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ABSTRACT

Background: Rainfall-induced coastal runoff represents an important environmental
impact in near-shore coral reefs that may affect coral-associated bacterial
microbiomes. Shifts in microbiome community composition and function can stress
corals and ultimately cause mortality and reef declines. Impacts of environmental
stress may be site specific and differ between coral microbiome compartments (e.g.,
tissue versus mucus). Coastal runoff and associated water pollution represent a major
stressor for near-shore reef-ecosystems in Guam, Micronesia.

Methods: Acropora pulchra colonies growing on the West Hagatia reef flat in Guam
were sampled over a period of 8 months spanning the 2021 wet and dry seasons.
To examine bacterial microbiome diversity and composition, samples of A. pulchra
tissue and mucus were collected during late April, early July, late September, and at
the end of December. Samples were collected from populations in two different
habitat zones, near the reef crest (farshore) and close to shore (nearshore). Seawater
samples were collected during the same time period to evaluate microbiome
dynamics of the waters surrounding coral colonies. Tissue, mucus, and seawater
microbiomes were characterized using 16§ DNA metabarcoding in conjunction with
[lumina sequencing. In addition, water samples were collected to determine fecal
indicator bacteria (FIB) concentrations as an indicator of water pollution. Water
temperatures were recorded using data loggers and precipitation data obtained from
a nearby rain gauge. The correlation structure of environmental parameters
(temperature and rainfall), FIB concentrations, and A. pulchra microbiome diversity
was evaluated using a structural equation model. Beta diversity analyses were used to
investigate spatio-temporal trends of microbiome composition.

Results: Acropora pulchra microbiome diversity differed between tissues and mucus,
with mucus microbiome diversity being similar to the surrounding seawater. Rainfall
and associated fluctuations of FIB concentrations were correlated with changes in
tissue and mucus microbiomes, indicating their role as drivers of A. pulchra
microbiome diversity. A. pulchra tissue microbiome composition remained
relatively stable throughout dry and wet seasons; tissues were dominated by
Endozoicomonadaceae, coral endosymbionts and putative indicators of coral health.
In nearshore A. pulchra tissue microbiomes, Simkaniaceae, putative obligate coral
endosymbionts, were more abundant than in A. pulchra colonies growing near the
reef crest (farshore). A. pulchra mucus microbiomes were more diverse during the
wet season than the dry season, a distinction that was also associated with drastic
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shifts in microbiome composition. This study highlights the seasonal dynamics of
coral microbiomes and demonstrates that microbiome diversity and composition
may differ between coral tissues and the surface mucus layer.

Subjects Ecology, Marine Biology, Microbiology, Molecular Biology, Zoology
Keywords Acropora pulchra, Microbiome, Bacterial diversity, Guam, Reef flat

INTRODUCTION

Coral reefs are largely restricted to shallow waters that are strongly affected by
environmental conditions that may vary across small spatial scales such as sea surface
temperatures, water flow, and tidal ranges (Guilcher, 1988). Shallow near-shore coral reefs
are also susceptible to anthropogenic impacts such as pollution and nutrient runoft
(Hughes, 1994). Pollution by sewage, wastewater, and coastal runoff is a significant source
of environmental stress that negatively impacts coral reefs by disrupting coral microbiome
communities and their interactions with their coral host (Wooldridge ¢ Done, 2009).
Eutrophication by nitrogen and phosphorous has been shown to exacerbate coral
bleaching (the loss of endosymbiotic Symbiodiniaceae algae in corals) and increase the
prevalence and severity of disease (Vega Thurber et al., 2014). In Guam’s near-shore reefs,
Redding et al. (2013) found a positive correlation of sewage-derived nitrogen with severity
of coral disease and identified that precipitation was correlated with the concentration of
nitrogen, indicating that precipitation and pollution are closely linked. In addition to being
a source of eutrophication, sewage and runoff carry bacteria into near-shore coral reef
ecosystems (Sutherland et al., 2011; Haapkyld et al., 2011), potentially disrupting
coral-associated bacterial microbiomes (Maher, Epstein ¢ Vega Thurber, 2022).

For example, bacterial microbiome diversity was shown to be elevated in corals exposed to
sewage and municipal wastewater (Ziegler et al., 2016).

Bacteria are integral parts of the coral holobiont and are involved in nutrient cycling and
the mitigation of pathogens (Maher, Epstein ¢ Vega Thurber, 2022; Bourne, Morrow ¢
Webster, 2016). Some bacterial taxa, such as Endozoicomonas (Endozoicomonadaceae,
Gammaproteobacteria), represent important endosymbionts associated with coral health
(Neave et al., 2017). Endozoicomonas plays a central role in dimethylsulfoniopropionate
(DMSP) degradation leading to the release of dimethylsulfide (DMS) which is important
for corals coping with thermal stress (Chiou et al., 2023). Loss of Endozoicomonadaceae
has been linked with deterioration of coral health (Meyer, Paul & Teplitski, 2014).
Conversely, some bacteria, most prominently species of Vibrio, are known to negatively
impact coral health, inhibiting photosynthesis of endosymbiotic Symbiodiniaceae (Banin
et al., 2001) and have been linked to coral tissue lesions (e.g., Wilson et al., 2013).

Bacterial microbiomes may differ between compartments of the coral, including the
skeleton, tissue, and the surface muco-polysaccharide layer (mucus hereafter) (Glasl,
Herndl & Frade, 2016; Hernandez-Agreda, Gates & Ainsworth, 2017; Peixoto et al., 2017).
The endolithic bacterial microbiome of the skeleton remains poorly studied and includes
cyanobacteria, anoxygenic phototrophs, and anaerobic green sulfur bacteria that may
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colonize layers deep in the aragonite skeleton (Pernice et al., 2020). The tissue layer is some
2-3 mm thick with several bacterial endosymbionts localized in cyst-like coral-associated
microbial aggregates (CAMAs) (Wada et al., 2019). CAMAs may be intracellular and have
been shown to be dominated by species of Endozoicomonadaceae and Simkaniaceae
(Chlamydiota) (Maire et al., 2023). The mucus layer covers coral tissues and is in direct
contact with the environment, acting as a first line of defense for corals against
pathogens, playing an important role in disease mitigation through antibiotic activity
(Hernandez-Agreda, Gates ¢ Ainsworth, 2017; Ritchie, 2006). Disruption of mucus
bacterial microbiomes has been linked to increases in Vibrio spp. and other pathogenic
bacteria (Glasl, Herndl ¢ Frade, 2016).

Coral bacterial microbiome composition and diversity may differ between habitats
(Camp et al., 2020). The observation of such site-associated differences in coral
microbiomes has led to the classification of some corals as microbiome conformers whose
microbiomes adapt to the surrounding environment (Voolstra ¢ Ziegler, 2020).
Microbiome regulators, by contrast, maintain a consistent microbiome regardless of
differences in external environment (Voolstra & Ziegler, 2020). For example, Garren et al.
(2009) showed that Porites cylindrica transplanted to an environment impacted by fish
farm effluent displayed elevated abundances of Vibrio spp. after five days of exposure to
effluent, but microbiome composition reverted to its initial state three weeks after
transplantation, indicating the capacity of P. cylindrica to regulate its microbiome.
Microbiome conformers tend to accumulate and incorporate bacteria from the
surrounding environment into their microbiomes. Several studies have found species of
Acropora to be microbiome conformers whose microbiomes change following changes in
the surrounding environment (Greer et al., 2009; DeVantier et al., 2006; Ziegler et al.,
2019). Given these previous findings, we expected that the staghorn Acropora corals
growing in Guam’s near-shore reefs would display similar microbiome turnover when
exposed to increased runoff and pollution during the wet season.

Staghorn Acropora spp., in particular Acropora pulchra, dominate Guam’s reef flats,
forming thickets whose extent has been reduced over the last decade by a combination of
coral bleaching and extreme low tide exposure (Raymundo et al., 2017, 2019, 2022). Thus
far, little is known about the bacterial microbiomes of Guam’s A. pulchra populations and
the impact seasonal runoff during the wet season may have on microbiome composition.
We employed 16S rRNA metabarcoding to investigate the seasonal dynamics of A. pulchra
bacterial microbiomes in Guam’s West Hagatfia Bay. To identify possible differences in
microbiome composition across coral compartments, microbiomes were characterized
separately for both tissue and mucus. Specifically, the objectives of this study were to (1)
characterize bacterial microbiome communities of coral tissue and mucus of A. pulchra
from near-shore and far-shore zones of West Hagéatiia Bay and (2) to elucidate the impacts
of seasonal change on A. pulchra bacterial microbiomes. We found that the microbiomes
of A. pulchra differed across compartments, with mucus microbiomes being more diverse
than tissue microbiomes. The mucus microbiome behaved like a conformer, reflecting
seasonal environmental changes, compared to tissue microbiomes that remained relatively
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stable throughout the year, similar to a microbiome regulator. Nonetheless, both mucus
and tissue microbiome diversity varied significantly between Guam’s dry and wet seasons.

MATERIALS AND METHODS

Portions of this text were previously published as part of a preprint (https://doi.org/10.
1101/2023.09.07.556622).

Field site

West Hagatiia Bay (Fig. 1A) lies on the west coast of the island of Guam, adjacent to the
Hagatfia sewage treatment plant. The sewage outfall was renovated and repaired in 2008 to
discharge 100 m further away from shore than it previously did; it currently sits 366 m
beyond the reef line at a depth of 84 m (Guam Waterworks Authority, 2019). When tested
for sewage-derived nitrogen isotopes (15N), soft corals in this bay contained twice as much
15N as those found in areas further removed from human impacts (Redding et al., 2013),
indicating that this site is anthropogenically impacted. The land adjacent to West Hagatia
Bay is paved with a main road lined with stores, restaurants, and housing units. West
Hagatiia Bay receives large influxes of runoff from land after rainfall events, increasing
pollution above bacteriological standards, making waters unsafe for recreational activities
(e.g., Howe, 2022). West Hagatiia Bay contains three extensive staghorn coral thickets.
The surface area of these thickets covers 121,439 m?, 48.4% of which represents live coral
cover. The dominant coral is A. pulchra and the estimated mean coral cover for this species
is 23,992 m? (Raymundo et al., 2022). Given the shallow water depth (~0.5 to ~1 m
depending on the tide), staghorn coral thickets in West Hagatia Bay have a moderate to
high vulnerability to aerial exposure from extreme low tides (Heron et al., 2020) which
combined with elevated sea surface temperatures led to significant mortality of staghorn
corals in 2014 and 2015 (Raymundo et al., 2017).

West Hagatiia Bay is influenced by a longshore current flowing from northeast to
southwest (Wolanski et al., 2003) but currents within the bay have not been modeled in
detail. However, Fifer et al. (2021) found significant differences in water flow speeds
between the reef margin (far shore) and a site close to shore (near shore). These zones of
differing water flow dynamics saw drastically different mortality rates during past coral
bleaching and extreme low tide events, with the outer zone having <20% staghorn coral
mortality while the inner zone saw >80% mortality (Raymundo et al., 2017). These
differences in water flow and documented mortality were used to delineate the farshore
(13.48219" N, 144.7461" E; 13.48222001" N, 144.74458" E; 13.48209998" N, 144.74414" E)
and nearshore sites (13.48022997” N, 144.7427" E; 13.48004004” N, 144.74262" E;
13.48046802" N, 144.7426" E) targeted for this study. In each zone, three representative
sites of A. pulchra stands were selected for sampling (Fig. 1B). These sites were chosen due
to their high abundance of A. pulchra colonies that appeared healthy, with no visible
bleaching, predation, or disease; coral colonies remained healthy throughout the duration
of the sampling time period. At each site, three coral colonies were tagged to ensure
repeated sampling of the same coral colonies. All coral collections for this study were made
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Figure 1 Location of West Hagatiia Bay (black rectangle) in Guam (A) and sites targeted for
sampling (B). Sites in the inner (IN1-3) and outer (OUT1-3) zones where Acropora pulchra colonies
were tagged for repeated sampling are indicated by blue markers. Latitude and Longitude for sampling
locations are provided in Table S1. Green rectangle is the location of the Guam airport. Map data and
image source credit: © 2021 Google, © 2021 CNES/Airbus, Maxar Technologies.

Full-size K&l DOT: 10.7717/peerj.17421/fig-1

under a permit for the collection of coral issued by Guam’s Department of Agriculture to
the University of Guam Marine Laboratory.

Environmental data

Six HOBO TidBit temperature loggers (Onset Corp., Bourne, MA, USA) were deployed at
1 m depth, one at each sampling site, to record seawater temperatures in 5 min intervals
from April to December 2021, the duration of this study. Daily precipitation data were
collected by the National Oceanic and Atmospheric Administration (NOAA) at the Guam
International Airport, which lies approximately 6 km from the study site in the same
drainage basin as Hagétiia Bay (Taborosi et al., 2007), and retrieved from the NOAA
website (National Oceanic and Atmospheric Administration, 2022). During each of the four
microbiome specimens collection events (see below), seawater samples were collected from
each site using sterile 50 ml polypropylene centrifuge tubes; seawater samples were
collected to measure fecal indicator bacteria (FIB) as a proxy for runoff and human impact.
FIB concentrations (Escherichia coli, Enterococcus, and total coliform) were quantified by
the Water and Environmental Research Institute (WERI) at the University of Guam.
Separate 50 ml water samples were collected for determination of nitrate/nitrite
(NO3/NO;) and ortho-phosphate (PO;~) concentrations by WERI.

Temperatures were averaged by day within each zone (inner and outer), and daily
averages were used in statistical analyses. Concentrations of FIB were averaged by month
for each zone (inner and outer). Daily precipitation obtained from the National Oceanic
and Atmospheric Administration (2022) was averaged by month for further analysis.
Normality of each environmental dataset was estimated using a Shapiro-Wilk test.
Two-way ANOVAs incorporating zones and months as factors were used to test for
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significant differences in FIB concentrations between inner and outer zones as well as
between months. A Kruskal-Wallis Chi* test was used to test for significant differences in
rainfall per month. Seawater temperature differences between inner and outer zones as
well as different months were tested for significance using Kruskal-Wallis Chi” tests on
temperature.

Microbiome sample collection

Samples were collected twice during Guam’s dry season, at the end of April and beginning
of July 2021, and twice during Guam’s wet season, at the end of September and the end of
December 2021. Coral nubbins (4.5-5 cm) were sampled from each of the nine tagged
A. pulchra colonies in the outer zone and the nine tagged colonies in the inner zone.
Sampling four times throughout the year yielded a total of 72 coral tissue and mucus
samples each. The terminal end of each cut coral fragment was removed since new tissue
layers at the growing tip may not be fully colonized by the coral microbiome. The mucus
was sampled by exposing the cut coral nubbin to air and swabbing mucus from tissues
using sterilized cotton swabs (Lampert et al., 2008). Coral nubbins were swabbed until
tissues were visibly dry to ensure adequate mucus collection and that mucus
contamination of tissue samples would be minimal. Coral nubbins, containing skeleton
and tissue, and mucus samples were placed into separate Whirl-Pak sample bags
(Filtration Group, Oakbrook, IL, USA). Samples were frozen in the field using liquid
nitrogen and stored at —80 °C prior to DNA extraction and PCR.

To characterize the bacterial microbiome of the seawater in West Hagatia Bay, 3 L of
seawater were collected from the surface to a depth of 1 m during each collection event
from each site. Seawater was stored in wide mouth plastic jars that had been sterilized for at
least 30 min by soaking in 10% bleach solution prior to sample collection. Collected
seawater samples were stored in coolers on ice for the approximately 30 min drive to the
laboratory. Seawater was filtered using a 1.2 pm nylon filter (Sigma-Aldrich, St Louis, MO,
USA) to collect bacteria for DNA extraction. Nylon filters were placed in Whirl-Pak
sample bags and stored at —80 °C. Though 0.45 pm filters are commonly used to maximize
recovery of bacteria, 1.2 pm nylon filters were chosen for this experiment to allow for
filtration of large volumes of seawater; our attempts at using 0.45 pm filters resulted in the
filters clogging due to the turbidity of collected seawater samples. While this choice may
have reduced bacterial recovery, larger pore size filters are often used in environmental
DNA (eDNA) studies as a trade-off to allow for filtration of large volumes of water to
increase the odds of recovering rare taxa (Zaiko et al., 2022).

DNA extraction and metabarcoding

DNA was extracted from coral tissue, mucus, and seawater samples using the DNeasy
Powersoil kit (Qiagen, Hildenheim, Germany) following the manufacturer’s protocol.
Microbial DNA was extracted from mucus and seawater samples by placing cotton swab
tips or membrane filters in bead beating tubes, followed by 30 s of homogenization. Tissue
DNA was extracted by placing coral nubbins with tissue and skeleton into bead-beating
tubes, followed by homogenization for 30 s, which resulted in disruption of tissues and the
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surface layers of the skeleton, including coralites. Pollock et al. (2018) defined the coral
skeleton as the aragonite layers not in direct contact with the coral tissue. The DNA
extraction homogenate referred to as tissue by us contained the uppermost layer of
skeleton, but not the deeper layers of the skeleton.

DNA concentrations were quantified using Qubit fluorometric quantification (Thermo
Fisher Scientific, Waltham, MA, USA). Tissue DNA extracts were diluted to a
concentration of 10 ng/pl; mucus and seawater extracts yielded around 1 ng/ul of DNA
and were not further diluted. The V4 hypervariable region of 16S ribosomal DNA was
amplified from each sample using universal bacterial primers primers 515F (Walters et al.,
2016) and modified 806R (Apprill et al., 2015). The 30-pl PCR reactions included 3 pl of
template DNA, PCR-grade water, 1x ExTaq buffer (Takara Bio, San Jose, CA, USA), 2.5
mM dNTPs, 10 uM forward and 10 pM reverse primers, and 0.75 U ExTaq DNA
Polymerase (Takara Bio, San Jose, CA, USA). The thermocycler protocol comprised 30
cycles of initial denaturation at 95°C for 40 s, annealing at 58 °C for 2 min, and extension
at 72 °C for 1 min; final elongation was performed at 72 °C for 5 min. A negative control
using PCR-grade water instead of DNA as a template was included in every PCR run.
All PCR products were checked on a 1% agarose gel stained with GelRed (Sigma-Aldrich,
St Louis, MO, USA). PCR products that yielded one bright fluorescent band were
considered successful. A subset of mucus and seawater samples that produced low yields
from the initial PCR were re-amplified using additional PCR cycles. PCR products were
purified using the GeneJet PCR Purification Kit (Thermo Fisher Scientific, Waltham, MA,
USA) following the manufacturer’s protocol and quantified using Qubit fluorometric
quantification (Thermo Fisher Scientific, Waltham, MA, USA).

Purified PCR products were barcoded using indexes and MiSeq adapters synthesized by
Macrogen (Seoul, Republic of Korea). Each indexing PCR reaction contained 2 pl of PCR
product, 1 mM MiSeq adapter, PCR-grade water, 1x ExTaq buffer, 2.5 mM dNTPs, and
0.5 U ExTaq DNA polymerase per 20 pl reaction. Adapters were ligated to PCR products
using five PCR cycles, including denaturation at 95 °C for 40 s, annealing at 59 °C for
2 min, and an extension at 72 °C for 1 min; a final elongation step at 72 °C for 7 min
followed the five cycles. PCR products were pooled, resulting in two sequencing libraries
that were purified using a GeneJet PCR Purification Kit (Thermo Fisher Scientific,
Waltham, MA, USA), followed by resuspension of each library in 40 pl of elution buffer;
each library pool contained a mixture of sampling timepoints to mitigate potential batch
effects. 10 pl of each sequencing library were run through a 2% TBE agarose gel and the
approximately 390 bp band representing the sequencing library was excised using a
sterilized scalpel. 200 pl of nuclease-free water were added to the excised gel band and
incubated overnight at 4 °C. DNA in the resulting solution was purified using the GeneJet
PCR Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA) and resuspended
again in 20 pl of elution buffer. The size distribution of the purified sequencing library was
verified using an Agilent 4150 TapeStation (Agilent, Santa Clara, CA, USA) with a D1000
ScreenTape assay. Libraries were sequenced at CD Genomics (Shirley, NY) using Illumina
MiSeq (Illumina, San Diego, CA, USA) sequencing yielding 300 bp paired-end reads using
v3 MiSeq chemistry.
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Sequence data quality control and taxonomic assignment

The R package DADA2 (Callahan et al., 2016) was used to remove primer sequences,
truncate reads, calculate error rates, de-duplicate reads and infer amplicon sequence
variants (ASVs) after merging of paired reads and removal of chimeras (87% of merged
reads were non-chimeric). Non-chimeric ASVs were assigned a taxonomy from the Silva
v138 dataset (Glockner et al., 2017) using a naive Bayesian classifier (Wang et al., 2007)
with a minimum bootstrap confidence of 50. The phyloseq package (McMurdie ¢» Holmes,
2013) was used to remove ASV's whose taxonomy matched “Mitochondria,” “Chloroplast”,
or “Eukaryota”. MCMC.OTU (Matz, 2016) was used to remove ASVs representing <0.1%
of count data and to identify putative outlier samples (those that had total counts falling

» «

below a z-score cutoff of —2.5). Two mucus samples with fewer than 1,000 reads (File S1)
were discarded and not used in analyses. To assess adequacy of sequencing depth, a
rarefaction curve was calculated which indicated that microbial diversity was largely
captured across samples with fewer than 2,000 reads (Fig. S1). Given these results, no
further normalization of samples was conducted to account for differential sequencing
effort across samples (cf. Amend et al., 2022).

Spatiotemporal variation of alpha diversity

Observed ASV diversity and Shannon diversity were calculated for each microbiome
compartment (tissue, mucus, seawater) using the phyloseq package (McMurdie ¢» Holmes,
2013). Evenness was calculated for each compartment by dividing the Shannon diversity
index by the natural logarithm of observed diversity. Faith’s Phylogenetic Diversity (PD;
Armstrong et al., 2021) was calculated using the picante package in R (Kembel et al., 2010).
Normality of diversity metrics for each compartment was tested using a Shapiro-Wilk test.
For normally distributed diversity metrics, a two-way analysis of variance (ANOVA) was
used to test for differences in alpha diversity across compartments, between months, and
between inner and outer zones. Non-parametric analysis of variance (Kruskal-Wallis Chi
test) was used to compare alpha diversity when normality was rejected. A post-hoc Dunn’s
Test was then used for multiple comparisons.

Structural equation modeling

To analyze the effects of environmental factors on microbiome diversity, structural
equation models (SEMs) based on d-separation tests (Shipley, 2009) were created using the
piecewise SEM package (Lefcheck, 2016). In particular, the relationships between
precipitation, temperature, FIB concentrations, and microbiome diversity were evaluated.
Linear models (LM) with Shannon diversity as the response variable and environmental
variables, including precipitation, temperature, and FIB concentrations as the predictors
formed the foundation of SEMs. The relations between FIB concentrations with
precipitation and temperature were modeled using linear mixed effects models (LME).
Precipitation and temperature were included as fixed factors and zone (inner and outer)
was included as a random factor. Tissue and mucus microbiomes maintained a ratio of
sample number to predictor variables (d) greater than 5, which is a widely used guideline
for inclusion of predictor and response variables in structural equation models (Lefcheck,
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2016). Given the low sample size for seawater microbiomes compared to predictor
variables (d = 3.83), seawater was removed from consideration for final SEMs.

SEMs linked two exogenous variables (temperature and precipitation), three
endogenous variables (FIB concentrations of Enterococcus, E.coli, and total coliform) and
one response variable (Shannon diversity). SEMs tested for effects of (1) precipitation on
concentrations of Enterococcus, total coliform, and E. coli, (2) temperature on
concentrations of Enterococcus, total coliform, and E. coli, and (3) concentration of each
FIB on microbiome diversity and the remaining two concentrations of FIBs (e.g.,
concentration of total coliform on mucus microbiome diversity and concentrations of
E. coli and Enterococcus). Testing for collinearity among FIB concentrations required
inclusion of correlated error structures between each FIB. Separate SEMs that included the
aforementioned tests were constructed for each compartment of the bacterial microbiome
to further explore potential drivers of microbiome diversity.

Beta diversity and differentially abundant taxa

PERMANOVA tests using the Adonis2 function in the vegan package (Oksanen et al,
2022) were run with 1,000 permutations to test for beta diversity differences between
microbiome compartments, sampling months, and inner and outer zones based on
weighted UniFrac distances; UniFrac distances were visualized using a Principal
Coordinate Analysis (PCoA). Weighted UniFrac distances were used in these analyses
because this metric integrates abundance information for ASVs in distance calculations
(Lozupone ¢ Knight, 2005). To test for significant differences and quantify similarity
among sample sets, analysis of similarities (ANOSIM), as implemented in the phyloseq
package (McMurdie & Holmes, 2013), was used to compare wet and dry season
microbiomes as well as inner and outer zones of coral tissue, mucus, and seawater. Post hoc
pairwise PERMANOV As were used to identify possible differences between individual
months or compartments.

The R package ANCOMBC (Lin ¢ Peddada, 2020) was used to identify bacterial taxa
that were differentially abundant between compartments. Considering that the mucus
represents the interface in direct contact with both seawater and coral tissue, comparisons
were made between mucus and seawater microbiomes as well as between mucus and tissue
microbiomes. Taxa identified as differentially abundant with a false discovery rate <0.05
were considered statistically significant.

RESULTS

Environmental data

Water temperatures ranged from roughly 27 °C to 35 °C (Fig. S2). On average, the inner
zone was warmer than the outer zone (Fig. S2). During the hottest part of the year, from
June to August, there was on average a roughly 0.5 °C difference between inner and outer
zones. However, the temperature difference observed between the two zones was not
significant (X* = 3.181, df = 1, p = 0.075). Water temperature did differ significantly when
comparing across months throughout the year (X* = 275.51, df = 8, p < 0.001). The amount
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Figure 2 Concentrations of fecal indicator bacteria (FIB) contained in water samples collected
during the course of the study. Concentrations (log;o scaled) of fecal indicator bacteria (FIB) from
each sampling time point. (A) Concentrations of Enterococcus; (B) concentrations of total coliform
bacteria (total coliform concentrations for the month of April provided as >2,419.6 MPN/100 mL); (C)
concentrations of E. coli. Full-size K&l DOI: 10.7717/peerj.17421/fig-2

of precipitation significantly increased by the third sampling timepoint in September
(X? = 12.39, df = 3, p = 0.006; Fig. S3), as is typical of Guam’s wet season.

Average concentrations for each FIB (Fig. 2) did not differ significantly between zones
(Enterococcus: F = 0.216, df = 1, p = 0.667; total coliform: F = 0.47, df = 1, p = 0.531; E. coli:
F =0.258, df = 1, p = 0.638), between sampling months (Enterococcus: F = 3.717, df = 1,
p = 0.126; total coliform: F = 0.01, df = 1, p = 0.927; E. coli: F = 0.068, df = 1, p = 0.807), or
when taking the interactions of zones and months into account (Enterococcus: F = 0.300,
df = 1, p = 0.613; total coliform: F = 0.11, df = 1, p = 0.756; E. coli: F = 0.025, df = 1,

p =0.882). While not statistically significant, total coliform counts appeared elevated in the
inner zone compared to the outer zone (Fig. 2B). No significant amounts of nitrite/nitrate
or orthophosphate above a threshold of 0.01 mg/L were detected.

Microbiome diversity

Throughout the duration of this study, the A. pulchra colonies sampled remained healthy
without any visible disease lesions. Bleaching and algal overgrowth of A. pulchra tips due to
low tide exposure was observed in September; these parts of colonies were not sampled.
Raw reads of 16S metabarcoded data were deposited in NCBI GenBank’s Sequence Read
Archive (SRA; https://www.ncbi.nlm.nih.gov/sra) (Table S1). Average sequencing depth
across samples after processing was 81,778 reads (File S1). Initially, 17,384 ASVs were
identified; 1,355 (0.08%) of these were identified as eukaryotic and removed. After removal
of low abundance ASV's (present in less than 0.1% of samples) and outliers, 321 ASVs were
retained for downstream analysis. Sequence tags for each ASV and each sample, including
average number of sequence tags within each compartment, are provided in File S1. After
filtering, we retained a total of 292 ASVs for tissue, 312 ASVs for mucus, and 268 ASV's for
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Figure 3 Microbiome diversity and evenness of coral tissues, mucus, and seawater. Boxplots depict
minimum, first and third quartile, maximum, and median for observed diversity (A), phylogenetic
diversity (B), Shannon diversity (C), and evenness (D). Statistical groups (a and b) were identified using
post-hoc Dunn’s tests. Full-size k&l DOL: 10.7717/peerj.17421/fig-3

seawater samples. Observed and phylogenetic ASV diversity was highest in seawater
samples, with both tissue and mucus microbiomes being less diverse (Figs. 3A and 3B).

By contrast, Shannon diversity and evenness of mucus microbiomes was similar to
seawater sample diversity and evenness and were higher than for tissue samples (Figs. 3C
and 3D). Shannon diversity was not significantly different between inner and outer zones
(p = 0.322) but we found significant variation across months (p = 0.017) (Table S2). Most
interaction terms (month * compartment, zone * compartment, and month * zone
compartment), however, were significant in explaining variation in Shannon diversity
(p < 0.001 for each) (Table S2). Zone (p = 0.596) or month alone (p = 0.570) did not explain
the observed variation but all interaction terms including compartment were significant in
explaining variation in evenness (Table S3). While variation of phylogenetic diversity of
microbiomes was not explained by differences between zones alone (p = 0.374),
phylogenetic diversity was affected by month (p < 0.001), compartment (p < 0.001), and all
interaction terms of zone, month, and compartment (zone * month: p <0.001;
compartment * zone: p = 0.002; compartment * month: p < 0.001; compartment * zone *
month: p < 0.001) (Table S4).

Interestingly, Shannon diversity was neither significantly different across zones
(p = 0.893) nor months (p = 0.106) for tissue microbiomes (Table S2; Fig. S4) but the
interactions of zone and month was significant for tissue microbiome phylogenetic
diversity (p = 0.020) (Table S4) and tissue microbiome evenness (p = 0.034) (Table S3).
Zone, month, or their interaction were significant factors influencing mucus microbiome
diversity and evenness, by contrast (Tables S2-54; Fig. S5); month was the only variable
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Figure 4 Structural equation model (SEM) explaining the relationships between environmental
parameters, fecal indicator bacteria (FIB) concentrations, and microbiome diversity. The SEM
shows the impacts of exogenous variables (rain and temperature) on endogenous variables (con-
centrations of E. coli, Enterococcus, and total coliform concentrations) and response variables (Shannon
diversity of tissue and mucus). R* values are given for each endogenous and response variable. Arrows
indicate statistically significant (p < 0.05) linkages. Red arrows indicate a negative correlation; black
arrows indicate a positive correlation. Full-size Kl DOT: 10.7717/peerj.17421/fig-4

associated with seawater microbiome diversity, showing significant differences in
phylogenetic diversity (p = 0.012) (Table S4; Fig. S6).

Environmental predictors of microbiome diversity

Linear mixed effects model analyses for SEMs found the following statistically significant
(p < 0.05) linkages: (1) an effect of temperature on FIB concentrations (total coliform,
E. coli, and Enterococcus), (2) an effect of precipitation on FIB concentrations, (3) E. coli
concentration is subject to common sources of variation with total coliform concentration
and Enterococcus concentration, (4) an effect of total coliform concentration on tissue
microbiome diversity; and (5) an effect of E. coli concentration on mucus microbiome
diversity (Fig. 4). Temperature and FIB concentrations were negatively correlated, as were
E. coli and Enterococcus concentrations (red arrows; Fig. 4), while all other correlations
were positive (black arrows; Fig. 4). Total coliform concentration was a significant
predictor of tissue microbiome diversity (p = 0.044, R* = 0.09) while E. coli concentration
was a significant predictor for mucus microbiome diversity (p = 0.019, R* = 0.09). Both of
these predictors were weakly associated with their responses, as indicated by the low R
values. Though inclusion of a correlated error structure between precipitation and mucus
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Figure 5 Relative abundances of bacterial taxa identified in coral tissue, mucus, and seawater
microbiomes. The ten most abundant bacterial families found in the coral tissue (A), coral mucus
(B), and seawater (C) are shown. Samples were separated by months and zones in which they were
collected. April and July fell in Guam’s dry season, and September and December fell in Guam’s wet
season. Full-size K&] DOT: 10.7717/peerj.17421/fig-5

microbial diversity was not found to be statistically significant (p = 0.089), and
precipitation was not hypothesized to directly influence microbial diversity, inclusion of a
correlated error structure greatly improved the model’s goodness-of-fit (p = 0.032 to

p = 0.637).

Arrows shown in the SEMs represent relationships supported by Fisher’s C statistics
(tissue: C = 5.837, df = 4, p = 0.212; mucus: C = 0.901, df = 2, p = 0.637). The fit of the
model to the data could not be rejected by a global goodness-of-fit test (C = 1.972, df = 4,
p = 0.741), indicating that no important pathways between variables in the SEM were
excluded.

Microbiome community composition
ASVs associated with the phylum Proteobacteria displayed the overall highest relative
abundance, followed by Verrucomicrobiota and Bacteroidota (Table S5). Among
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Proteobacteria, the family Endozoicomonadaceae was most abundant, especially in tissue
microbiomes (Table S6; Fig. 5). In tissue microbiomes, Endozoicomonadaceae dominated
all months and zones (Fig. 5A). While Endozoicomonadaceae were dominant in the mucus
in April and July during the dry season, their abundance and prevalence dropped sharply
in September and December during the wet season (Fig. 5B). Simkaniaceae, Moraxellaceae
and Comamonadaceae were the other most abundant families in tissue and mucus
microbiomes (Figs. 5A and 5B). While Simkaniaceae were more abundant in tissues
compared to the mucus, Comamonadaceae and Moraxellaceae were more abundant
and prevalent in the mucus compared to tissues (Table S6, Figs. 5A and 5B).
Endozoicomonadaceae were also found in abundance in seawater samples, in addition to
Cyanobiaceae, Rhodobacteraceae, and Chitinophagaceae (Table S6 and Fig. 5C).

PERMANOVA showed significant differences between months, but not between inner
and outer zones (Table S7). Some interactions were significant (zone * month,
compartment * month), but not all (compartment * zone, compartment * zone * month).
Within tissue, there was a significant difference in beta diversity between inner and outer
zones, as well as an interaction effect of zones and months, but not between months alone.
For the mucus, there was no significant difference between inner and outer zones, or
between the interaction of zones and months, but months differed significantly (Table S7).
In the seawater, no statistically significant difference was seen by month, zone, or their
interaction (Table S7). Pairwise PERMANOV As (Table S8) revealed significant differences
in beta diversity between each of the different compartments. Overall, significant
differences in beta diversity were also seen between months: April versus December, July
versus September, and July versus December. No significant differences were observed
within tissue microbiomes when comparing sampling months. By contrast, mucus beta
diversity differed across all months except for the comparison of September versus
December. Seawater samples saw significant differences between September and
December.

Three PCoA plots based on weighted UniFrac distances were constructed to visualize
differences between zones and seasons for coral tissue, mucus, and seawater microbiomes
(Fig. 6); ANOSIM was used to test for significant dissimilarities of microbiomes between

Miller and Bentlage (2024), Peerd, DOI 10.7717/peerj.17421

14/27


http://dx.doi.org/10.7717/peerj.17421/supp-12
http://dx.doi.org/10.7717/peerj.17421/supp-12
http://dx.doi.org/10.7717/peerj.17421/supp-12
http://dx.doi.org/10.7717/peerj.17421/supp-13
http://dx.doi.org/10.7717/peerj.17421/supp-13
http://dx.doi.org/10.7717/peerj.17421/supp-13
http://dx.doi.org/10.7717/peerj.17421/supp-14
http://dx.doi.org/10.7717/peerj.17421/fig-6
http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

Peer

A

Mucus - Tissue

Family:Alcaligenaceae *okk

Family:Myxococcaceae - b

Class:Alphaproteobacteria _—‘
Family:Pseudomonadaceae ** '—_
Family:NS9 marine group *kk I

Family:Moraxellaceae Ak k -
Family:Simkaniaceae _—| *
Family:Sphingomonadaceae *kk _
Family:Endozoicomonadaceae - dkk
—

Family:Comamonadaceae ok

B :

| Mucus - Seawater

Family:Obscuribacteraceae *kk
Order:Bacillales d*kk N
Family:Thermaceae *okk
Family:Alcaligenaceae *kk .
Family:Lactobacillaceae i ok ok
Family:Intrasporangiaceae sdeokok i
Family:Oxalobacteraceae ETTI |
Family:Methylophagaceae [ *kk
Class:Alphaproteobacteria ] *kk
Family:Rhodocyclaceae *kkk [l
Family:Arenicellaceae - *kokk
Family:Bryobacteraceae ] dkk
Family:Hyphomonadaceae I *xx
Family:Xanthomonadaceae ok
Family:Streptococcaceae sk N
Family:Beijerinckiaceae *%kk
Family:Azospirillaceae *kx Wl
Family:Alteromonadaceae ' —— kok
-2.5 0.0 25

Log fold change

Figure 7 (A and B) Differential abundance of bacterial taxa in microbiomes. Bacterial taxa that were
differentially abundant in comparisons of mucus versus tissue and mucus versus seawater microbiomes
are shown. Asterisks indicate significance levels ("p < 0.05; “*p < 0.01; **"p < 0.001).

Full-size K&l DOT: 10.7717/peerj.17421/fig-7

zones and seasons (Table S9). Tissue microbiomes (Fig. 6A) differed between inner and
outer zones during the dry season (R = 0.352; p = 0.002); wet and dry season tissue
microbiomes showed a high degree of overlap but showed some significant differences
between dry and wet seasons in the inner zone (R = 0.161; p = 0.002) and the outer zone
(R =0.169; p = 0.010). Mucus microbiomes (Fig. 6B) were differentiated by season
(R=0.315; p <0.001) overall and for comparisons between wet and dry seasons within the
inner zone (R = 0.309; p = 0.005) and outer zone (R = 0.417; p < 0.001). No statistically
significant differences were found between seasons and zones for seawater samples

(Fig. 6C).

Compartment-specific microbiome differences
Tissue microbiomes were characterized by Alphaproteobacteria, Endozoicomonadaceae,
Simkaniaceae, and Myxococcaceae that were significantly more abundant in tissue
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microbiomes compared to the mucus (Fig. 7A). In the mucus, Sphingomonadaceae,
Comamonadaceae, Moraxellaceae, and Pseudomonadaceae were significantly more
abundant than in tissues (Fig. 7A). When comparing the mucus microbiome to seawater,
the most striking difference was the increased abundance of Alteromonadaceae in seawater
compared to the mucus (Fig. 7B). The most pronounced difference across compartments
were the high abundances of Endozoicomonadaceae and Simkaniaceae in tissues,
Sphingomonadaceae in the mucus, and Alteromonadaceae in the seawater (Fig. 7).

DISCUSSION

Bacteria are an essential component of the coral symbiotic community that ensures
homeostasis of the holobiont (Boilard et al., 2020). Environmental change and bacterial
pollution may lead to disruptions of the coral bacterial microbiome, which can leave coral
vulnerable to stress and disease (Haapkyld et al., 2011). Rainfall patterns during our study
period reflected distinct wet and dry seasons with relatively low precipitation during the
first two sampling time points in April and at the beginning of July that drastically
increased by September, the third sampling time point (Fig. S3). While tissue microbiome
taxonomic composition remained relatively stable throughout the year (Fig. 5A), mucus
microbiome taxonomic composition showed a distinct and significant shift between the
dry (April and July) and wet (September and December) seasons (Fig. 5B; Table S9).
Contrary to the findings from some previous studies (e.g., Ziegler et al., 2019), but in
agreement with others (Ziegler et al., 2016; Osman et al., 2020), seawater microbiomes were
most diverse (Fig. 3) and differed across all time points, albeit sample sizes were rather
limited. West Hagatiia Bay is impacted by runoff which may explain high and variable
seawater microbial diversity.

Potential drivers of microbiome diversity
Consistent with rainfall patterns and resulting runoff into West Hagéta Bay, E. coli and
total coliform concentrations increased from July to September and remained high
throughout December (Figs. 2B and 2C); high concentrations of coliform bacteria,
including E. coli (Figs. 2B and 2C), in April were the likely result of a rain event the day
prior to sampling. Enterococcus concentrations were elevated from July until the end of the
wet season in December (Fig. 2A). While enterococci are used as indicators of sewage
pollution similar to coliform bacteria, Enterococcus species may grow in different
environments making them more general indicators of non-point source pollution from
reservoirs, including soils in addition to sewage (Rothenheber ¢ Jones, 2018). Considering
that culverts drain residential runoff directly into the inner zone of West Hagétfia Bay near
our sampling sites, it is not surprising that FIB concentrations were elevated in the inner
zone compared to the outer zone in September during the height of the wet season
(Fig. 2B); culverts and the Fonte River to the west of our study site are the sole drainage of
surface stormwater runoff in the area, all of which terminate in West Hagétiia Bay.

We did not find any statistically significant differences in FIB concentrations across
months or zones, but this could have been the result of low sampling effort. However, we
found rainfall to be positively associated with FIB concentrations, in particular coliform
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and E. coli concentrations (Fig. 4) that in turn were identified as weak but significant
predictors of tissue and mucus microbiome diversity (Fig. 4). By contrast, water
temperatures were negatively correlated with FIB concentrations. Overall, the SEM (Fig. 4)
identified seasonal rainfall patterns and associated FIB concentrations as drivers of
microbiome diversity. Variations in both tissue and mucus microbiome diversity were
explained by month or the interaction of zone and month (Tables S5-S7). Zone alone was
not able to explain differences in microbiome diversity, which suggests that the
combination of increased runoff caused by seasonal rainfalls and distance from shore
(inner versus outer zone) influenced microbiome diversity in A. pulchra.

Microbiome composition through space and time

Previous studies compared coral microbiomes across different compartments (Pollock

et al., 2018; Marchioro et al., 2020; Sweet, Croquer ¢ Bythell, 2011), microhabitats (Camp
et al., 20205 Fifer et al., 2022), or examined microbiome shifts over time (Dunphy et al,
2019; Chu ¢ Vollmer, 2016; Sweet, Croquer ¢ Bythell, 2010). In this study, we tracked the
microbiome of A. pulchra’s tissue and mucus over time, comparing two habitats,
near-shore inner and far-shore outer zones of West Hagatia Bay. A. pulchra has previously
been shown to bleach more severely in the inner zone compared to its conspecifics in the
outer zone (Raymundo et al., 2017), likely caused by a combination of water temperature
and flow differences (Fifer et al., 2021). Previous studies have shown that disease and
bleaching may impact bacterial microbiome diversity and composition (e.g., Boilard et al.,
2020). We uncovered high relative abundances of Simkaniaceae and
Endozoicomonadaceae in the tissues of inner zone A. pulchra (Fig. 5A), taxa that were
characteristic of tissue microbiomes (Fig. 7A). Of all sequences assigned to
Endozoicomonadaceae found in coral tissue samples by us, 54% originated from outer zone
samples while 46% came from corals in the inner zone. Endozoicomonadaceae and
Simkaniaceae have been shown to co-occur in corals, with Simkaniaceae being dominant
in juvenile corals (Bernasconi et al., 2019). Members of Simkaniaceae have been commonly
identified in coral microbiomes but their role remains largely unknown (Ziegler et al.,
2019). However, recent research found that Simkaniaceae and Endozoicomonadaceae are
located in adjacent CAMAs, potentially acting together as an important energy source for
their coral host (Maire et al., 2023). Given these considerations, the high relative
abundance of Simkaniaceae may be an acclimation to the environment of the inner zone of
West Hagatia Bay in A. pulchra.

While recent years have seen increasing research on the role of Endozoicomonadaceae
on coral holobiont function (Tandon et al., 2020), the potential importance of
Simkaniaceae for coral holobiont health has only been recognized recently (Maire et al.,
2023). Interestingly, Ziegler et al. (2019) found an increase in relative abundance of
Simkaniaceae in coral tissues at unimpacted sites compared to anthropogenically impacted
sites. By contrast, we found that Simkaniaceae had higher relative abundances in near-
shore, inner zone tissue microbiomes than far-shore, outer zone tissue microbiomes
(Fig. 5A). Whole genome sequencing and annotation have shed light on the metabolic
capacity of Endozoicomonadaceae, in particular species of Endozoicomonas (e.g., Neave
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et al., 2017; Tandon et al., 2020). Recently, Endozoicomonas was isolated from A. pulchra in
Guam and its genome sequenced (De La Vega, Shimpi ¢» Bentlage, 2023), laying the
foundation for deeper insights into the metabolic repertoire of this endosymbiont.
Genome sequences and isolates of Endozoicomonas species for experimental work have
increased in recent years. Isolates and genome sequences of Simkaniaceae species are
lacking but will be important for future comparative studies to understand their role in
coral microbiome function.

While mucus bacterial communities were dominated by Endozoicomonadaceae during
April and July (Fig. 5B), similar to tissue microbiomes (Fig. 5A), relative abundances of
Endozoicomonadaceae in the mucus declined dramatically during the wet season in
September and December. Runoft during periods of high rainfall may increase total
dissolved solids, particulate nutrients that are frequently elevated in Guam’s wet season
(Guam Waterworks Authority, 2019), which may have led to the growth of the abundant
Rhodobacteraceae and Cyanobiaceae present in seawater in September (Fig. 5C). Several
mucus samples included high relative abundances for these taxa as well (Fig. 5B), likely
originating from seawater. By December, Comamonadaceae, Moraxellaceae,
Chitinophagaceae, and Pseudomonadaceae were the most abundant mucus microbiome
families with community compositions relatively homogeneous across samples (Fig. 5B),
suggesting microbiome acclimation. While their function remains largely unknown, these
taxa have been found in the microbiomes of healthy corals (Chu ¢ Vollmer, 2016; McKew
et al., 2012; Vijay et al., 2021) and may provide benefits for A. pulchra when exposed to
increased runoff during the wet season given their overrepresentation in the mucus
(Fig. 7A).

Microbiome conformism and regulation
Generally, Acropora spp. are considered conformers whose microbiomes are susceptible to
and reflect shifts in the external environment (Ziegler et al., 2019). However, some
acroporids have shown the opposite. For example, A. tenuis was found to be highly
susceptible to the influence of the external environment on its microbiome while the
bacterial microbiome of A. millepora remained stable regardless of environmental changes
(Marchioro et al., 2020). When challenged with a new environment following
transplantation, A. hyacinthus microbiomes appeared to acclimate to new and stressful
conditions (Ziegler et al., 2017). In A. pulchra, we found overlap between mucus and
seawater bacterial communities, suggesting that the mucus conforms to its surrounding
environment. Tissue microbiomes, on the other hand, were relatively distinct and stable
through time with community shifts largely restricted to changes in relative abundances of
the dominant taxa Endozoicomonadaceae and Simkaniaceae (Fig. 5A). Consistent with
previous studies (Marchioro et al., 2020; Sweet, Croquer ¢ Bythell, 2011; Amy, Weber
Laura & Santoro Alyson, 2016), we also observed tissue microbiomes to be less diverse
compared to mucus and seawater bacterial communities (Fig. 3).

Bulk microbiomes are often extracted from combined tissue and mucus samples with
the explicit aim of characterizing microbiomes of the entire coral holobiont (e.g.,
Pootakham et al., 2021). Considering that environmental influences are not uniform across
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the different microbiome compartments, examining microbiomes of the different layers of
the coral holobiont separately has the potential to provide important insights into coral
holobiont responses to environmental impacts. To address this issue, we characterized
tissue and mucus microbiomes separately, albeit our tissue samples contained the top
layers of the underlying skeleton. In A. pulchra, we found that the mucus acts as a
microbiome conformer while the stability and relatively low diversity of tissue
microbiomes suggests at least some degree of regulation. A. pulchra tissues were
dominated by Endozoicomonadaceae, which are considered essential coral endosymbionts
that produce antimicrobial compounds (Rua et al., 2014) and are positively correlated with
Symbiodiniaceae densities (Marchioro et al., 2020). However, the association of
Endozoicomonadaceae with corals may not be purely mutualistic (Pogoreutz ¢ Ziegler,
2024).

Consistent with the results presented here, colonies of A. pulchra growing near the reef
crest on New Caledonian reefs were dominated by Endozoicomonas while those living in
lagoons were dominated not only by Simkaniaceae but also Moraxellaceae (Camp et al.,
2020). Endozoicomonas spp. may secrete excess acetate which Simkania spp. may use as an
energy source, ultimately aiding coral metabolism (Maire et al., 2023). The increased
abundance of Simkaniaceae in inner zone A. pulchra tissues but also the outer zone in
September during the height of the wet season in our study may represent an acclimation
response that aids A. pulchra in mitigating the impacts of elevated water temperatures and
rainfall-driven coastal runoff. Mucus microbiomes underwent noticeable change early in
the wet season, with relative abundances of Endozoicomonadaceae declining and other
taxa of bacteria increasing in relative abundance (Fig. 5B). Interestingly, Rhodobacteraceae
were highly abundant in seawater and some mucus bacterial communities in
September (Figs. 5B and 5C). Rhodobacteraceae co-occured with Cyanobiaceae, both of
which are commonly found together (Deignan ¢ McDougald, 2022; Botté et al., 2022).
Rhodobacteraceae is a family comprising opportunistic heterotrophic bacteria that rapidly
grow in the presence of organic-rich matter, as may be supplied by terrestrial runoff
(McDevitt-Irwin et al., 2017).

High relative abundance of Rhodobacteraceae has been associated with declining
Endozoicomonadaceae abundance, suggesting negative coral health impacts (Pootakham
et al., 2019). By December, Rhodobacteraceae abundances had declined in mucus
microbiomes and seawater (Figs. 5B and 5C) with mucus microbial relative abundances
dominated by Comamonadaceae, Moraxellaceae, Chitinophagaceae, and
Pseudomonadaceae. Pseudomonadaceae have previously been described from the mucus of
healthy corals and are known for their antibacterial, antiviral, and antifouling properties
that allow for control of viruses and prevention of biofilm formation (Vijay et al., 2021),
linking this taxon to potential roles in microbiome regulation. Moraxellaceae, such as
Psychrobacter spp., have also been described from coral mucus samples (McKew et al.,
2012) and possess genes associated with carbon and nitrogen metabolism that may confer
the ability to utilize organic compounds found in the mucus (Badhai, Ghosh ¢» Das, 2016).
While their functional role is not well understood, Comamonadaceae has been reported
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from healthy corals and macroalgae found in reefs not impacted by environmental
stressors (Chu & Vollmer, 2016; Barott et al., 2011; Roder et al., 2014).

Despite being in direct contact with the environment, mucus microbiome composition
may in part be regulated by the coral host’s physiology (Glasl, Herndl ¢» Frade, 2016).
A. pulchra mucus microbial relative abundances were highly variable in September and
drastically differed from mucus sampled during earlier time points (Fig. 5B). By December,
mucus microbiomes were relatively uniform but different from the microbiomes
dominated largely by Endozoicomonadaceae in the dry season (Fig. 5B). This pattern
suggests that mucus microbiomes were affected by environmental changes in the wet
season, followed by possible coral host regulation of microbiome composition to a new
state characterized by beneficial bacterial taxa. In addition, Alteromonadaceae were
abundant in seawater during September (Fig. 5C) and were generally overrepresented in
seawater compared to the mucus (Fig. 7B). Alteromonadaceae genera such as Alteromonas
live freely in seawater and are associated with incorporation and possible translocation of
nutrients to corals (Ceh et al., 2013). While we found no evidence of elevated
concentrations of dissolved nitrogen or phosphate contrary to the results of FIB
monitoring (Fig. 3), signatures of long-term eutrophication (Redding et al., 2013) as well as
regular detection of elevated levels of total suspended solids (TSS) have been reported from
West Hagétia Bay (Guam Waterworks Authority, 2019).

CONCLUSIONS

This study characterized the bacterial microbiome of coral tissue and mucus of the
staghorn coral Acropora pulchra growing in nearshore (close to the shore) and farshore
(close to the reef crest) habitats to examine shifts in microbiome diversity and composition
between wet and dry seasons. Microbiome diversity in both coral tissue and mucus was
influenced by seasonal rainfall patterns and associated bacterial pollution, highlighting the
impact of runoff on coral microbiomes. However, A. pulchra tissue microbiome
composition remained relatively stable across space and time despite Acropora species
being considered microbiome conformers whose microbiomes closely resemble the
surrounding environment. By contrast, A. pulchra mucus microbiomes were highly
variable, with distinct differences in microbiome composition associated with the
transition from the dry to the wet season. This study highlights the effects of coastal runoff
and bacterial pollution on different compartments of the coral bacterial microbiome and
identified seasonal rainfall patterns as a driver of coral microbiome diversity.

ACKNOWLEDGEMENTS

We would like to thank all who contributed to this project, particularly Justin Berg, who
assisted with field work and sampling. TCM would like to acknowledge Dr. Laurie
Raymundo and Dr. Rebecca Vega Thurber for serving on her MS thesis committee on
which the work presented here is based. We would like to thank Dr. Héloise Rouzé for
assisting with bioinformatic data analysis, particularly for her instructions on the use of
DADA?2 and phyloseq. We would further like to thank Dr. Brett Taylor for feedback on the
construction of the structural equation model presented herein. We are indebted to three

Miller and Bentlage (2024), Peerd, DOI 10.7717/peerj.17421 20/27


http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

Peer/

anonymous reviewers whose critical feedback greatly improved an earlier version of this
manuscript. Any opinions, findings, conclusions, or recommendations expressed in this
material are those of the authors and do not necessarily reflect the views of the National
Science Foundation.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the National Science Foundation under cooperative
agreement OIA-1946352. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Science Foundation: OIA-1946352.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Therese C. Miller conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

« Bastian Bentlage conceived and designed the experiments, performed the experiments,

prepared figures and/or tables, authored or reviewed drafts of the article, and approved
the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Guam Department of Agriculture.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:
The raw sequence data from this project are available at GenBank: PRINA1011454.

Data Availability
The following information was supplied regarding data availability:
The raw data and scripts used for data analyses are available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.17421#supplemental-information.

Miller and Bentlage (2024), Peerd, DOI 10.7717/peerj.17421 21/27


http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1011454
http://dx.doi.org/10.7717/peerj.17421#supplemental-information
http://dx.doi.org/10.7717/peerj.17421#supplemental-information
http://dx.doi.org/10.7717/peerj.17421#supplemental-information
http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

Peer/

REFERENCES

Amend AS, Swift SOI, Darcy JL, Belcaid M, Nelson CE, Buchanan J, Cetraro N, Fraiola KMS,
Frank K, Kajihara K, McDermot TG, McFall-Ngai M, Medeiros M, Mora C, Nakayama KK,
Nguyen NH, Rollins RL, Sadowski P, Sparagon W, Téfit MA, Yew JY, Yogi D, Hynson NA.
2022. A ridge-to-reef ecosystem microbial census reveals environmental reservoirs for animal
and plant microbiomes. Proceedings of the National Academy of Sciences of the United States of
America 119(33):e2204146119 DOI 10.1073/pnas.2204146119.

Amy A, Weber Laura G, Santoro Alyson E. 2016. Distinguishing between microbial habitats
unravels ecological complexity in coral microbiomes. mSysterms 1:00143—16
DOI 10.1128/mSystems.00143-16.

Apprill A, McNally S, Parsons R, Weber L. 2015. Minor revision to V4 region SSU rRNA 806R
gene primer greatly increases detection of SAR11 bacterioplankton. Aquatic Microbial Ecology
75:129-137 DOI 10.3354/ame01753.

Armstrong G, Cantrell K, Huang S, McDonald D, Haiminen N, Carrieri AP, Zhu Q,
Gonzalez A, McGrath I, Beck KL, Hakim D, Havulinna AS, Méric G, Niiranen T, Lahti L,
Salomaa V, Jain M, Inouye M, Swafford AD, Kim H-C, Parida L, Viazquez-Baeza Y,
Knight R. 2021. Efficient computation of Faith’s phylogenetic diversity with applications in
characterizing microbiomes. Genome Research 31(11):2131-2137 DOI 10.1101/gr.275777.121.

Badhai J, Ghosh TS, Das SK. 2016. Composition and functional characterization of microbiome
associated with mucus of the coral Fungia echinata collected from Andaman Sea. Frontiers in
Microbiology 16:936-939 DOI 10.3389/fmicb.2016.00936.

Banin E, Khare SK, Naider F, Rosenberg E. 2001. Proline-rich peptide from the coral pathogen
vibrio shiloi that inhibits photosynthesis of zooxanthellae. Applied and Environmental
Microbiology 67(4):1536-1541 DOI 10.1128/ AEM.67.4.1536-1541.2001.

Barott KL, Rodriguez-Brito B, Janouskovec J, Marhaver KL, Smith JE, Keeling P, Rohwer FL.
2011. Microbial diversity associated with four functional groups of benthic reef algae and the
reef-building coral Montastraea annularis. Environmental Microbiology 13(5):1192-1204
DOI 10.1111/j.1462-2920.2010.02419.x.

Bernasconi R, Stat M, Koenders A, Paparini A, Bunce M, Huggett M. 2019. Establishment of
coral-bacteria symbioses reveal changes in the core bacterial community with host ontogeny.
Frontiers in Microbiology 10:1529 DOI 10.3389/fmicb.2019.01529.

Boilard A, Dubé CE, Gruet C, Merciére A, Hernandez-Agreda A, Derome N. 2020. Defining
coral bleaching as a microbial dysbiosis within the coral holobiont. Microorganisms 29(8):1682
DOI 10.3390/microorganisms8111682.

Botté ES, Cantin NE, Mocellin VJL, O’Brien PA, Rocker MM, Frade PR, Webster NS. 2022. Reef
location has a greater impact than coral bleaching severity on the microbiome of Pocillopora
acuta. Coral Reefs 41(1):63-79 DOI 10.1007/s00338-021-02201-y.

Bourne DG, Morrow KM, Webster NS. 2016. Insights into the coral microbiome: underpinning
the health and resilience of reef ecosystems. Annual Reviews of Microbiology 70(1):317-340
DOI 10.1146/annurev-micro-102215-095440.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 2016. DADA2:
high-resolution sample inference from Illumina amplicon data. Nature Methods 13(7):581-583
DOI 10.1038/nmeth.3869.

Camp EF, Suggett DJ, Pogoreutz C, Nitschke MR, Houlbreque F, Hume BCC, Gardner SG,
Zampighi M, Rodolfo-Metalpa R, Voolstra CR. 2020. Corals exhibit distinct patterns of
microbial reorganisation to thrive in an extreme inshore environment. Coral Reefs
39(3):701-716 DOI 10.1007/s00338-019-01889-3.

Miller and Bentlage (2024), Peerd, DOI 10.7717/peerj.17421 22/27


http://dx.doi.org/10.1073/pnas.2204146119
http://dx.doi.org/10.1128/mSystems.00143-16
http://dx.doi.org/10.3354/ame01753
http://dx.doi.org/10.1101/gr.275777.121
http://dx.doi.org/10.3389/fmicb.2016.00936
http://dx.doi.org/10.1128/AEM.67.4.1536-1541.2001
http://dx.doi.org/10.1111/j.1462-2920.2010.02419.x
http://dx.doi.org/10.3389/fmicb.2019.01529
http://dx.doi.org/10.3390/microorganisms8111682
http://dx.doi.org/10.1007/s00338-021-02201-y
http://dx.doi.org/10.1146/annurev-micro-102215-095440
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1007/s00338-019-01889-3
http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

Peer/

Ceh J, Kilburn MR, Cliff JB, Raina JB, van Keulen M, Bourne DG. 2013. Nutrient cycling in early
coral life stages: Pocillopora damicornis larvae provide their algal symbiont (Symbiodinium) with
nitrogen acquired from bacterial associates. Ecology and Evolution 3(8):2393-2400
DOI 10.1002/ece3.642.

Chiou YJ, Chan YF, Yu SP, Lu CY, Hsiao SSY, Chiang PW, Hsu TC, Liu PY, Wada N, Lee Y,
Jane WN, Lee DC, Huang YW, Tang SL. 2023. Similar but different: characterization of dddD
gene-mediated DMSP metabolism among coral-associated Endozoicomonas. Science Advances
9(47):eadk1910 DOI 10.1126/sciadv.adk1910.

Chu ND, Vollmer SV. 2016. Caribbean corals house shared and host-specific microbial symbionts
over time and space. Environmental Microbiology Reports 8(4):493-500
DOI 10.1111/1758-2229.12412.

De La Vega P, Shimpi GG, Bentlage B. 2023. Genome sequence of the endosymbiont
Endozoicomonas sp. Strain GU-1 (Gammaproteobacteria), isolated from the staghorn coral
Acropora pulchra (Cnidaria: Scleractinia). Microbiology Resource Announcements 12(3):e01355
—22 DOI 10.1128/mra.01355-22.

Deignan LK, McDougald D. 2022. Differential response of the microbiome of Pocillopora acuta to
reciprocal transplantation within Singapore. Microbial Ecology 83(3):608-618
DOI 10.1007/500248-021-01793-w.

DeVantier LM, De’ath G, Turak E, Done TJ, Fabricius KE. 2006. Species richness and
community structure of reef-building corals on the nearshore Great Barrier Reef. Coral Reefs
25(3):329-340 DOI 10.1007/500338-006-0115-8.

Dunphy CM, Gouhier TC, Chu ND, Vollmer SV. 2019. Structure and stability of the coral
microbiome in space and time. Scientific Reports 9:6785 DOI 10.1038/541598-019-43268-6.

Fifer J, Bentlage B, Lemer S, Fujimura AG, Sweet M, Raymundo L]J. 2021. Going with the flow:
how corals in high-flow environments can beat the heat. Molecular Ecology 30(9):2009-2024
DOI 10.1111/mec.15869.

Fifer JE, Bui V, Berg JT, Kriefall N, Klepac C, Bentlage B, Davies SW. 2022. Microbiome
structuring within a coral colony and along a sedimentation gradient. Frontiers in Marine
Science 8:805202 DOI 10.3389/fmars.2021.805202.

Garren M, Raymundo L, Guest J, Harvell CD, Azam F. 2009. Resilience of coral-associated
bacterial communities exposed to fish farm effluent. PLOS ONE 4:¢7319
DOI 10.1371/journal.pone.0007319.

Glasl B, Herndl GJ, Frade PR. 2016. The microbiome of coral surface mucus has a key role in
mediating holobiont health and survival upon disturbance. The ISME Journal 10:2280-2292
DOI 10.1038/ismej.2016.9.

Glockner FO, Yilmaz P, Quast C, Gerken J, Beccati A, Ciuprina A, Bruns G, Yarza P, Peplies J,
Westram R, Ludwig W. 2017. 25 years of serving the community with ribosomal RNA gene
reference databases and tools. Journal of Biotechnology 261:169-176
DOI 10.1016/j.jbiotec.2017.06.1198.

Greer L, Jackson JE, Curran HA, Guilderson T, Teneva L. 2009. How vulnerable is Acropora
cervicornis to environmental change? Lessons from the early to middle Holocene. Geology
37:263-266 DOI 10.1130/G25479A.1.

Guam Waterworks Authority. 2019. National pollutant discharge elimination system (NPDES)
proposed permit fact sheet. Available at https://www.epa.gov/sites/default/files/2019-11/
documents/gu0020141-gu0020087-gu0020222-gu0020273-guam-waterworks-authority-facilities-
factsheet-2019-11.pdf (accessed 1 Jun 2022).

Guilcher A. 1988. Coral reef geomorphology. New York, NY: Wiley, 288.

Miller and Bentlage (2024), Peerd, DOI 10.7717/peerj.17421 23/27


http://dx.doi.org/10.1002/ece3.642
http://dx.doi.org/10.1126/sciadv.adk1910
http://dx.doi.org/10.1111/1758-2229.12412
http://dx.doi.org/10.1128/mra.01355-22
http://dx.doi.org/10.1007/s00248-021-01793-w
http://dx.doi.org/10.1007/s00338-006-0115-8
http://dx.doi.org/10.1038/s41598-019-43268-6
http://dx.doi.org/10.1111/mec.15869
http://dx.doi.org/10.3389/fmars.2021.805202
http://dx.doi.org/10.1371/journal.pone.0007319
http://dx.doi.org/10.1038/ismej.2016.9
http://dx.doi.org/10.1016/j.jbiotec.2017.06.1198
http://dx.doi.org/10.1130/G25479A.1
https://www.epa.gov/sites/default/files/2019-11/documents/gu0020141-gu0020087-gu0020222-gu0020273-guam-waterworks-authority-facilities-factsheet-2019-11.pdf
https://www.epa.gov/sites/default/files/2019-11/documents/gu0020141-gu0020087-gu0020222-gu0020273-guam-waterworks-authority-facilities-factsheet-2019-11.pdf
https://www.epa.gov/sites/default/files/2019-11/documents/gu0020141-gu0020087-gu0020222-gu0020273-guam-waterworks-authority-facilities-factsheet-2019-11.pdf
http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

Peer/

Haapkyli J, Unsworth RKF, Flavell M, Bourne DG, Schaffelke B, Willis BL. 2011. Seasonal
rainfall and runoff promote coral disease on an inshore reef. PLOS ONE 6(2):e16893
DOI 10.1371/journal.pone.0016893.

Hernandez-Agreda A, Gates RD, Ainsworth TD. 2017. Defining the core microbiome in corals’
microbial soup. Trends in Microbiology 25:125-140 DOI 10.1016/j.tim.2016.11.003.

Heron SF, Raymundo L, Sweet WV, Papa A, Moreland-Ochoa C, Burdick DR. 2020. Predicting
extreme tide events to inform shallow reef community restoration and management in Guam.
NOAA Technical Memorandum CRCP 38 DOI 10.25923/bb8f-gt73.

Howe T. 2022. Guam EPA warns of 13 polluted beaches. Guam Pacific Daily News. Available at
https://www.guampdn.com/news/guam-epa-warns-of-13-polluted-beaches/article_30344404-
0f0f-11ed-b3d6-ffc67690f5a7.html (accessed 8 February 2024).

Hughes TP. 1994. Catastrophes, phase shifts, and large-scale degradation of a caribbean coral reef.
Science 265:1547-1551 DOI 10.1126/science.265.5178.1547.

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD, Blomberg SP,
Webb CO. 2010. Picante: R tools for integrating phylogenies and ecology. Bioinformatics
26(11):1463-1464 DOI 10.1093/bioinformatics/btq166.

Lampert Y, Kelman D, Nitzan Y, Dubinsky Z, Behar A, Hill RT. 2008. Phylogenetic diversity of
bacteria associated with the mucus of Red Sea corals. FEMS Microbiology Ecology 64(2):187-198
DOI 10.1111/j.1574-6941.2008.00458.x.

Lefcheck JS. 2016. piecewiseSEM: piecewise structural equation modelling in R for ecology,
evolution, and systematics. Methods in Ecology and Evolution 7(5):573-579
DOI 10.1111/2041-210X.12512.

Lin H, Peddada SD. 2020. Analysis of compositions of microbiomes with bias correction. Nature
Communications 11(1):3514 DOI 10.1038/s41467-020-17041-7.

Lozupone C, Knight R. 2005. UniFrac: a new phylogenetic method for comparing microbial
communities. Applied and Environmental Microbiology 71(12):8228-8235
DOI 10.1128/AEM.71.12.8228-8235.2005.

Maher RL, Epstein HE, Vega Thurber R. 2022. Dynamics of bacterial communities on coral reefs:
implications for conservation. In: van Oppen MJH, Aranda Lastra M, eds. Coral Reef
Conservation and Restoration in the Omics Age. Coral Reefs of the World. Vol. 15. Cham,
Switzerland: Springer International Publishing, 97-116.

Maire J, Tandon K, Collingro A, van de Meene A, Damjanovic K, Gotze CR, Stephenson S,
Philip GK, Horn M, Cantin NE, Blackall LL, van Oppen MJH. 2023. Colocalization and
potential interactions of Endozoicomonas and chlamydiae in microbial aggregates of the coral
Pocillopora acuta. Science Advances 9(20):eadg0773 DOI 10.1126/sciadv.adg0773.

Marchioro GM, Glasl B, Engelen AH, Serrao EA, Bourne DG, Webster NS, Frade PR. 2020.
Microbiome dynamics in the tissue and mucus of acroporid corals differ in relation to host and
environmental parameters. Peer] 8:¢9644 DOI 10.7717/peerj.9644.

Matz MV. 2016. MCMC.OTU: bayesian analysis of multivariate counts data in DNA
metabarcoding and ecology. Available at https://CRAN.R-project.org/package=MCMC.OTU
(accessed 10 May 2023).

McDevitt-Irwin JM, Baum JK, Garren M, Vega Thurber RL. 2017. Responses of coral-associated
bacterial communities to local and global stressors. Frontiers in Marine Science 4:262
DOI 10.3389/fmars.2017.00262.

McKew BA, Dumbrell AJ, Daud SD, Hepburn L, Thorpe E, Mogensen L, Whitby C. 2012.
Characterization of geographically distinct bacterial communities associated with coral mucus

Miller and Bentlage (2024), Peerd, DOI 10.7717/peerj.17421 24/27


http://dx.doi.org/10.1371/journal.pone.0016893
http://dx.doi.org/10.1016/j.tim.2016.11.003
http://dx.doi.org/10.25923/bb8f-gf73
https://www.guampdn.com/news/guam-epa-warns-of-13-polluted-beaches/article_30344404-0f0f-11ed-b3d6-ffc67690f5a7.html
https://www.guampdn.com/news/guam-epa-warns-of-13-polluted-beaches/article_30344404-0f0f-11ed-b3d6-ffc67690f5a7.html
http://dx.doi.org/10.1126/science.265.5178.1547
http://dx.doi.org/10.1093/bioinformatics/btq166
http://dx.doi.org/10.1111/j.1574-6941.2008.00458.x
http://dx.doi.org/10.1111/2041-210X.12512
http://dx.doi.org/10.1038/s41467-020-17041-7
http://dx.doi.org/10.1128/AEM.71.12.8228-8235.2005
http://dx.doi.org/10.1126/sciadv.adg0773
http://dx.doi.org/10.7717/peerj.9644
https://CRAN.R-project.org/package=MCMC.OTU
http://dx.doi.org/10.3389/fmars.2017.00262
http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

Peer/

produced by Acropora spp. and Porites spp. Applied and Environmental Microbiology
78:5229-5237 DOI 10.1128/AEM.07764-11.

McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible interactive analysis and
graphics of microbiome census data. PLOS ONE 8:e61217 DOI 10.1371/journal.pone.0061217.

Meyer JL, Paul V], Teplitski M. 2014. Community shifts in the surface microbiomes of the coral
porites astreoides with unusual lesions. PLOS ONE 9(6):e100316
DOI 10.1371/journal.pone.0100316.

National Oceanic and Atmospheric Administration. 2022. National weather service. Available at
https://www.weather.gov/wrh/Climate?wfo=gum (accessed 5 Mar 2022).

Neave MJ, Rachmawati R, Xun L, Michell CT, Bourne DG, Apprill A, Voolstra CR. 2017.
Differential specificity between closely related corals and abundant Endozoicomonas
endosymbionts across global scales. The ISME Journal 11(1):186-200
DOI 10.1038/ismej.2016.95.

Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB,
Solymos P, Stevens MHH, Szoecs E, Wagner H, Barbour M, Bedward M, Bolker B,
Borcard D, Carvalho G, Chirico M, De Caceres M, Durand S, Evangelista HBA, FitzJohn R,
Friendly M, Furneaux B, Hannigan G, Hill MO, Lahti L, McGlinn D, Ouellette MH,
Cunha ER, Smith T, Stier A, Ter Braak CJF, Weedon J. 2022. vegan: community ecology
package. Available at https://CRAN.R-project.org/package=vegan (accessed 10 May 2023).

Osman EO, Suggett DJ, Voolstra CR, Pettay DT, Clark DR, Pogoreutz C, Sampayo EM,
Warner ME, Smith DJ. 2020. Coral microbiome composition along the northern Red Sea
suggests high plasticity of bacterial and specificity of endosymbiotic dinoflagellate communities.
Microbiome 8(1):8 DOI 10.1186/s40168-019-0776-5.

Peixoto RS, Rosado PM, Leite DCDA, Rosado AS, Bourne DG. 2017. Beneficial microorganisms
for corals (BMC): proposed mechanisms for coral health and resilience. Frontiers in
Microbiology 8:341 DOI 10.3389/fmicb.2017.00341.

Pernice M, Raina J-B, Ridecker N, Céardenas A, Pogoreutz C, Voolstra CR. 2020. Down to the
bone: the role of overlooked endolithic microbiomes in reef coral health. The ISME Journal
14(2):325-334 DOI 10.1038/s41396-019-0548-7.

Pogoreutz C, Ziegler M. 2024. Frenemies on the reef? Resolving the coral-Endozoicomonas
association. Trends in Microbiology 32(5):422-434 DOI 10.1016/.tim.2023.11.006.

Pollock FJ, McMinds R, Smith S, Bourne DG, Willis BL, Medina M, Vega Thurber R,
Zaneveld JR. 2018. Coral-associated bacteria demonstrate phylosymbiosis and cophylogeny.
Nature Communications 9(1):4921 DOI 10.1038/s41467-018-07275-x.

Pootakham W, Mhuantong W, Yoocha T, Putchim L, Jomchai N, Sonthirod C, Naktang C,
Kongkachana W, Tanghatsornruang S. 2019. Heat-induced shift in coral microbiome reveals
several members of the Rhodobacteraceae family as indicator species for thermal stress in Porites
lutea. Microbiology Open 8(12):¢935 DOI 10.1002/mbo03.935.

Pootakham W, Mhuantong W, Yoocha T, Sangsrakru D, Kongkachana W, Sonthirod C,
Maktang C, Jomchai N, U-Thoomporn S, Yeekim T, Pengsakun S, Suttacheep M,
Tanghatsornruang S. 2021. Taxonomic profiling of Symbiodiniaceae and bacterial
communities associated with Indo-Pacific corals in the Gulf of Thailand using PacBio
sequencing of full-length ITS and 16S rRNA genes. Genomics 113(4):2717-2729 2021
DOI 10.1016/j.ygeno.2021.06.001.

Raymundo LJ, Andersen M, Moreland-Ochoa C, Castro A, Lock C, Burns N, Taijeron F,
Burdick D. 2022. Conservation and active restoration of Guam’s staghorn Acropora corals.
University of Guam Marine Laboratory Technical Report 168.

Miller and Bentlage (2024), PeerdJ, DOI 10.7717/peerj.17421 25/27


http://dx.doi.org/10.1128/AEM.07764-11
http://dx.doi.org/10.1371/journal.pone.0061217
http://dx.doi.org/10.1371/journal.pone.0100316
https://www.weather.gov/wrh/Climate?wfo=gum
http://dx.doi.org/10.1038/ismej.2016.95
https://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.1186/s40168-019-0776-5
http://dx.doi.org/10.3389/fmicb.2017.00341
http://dx.doi.org/10.1038/s41396-019-0548-z
http://dx.doi.org/10.1016/j.tim.2023.11.006
http://dx.doi.org/10.1038/s41467-018-07275-x
http://dx.doi.org/10.1002/mbo3.935
http://dx.doi.org/10.1016/j.ygeno.2021.06.001
http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

Peer/

Raymundo LJ, Burdick D, Hoot WC, Miller RM, Brown V, Reynolds T, Gault ], Idechong J,
Fifer J, Williams A. 2019. Successive bleaching events cause mass coral mortality in Guam.
Micronesia Coral Reefs 38(4):677-700 DOI 10.1007/s00338-019-01836-2.

Raymundo LJ, Burdick D, Lapacek VA, Brown V. 2017. Anomalous temperatures and extreme
tides: guam staghorn Acropora succumb to a double threat. Marine Ecology Progress Series
564:47-55 DOI 10.3354/meps12005.

Redding JE, Myers-Miller RL, Baker DM, Fogel M, Raymundo LJ, Kim K. 2013. Link between
sewage-derived nitrogen pollution and coral disease severity in Guam. Marine Pollution Bulletin
73(1):57-63 DOI 10.1016/j.marpolbul.2013.06.002.

Ritchie K. 2006. Regulation of microbial populations by coral surface mucus and mucus-associated
bacteria. Marine Ecology Progress Series 322:1-14 DOI 10.3354/meps322001.

Roder C, Arif C, Bayer T, Aranda M, Daniels C, Shibl A, Chavanich S, Voolstra CR. 2014.
Bacterial profiling of white plague disease in a comparative coral species framework. The ISME
Journal 8(1):31-39 DOI 10.1038/ismej.2013.127.

Rothenheber D, Jones S. 2018. Enterococcal concentrations in a coastal ecosystem are a function

of fecal source input, environmental conditions, and environmental sources. Applied and
Environmental Microbiology 84(17):e01038-18 DOI 10.1128/AEM.01038-18.

Rua CPJ, Trindade-Silva AE, Appolinario LR, Venas TM, Garcia GD, Carvalho LS, Lima A,
Kruger R, Pereira RC, Berlinck RGS, Valle RAB, Thompson CC, Thompson F. 2014.
Diversity and antimicrobial potential of culturable heterotrophic bacteria associated with the
endemic marine sponge Arenosclera brasiliensis. Peer] 2:e419 DOI 10.7717/peerj.419.

Shipley B. 2009. Confirmatory path analysis in a generalized multilevel context. Ecology
90:363-368 DOI 10.1890/08-1034.1.

Sutherland KP, Shaban S, Joyner JL, Porter JW, Lipp EK. 2011. Human pathogen shown to cause
disease in the threatened eklhorn coral Acropora palmata. PLOS ONE 6(8):e23468
DOI 10.1371/journal.pone.0023468.

Sweet M, Croquer A, Bythell J. 2010. Temporal and spatial patterns in waterborne bacterial
communities of an island reef system. Aquatic Microbial Ecology 61:1-11
DOI 10.3354/ame01433.

Sweet M]J, Croquer A, Bythell JC. 2011. Bacterial assemblages differ between compartments
within the coral holobiont. Coral Reefs 30:39-52 DOI 10.1007/s00338-010-0695-1.

Taborosi D, Khosrowpanah S, Jenson J, Kottermeier. 2007. Digital atlas of southern Guam.
Available at https://south.hydroguam.net/index.php (accessed 1 February 2024).

Tandon K, Lu C-Y, Chiang P-W, Wada N, Yang S-H, Chan Y-F, Chen P-Y, Chang H-Y,
Chiou Y-J, Chou M-S, Chen W-M, Tang S-L. 2020. Comparative genomics: dominant
coral-bacterium Endozoicomonas acroporae metabolizes dimethylsulfoniopropionate (DMSP).
The ISME Journal 14(5):1290-1303 DOI 10.1038/s41396-020-0610-x.

Vega Thurber RL, Burkepile DE, Fuchs C, Shantz AA, McMinds R, Zaneveld JR. 2014. Chronic
nutrient enrichment increases prevalence and severity of coral disease and bleaching. Global
Change Biology 20(2):544-554 DOI 10.1111/gcb.12450.

Vijay K, Kiran GS, Divya S, Thangavel K, Thangavelu S, Dhandapani R, Selvin J. 2021. Fatty
acid methyl esters from the coral-associated bacterium Pseudomonas aeruginosa inhibit
virulence and biofilm phenotypes in multidrug resistant Staphylococcus aureus: an in vitro
approach. Frontiers in Microbiology 12:631853 DOI 10.3389/fmicb.2021.631853.

Voolstra CR, Ziegler M. 2020. Adapting with microbial help: microbiome flexibility facilitates
rapid responses to environmental change. BioEssays 42(7):2000004
DOI 10.1002/bies.202000004.

Miller and Bentlage (2024), Peerd, DOI 10.7717/peerj.17421 26/27


http://dx.doi.org/10.1007/s00338-019-01836-2
http://dx.doi.org/10.3354/meps12005
http://dx.doi.org/10.1016/j.marpolbul.2013.06.002
http://dx.doi.org/10.3354/meps322001
http://dx.doi.org/10.1038/ismej.2013.127
http://dx.doi.org/10.1128/AEM.01038-18
http://dx.doi.org/10.7717/peerj.419
http://dx.doi.org/10.1890/08-1034.1
http://dx.doi.org/10.1371/journal.pone.0023468
http://dx.doi.org/10.3354/ame01433
http://dx.doi.org/10.1007/s00338-010-0695-1
https://south.hydroguam.net/index.php
http://dx.doi.org/10.1038/s41396-020-0610-x
http://dx.doi.org/10.1111/gcb.12450
http://dx.doi.org/10.3389/fmicb.2021.631853
http://dx.doi.org/10.1002/bies.202000004
http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

Peer/

Wada N, Ishimochi M, Matsui T, Pollock FJ, Tang S-L, Ainsworth TD, Willis BL, Mano N,
Bourne DG. 2019. Characterization of coral-associated microbial aggregates (CAMAs) within
tissues of the coral Acropora hyacinthus. Scientific Reports 9(1):14662
DOI 10.1038/541598-019-49651-7.

Walters W, Hyde ER, Berg-Lyons D, Ackermann G, Humphrey G, Parada A, Gilbert JA,
Jansson JK, Caporaso JG, Fuhrman JA, Apprill A, Knight R. 2016. Improved bacterial 16S
rRNA gene (V4 and V4-5) and fungal internal transcribed spacer marker gene primers for
microbial community surveys. mSystems 1:€00009-15 DOI 10.1128/msystems.00009-15.

Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naive Bayesian classifier for rapid assignment of
rRNA sequences into the new bacterial taxonomy. Applied and Environmental Microbiology
73:5261-5267 DOI 10.1128/AEM.00062-07.

Wilson B, Muirhead A, Bazanella M, Huete-Stauffer C, Vezzulli L, Bourne DG. 2013. An
improved detection and quantification method for the coral pathogen Vibrio coralliilyticus.
PLOS ONE 8(12):e81800 DOI 10.1371/journal.pone.0081800.

Wolanski E, Richmond RH, Davis G, Deleersnijder E, Leben RR. 2003. Eddies around Guam, an
island in the Mariana Islands group. Continental Shelf Research 23(10):991-1003
DOI 10.1016/50278-4343(03)00087-6.

Wooldridge SA, Done TJ. 2009. Improved water quality can ameliorate effects of climate change
on corals. Ecological Applications 19:1492-1499 DOI 10.1890/08-0963.1.

Zaiko A, von Ammon U, Stuart J, Smith KF, Yao R, Welsh M, Pochon X, Bowers HA. 2022.
Assessing the performance and efficiency of environmental DNA/RNA capture methodologies
under controlled experimental conditions. Methods in Ecology and Evolution 13(7):1581-1594
DOI 10.1111/2041-210X.13879.

Ziegler M, Grupstra CGB, Barreto MM, Eaton M, BaOmar J, Zubier K, Al-Sofyani A, Turki A]J,
Ormond R, Voolstra CR. 2019. Coral bacterial community structure responds to
environmental change in a host-specific manner. Nature Communications 10(1):3092
DOI 10.1038/s41467-019-10969-5.

Ziegler M, Roik A, Porter A, Zubier K, Mudarris MS, Ormond R, Voolstra CR. 2016. Coral
microbial community dynamics in response to anthropogenic impacts near a major city in the
central Red Sea. Marine Pollution Bulletin 105(2):629-640
DOI 10.1016/j.marpolbul.2015.12.045.

Ziegler M, Seneca FO, Yum LK, Palumbi SR, Voolstra CR. 2017. Bacterial community dynamics
are linked to patterns of coral heat tolerance. Nature Communications 8(1):14213
DOI 10.1038/ncomms14213.

Miller and Bentlage (2024), Peerd, DOI 10.7717/peerj.17421 27/27


http://dx.doi.org/10.1038/s41598-019-49651-7
http://dx.doi.org/10.1128/msystems.00009-15
http://dx.doi.org/10.1128/AEM.00062-07
http://dx.doi.org/10.1371/journal.pone.0081800
http://dx.doi.org/10.1016/S0278-4343(03)00087-6
http://dx.doi.org/10.1890/08-0963.1
http://dx.doi.org/10.1111/2041-210X.13879
http://dx.doi.org/10.1038/s41467-019-10969-5
http://dx.doi.org/10.1016/j.marpolbul.2015.12.045
http://dx.doi.org/10.1038/ncomms14213
http://dx.doi.org/10.7717/peerj.17421
https://peerj.com/

	Seasonal dynamics and environmental drivers of tissue and mucus microbiomes in the staghorn coral Acropora pulchra
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


