutrient
pollution has also been shown to destabilize coral microbiomes
and increase the dominance of bacteria believed to be

pathogenic (Zaneveld et al., 2016; Shaver et al., 2017),
which would require an immune response from the coral to
regulate or defend themselves from these potentially disease-
causing species. As studies have already demonstrated that
enzymatic activity of phenoloxidase enzymes in corals will
increase in response to immune elicitors (Palmer et al.,
2011b; Fuess et al., 2018) as well as pathogens (Zhou et al.,
2019), this suppression of tyrosinase-type activity might be
the result of the depletion of the reserve tyrosinase-type
proPO enzyme levels.

The increase in laccase activity in response to nutrient
enrichment might be more beneficial for corals that are
already stressed from high nutrient levels and have lower
tyrosinase-type activity, despite its lower cytotoxicity than
tyrosinase-type activity. In fact, we observed an interaction
between damage from predation and nutrients suggesting
that the increased laccase activity might be fulfilling an
immunological role within the coral and defending it from
pathogens introduced by predation. Alternatively, this increased
laccase activity might simply be due to the process of
wound healing as suggested by a recent study (Palmer,
2018) rather than immune defense from pathogens. Future
experiments that link increased laccase activity to specific
functions will be important to improving our understanding
of how this pathway contributes to coral immunity in
response to predation.

Increased nutrient availability severely decreased the
enzymatic activity, particularly tpPO, for both tyrosinase-type
enzymes (i.e., catecholase, cresolase) examined in this study.
The suppression of enzymatic activity in these pathways is
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significant as tyrosinase-type phenoloxidase activity has been
positively correlated to immunocompetence in diverse coral
species (Palmer et al., 2008, 2010, 2012a). Previous studies
on corals have shown that the level of catecholase tpPO is a
strong predictor of disease susceptibility (Palmer et al., 2012a),
possibly due to an increased capability of colonies with higher
baseline tpPO levels to mount an immediate antimicrobial
response against pathogens. In this study, we found that nutrient
enrichment lowered overall catecholase and cresolase activity,
particularly tpPO, across all three sampling time points. It is
essential the coral host have sufficient tpPO reserves that can be
quickly converted into their active form to carry out an immune
response via the encapsulation and phagocytosis of pathogens
along with the production of cytotoxic intermediates. If nutrient
enrichment decreases baseline tpPO, then the capacity of a
coral to mount a quick and effective immune response via the
phenoloxidase pathway is likely hindered as well.

Interplay and Potential Cumulative
Effects of Stressors on Immune
Responses Over Time
Compounding the detrimental effect of nutrients on
phenoloxidase activity, nutrient enriched corals at the
second post-damage sampling had ∼2× more of the colony
impacted by predation than control corals (Supplementary
Material S2). It is possible that the nutrient-induced decrease
in phenoloxidase activity, which is known to facilitate wound
healing (D’Angelo et al., 2012; van de Water et al., 2015a),
could have contributed to this trend by limiting the capacity
of nutrient enriched corals to heal their wounds similarly to
previous studies (Zaneveld et al., 2016). Thus, the increased
damage in enriched corals as time progressed might be due to
the effects of either decreased wound healing via suppression
of phenoloxidase activity or increased predation or, more
likely, the combination of the two. Nevertheless, this increased
accumulation of damage from predation on enriched corals
over time has important implications for the interplay of
predation, nutrient enrichment, and coral disease dynamics.
Not only has predation by itself been implicated as a vector for
coral disease (Williams and Miller, 2005; Gignoux-Wolfsohn
et al., 2012), but predation has also been associated with
higher mortality rates in corals under enriched nutrients and
destabilization of coral microbiomes (Zaneveld et al., 2016,
2017). If predators can serve as vectors for disease in corals,
then the accumulation of increased damage over time from
predation on enriched corals also increases the likelihood
of the introduction of pathogens that could coincide with
suppressed immune responses in corals also exposed to higher
nutrient levels.

In contrast to the suppressive effect of nutrients on tyrosinase-
type tpPO activity, the accumulation of damage in corals
over time correlated with increased catecholase and laccase
PO activity and marginally increased cresolase PO activity
similarly to previous studies (van de Water et al., 2015a; Palmer,
2018). This increased phenoloxidase activity might represent
an increased cytotoxic defense response toward pathogens or

disease. Interestingly, the increase in catecholase PO activity
after damage was only present in ambient corals despite the
higher level of damage from predation on nutrient-enriched
corals. Differences in catecholase PO activity could be due
to immunosuppression of nutrient-enriched corals, preventing
them from mounting an immune response through the classical
tyrosinase-type phenoloxidase immune pathways. However,
increased laccase PO activity after sustained damage was
present under both enriched and ambient nutrient conditions.
One potential explanation for this is that the increased
laccase PO activity might be carrying out wound healing
or structural reinforcement functions in damaged tissues as
has been previously proposed (van de Water et al., 2015a;
Palmer, 2018). Overall, the contrasting responses between
laccase-type and tyrosinase-type PO activity in response to
damage and nutrient enrichment suggest they possess distinct
functional roles.

Physiological/Ecological Implications
Out of the three types of phenoloxidase enzymes examined in
this study, only laccase-type phenoloxidase enzymes exhibited
a specific response to predation, suggesting they play a
role in responding to tissue damage. Laccase PO activity
was elevated in corals after predation at both post-damage
timepoints but was only marginally elevated in response to
mechanical damage when in the presence of elevated nutrient
levels. As laccase PO activity has been correlated to disease
susceptibility in corals (Palmer et al., 2012a), increases in laccase
PO activity might signal a long-term attempt by the coral’s
immune system to eliminate a pathogen. In the context of
this study, this would suggest that predation by corallivores,
in contrast to mechanical damage, may have transmitted
pathogens directly into the wound and increased the coral’s
susceptibility to downstream disease processes regardless of
nutrient enrichment.

Overall, the suppression of an important immunity pathway
in corals due to enriched nutrient levels is an important step
for understanding the effect of nutrients on coral health and
disease dynamics. While nutrients have already been shown
to influence coral disease dynamics (Bruno et al., 2003; Voss
and Richardson, 2006; Vega Thurber et al., 2014) through the
change in the abundance (Shaver et al., 2017) and virulence
of pathogens (Vega Thurber et al., 2009), we now demonstrate
that a suppressed host immune system could be a contributor
to altered disease dynamics under nutrient enrichment. The
decreased tpPO catecholase activity levels suggest that under
nutrient enrichment P. porites has a limited capability to launch
a quick, immune response when damaged. Furthermore, we
identified predation-specific elevation in the laccase PO activity
that requires future exploration to determine if this relates to
previous hypotheses that parrotfishes can serve as vectors of coral
disease. Notwithstanding, it is critical that we mitigate rising
levels of nutrient pollution to coral reefs, as our findings indicate
that this stressor likely hinders the immunological capacity of
corals to respond to pathogens and contributes to documented
patterns of increased disease and mortality on coral reefs.
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Potential Future Studies
One limitation of enzymatic assays is the inability to discriminate
between different sources of a particular enzyme. Due to the
widespread prevalence of laccase-type PO activity in organisms
ranging from bacteria to invertebrates, an important next step is
to confirm the component of the coral holobiont responsible for
increased laccase PO activity in response to predation. The coral
holobiont also contains symbiotic bacteria, archaea, and fungi,
all of which have been documented to produce laccase enzymes
in other systems (Thurston, 1994; Mayer and Staples, 2002;
Claus, 2004), therefore the generation and incorporation of omics
data are needed. Interestingly, laccase enzymes are a common
virulence factor employed by many species of fungi (Thurston,
1994), a member of the coral holobiont that is still not very
well-understood (Bonthond et al., 2018). However, it has been
suggested that some fungi might be potential parasites/pathoges
in coral holobionts (Le Campion-Alsumard et al., 1995). If the
observed increased laccase activity in the present study originated
from fungal symbionts within the coral holobiont, instead of
representing an increased immune defense, increased laccase
activity could actually represent increased pathogenicity of a
microbiome member toward the coral animal.
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