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1 | INTRODUCTION microbiological responses are highly localized. Relative to diseased samples, apparently

healthy portions of cMWS corals differed in immune activity and in the relative abundance of
Coral reefs are among the most diverse and

. . microbial taxa. Coral tissues with cMWS showed decreased tyrosinase- type catecholase and
productive ecosystems in the world

(Connell, 1978; Odum & Odum, 1955; tyrosinase- type cresolase activity and increased laccase- type activity. Catecholase and

Reaka- Kudla, 1997). However, coral reefs| cresolase activity were negatively correlated across all tissue types with microbiome richness.
are declining rapidly due to global climate] The localized effect of cMWS on coral microbiology and immunology is probably an important
change and increased frequency and  reason for the slow progression of the disease. This local confinement may facilitate
severity of disease outbreaks globally
(Harvell & Lamb, 2020; Harvell et al., 2002;
Lafferty et al., 2004; Peters, 2015; Plowright
et al., 2008; Pollock et al., 2011; Sutherland
et al., 2004). Despite the high incidence and with white syndrome.

interventions that focus on localized treatments on tissue types. This study provides an
important baseline to understand the interplay between the microbiome and immune system

and the mechanisms used by corals to manage chronic microbial perturbations associated

prevalence of coral diseases and their
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devastating impacts on coral reefs, little is
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known about the mechanisms of pathogen

transmission and defense, as well as agents Montipora white syndrome (MWS) is a disease that results in tissue loss in

responsible for infection (Bruno et al.,, 2007; Kline & Vollmer, 2011). the reef building coral, Montipora

This is an open access article under the terms of the Creative Commons Attribution- NonCommercial- NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made. © 2021 The Authors. Molecular Ecology published by
John Wiley & Sons Ltd

Molecular Ecology. 2021;30:2591-2606. wileyonlinelibrary.com/journal/mec | 2591
L-Tyrosine FIGURE 1 Depiction of the

hypothesized melanin synthesis pathway in M. capitata with reference from insects. Components of the pathway measured in this study have their

chemical structure illustrated. Cresolase activity was measured using L- tyrosine activity
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capitata. This disease has been predominantly reported in Hawai'i (Aeby,
2006; Friedlander et al., 2008) where several MWS outbreaks have been
documented over the last decade (Aeby et al., 2010, 2016).

MWS can occur as a chronic, slow moving disease with widespread
tissue loss (cMWS) (Ushijima et al., 2012), or as a fast- progressive tissue
loss disease called acute MWS (aMWS) (Aeby et al., 2016; Ushijima et al.,
2014). Although previous culture- dependent experiments have implicated
two Vibrio species as causative agents of MWS (Ushijima et al., 2012, 2014),
there are still many gaps in our understanding of how coral bacterial
communities shift during pathogen invasion and the disease associated
immune responses.

The coral holobiont is a complex association between the coral host and
various partners, which can include diverse bacteria, archaea, microbial
eukaryotes (most prominently endosymbiotic dinoflagellates of the family
Symbiodiniaceae, but also others including fungi, endolithic algae, and
apicomplexans), and viruses (Bentis et al., 2000; Bourne et al., 2016; Rohwer
et al., 2002; Schlichter et al., 1997; Upton & Peters, 1986). The coral-
associated bacterial community contributes to the health of the coral by
providing a heterotrophic source of nutrition (Bak et al.,1998; Sorokin,
1973), as well as cycling of nitrogen (Shashar et al., 1994; Siboni et al., 2008),
carbon, sulphur (Kimes et al., 2010), and phosphorus (Ferrier- Pages et al.,
2016). These interactions depend on the homeostasis between the coral
host and associated microorganisms and rely on the capacity of the immune
system to recognize and accept mutualists and identify pathogens. Despite
the importance of the coral- associated bacterial community to coral
performance and function, there is a lack of knowledge of how the microbial

community interacts with the immune system of the host.
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All animals use the innate immune system for

self/nonself- recognition and protection from
invading  microorganisms and

Catecholase . .
parasites (Irving et al., 2004). The
melanin  synthesis pathway has been associated with
immunity in invertebrates (Nappi & Ottaviani,
2000), including v corals (Palmer et al., 2010). This

pathway is triggered by pathogens causing the

Dopaquinone
melanin around foreign entities or
wounds to protect the host (Mydlarz et al.,, 2008;

Mydlarz, McGinty et al., 2009; Palmer et al., 2011). In invertebrates, the

deposition of

melanin pathway is activated by the proteolysis of proenzymes leading to
the cleavage of prophenoloxidase (proPO) and the formation of
phenoloxidase (PO). In insects, PO activity has been shown to combat
infection by pathogens by promoting host defensive mechanisms such as
phagocytosis (Cerenius et al., 2008). Additionally, in Drosophila sp.,
increased PO activity increases resistance to fungal infection (Tang et al,,
2006). Decreased PO activity has also been associated with increased
disease occurrence in corals (Mydlarz & Palmer, 2011; Pollock et al., 2019)
and it is hypothesized that PO activity is associated with coral disease
susceptibility. Specifically, in WS infections in corals, PO activity is shown to
be higher at the onset of disease and is probably a mechanism used by corals
to slow down or stop the progression of disease (Pollock et al., 2019).
However, studies to date have only researched one enzymatic substrate in
association with disease.

Synthesis of melanin (melanization) is an important innate immune
response that can occur by the tyrosinase- type and the laccase- type
pathways (Mydlarz & Palmer, 2011) (Figure 1). The tyrosinase- type melanin
synthesis pathway is associated with wound healing (Palmer, Traylor-
Knowles, et al., 2011). This pathway has been well studied in invertebrates
but the role of the laccase- type pathway requires further research (Palmer
& Traylor- Knowles, 2012). Laccase- type pathways are probably involved in
reinforcing damaged tissue, clot formation, and exoskeleton reinforcement
(sclerotization) in invertebrates (Arakane et al., 2005; Mydlarz & Palmer,
2011; Palmer et al., 2012; Palmer, Traylor- Knowles, et al., 2011). Both, the
tyrosinase and laccase- type pathways have been found in corals (Palmer &
Traylor- Knowles, 2012) and differing affinity to pathway substrates
suggests preferential use of a particular melanin synthesis substrate
(Mydlarz & Palmer, 2011).

In this study, we examine shifts in the microbial community and immune
response in healthy and diseased coral tissues to better understand the
mechanisms associated with the dynamics and progression of white
syndrome disease in M. capitata. We measured the total potential PO
(tpPO) activity in diseased and healthy tissues of Montipora capitata by
using the melanization pathway as a proxy for immunocompetence (van de
Water, Leggat, et al., 2015). The enzymatic pathway components tested in
this study have been previously found in corals and show different affinities

for the different coral substrates (Mydlarz & Palmer, 2011). However, this is
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the first study to examine multiple components of the PO pathway in
diseased and healthy corals and to investigate laccase- type activity in corals
in relation to disease. To better understand the link between the immune
response and the dynamics of the microbial consortia, we examined the
microbial community in healthy and diseased tissues associated with cMWS
using 16S rRNA gene amplicon sequencing. Measuring both parameters in
the same tissue sample allowed us to assess how immune responses are
associated with the microbial community during cMWS. We hypothesize
that cMWS will cause a shift in the microbial community, that healthy
tissues will have higher enzyme activity as they are actively fighting the
oncoming infection and that levels of the components of the PO pathway
will be suppressed in the diseased tissues due to a severely compromised
immune system. Results from this study provide important insight into how
cMWS affects M. capitata at the microbial community level and how the

corals use the PO pathway to combat this disease.

2 | MATERIALS AND METHODS

2.1 | Sample collection

Samples from Montipora capitata (2 cm in size) were collected from a patch
reef located in Kane'ohe Bay, O’ahu, Hawai'i on the east side of the Hawai'i
Institute of Marine Biology (21.428°N, 157.792°W) in October, 2017.

Samples were collected at a depth of approximately
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FIGURE 2 Two representative photographs of (a) a healthy
Montipora capitata colony and (b) an infected M. capitata colony
with cMWS. M. capitata exhibits high phenotypic plasticity (Forsman
etal., 2010)

1-2 m. Five healthy colonies (HT) and five colonies manifesting cMWS were
sampled. For colonies manifesting cMWS, two samples were obtained, one
from the diseased portion (WS) and another one from the healthy part of
the tissue (WSH) (Figure 2). WS samples were collected 1 cm from the
healthy/disease boundary while WSH samples were collected 2 to 3 cm
from the healthy/disease boundary. Samples were snap frozen in liquid
nitrogen immediately after collection and stored at — 80°C until further

analysis.

2.2 | Immune assays

Immunocompetence, the ability of an organism to elicit an immune
response, was measured using five substrates in the PO pathway. The
substrates used in this study were indicative of catecholase, cresolase, and
laccase activities, which have been previously studied in several species of
corals in the Caribbean (Mydlarz & Palmer, 2011). Tyrosinase- type
catecholase activity was measured using three substrates: dopamine, |-
DOPA, and 4- methylcatechol. Tyrosine- type cresolase activity was
measured using |- tyrosine. Laccase- type activity was also studied as a
potential component of the innate immune response using hydroquinone
as a substrate (Figure 1).

Coral immune assays were performed as previously described (Mydlarz
et al., 2009; Mydlarz & Palmer, 2011; Palmer et al., 2011). Briefly, 2 ml of
tissue slurry was obtained by airbrushing (IWATA Eclipse) the coral sample
with extraction buffer (100 mM TRIS buffer +0.05 mM dithiothreitol). The
slurry was homogenized on ice for 30 s using a hand- held tissue
homogenizer (IKA Works) and centrifuged (15,000 g) for 10 min (Beckman
Coulter) at 4°C to remove cellular debris. The supernatant was aliquoted
and stored at — 20°C for future analysis.

Protein concentrations were estimated using a Bradford assay (#23236,
Thermo Fisher Scientific) with Coomassie G- 250 dye (Bradford, 1976).
Standards were created using bovine serum albumin (BSA; Pierce/Thermo
Scientific) and protein concentrations were estimated by measuring the
absorbance of the extracts at 595 nm and comparing them with the
standard curve. Absorbances were quantified using a spectramax M2
microplate reader (Molecular Devices).

PO immune assays were performed to target the previously identified
components of the melanin synthesis pathway in triplicate by adding 20 pl
of protein extract to a 96 well microtitre plate. Next, 50 pl of phosphate
buffer (10 mM, pH 7.0) was added to the well followed by 20 pl of trypsin
(0.2 mg/ml). Trypsin was added to the reaction to convert proPO into PO.
This ensured the measurement of total potential PO (tpPO) activity. The
plate was incubated for 30 min followed by the addition of 30 ul of |-
tyrosine, dopamine, I- DOPA, 4- methylcatechol, or hydroquinone (10 mM

stock) to the wells. The plate was read every five minutes for 30 min on a
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spectraMax M2 microplate reader (Molecular Devices) at 490 nm for assays
with I- tyrosine, dopamine, I- DOPA, or hydroquinone as the substrate.
Spectrophotometer readings were conducted at 410 nm for 4-
methylcatechol. Enzymatic activities were calculated by subtracting the
optical densities of the final reading from the initial reading and are

presented as AOD per mg protein per min.

2.3 | DNA extraction

Total DNA was extracted using the Pure Link Plant Total DNA purification
system (Invitrogen). Half centimeter coral samples (N = 15) were ground
with a mortar and pestle in liquid nitrogen and then immediately
transferred to 15 ml conical tubes containing 250 ul buffer R2. Then,
samples were homogenized for 30 s using a tissue homogenizer (Tissue
Ruptor, Qiagen) and immediately transferred to 1.5 ml centrifuge tubes.
The Pure Link protocol was then followed. Sample purity was measured
using a NanoDrop ND1000 spectrophotometer (NanoDrop Technologies).
Samples showing good quality and concentrations were sent to Molecular

Research LP for 16S rRNA amplicon sequencing.

2.4 | 16SrRNA gene amplicon sequencing

The V4 variable region of the 16S rRNA gene was amplified using the 515F
(5'- GTGCCAGCMGCCGCGGTAA- 3’) and 806R (5"-
GGACTACHVGGGTWTCTAAT- 3') primer set (Caporaso et al.,

2011). Amplification was conducted using a single- step 30 cycle PCR using
HotStarTaq Plus Master Mix (Qiagen) under the following conditions: 94°C
for 30 s, 53°C for 40 s, and 72°C for 1 min. A final elongation step at 72°C
was conducted for 1 min. Sequencing was performed on an lon Torrent
PGM following manufacturers guidelines at Molecular Research LP.
Sequences are deposited in NCBI as SRA project PRINA662110. Initial
sequencing resulted in collection of 1,162,455 total reads, with an average
read depth of 77,497 (+34,928 SD) sequences per sample (Table S1A).

2.5 | Microbial sequence data quality control and
initial processing

16S rRNA gene amplicon sequence data from Molecular Research LP were
processed using the qive2 software package (Bolyen et al., 2019). All
processing GitHub
(https://github.com/sonet td/MWS). The forward read from Molecular

steps for quality control are available on
Research LP was imported into gime2 and demultiplexed (using the giime
cutadapt demux- single method). Sequences were then denoised and
chimaera- checked (using the giime dada2 denoise- pyro method) to
generate amplicon sequence variants (ASVs) (Callahan et al., 2016). Because
mitochondria and chloroplasts share common ancestry with free- living
bacteria, but derive from host tissues, the presence of organelle SSU rRNA
sequences can complicate microbial community analyses (D Sonett, T
Brown, J Bengtsson- Palme, JL Padilla- Gamino, J Zaneveld in preparation).
Therefore, we took care to identify such sequences during taxonomy

annotation so they could be removed in silico prior to downstream analysis.

BROWN et al.
To accomplish this, taxonomic annotations were assigned by g2 feature-
classifier classify- consensus- vsearch using a custom reference taxonomy
consisting of 99% OTUs from the SILVA 132 (Quast et al., 2012; Yilmaz et al.,
2014) reference supplemented with coral mitochondria sequences from the
Metaxa2 database (Bengtsson- Palme et al., 2015; DeSantis et al., 2006;
Rognes et al., 2016). The percentage of sequences that derived from
organelles ranged from <0.02% to ~77% between samples, emphasizing the
importance of careful annotation of organelle sequences prior to analysis.

Once annotated, chloroplast and mitochondria sequences were removed.

2.6 | Microbial community alpha and beta
diversity analysis

Following quality control, we assessed microbiome alpha- and beta-
diversity. In order to allow us to use phylogenetic alpha and beta diversity
metrics, a fragment insertion approach was used to insert short microbial
16S rRNA reads into a reference phylogeny. Sequences were placed on the
QIIME2- compatible SILVA 128 tree included with the sepp software using the
giime fragment- insertion sepp method (Quast et al., 2012; Yilmaz et al.,
2014).

Alpha- and beta- diversity metrics were generated using the giime
diversity core- metrics phylogenetic method after rarefaction to 25,082
sequences per sample (the sequencing depth of the shallowest sample).
Rarefaction reduces statistical power, but protects against false- positive
results attributable to unequal sequencing depth between samples without
the need to make strong assumptions about the distribution of microbial
species within samples (Weiss et al., 2017). Alpha diversity was assessed
using the number of unique observed ASVs in rarefied samples (a measure
of community richness), Simpson's Evenness index (a measure of
community evenness), and Shannon's diversity index (which combines
richness and evenness). Overall differences in alpha diversity across health
states were tested using Kruskal- Wallis tests. Post hoc comparisons were
performed automatically in QIIME2 (via a procedure that produces
equivalent p- values to a Mann- Whitney U post hoc test). The false
discovery rate (FDR) for pairwise tests between health states was controlled
using FDR g- values as reported by QIIME2. We assessed beta diversity
between samples using Weighted UniFrac distances and Bray- Curtis
dissimilarities. The significance of differences in beta- diversity between
health states was tested using PERMANOVA (Anderson, 2001). Significant
results in PERMANOVA may indicate either a change in mean community
composition by health state (i.e., clustering) or alterations in dispersal (i.e.,
spread or variance). Therefore, PERMDISP was used to assess whether beta-

diversity differences were driven by changes in dispersal.

2.7 | Joint analysis of microbial and
immunological data

We sought to compare the overall pattern of changes in coral's immune
parameters versus their associated microbial communities. To facilitate

this, we manually constructed a table of the results of all immune assays (I-
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tyrosine, I- DOPA, dopamine, 4- methylcatechol, and hydroquinone used as
substrates) in each coral sample. After Z- score normalizing the table so
each assay contributed equally we then generated a Euclidean distance
matrix from that table. In this distance matrix, coral samples with more
divergent measurements in the immunological assays were assigned
proportionally greater distances. This Euclidean distance matrix was then
subjected to principal coordinates analysis for visualization. We also
constructed individual distance matrices for each immune parameter to
allow for separate testing.

To test for potential correlations between microbiome alpha diversity
and innate immune parameters, microbiome richness (measured by
observed ASV’s in rarefied samples) and evenness (measured by Simpson's
evenness index) were compared against health state and innate immune
parameters using nonparametric tests. The Kruskal- Wallis test was used to
test for associations between health state (WS, WSH, and HT) and alpha
diversity while Spearman correlations were used to test for correlations
between innate immune parameters and microbiome alpha diversity.

A weighted gene correlation network analysis (wgecna) was conducted on
bacterial count data and immune assay results to elucidate if any co-
occurring clusters of bacterial families were mirroring innate immune
parameters. The wgena r package (weena V 1.69; Langfelder & Horvath, 2008)—
most commonly used to analyse transcriptomic data— was employed here
to infer co- occurring groups of bacteria (“modules”) using a hierarchical
clustering analysis on a correlation network created from the count- based
microbial data. Default settings were used in running the package with
minimal modification. When clustering microbial families, the
minModuleSize was set to 10 and the mergeCutHeight was 0.9 with a soft
threshold of 12. Module- trait relationships were then calculated from this
initial clustering. In this analysis, a step- by- step network was constructed
and modules were detected using the topology overlap matrix (TOM). In the
end, similar modules were merged (minModuleSize =30) (Langfelder &
Horvath, 2008). Final module- trait correlations output by wgcna controlled

for the FDR using the method of Benjamini—Hochberg.

2.8 | Statistical analysis of microbial taxonomy

All other statistical analyses of microbial taxonomy were conducted using
spss V 26 (IBM). The top 10 bacterial families in each sample type (45 total
families) were selected for taxonomic analysis. The significance of
differences in relative abundance for bacterial families across the three
health states were analysed with a generalized linear mixed model (GLMM)
using colony as a random factor and tissue type as a fixed factor to
determine differences at an « = 0.05. The Benjamini- Hochberg FDR was
used to control false discovery rate across bacterial families, and families
with FDR g < .05 were taken as significant. Tests were used to compare
healthy versus diseased tissue taking into account that WS and WSH
samples came from the same coral colony. All three disease states were
compared for all 45 families. Estimated marginal means were used to
further compare differences in the relative abundance of bacterial families

between health states. Additionally, swarm plots were generated to show
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the abundance of the top 10 bacterial families across health states using the
seaborn 0.11.0 python library (Waskom et al., 2020).

To assess whether any bacterial families or genera were indicators of
particular health states (HT, WSH, WS) we used the indicspecies package
(version 1.7.9; De Caceres et al., 2016) in R.

2.9 | Statistical analysis of
immunological parameters

Statistical analyses of immunological parameters were conducted using spss
V 26 (IBM). PO activity assays (tyrosine, - DOPA, dopamine, 4-
methylcatechol, or hydroquinone) were averaged for the triplicate runs.
Immunity data were tested for normality and homoscedasticity using the
Shapiro- Wilk's and Levene's tests respectively prior to performing
statistical analyses. Differences in immune assays were assessed by health
states with a general linear mixed model using individual as a random factor
and tissue type (WS, WSH, and HT) as a fixed factor to determine differences
at an a = 0.05. Tests were used to compare healthy versus diseased tissue
taking into account that WS and WSH samples came from the same coral
colony. All three disease states were compared for the five immune assays.
Estimated marginal means were used to further compare differences

between health states within each of the five immune assays.

3 | RESULTS

3.1 | Immunocompetence

Proxies for immunocompetence— measured by enzymatic activity on I-
DOPA, dopamine, 4- methylcatechol, I- tyrosine, and hydroquinone—

revealed differences between health states in
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activity of three enzymatic assays: - DOPA, dopamine, and 4-
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methylcatechol as per Mydlarz and Palmer (2011). Similar to Palmer and et
al. (2011), we found that different substrates testing for catecholase activity
showed differing patterns across tissue types. In our study, overall
catecholase activity was higher in WSH than HT samples (GLMM, p = .016,
data not shown). Catecholase activity, using - DOPA and dopamine as
substrates, exhibited differences between health states (GLMM, p = .002,
GLMM, p =.005, respectively, Figure 3a,b). Catecholase activity with - DOPA
as substrate showed lower activity in WS tissues than WSH (EMM, p = .002)
and HT tissues (EMM, p = .003). Catecholase activity with dopamine as
substrate showed higher activity in WSH tissue when compared to WS tissue
(EMM, p =.004) and HT tissue (EMM, p = .004). There was no difference in
activity in catecholase activity between tissues when 4- methylcatechol was
used as a substrate (GLMM p = .546, Figure 3c).

Tyrosinase- type cresolase activity was measured using |- tyrosine as a

substrate. Significant differences were observed between health

FIGURE 3 Substrate absorbance levels of L- DOPA (a), Dopamine (b), 4- Methylcatechol (c), Tyrosine (d), and Hydroquinone (e). Bar graph colours

indicate enzyme type: tyrosinase- type catecholase- purple, tyrosinase- type cresolase- red, laccase- type- blue. Different letters over bars indicate

significance (p < .05). Bars indicate standard error of the mean. HT, healthy colony; WS, diseased tissue in diseased colony;

WSH, healthy tissue in diseased colony
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FIGURE 4 Relationship of microbiome richness relative to coral disease state and immunology. (a) Comparison of overall microbiome richness (observed

ASVs in rarefied samples) with disease state. WS, diseased tissue in diseased colony (n = 5), WSH, healthy tissue in diseased colony (n = 5) and HT,

healthy colony (n = 5). Diseased sections of diseased Montipora capitata colonies have nearly twice the microbiome richness as healthy individuals. (b)

Comparison of microbiome richness with enzyme activity (- tyrosine used as a substrate) levels. Corals with higher levels of enzyme activity showed
lower levels of microbiome richness (Spearman r =—.8178, r? = .661, Bonferroni- corrected p = .00106), (c) Comparisons of microbiome richness with

enzyme activity (L- DOPA used as substrate) levels. Corals with higher levels of enzyme activity showed lower levels of microbiome richness. (Spearman r

=—.765, r> = .5856, Bonferroni- corrected p =.00513)
states (GLMM, p = .036, Figure 3d). Specifically, WS tissue showed lower

activity than both healthy tissue types (WS vs. WSH, EMM, p = .038; WS vs.
HT, EMM, p =.020) but no significant difference was found between WSH
and HT tissue (EMM, p =.203).

Laccase- type activity was measured using hydroquinone as a substrate
and differences in activity were found between heath states (GLMM, p <
.0001 Figure 3e). Specifically, laccase- type activity was higher in WS (EMM,
p =.017) and WSH tissues (EMM, p = .001) when compared to HT tissue.
There was no difference in laccase- type activity when comparing tissue
types on diseased colonies (WS vs. WSH, EMM, p = .089).

3.2 | Sequence quality control and
removal of organelle sequences

We used high- throughput sequencing of 16S rRNA gene amplicons to
compare microbial communities across disease states. After sequence
quality control, including denoising, chimaera- checking and removal of
chloroplasts and coral mitochondria, 538,105 total nonorganelle SSU rRNA
gene sequences remained (Table S1A,B). The sequence with the fewest
remaining reads had a read depth of 25,082 sequences (Table S1A). All

samples were rarefied to that depth prior to statistical analysis.

33 | cMWS infected corals show increased
microbiome richness but not evenness

We examined microbiome richness and evenness in three health states.
Amplicon sequence variant (ASV) counts showed differences in microbial
richness between health states (Kruskal- Wallis, p = .046; Table S2A,B).
White syndrome (WS) tissues had on average roughly twice the richness of
healthy tissue (HT), and ~1.8- fold the richness of apparently healthy
portions of the same corals (WSH). However, pairwise comparisons were
not significant (Kruskal- Wallis test FDR g = .07; Table S2).

We calculated Simpson's evenness index for each sample, and used this
measure to analyse differences in evenness between samples (Table S2D).
There were no significant differences in evenness across health states
(Kruskal- Wallis, p = .54; Table S2E).

3.4 | Elevated |- tyrosine and L- DOPA correlate
with low microbiome diversity

We compared the levels of each measured immune parameter with
microbiome richness (Table S2C) and evenness (Table S2F). Higher levels of
cresolase activity (measured using - tyrosine) and higher levels of
catecholase activity (measured using - DOPA) were strongly associated with
lower levels of microbiome richness using Spearman correlation (- tyrosine:
Bonferroni- corrected p = .001, r = — .81, r* = .66; - DOPA: Bonferroni-
corrected p = .005, r = —.76, r*> = .58; Figure 4; Table S2C). Indeed, results
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from either |- tyrosine or L- DOPA assays alone were sufficient to explain
more than half of the variance in microbiome richness seen in this study
(i.e., both r > .5). Enzymatic activities measured using dopamine, 4-
methylcatechol, and hydroquinone were not significantly correlated with
microbiome richness (Table S2C). Microbiome evenness was not
significantly correlated with any measured enzymatic activities (Bonferroni-

corrected Spearman p = 1.0 for all samples; Table S2F).

3.5 | Beta- diversity ordination analysis

Ordination analysis of the ASV data revealed large differences in overall
microbiome composition of corals with cMWS relative to healthy corals.
Overall microbial beta- diversity differences between health status
categories were significant using either Bray- Curtis dissimilarity or
Weighted UniFrac (PERMANOVA,; Table S3A). Based on visual inspection of
PCoA plots, we thought there might be differences in dispersion across
health states, which could reflect Anna Karenina Principle effects (Zaneveld
et al., 2017). Although the elevated dispersion in cMWS tissue relating to
healthy colonies was nominally significant before FDR correction for Bray-
Curtis divergences (PERMDISP p = .019; Table S3B), we had compared all
health states and therefore this nominal significance may be attributable to
multiple comparisons (FDR g = .057). Moreover, no other significant
differences in dispersion emerged in any combination of health states and
beta- diversity metrics.

Both beta- diversity metrics showed most disease samples (WS)

clustering away from samples from healthy coral colonies (HT)

Axis 2
(15.36%)
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than the other bacterial community samples associated with M. capitata
(Figure 5 and Figures S2, S3). Interestingly, these three samples (MWS1,
MWS2, and MWS3) showed the greatest progression of disease. Using
Weighted UniFrac (a quantitative phylogenetic measure of beta-d iversity),
microbiomes were found to be distinct between apparently healthy (HT or
WSH) and diseased (WS) samples. Two outlying samples in the Weighted
UniFrac beta- diversity analysis, WS5 and WSH5 showed unique microbial
community composition relative to all other samples and each other.
Samples that are outliers from a central cluster under Weighted UniFrac but
not Bray- Curtis may reflect cases where a phylogenetically divergent
microbe has increased or decreased in relative abundance. For example,
sample WS5— an outlier in Weighted UniFrac— included 0.3% of class
Acidomicrobia, >4- fold more than any other sample (Figures S4—S7, Table
S4B). The converse case— in which a sample is an outlier in Bray- Curtis
analysis but not Weighted UniFrac— may reflect a large change in relative
abundance of one or more groups of microbes from well- represented taxa.
Together these results show that cMWS alters the abundance and/or

phylogenetic membership of coral microbiomes.

v 5}

v Diseased portion
of diseased coral (WS)

Healthy Coral (HT)

Healthy portion
of diseased coral (WSH)

FIGURE 5 Principal coordinate analysis
(PCoA) ordination of Weighted UniFrac
beta-diversity distances among coral

microbial communities assessed using
the V4 region of the 16S rDNA. Colours
of labels indicate type of disease sample:
orange, diseased tissue in diseased colony
(WS); pink, healthy tissue in diseased
colony (WSH); blue, healthy colony

(HT). Overall differences in microbial

Vv V communities between health states were

significant by PERMANOVA, however
pairwise comparisons were not significant
(Table S3). The outlying point in the
upper left is MWSS5 (see results for more
information). A similar ordination plot
using Bray-Curtis dissimilarities is shown
in Figure S3

Axis 1
(36.37%)

and the apparently healthy portions of diseased colonies (WSH). However,
the details of this clustering differed somewhat based on the dissimilarity
metric used. Using Bray- Curtis dissimilarity (a quantitative but
nonphylogenetic measure of beta- diversity), three of the five WS tissue

samples displayed a notably different bacterial community composition
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3.6 | Taxonomic analysis

In order to compare taxonomic changes by health state we first visualized

taxonomic annotations of all taxa with >10 reads at multiple taxonomic
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Gammaproteobacteria (Figures S6 and S7). To further explore potential

changes within the Proteobacteria with cMWS, we used GLMMs to test for
changes in the relative abundance of classes of Proteobacteria. Several

bacterial classes showed significant differences in relative abundance
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(a) Prevalence and distribution of the bacterial families identified in this study ordered by disease state. Named bacterial families are of

the top ten overall abundance families. (b) Swarm plots generated for the top 10 overall bacterial families by abundance. Colours in both panels
indicate disease state of sample: Blue = HT; Pink = WSH; Orange = WS. g values indicate GLMM values for the

levels (Figures S4—S11; Figure 6). Raw data on bacterial family

taxonomic annotations regardless of number of reads is available in Table
S4A- D, and was used for statistical analysis. All bacterial communities
associated with M. capitata samples were composed predominantly of the
phylum Proteobacteria (ranging from 38% to 92% relative abundance;
Figures S4 and S5; Table S4A). We tested for differences in the relative
abundance of Proteobacteria across health states, but did not detect
significant differences (GLMM, FDR g =.137). In MWS samples, members of
phylum Bacteroidetes were ~11x higher in relative abundance on average
than in WSH samples and ~13x higher in relative abundance than in HT
samples but this difference was not statistically significant (p = .06; Figures
S4 and S5; Table S4A).

We further analysed the Proteobacteria at the class level.
Alphaproteobacteria were the predominant bacterial class in almost all
samples making up 31%— 66% of reads (Figures S6 and S7; Table S4B). The
exception to the dominance of Alphaproteobacteria were samples WSH5

and WSH4 which were dominated by

across disease states (Figures S6 and S7). Betaproteobacteria (GLMM, FDR
g =.024) were enriched in apparently healthy tissues (HT and WSH) showing
significantly greater relative abundance in HT tissue (GLMM, FDR g = .009)
or WSH tissue (GLMM, FDR g = .05) when compared to WS tissues.
Conversely, Deltaproteobacteria (GLMM, FDR g = .027) showed greater
abundance in WS tissues when compared to WSH (EMM, FDR g = .032) and
HT (EMM, FDR g = .012). We did not find significant differences in
Alphaproteobacteria (GLMM, g = .604), Epsilonproteobacteria (GLMM, FDR
g = .343), or Gammaproteobacteria (GLMM, FDR g = .164) between health
states.

We also analysed differences in relative abundance at the genus level
for the most abundant bacteria regardless of taxonomy. In this analysis, we
included genera that were among the 10 most abundant in any sample (45
total genera, see Table S4E). The relative abundance of these top 10
bacterial genera ranged from 52% of the sample in HT3 to 93% of the
sample in WSH5 (Table S4E). Following control for the false discovery rate,
11 genera showed significant differences in relative abundance between
health states (Table S4E).
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3.7 | Microbial community comparison to health
state and immunity

Analyses using indicspecies and weighted correlation network analysis
(WGCNA) were also conducted to elucidate microbial families and genera
associated with the three health states (WS, WSH, and HT). The analysis
using the indicspecies R package found 14 bacterial families (Table S4F) and
15 genera (Table S4G) to be good indicator taxa for WS tissue. No bacterial
families or genera were found to be good indicator taxa for WSH or HT
tissues alone. However, families Pseudomonadaceae and
Corynebacteriaceae (Table S4E) were found to be good indicator taxa for
both WSH and HT. At the family level, Pseudoalteromonadaceae (Table S4F)
was a good indicator taxa for WS and WSH tissue while Ruegeria,
Winogradskyella, and Pseudoalteromonas (Table S4G) were found to be
good indicator taxa at the genus level for both WS and WSH tissues
combined.

Furthermore, the WGCNA analysis was used to find clusters of bacterial
families that were correlated in abundance with the five immune
parameters. A significant positive correlation (WGCNA, p = .01, Figure S2)
between bacterial families and tyrosine- type catecholase activity
(dopamine) was found from the analysis. A total of 17 families were found
to be driving this interaction (Table S4H). None of the other comparisons
were found to be significantly correlated (Figure S2; Table S4l). Additionally,
there did not appear to be a visible pattern in immune assay substrate used
and tissue type (Figure S2A) indicating a high variation in immune response.

None of the indicator taxa were identified in the WGCNA analysis.

4 | DISCUSSION

Bacterial and algal symbiont community compositions have been previously
studied for some coral diseases (Cardenas et al., 2012; Cervino et al., 2004;
Closek et al., 2014; Créquer et al., 2013; Kellogg et al., 2013, 2014; Sato et
al., 2010; Sunagawa et al., 2009) with only a few studies examining the
combined effect of coral- associated microbial community and immune
response to disease (Closek et al., 2014; Daniels et al., 2015). In this study
we analysed microbial dynamics and immunocompetence to better
understand how M. capitata responds to cMWS as well as how the disease
affects the microbial community of the coral. More importantly, we can
begin to understand how the microbiome may influence or interact with

the immune system of the host.

4.1 | Immune response

Total potential PO activity was used as a proxy for inmunocompetence in
the melanin synthesis pathway of diseased and healthy M. capitata. These
assays have previously been used in a variety of studies to measure
immunocompetence in corals (D'Angelo et al., 2012; Palmer, Bythell, et al.,
2011; Pinzon et al., 2014; Pollock et al., 2019; Sheridan et al., 2014; van de
Water et al., 2016; van de Water et al., 2015; van de Water, Leggat, et al.,
2015; van de Water, Ainsworth, et al., 2015). We found that enzymatic
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activity of the studied components of the melanin synthesis pathway varied
between disease states as well as between the melanin pathway
constituents. Using multiple substrates to measure immunocompetence in
M. capitata allowed for a better understanding of how the melanin
synthesis pathway responds to disease. In WS infected tissue, we found low
cresolase and catecholase (- DOPA and dopamine) enzymatic activities
throughout the melanin synthesis pathway. This result indicates
suppression of this combined pathway during disease and would be
expected to occur if an organism has succumbed to disease. On the other
hand, the healthy portions of diseased colonies showed increased activity
of all three enzymes indicating that these tissues exhibited an immune
response and were actively working to combat the WS infection. In healthy
colonies we found high enzymatic activity on the first steps of the melanin
synthesis pathway but low activity in the last step (dopamine synthesis) that
ultimately leads to melanin formation. This “front loading” (Barshis et al.,
2013) suggests that this arm of the melanin synthesis pathway is normally
primed for future immunological activity in healthy individuals.

Our results are consistent with previous studies that found lower PO
activity in infected tissues (Mydlarz et al., 2008; Palmer, Bythell, et al., 2011)
and high PO activity in corals showing resistance to disease (Palmer et al.,
2010; van de Water et al., 2015).

Assays for a third substrate for catecholase activity, 4- methylcatechol,
did not show differences in enzymatic activity between tissue types. In the
honey bee, Apis mellifera, lower levels of the substrate 4- methylcatechol
resulted in greater susceptibility to the bacterial pathogen, Paenibacillus,
(Chan et al., 2009). This substrate was also associated with immunity
inhibition by Photorhabdus in the tobacco hornworm, Manduca sexta
(Eleftherianos et al., 2006). The consistent enzymatic activities of
catecholase when 4- methylcatechol was used as the substrate suggests
that both healthy and unhealthy tissues are under stress and are showing
immunocompetence or that it is not a component of the immune response
of M. capitata to cMWS.

Laccase- type activity has previously been found in Pacific anthozoans
and was hypothesized to be involved in disease resistance in corals (Palmer
& Traylor- Knowles, 2012). In this study, WSH and WS tissues showed
greater laccase- type activity when compared to HT tissue indicating that
laccase is involved in combating cMWS in M. capitata. The utility of laccase-
type activity in innate immunity has been identified in crayfish and
Drosophila where this enzyme participates in the formation of a hardened
capsule around the invading pathogen (Barrett, 1987; Cardenas & Dankert,
2000). Additionally, laccase- type activity caused greater inhibition of
pathogenic bacteria in Crassostrea gigas hemocyte lysate than catecholase

activity (Luna- Acosta et al., 2011).

4.2 | Microbial analysis

We found that M. capitata had twice the bacterial richness in diseased
tissues when compared to healthy tissues (mean 415.6 vs. 176.8 unique
ASVs per sample), but no differences were found in community evenness
between tissue types. Higher bacterial richness in diseased tissue was also

observed by other studies such as in Orbicella faveolata infected with white
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plague disease (Sunagawa et al., 2009) and in Pseudodiploria strigosa, O.

annularis, and Colpophyllia natans infected with black band disease
(Cooney et al., 2002). Other white syndrome studies have also found that
diseased coral tissue possess greater microbial diversity than healthy tissue
in Turbinaria mesenterina and Australian acroporid corals (Godwin et al.,
2012; Pollock et al., 2017).

It is postulated that corals harbour a specific bacterial community and
that during disease this association breaks down and falls into
disequilibrium. As a result of the bacterial core community breakdown,
opportunistic bacteria inhabit the coral, increasing the bacterial diversity in
diseased tissue (Costello et al., 2012; Rohwer et al., 2001). Could the
outlying samples in cMWS microbiomes represent Anna Karenina Principle
effects (AKP effects; Zaneveld et al., 2017)? Our analysis did not find a
significant difference in dispersion between health states overall. There
were some hints that dispersion in Bray- Curtis dissimilarities may differ
between health and cMWS colonies - which would indicate AKP effects, but
these differences were not significant after correction for multiple
comparisons. Future cMWS studies might consider testing for increased
dispersion in cMWS tissues relative to healthy Montipora as a prior
hypothesis to address this issue with improved statistical power. We
identified indicator families that were present only in WS tissue but no
families were found to be good indicators for WSH or HT samples. In our
study we found that WSH and HT tissues were similar to one another in
microbiome richness (Figure 4a), indicating that the effects of cMWS are
very localized and restricted to the diseased tissue portion of the colony. In
this way, the coral host may be capable of quarantining the pathogen or
pathogens responsible for disease, thereby slowing progression of the
disease.

Our results differ from a previous study on M. capitata looking at the
fast, progressive form of MWS (acute MWS or aMWS) which discovered
that the microbial community diversity and species richness were lower in
diseased samples when compared to healthy tissue of diseased and healthy
colonies (Beurmann et al., 2018). This pattern has also been found in
colonies of O. faveollata experiencing yellow band disease, the “healthy”
portions of the diseased colonies showed the greatest microbial diversity
(Closek et al., 2014). In A. millepora, corals that would develop WS had
lower bacterial diversity and greater community heterogeneity between
colonies compared to healthy corals (Pollock et al., 2019).

In M. capitata, bacterial community sequencing found predominantly
members of the phylum Proteobacteria regardless of health state. This
finding is in line with other coral disease studies (Beurmann et al., 2018;
Shore- Maggio et al., 2015; Sunagawa et al., 2010). Within the phylum
Proteobacteria, the dominant class in all health states was
Alphaproteobacteria. This finding differs from previous work done on
healthy M. capitata in the same location (Kane'ohe Bay) where
Gammaproteobacteria were the dominant proteobacteria (Shore- Maggio
et al., 2015). The contrasting results may be due to differences in the
collection sites and/or time of collection since seasonal differences have
been shown to shift coral microbial communities (Sharp et al., 2017).

Within the phylum Proteobacteria, Betaproteobacteria were found in
greater abundance in HT and WSH tissue when compared to WS tissue.
Members of this class have been found across coral genera (Dunphy et al.,

2019) and are known to play a key role in nutrient cycling and promote plant
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growth by synthesizing phytohormones and vitamins (Gyaneshwar et al.,

2011). A second class of Proteobacteria, Deltaproteobacteria, was found in
greater abundance in diseased tissue than in both healthy tissue types. This
bacterial class contains predatory bacteria such as Halobacteriovorax which
was found to be a good indicator taxa for WS infected tissues in M. capitata.
Halobacteriovorax is common in coral mucus (Welsh et al., 2016), feeds on
Vibrio spp. (and probably other microbes), and can protect corals against
Vibrio- induced disease and microbiome disruption (Welsh et al., 2017).

At the genus level, no differences were observed for Vibrio spp.
between healthy and diseased states. This is surprising as Vibrio owensii,
has been identified as a possible causative agent of cMWS (Ushijima et al.,
2012). A previous study using Vibrio corallilyticus to induce tissue loss
showed that Vibrio pathogens may be lost after initial infection (Welsh et
al., 2017) and may not be detected in microbiome surveys even if they
caused the disease (Welsh et al., 2017). Our results do not exclude the
possibility that V. owensii is involved at some stage of pathogenesis, but do
argue that it is not a persistent and common member of the microbiome of
corals with visible cMWS. It is likely that some members of Vibrio spp. are
part of the healthy microbial community in M. capitata but may shift to
more pathogenic Vibrio spp. communities during disease progression or
when environmental conditions change (example V. coralliilyticus; Ben-
Haim & Rosenberg, 2002) (Tout et al., 2015). Future metagenomic studies
on cMWS during early infection and disease progression could elucidate
which bacterial members are involved and contributing most to disease
outbreaks and progression.

The high abundance of Pseudoalteromonas spp. in diseased colonies
(WS and WSH tissue types) and its identification as a good indicator taxa for
these two tissue types shows that this taxon may also be important in
cMWS. Pseudoalteromonas piratica is an abundant member of the
culturable bacterial community associated with aMWS and this bacterium
has been shown to cause a switch from cMWS to aMWS (Beurmann et al.,
2017). Additionally, it is possible that cMWS is not caused by a specific
pathogen but rather a collection of generic symptoms that can be elicited
by a number of opportunistic pathogens when the immune system of the
organism is compromised (Krediet, Ritchie, Alagely, et al., 2013; Lesser et
al., 2007).

Bdellovibrio spp. sequences were found only in white syndrome
infected tissue and were also shown to be a good indicator taxa for WS.
Interestingly, samples that lacked Bdellovibrio showed a higher presence of
Pseudomonas spp. sequences which were more abundant in HT and WSH
than WS tissue and were found to be good indicator taxa for the two tissue
types. Bdellovibrio spp. has been shown to consume Pseudomonas
aeruginosa in humans with cystic fibrosis (lebba et al., 2014) which suggests
that Bdellovibrio spp. may negatively affect Pseudomonas spp. in M.
capitata with cMWS. Pseudomonas spp. are also known to be beneficial to
their host. In plants, Pseudomonas spp. have been associated with growth,
waste degradation, toxic chemical remediation and reduction of disease
severity (Novik et al., 2015). In the marine environment, Pseudomonas spp.
have been involved in coral nutrient cycling (Zhang et al., 2016) and have
been shown to produce melanin (Novik et al., 2015). The greater abundance
of Pseudomonas spp. in healthy coral tissue of M. capitata could support

nutrient recycling and the production of melanin to keep the coral healthy.
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In HT and WSH tissue types, Rhizobium spp. and Burkholderia spp.
accounted for 52%— 70% of the bacterial species present in all but two
samples. These two bacterial species are probably involved in nitrogen
fixation (Krediet, Ritchie, Paul, et al., 2013; Lema et al., 2012) and oxidative
recycling of nitrogen- rich metabolic waste (Van Borm et al., 2002) in M.
capitata. The only two exceptions were WSH4 and WSH5 where the
dominant bacterial species was Endozoicomonas spp. and made up 51%—
80% of the sample composition.

Rhodobacteraceae and Flavobacteriaceae were found in greater
abundances in WS tissue when compared to WSH and HT. Both of these
families have been previously implicated in coral disease and have been
identified as opportunistic pathogens (Sunagawa et al., 2009). Increased
prevalence of Rhodobacteraceae was found in diseased corals, Pavona
duerdeni and Porites lutea with white plague disease (Roder et al., 2014).
Flavobacteria was isolated from a disease outbreak in hatchery reared
Chinook salmon, Onchoryhnchus tshawystscha (Chen et al., 2017) and have
been associated with white band disease in the corals Acropora palmata

and A. cervicornis (Gignoux- Wolfsohn & Vollmer, 2015).

4.3 | Immune and microbiome response
during cMWS

Coral samples with lower microbial diversity showed higher enzymatic
activity of cresolase and catecholase (using - DOPA) activities which are the
initial components in the proPPO activity pathway. In contrast to our study,
Pollock et al. (2019) found a reduction in both bacterial diversity and PO
activity in corals that would become infected with WS. Pollock et al. (2019)
concluded that high diversity in the microbial community may lead to high
functional redundancy which can help to minimize the environmental
impacts on coral health. The results of these studies show that bacterial
communities can influence coral health in different ways, highlighting the
need for more studies that look into the combined effects of microbial
communities and the immune system.

A total of 17 bacterial families were found to be associated with
catecholase enzymatic activity (measured using dopamine as substrate).
Members of several of these families, including Staphylococcaceae,
Enterococcaceae, and Microbacteriaceae, have previously been shown to
be associated with catecholase activity. Increased abundance of
Staphylococcus epidermis and high catecholase (using dopamine as a
substrate) activity have been shown to accelerate wound healing in mice
(Lugman et al., 2020) and could be acting similarly in M. capitata.
Additionally, decreases in PO activity reduced the abundance of members
of the bacterial family Enterococcaceae in the insect Rhodnius prolixus,
though Microbacteriaceae relative abundance remained the same (Vieira
etal., 2015).

5 | CONCLUSIONS

We found that during cMWS there are localized changes in microbiome and

immune response in the affected tissue area of M. capitata. In contrast to
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previous studies, Vibrio spp. was not associated with diseased tissues.
However, Pseudoalteromonas sp. were found to be significantly enriched in
cMWS tissue. Our results show the need for studying multiple enzymes in
the melanin synthesis pathway to gain a better understanding of how the
coral immune system responds to pathogens. In WS tissues, cresolase (-
tyrosine) and catecholase (- DOPA and dopamine) displayed low enzymatic
activity, an indication that these tissues have succumbed to disease. On the
other hand, WSH tissues showed increased activity in the three previously
mentioned enzymes; indicating an ongoing immune response. HT tissues
demonstrated “front loading” of an immune response with increased
cresolase and catecholase (- DOPA) activity. Laccase- type activity was
higher in both WS and WSH tissues when compared to HT indicating that it
is probably involved in the immune response of M. capitata. Higher
activities of catecholase (- DOPA) and cresolase (i- tyrosine) were
associated with lower microbial richness. This study highlights the
importance of examining microbial and immune responses simultaneously
to gain a holistic insight into how coral diseases affect the coral holobiont
and how the host may moderate microbial interactions, confine and kill

pathogens and manage chronic perturbations.
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