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Introduction

Though corals are estimated to cover only 0.1-0.5% of the ocean floor (Moberg &
Folke, 1999), they provide a suite of services to life on Earth. Almost a third of the
world’s marine fish species are found on coral reefs, which contribute 10% of fish
consumed by humans (Lough & van Oppen, 2009). Their topography and primary
production support ~25% of all described marine species (Knowlton, 2001). Coral
reefs also supply people with other ecosystem services such as coastal protection,
recreation, and cultural and historical context (Lough & van Oppen, 2009). Coral
reefs act as carbon dioxide sinks over geological time scales (Hallock, 2001) and
provide ~¥ of the calcium delivered to the sea each year (Smith, 1978).

A scleractinian coral is composed of three distinct sets of organisms that
interact with each other to make up the holobiont: eukaryotic coral, dinoflagellate
photosynthetic symbiont, and microbiome. In fact, there is evidence of cophylogeny
and phylosymbiosis between the coral and its symbiont, indicating an intricate
relationship between these members of the coral holobiont (Pollock et al., 2018).
Further, the microbiome of a reef-forming coral determines the health of a reef
(Bourne et al., 2016). Corals host a metabolically diverse yet taxonomically restricted
set of vital microorganisms in their tissues, skeleton, and mucus that together define
the coral phenotype. A key example of the importance of a coral’s microbiome 0ccurs
when the coral is exposed to stressful conditions including increased temperature
(Lesser et al., 1990; Maher et al., 2020; McGinty et al., 2012), nitrogen (Burkepile et
al., 2020; Vega-Thurber et al., 2014), phosphate (Rosset et al., 2017; Vega-Thurber et

al., 2014), urea (Burkepile et al., 2020), sugars (Pogoreutz et al., 2017), irradiance
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(Hawkins et al., 2015), and ultraviolet light (Lesser et al., 1990) or lack thereof
(Hawkins et al., 2015). Temperature is the best studied of these stressors. It has been
shown that during temperature stress the symbiotic dinoflagellates express decreased
photosystem health, resulting in the formation of reactive oxygen species (ROS); this
erodes the mutualistic symbiosis, resulting in loss of the symbiont (Nielsen et al.,
2018). This process is termed bleaching due to a corresponding loss of color that
leaves the coral bleach-white. If the stressor is ameliorated, the coral host can
reacquire its symbiont and persist; however, if the coral is unable to, it will die
(Ainsworth et al., 2016). In some cases, stressors may lead to a shift in coral
microbiome structure without resulting in visible bleaching (Glasl et al., 2019).

Microbiome structure of corals is species-specific (Gardner et al., 2019;
Maher et al., 2020) and has been hypothesized to be a major factor influencing
holobiont bleaching susceptibility (Krueger et al., 2015). For example, following a
bleaching-inducing temperature stress around the island of Seychelles, Coelastrea
aspera corals bleached less than Acropora gemmifera and Porites lutea species,
corals that had lower bacterial diversity, taxonomic family richness, and community
evenness than C. aspera (Gardner et al., 2019). Also in support of this is a coral
species-specific variation between Porites compressa, Porites lobata, Montipora
capitata, Pocillopora damicornis, and Fungia scutaria in superoxide levels following
a 2014 bleaching event in the Hawaiian Islands (Diaz et al., 2016).

A number of studies have noted underlying aspects that may contribute to a
coral’s ability to resist bleaching. In 1998, a severe coral bleaching event in the

Australian Great Barrier Reef reduced coral cover by 75%; however, by the time of
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resampling in 2010 cover had been restored (Done et al., 2015). Acropora, a
broadcast spawning genus, was severely impacted by the bleaching; however, its
cover returned to higher than in pre-stress conditions due to its ability to disperse
broadly. Vegetative growth allowed regenerating corals, such as some species of
Porites, to avoid death. Brooding corals such as some Isopora, Seriatopora, and
Stylophora were among the most susceptible to bleaching, and their brooding method
of reproduction prevented a rebound as extensive as other reproduction types. Golbuu
et al. (2007) examined recovery following a 1998 temperature-induced bleaching
event in Micronesia and discovered that recovery rates were initially higher at 10 m
compared to 3 m when sampling in 2001. Cover increased the most in sheltered bays
despite low recruitment rates; recovery was attributed to buffering by remnant
survival and recruitment from less impacted sites. Thermal bleaching thresholds may
be determined by which type of Symbiodinium symbiont a coral houses, which varies
by coral species (Krueger et al., 2015). An experimental nutrient-induced bleaching
led to conjecture that a cause of bleaching is phosphorus starvation of symbionts
caused by skewed N:P ratios instead of the common theory of nutrient enrichment
(Rosset et al., 2017). Instead of bleaching being triggered by the symbiont, it may
instead be induced by host mitochondria, which were seen to morphologically change
and degrade when exposed to thermal stress due to inhibition of protein synthesis,
electron transport, and light energy harvesting (Dunn et al., 2012).

Significant advances have been made in identifying strain-level variation
between corals’ dinoflagellate symbionts and bleaching susceptibility (Sampayo et

al., 2008); however, increasingly the roles of Bacteria and Archaea in coral health and
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bleaching resistance is being appreciated (e.g. Garren & Azam, 2012; Krediet et al.,
2013; Rosenberg et al., 2007). For example, Endozoicomonas, an often dominant
bacteria within the coral microbiome, is beginning to be linked to why certain coral
species are less susceptible to bleaching (Neave et al., 2017). Pogoreutz (2017) noted
that bacterial assemblages remained ‘remarkably stable’ throughout carbon- or
nitrogen-induced bleaching and that two Endozoicomonas phylotypes dominated the
microbiome at over 90% of 16S rRNA gene sequences. They concluded that the
bacterial community of Pocillopora verrucosa is inflexible and therefore unable to
acclimatize to rapid environmental changes. A number of publications have suggested
a contrasting view that stressed corals exhibit changes in bacterial community
structure (e.g. Jessen et al., 2013; Mabher et al., 2020; Réthig et al., 2016; Zaneveld et
al., 2016; Ziegler et al., 2017). For example, Zaneveld et al. (2016) report an increase
in microbial beta diversity following a 3-year field experiment that applied stressors
to corals in the Florida Keys, USA. When simulating overfishing and nutrient
pollution, they observed increased dispersion of microbial taxa as compared to pre-
stress states. The findings of Zaneveld et al. and others across a wide biological scope
are discussed in a review article (Zaneveld et al., 2017) that terms this effect of stress-
induced microbiome stochasticity the ‘Anna Karenina Principle’ (AKP). The AKP
(termed so to reflect a Tolstoy dictum) suggests that organisms in an imbalanced state
vary in microbiome composition more than healthy individuals. Whereas previous
studies tested whether stressed microbiomes remained stable or shifted to a dysbiotic
alternate stable state, the AKP suggests instead that stressed individuals may

showcase many alternate states that were historically labeled as statistical anomalies
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and removed from datasets. This new scope of community composition analysis
provides a more complete picture of responses to stress and praises an investigative
look into how each individual may react when attempting to survive in adverse
conditions.

The objective of this study was to establish the relationship of a coral’s
microbiome with its ability to resist and recover from bleaching. To accomplish this,
we sampled three of the dominant coral species - Pocillopora verrucosa, Acropora
hyacinthus, and Porites lobata - around the island of Mo’orea, French Polynesia, four
times in two years surrounding a massive bleaching event that occurred from March -
May 2019. 16S rRNA gene amplification and sequencing of coral samples was
conducted and diversity measures and shifts in key dominant families were examined
in addition to richness, diversity, and health of the sampled coral. We hypothesized
that during a bleaching event, a coral’s microbiome shifts in a stochastic manner as
quantified via dispersion and following a bleaching event a coral’s microbiome
returns to the pre-bleaching microbial community composition. We expected the
microbiome of three coral species (Acropora hyacinthus, Pocillopora verrucosa, and
Porites lobata) to respond differently to this bleaching event and that there would be

a clear shift in the percent abundance of Endozoicomonas.



Materials and Methods

Site Description:

The three sides of the island of Mo’orea, French Polynesia are exposed variably to the
open ocean, as Tahiti is upcurrent to the North side of the island due to the South
Equatorial Current whereas the West and East sides of Mo’orea are exposed to swell
from the Southern Ocean (Leichter et al., 2013). Additionally, due to a lagoon
structure that acts as a buffer to the open ocean (Leichter et al., 2013), the island
houses three distinct reef types, two of which were included in this study. The back
reefs are more proximal to the island than fore reefs, which are situated
approximately 0.5 - 1.5 km from the shore. Back reefs are characterized by shallow
water and incline to a crest, which then slopes downward as the fore reef. Fore reefs
protect back reefs by acting as barriers to the ocean; they are the outer sloping edge
that connects the lagoon structure to the outer ocean.

In addition to its unique physical characteristics, Mo’orea also has a history of
environmental disturbances including a cyclone in 1991 (Adjeroud et al., 2009), a
number of temperature-induced bleaching events (Adjeroud et al., 2009), and a crown
of thorns outbreak in the 2000’s (Holbrook et al., 2018). These events have caused
major disturbances to Mo’orea’s ecosystem structure, destroying aspects of the reef
structure due to physical destruction (in the case of the cyclone), overgrazing (in the
case of the crown of thorns starfish outbreak), and bleaching and death of corals due
to abnormal ecosystem fluctuations (in the case of temperature spikes). Though in
some cases coral cover was reduced by approximately 30%, in all cases the coral

coverage rebounded to pre-disturbance levels within a decade (Adjeroud et al., 2009).
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In May of 2019 a significant temperature increase induced a massive bleaching event
(Burgess et al., 2021) wherein greater than 70% of fore reef corals bleached (Thurber

pers. obs.) (Figure 1), which forms the basis of this study.

Figure 1: Bleached corals following the 2019 massive bleaching event around

Mo’orea.

Sample Recovery and Data Gathering:

Coral samples were collected in September 2017, March 2018, May 2019, and
August 2019 (Figure 2) including opportunistic sampling during a massive bleaching
event in May 2019. Sampling was conducted for three prominent coral species

(Acropora hyacinthus, Pocillopora verrucosa, and Porites lobata) on all sides of the
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island and throughout all reef types (Figure 2A). Here we focused on the Fore reefs
and Back reefs, where sampling of all three species was possible; Acropora

hyacinthus is not found on fringing reefs in sufficient abundance to sample on

Mo’orea.
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Figure 2: Spatial and temporal sampling distribution of corals around Mo’orea,

French Polynesia. A. Map of the island with colored stars indicating sampling

locations. White and pink starred locations were included in this study. Base map was



provided by B. Black, OSU. B. Timeline of sampling collection dates and sample

number; the grey box indicates the bleaching time point.

To collect each coral sample, snorkelers or SCUBA divers wore nitrile gloves
and collected small (1-2 cm?) pieces using bone cutters. Each individual was tagged
during the first sampling period to ensure future sampling of the same individuals.
For back reefs, individuals were chosen within a 100 m?area, and fore reef corals
were selected along a 50 m semi-permanent transect. Logistical constraints prevented
sampling of corals on the west and east fore reefs. Sampled material was immediately
deposited into 15 mL falcon tubes containing DNA/RNA Shield (Zymo Research,

Irvine, CA, USA) and transported at -400C to GUMP field station on the island.

Upon arrival, samples were vortexed in bead beat tubes for 20 minutes, which
transformed the material into a slurry that was preserved and transported to
laboratories in the United States for further processing.

Water temperature data was accessed from HOBO thermistors and the MCR
LTER website (Moorea Coral Reef LTER & Aldridge et al., 2019).

Coral bleaching severity of each individual was documented by field
observations during sampling using the CoralWatch Coral Health Chart

(http://coralwatch.org).

DNA Extraction, Purification, Amplification, and Sequencing:

DNA from each sample was extracted using a ZymoBIOMICS DNA Miniprep Kit

following manufacturer’s instructions (Zymo Research), except two enzyme
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digestions were performed on the preserved coral slurry to increase the relative
proportion of 16S:12S rRNA genes. First, 30 uL of 10 mg/uL chicken lysozyme, 1.8
uL 50 KU/mL mutanolysin, and 1.8 uL 4 KU/mL lysostaphin were added to 300 uL
of the coral slurry and incubated at 37°C for 1 hour. Second, 15 uL of Proteinase K
and 30 uL Proteinase K digestion buffer were added to the mixture and incubated at
50°C for 1 hour. The Proteinase K digestion buffer consisted of 0.1M NaCl, 10mM
Tris pH 9, ImM EDTA, 0.5% SDS, and ddH0. Periodically, negative controls using
DNase-free water were subjected to gel electrophoresis for verification, and no bands
were seen.

The V4 hypervariable regions of bacterial and archaeal 16S rRNA genes were
then amplified following a modified version of the Earth Microbiome Protocol (see
Supplementary Material 2), using 515-forward and 806-reverse primers (Caporaso et
al., 2011) that contained dual-indexed barcodes in addition to the lllumina sequencing
adaptors (Kozich et al., 2013). Amplicons were purified using a QIAQuick PCR
purification kit according to manufacturer’s instructions (QIAGEN Inc.), then
verified via gel electrophoresis. BluePippin was used as a size selection tool to
remove contaminant 12S eukaryotic rRNA genes. Illumina MiSeq V2 paired-end 250
bp sequencing was conducted at the Center for Genome Research and Biocomputing
at Oregon State University. For sequencing runs conducted in July 2017, September
2017, August 2018, April 2019, and November 2020 the following parameters were
used: VDF2010, cassette definition 2%, DF marker V1, range of 430 bp start and 650
bp end, target product size 540 bp, product contamination to avoid is 350 bp. The

range was slightly modified part-way through this study to minimize loss of 16S

10
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rRNA genes during size selection. For sequencing runs conducted in January 2021

and May 2021 the range was shifted to 360 bp start and 490 bp end.

Data Analysis:

16S rRNA gene sequence data were processed in Qiime2 version 2019.7.0
(Bolyen et al., 2019) using DADAZ version 2019.7.0 (Callahan et al., 2016) to filter
sequences and rarify to 998 reads minimum per sample, define amplicon sequence
variants (ASVs), and remove chimeras. See Supplementary Methods for a full
sequence analysis pipeline. A pre-trained classifier from the SILVA 16S reference
database was used to assign taxonomy to ASVs (Bokulich et al., 2018; Nicholas
Bokulich et al., 2021). Statistics were conducted and visualizations created using
RStudio version 1.3.1093 and PRIMER?7 version 7.0.17 with PERMANOVA+ add-
on. A square root transformation was applied to lower non-metric multidimensional
scaling plot stress from 0.21 to 0.15. Water temperature data was analyzed and

visualized in RStudio version 1.3.1093.

Results

Thermal Stress Event:

In April of 2019, a statistically significant temperature increase was observed
(p < 0.001), where temperatures averaged 30.28°C and peaked at 32.5°C (see Figure
3). Temperatures in May 2019, the sampling period in which bleached corals were
sampled, averaged 28.87°C with a maximum temperature 30.36°C. Average

temperatures for 2018 were 29.16°C in April and in 28.72°C in May. Bleaching was
11


https://www.zotero.org/google-docs/?Cht6mP
https://www.zotero.org/google-docs/?sQTx3P
https://www.zotero.org/google-docs/?t21ExQ
https://www.zotero.org/google-docs/?t21ExQ

observed on all reefs around the island during the May 2019 sampling date (Thurber

pers. obs.).
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Figure 3: Temperature at all reefs in Mo’orea from 2017-2019. Reef types back and
fore are denoted by red and blue, respectively. The typical bleaching threshold for

Mo’orean corals (29.2°C; Adjeroud et al., 2009) is marked by a red dashed line.

16S Community Structure:

After quality control, 2,0606,846 reads were present in 605 samples of corals

across the time period and range; we restricted our analysis to samples that were
longitudinally sampled across this study. The mean sequencing depth was 34,061 =+

1718 (SE) reads per sample, and sequences were rarified to 998 reads minimum due

12
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to low sampling depth at certain time points. We identified a total of 53,392 ASVs

within these corals, and the mean family richness was 88.5 = 3.6 (SE) ASVs per

sample.

Corals bleached to varying degrees, as quantified by comparison to the
CoralWatch Coral Health chart, influenced by time point, coral species, species
within shore, species within time point, shore within time point, and species within
shore within time point (all 3-way ANOVA p <0.01; Table 1). The CoralWatch

Coral Health chart uses a color guide to assign a number to each individual, where

higher numbers are darker colors. So, the closer to 1 an individual’s assigned number

is, the more severe its bleaching is. Coral health of Acropora hyacinthus and
Pocillopora verrucosa varied significantly at all shores throughout time (all 3-way
ANOVA p <0.001, <0.04, respectively; Table 2). Baseline pre-bleaching average
health was 3.0 and reached a low in May 2019 (average 1.8). Porites lobata varied
among reef types within the North shore (3-way ANOVA p <0.001). Acropora
hyacinthus was most susceptible to bleaching (average 1.1 in May 2019); however,
all coral species showed increased health post-beaching in August 2019 when

compared to during bleaching (average 2.3). Individual variability was observed

across all coral species; some corals died completely while others showed no visible

signs of bleaching. Acropora hyacinthus individuals died as a result of bleaching
most frequently and on the north shore there was near 100% mortality for many

Acropora hyacinthus individuals.

13
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Figure 4: Average coral health for all samples from which corals were taken as
quantified by comparison to the CoralWatch Coral Health Chart. Health is estimated
on a numeric scale, with darker corals given higher numbers, suggesting that they
have not lost symbionts and bleached. Bars are standard error. Species Acropora

hyacinthus, Pocillopora verrucosa, and Porites lobata are denoted by colors red,

green, and blue, respectively.
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Table 1: 3-way ANOVA statistics for coral health as quantified by the CoralWatch

Coral Health Chart for all time points. Only statistically significant values at an alpha

of 0.05 are shown.

Group Deqrees Deqrees F P

Freedom (n) | Freedom (d) | Statistic | value
Species 2 597 27.2 <0.001
Time point 4 597 58.2 <0.001
Species w/in Shore 6 597 2.7 0.01
Species w/in Time point 8 597 14.2 <0.001
Shore w/in Time point 9 597 3.2 <0.001
Species w/in Shore w/in 15 597 4.1 <0.001
Time point
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Table 2: Simple-simple main effect statistics of 3-way ANOVA of time point for

coral health as quantified by the CoralWatch Coral Health Chart. Only statistically

significant values at an alpha of 0.05 are shown. df(n) is degrees freedom of the factor

and df(d) is degrees freedom of the error, here and throughout.

Acropora hyacinthus | Pocillopora Porites lobata
verrucosa

North F=49.7, p <0.001, F=3.1,p=0.03, F=11.9,p<0.001,
Shore df(n) = 2, df(d) =597 | df(n) =2, df(d) =597 | df(n) = 3, df(d) = 597
(FOR)
North F=10.1, p<0.001, F=7.9 p<0.001, F=4.5,p=0.001,
Shore df(n) = 3, df(d) =597 | df(n) =3, df(d) =597 [ df(n) =4, df(d) = 597
(BAK)
West F =36.8, p<0.001, F=32p=0.04,
Shore df(n) = 3, df(d) =597 | df(n) = 2, df(d) =597
(BAK)
East F=21.9,p<0.001, F=2.8,p=0.04,
Shore df(n) = 4, df(d) =597 | df(n) = 4, df(d) =597
(BAK)

Overall microbial community structure was significantly different among

coral species (1-way PERMANOVA global and pairwise p = 0.001, F statistic = 49.6;

Figure 5). Time point was the next greatest influencer in microbial community

structure (1-way PERMANOVA global p = 0.001, F statistic = 10.3). Pairwise tests

between time points were also all statistically significant from each other; however,

pre-bleaching time points were least significantly different (1-way PERMANOVA p

=0.017, all other p = 0.001). Reef types back and fore were also statistically

significant in microbiome structure (p = 0.001); however, were the least influential

grouping (1-way PERMANOVA F statistic = 5.1).
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Figure 5: 3-dimensional non-metric multidimensional scaling plot of the microbiome
of Pocillopora verrucosa (POC), Porites lobata (POR), and Acropora hyacinthus
(ACR). Species microbiomes are indicated by the colors blue, red, and green,

respectively. Stress in this 3D plot is 0.15 and most clear axis orientation is presented.

Microbiome family richness differed by time point and shore within each time
point (Table 3). Richness was not differed among the pre-bleaching time periods (1-
way ANOVA September 2017 p = 0.55, March 2018 p = 0.47) with an average of
83.8 ASVs. During and after bleaching, richness changed significantly (1-way

ANOVA May 2019 p < 0.001, August 2019 p = 0.001), increasing to an average
17



111.4 ASVs during the bleaching period and decreasing to an average of 69.28 ASVs
in August 2019 (Figure 6). Richness was rarely significantly different when
examining samples grouped by coral species among shores by time point; however,
the North shore fore reef was different between Pocillopora verrucosa and Porites
lobata microbiome samples (3-way ANOVA p = 0.002, 0.05, respectively; Table 4)
and between Pocillopora verrucosa East shore and back reef samples (3-way

ANOVA p =0.01; Table 4).
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Figure 6: Average richness of coral samples through time among all samples. Bars are
standard error. Species Acropora hyacinthus, Pocillopora verrucosa, and Porites

lobata are denoted by colors red, green, and blue, respectively.

Table 3: 3-way ANOVA statistics for coral microbiome sample richness across time.

Only statistically significant values at an alpha of 0.05 are shown.

Group Deqrees Deqrees F P
Freedom (n) Freedom (d) Statistic | value

Time point 3 557 7.9 <0.001

Shore w/in Time point 9 557 2.7 <0.001
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Table 4: Simple-simple main effect statistics of 3-way ANOVA of time point for
coral sample microbiome richness. Only statistically significant values at an alpha of

0.05 are shown.

Pocillopora Porites lobata
verrucosa

North Shore (FOR) | F = 3.5, p = 0.002, F=26,p=0.05
df(n) = 3, df(d) =557 | df(n) = 3, df(d) = 557

East Shore (BAK) [ F=4.9, p=0.002,
df(n) = 3, df(d) = 557

Overall diversity of samples, as quantified using the Shannon diversity index
on family level data, did not vary significantly over time nor space, however, some
species-within-shore interactions throughout time were observed (Figure 7).
Acropora hyacinthus and Pocillopora verrucosa microbiomes varied among all
shores and reef types throughout time (all 3-way ANOVA p <0.001; Table 5).
Porites lobata North shore fore and back reef coral microbiomes were different from
other shores throughout time (3-way ANOVA p <0.001; Table 5). Overall no
significant difference was seen among samples grouped by coral species, shore, time
point, species within shore, species within time point, and species within shore within

time point.
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Figure 7: Mean Shannon diversity of the microbiome of Acropora hyacinthus (ACR),

Pocillopora verrucosa (POC) , and Porites lobata (POR). Bars are standard error. are

denoted by colors red, green, and blue, respectively.
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Table 5: Simple-simple main effect statistics of 3-way ANOVA of time point for

Shannon diversity of samples as quantified by the CoralWatch Coral Health Chart.

Only statistically significant values at an alpha of 0.05 are shown.

Acropora hyacinthus | Pocillopora Porites lobata
verrucosa

North F=49.7, p<0.001, F=3.1,p=0.03, F=11.9,p<0.001,
Shore df(n) = 2, df(d) =557 | df(n) =2, df(d) =557 [ df(n) =3, df(d) =557
(FOR)
North F=10.1, p<0.001, F=7.9 p<0.001, F=4.5,p=0.001,
Shore df(n) = 3, df(d) =557 | df(n) =3, df(d) =557 [ df(n) =4, df(d) =557
(BAK)
West F=36.8, p<0.001, F=32p=0.04,
Shore df(n) = 3, df(d) =557 | df(n) = 2, df(d) =557
(BAK)
East F=21.9,p<0.001, F=2.8,p=0.04,
Shore df(n) = 4, df(d) =557 | df(n) = 4, df(d) =557
(BAK)

The top 10 most abundant families from all samples largely drive the

community structures explained above. Endozoicomonas was the most abundant

taxonomic group within all three coral species’ microbiomes(Figure 8), making up an

average 31.0% of the microbiome with a maximum relative abundance of 97.6%.

Other highly abundant families are Amoebophilaceae, Beijerinckiaceae,

Burkholderiaceae, Nostocaceae, Ostreobium queketti and sp. HV05042,

Rhodobacteraceae, Simkaniaceae, and an uncultured division of CAB-1 bacterium.
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Figure 8: Bar plot of the top 10 most abundant families of bacteria and archaea in all
corals sampled split up by time, island side and coral species. Microbial family is

indicated by color as specified in the legend at the bottom of the figure.

Endozoicomonas percent abundance was divergent among samples grouped
by coral species, shore, and time point. Pocillopora verrucosa’s microbiome had the

lowest percent abundance of Endozoicomonas directly before and during bleaching
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(1-way ANOVA p < 0.001), similar to the microbiomes of the other two species
included in this study (Acropora 1-way ANOVA p < 0.001 and F statistic = 58.76,
Porites p < 0.001 and F statistic = 64.89; Figure 9). Following bleaching,
Endozoicomonas levels did not differ overall from other time points (p = 0.9);
however, it did shift differentially across the species. Endozoicomonas relative
abundance in samples from Porites lobata corals increased (1-way ANOVA p <
0.001) whereas in Acropora hyacinthus and Pocillopora verrucosa they decreased (p
=0.02, <0.001, respectively). To better identify the pattern driven by bleaching we
then focused on within coral species and across-island patterns. Coral species and
shore were the most significant influencers of Endozoicomonas percent abundance (3-
way ANOVA p < 0.001; Table 6), followed by time point (3-way ANOVA p =0.02;
Table 6). Samples from coral species within shore and within time point as well as
shore within time point also differed significantly in Endozoicomonas abundance (3-
way ANOVA p < 0.001, =0.01, 0.02, respectively; Table 6). Independent of time
point, Acropora hyacinthus corals in the North shore fore and West shore back reefs
differed in Endozoicomonas abundance from other reefs (3-way ANOVA p = 0.02,
0.01, respectively; Table 7). Porites lobata coral samples also varied in percent
abundance of Endozoicomonas among the North shore fore reef (3-way ANOVA p =
0.01), and among the East shore back reef (3-way ANOVA p = 0.01). Pocillopora
verrucosa samples varied within the East shore back reef (3-way ANOVA p =0.03;

Table 7).
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Figure 9: Endozoicomonas average percent abundance within the microbiome of

Acropora hyacinthus (ACR), Pocillopora verrucosa (POC), and Porites lobata (POR)

through time. Bars are standard error.
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Table 6: Endozoicomonas percent abundance 3-way ANOVA statistics for all time

points. Only statistically significant values at an alpha of 0.05 are shown.

Group Deqrees Degrees F Statistic | P value
Freedom (n) | Freedom (d)
Species 2 532 205.6 <0.001
Shore 3 532 14.7 <0.001
Time point 3 532 34 0.02
Species w/in Shore 6 532 22.1 <0.001
Species w/in Time point 6 532 2.8 0.01
Shore w/in Time point 9 532 2.2 0.02
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Table 7: Endozoicomonas simple-simple 3-way ANOVA statistics of time point with

samples grouped by coral species. Only statistically significant values at an alpha of

0.05 are shown.

Acropora hyacinthus

Pocillopora
verrucosa

Porites lobata

North
Shore
(FOR)

F=3.1,p=002
df(n) = 2, df(d) = 532

F=36,p=001,
df(n) = 3, df(d) = 532

North
Shore
(BAK)

West
Shore
(BAK)

F=38, p=00L,
df(n) = 3, df(d) = 532

East
Shore
(BAK)

F=3.1,p=0.03,
df(n) = 3, df(d) = 532

F=36,p=00L1,
df(n) = 3, df(d) = 532

The overall stochasticity of microbiome structures was driven by time point

and host species. Microbial dispersion was not statistically significant throughout

time when grouping all coral species together (global 1-way ANOVA p =0.29, F

statistic = 1.41). Significant pairwise differences were observed. Dispersion was

highest among May 2019 samples (average distance from centroid 50.2 + 1.1; Table

8) and lowest in August 2019 (average distance from centroid 46.9 £+ 1.0; Table 8),

which marked the only statistically significant pairwise differences between time

points (p = 0.04; Table 9). Dispersion was different between May and August 2019

within Pocillopora verrucosa coral samples (1-way ANOVA p = 0.03, see Table 9)

and when comparing August 2019 to March 2018 and September 2017 (1-way
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ANOVA p =0.02, 0.03, respectively; Table 9). Acropora hyacinthus corals’
microbiome dispersion differed between September 2017 and March 2018 (1-way

ANOVA p =0.03; Table 9).

Table 8: PERMDISP dispersion statistics grouped by time point among samples that

were consistently sampled among all time points. Dispersion was calculated using

PERMDISP in Primer?.

All Species | Acropora Pocillopora Porites lobata
hyacinthus verrucosa
September |49.0+= 1.2 [43.0*+ 3.0 431+ 2.6 431+ 2.8
2017
March 482+ 10 |334%x23 40.7+ 1.8 46.2+ 1.8
2018
May 2019 |50.2+ 1.1 39.7£ 2.6 43.6* 2.9 499+ 1.9
August 46.9* 1.0 39.9+ 2.0 322119 43.1+ 25
2019
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Table 9: Pairwise dispersion statistics grouped by time point among samples that
were consistently sampled among all time points. Dispersion was calculated using

PERMDISP in Primer7. Only statistically significant values at an alpha of 0.05 are

shown.
Species Time points T Statistic | P value
All species (Aug_2019, May_2019) 2.18 0.04
Acropora hyacinthus (March_2018, Sept_2017) | 2.5 0.03
Pocillopora verrucosa | (Aug_2019, March_2018) | 2.5 0.03
Pocillopora verrucosa | (Aug_2019, May 2019) 2.7 0.03
Pocillopora verrucosa | (Aug_2019, Sept_2017) 2.8 0.02

Discussion

Corals influence all domains of life, as they are involved in biogeochemical cycling
and provide many ecosystem services. Due to temperature increases and other effects
of climate change, corals are increasingly experiencing bleaching-inducing stress.
The degree to which a coral bleaches and is able to recover from bleaching is greatly
determined by its microbiome (Kreuger et al., 2015). This study characterizes shifts
in aspects of corals’ microbiomes including abundant families, sample richness, and
sample diversity and compares them to trends in coral health throughout a massive
bleaching event in Mo’orea, French Polynesia.

Coral species-specificity was the most significant grouping factor in microbial
community, likely driven by particulars of each species. Stony corals reproduce via
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broadcast spawning, regeneration, and brooding, which vary within genera but are
species-specific (Neave et al., 2017; Quigley et al., 2017). These reproduction
approaches can influence microbiome acquisition: both vertical via parent and
horizontal via environment are practiced, and degrees of selectivity vary between
species and environment (Quigley et al., 2017). Symbionts and bacteria are passed
both horizontally and vertically with species-specific relative influence; broadcast
spawners tend to acquire more microbes horizontally than vertically (Epstein et al.,
2019). Species in this study reproduce via broadcast spawning and
regeneration/fragmentation, however, regeneration is very limited in Acropora
hyacinthus (Glynn et al., 1994; Hall & Hughes, 1996).

Coral holobionts were structured by shore and time point. Different sides of
the island are differentially exposed to a number of factors including open ocean
water (Leichter et al., 2013) and different anthropogenic activities are conducted on
different parts of the island, exposing corals to varied nutrient concentrations.
Nutrient exposure can dictate a coral’s microbial community structure (Kelly et al.,
2014). Sampled time points occurred during periods with different mean and peak
temperatures. Though communities from all time points were significantly different
from each other, corals that had not undergone thermal stress were more similar than
those that had undergone stress (pre-bleach p = 0.017, post-bleach p = 0.001). This
indicates that bleaching due to thermal stress affected microbial community structure.

Our mostly consistent diversity measures of the coral’s microbiomes align
with the findings of Pogoreutz et al. (2017) who concluded that bacterial diversity

was rigid, however, we also found differences in the microbiome structure of coral
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species throughout time. After enriching mesocosm tanks of Pocillopora verrucosa
coral with excess labile dissolved organic carbon and nitrogen, Pogoreutz et al.
(2017) observed severe bleaching phenotypes and corresponding changes in symbiont
clades yet no significant changes in bacterial diversity. In contrast, we found
Acropora hyacinthus and Pocillopora verrucosa differed throughout time among all
reef types, and between North shore reef types within Porites lobata corals. Perhaps
this is an effect of in situ versus experimental bleaching, as many variables changed
in our study whereas all conditions save for dissolved carbon and nitrogen were stable
throughout the experiment of Pogoreutz et al. (2017). Additionally, Pogoreutz et al.
observed corals for 14 days during which they induced bleaching, whereas our
samples spread a longer time period that included months of pre- and post-bleaching
time for microbiome structure to possibly change and settle to new levels. The long
term exposure in contrast to rapid bleaching may have led to the divergence in our
observed microbiomes trajectories in these two students. Our significant differences
in diversity between shores and reef types also likely reflect the varying
oceanographic conditions around the island (Leichter et al., 2013).

We observed a non-constant microbiome structure, however, a few commonly
abundant taxonomic families were present and in particular all holobionts were
dominated by Endozoicomonas with a few other families common. Endozoicomonas
has been observed as a highly abundant families among many studies focusing on the
coral microbiome (Epstein et al., 2019; Glasl et al., 2019; Maher et al., 2020;
Pogoreutz et al., 2017). Some studies mention high abundances of higher

classifications of bacteria, namely Proteobacteria (Zhou et al., 2017) and
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Gammaproteobacteria (Glasl et al., 2019; Pogoreutz et al., 2017) that may also
obscure an abundance of Endozoicomonas, as it falls within the
Gammaproteobacterial Class. Endozoicomonas has been identified as a likely key
player in carbon cycling and protein provisioning due to sugar transport and protein
secretion genes (Neave et al., 2017). Rhodobacteriacea is another group that is
commonly reported as part of the coral holobiont (Glasl et al., 2019; Pootakham et al.,
2019). Analogous to Endozoicomonas, as many studies noted high abundances of a
higher classification of Rhodobacteriacea or Alphaproteobacteria which may have
indeed been Rhodobacteriacea (Glasl et al., 2019; Pogoreutz et al., 2017; Zhou et al.,
2017). Members of Alphaproteobacteria have been associated with diseased corals or
those with lowered immune systems resulting from repeated stress (Ziegler et al.,
2016). Amoebophilaecae, another observed taxa within this study, was also highly
abundant in a corals that experienced a natural bleaching event in 2016 on the fore
reef of the same reef system (Mabher et al., 2020) as well as in Great Barrier Reef
corals not during a bleaching event (Pollock et al., 2018). Also annotated as
Amoebophilus, this family of bacteria has been proposed as an additional possible
symbiont that likely interacts with Endozoicomonas.

Though some families were similarly abundant across many studies, families
identified as particularly abundant in this study but not others included Ostreobium
and Simkaniacaea. Ostreobium has been referred to as an additional mutualistic
symbiont of corals, as it is involved in nitrogen and carbon exchange and provision of
nutrients and compounds produced by photosynthesis (del Campo et al., 2017).

Simkaniaceae is commonly associated with coral microbiomes (Bernasconi et al.,
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2019). Vibrio, mentioned by Glasl et al. (2019) and Maher et al. (2020) both as a
highly abundant family in bleached corals, was not abundant within corals in this
study. While Vibrio is a diverse group of bacteria, certain members are opportunistic
pathogens of corals (Maher et al., 2020) and may indicated a diseased corals or those
with lowered immune systems. Perhaps discrepancies in top microbial abundance
reflects varying sampling techniques between studies, as there are 3 components of
the a coral holobiont that are difficult to parse yet each has different characteristics
including richness and composition (Pollock et al., 2018). In this context, the unified
sampling approach embraced within this study further indicates the robustness of the
differences observed in those studies as well as across the reefscape of Moorea.

Our results indicate that Endozoicomonas relative abundance levels are coral
species-specific and provocatively are correlated with a coral host’s bleaching
resistance and recovery. Pocillopora verrucosa corals had the lowest percent
abundance directly before and during bleaching. Acropora hyacinthus had the highest
abundance of Endozoicomonas during bleaching, however bleached and died most
commonly. Mabher et al. (2020) reported an increase in Endozoicomonas and decrease
in diversity in post-stressed coral microbiomes, which aligns with our Pocillopora
verrucosa results. This may indicate that although Endozoicomonas is vital to a
coral’s health during steady-state, it may be highly susceptible to stressors or its
regulation of carbon cycling may be decoupled from ROS levels. Dissolved organic
carbon has a tendency to produce ROS (Johannsson et al., 2017), which is a common
theory of the cause of bleaching. Higher levels of Endozoicomonas, if producing high

levels of DOC, may result in pushing corals past the bleaching threshold through
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ROS production. After bleaching has ceased, high levels of Endozoicomonas would
then aid in rebounding coral health as it is vital for holobiont function and the overall
C flow throughout the coral holobiont (Neave et al., 2017). The drop in levels among
Pocillopora verrucosa and Acropora hyacinthus post-bleaching likely indicate a
return to stable state or leveling off to an alternate stable-state. Interestingly, although
Pocillopora verrucosa corals had lowest Endozoicomonas percent abundance Porites
lobata showed a similar health projection. This inconsistent tie between
Endozoicomonas levels and bleaching susceptibility and recovery may indicate that
there are other mechanisms involved in recovery from bleaching stress, such as
reproduction and symbiont type (Quigley et al., 2017). Additionally, the microbiome
of a coral shifts throughout a coral’s lifetime, so perhaps that is reflected in these
comparisons (Zhou et al., 2017).

Dispersion analysis indicated that the May 2019 bleached time point samples
had the greatest variance of a coral individuals’ microbiome (average distance from
centroid 50.2 == 1.10 (SE)) when compared to other time points sampled. Corals not
yet exposed to thermal stress had similar dispersion (September 2017 distance to
centroid 49.0 = 1.2 (SE), March 2018 48.2 = 1.0 (SE)). These results support the
AKP, in which organisms undergoing stressful events showcase increased
stochasticity (as quantified through dispersion) within their microbiome structure
(Zaneveld et al., 2017). Following bleaching, dispersion levels dropped to their
lowest (46.9 = 0.96 (SE)) and corresponded with increased dominance of
Endozoicomonas in Porites lobata and Acropora hyacinthus corals, providing an
indicator of the cessation of thermal stress resulting in a rebound in the microbiome to
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a level of lower dispersion. This, in line with the AKP (Zaneveld et al., 2017), was
also observed by Mabher et al. (2020) as they documented an increased proportion of
Endozoicomonas after bleaching had ceased. Pocillopora verrucosa was the only
coral to show significant pairwise differences in dispersion when comparing post-
bleaching with pre- and current bleaching time points in this study. This is another
indicator of coral species-specific host selectivity of microbiome structure, in this
case possibly linked with an increase in Endozoicomonas to its highest abundance
while dispersion dropped to its lowest, suggesting a stress-induced selection event.
While variable, many of the top most abundant taxonomic families present
within the corals around the island of Mo’orea coincided with those found in other
studies throughout the world and across coral species. It appears that increased levels
of Endozoicomonas may induce bleaching more readily because they produce more
ROS as a result of dissolved organic carbon cycling. During bleaching, Pocillopora
verrucosa had the lowest percent abundance of Endozoicomonas. Diversity within the
Pocillopora verrucosa microbiome increased in March 2018 as temperatures began to
rise above typical levels then decreased during bleaching, possibly showcasing a coral
species-specific response wherein Endozoicomonas was shunted and other more
tolerant microbes were replaced or pathogenic microbes proliferated. Following
bleaching, diversity and Endozoicomonas percent abundance increased again, which
could indicate that the coral experienced a decrease in average temperature so was
reacquired or allowed Endozoicomonas to proliferate. Dispersion was only
significantly different between May and August 2019 wherein the largest and

smallest average distances from centroid were seen, respectively. This may suggest
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that bleaching induced selectivity of microbiomes to reflect more bleaching-tolerant
individuals, as those who bleached most heavily were not able to recover as
frequently. Future research should establish the relationship between temperature and
Endozoicomonas levels in Pocillopora verrucosa in comparison to other coral
species, and how the diversity and dispersion changes surrounding thermal stress may
affect a coral’s ability to resist and recover from bleaching. The disparity between
coral species responses to bleaching regarding diversity and Endozoicomonas levels
indicates the complexity of coral species-specific bleaching tolerance and that there
are likely underlying mechanisms that contribute to coral health through stressful

conditions.

Conclusion
Temperature increases have increasingly led to coral bleaching events and begun
displacing reefs from their natural habitats towards more poleward latitudes (Yamano
et al., 2011), affecting organisms across all domains of life. Corals provide almost a
third of the world’s marine fish species and supply people with many ecosystem
services including jobs and cultural context (Lough & van Oppen, 2009). Reduction
in coral cover due to bleaching drastically hurts these vital services, with impacts that
range far past those services directly supported by corals. Corals contribute vastly to
biogeochemical cycling including calcium distribution within the oceans (Smith,
1978).

It is vital that research in slowing coral bleaching rates be continued to reduce

loss of reef habitats. Better quantifying the relationship between Endozoicomonas

36


https://www.zotero.org/google-docs/?aNe4k1
https://www.zotero.org/google-docs/?aNe4k1
https://www.zotero.org/google-docs/?algboh
https://www.zotero.org/google-docs/?Uqdoj0
https://www.zotero.org/google-docs/?Uqdoj0

percent abundances and bleaching from thermal stress will help inform scientists
which species and individuals may be more susceptible to extinction. Modification of
a coral’s microbiome to reduce the relative percent abundance of Endozoicomonas at
the beginning of bleaching may reduce its bleaching susceptibility due to less ROS
production, and returning this vital family to the coral directly after the thermal stress
is gone may aid in its recovery. This preventative strategy may reduce coral deaths as
a result of bleaching as part of a holistic approach inclusive of fundamental
anthropogenic changes to reduce the temperature anomalies that frequently cause

coral bleaching events.
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Supplementary Materials:

Supplementary Material 1: Complete Data Analysis Pipeline used to annotate ASVs

via Qiime2.

giime tools import \

--type 'SampleData[SequencesWithQuality]' \

--input-path raw-reads/ \

--input-format CasavaOneEightSingleLanePerSampleDirFmt \

--output-path demux-single-end.qza

giime demux summarize \
--i-data demux-single-end.qza \

--0-visualization demux.qzv

giime dada2 denoise-single \

--i-demultiplexed-seqs demux-single-end.qza \
--p-trim-left 13\

--p-trunc-len 195\

--0-representative-sequences unfiltered-rep-segs.qza \
--0-table unfiltered-table.qza \

--0-denoising-stats unfilter-denoise-stats.qza

giime metadata tabulate \
--m-input-file unfilter-denoise-stats.qza \

--0-visualization unfilter-denoise-stats.qzv
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giime feature-table filter-samples \
--i-table unfiltered-table.qza \
--p-min-frequency 998 \

--o-filtered-table filtered-table.qza

giime feature-table filter-segs \
--i-data unfiltered-rep-segs.qza \
--i-table filtered-table.qza \

--0-filtered-data filtered-rep-seqs.qza

giime feature-table summarize \
--i-table filtered-table.qza \
--m-sample-metadata-file map_withmeta.tsv \

--0-visualization filtered-table.qzv

giime feature-table tabulate-seqgs \
--i-data filtered-rep-segs.qza \

--0-visualization filtered-rep-seqs.qzv

giime feature-classifier classify-sklearn \
--i-classifier silva-classifier.qza \
--i-reads filtered-rep-segs.qza \

--0-classification taxonomy-silva.qza
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giime metadata tabulate
--m-input-file taxonomy-silva.qza \

--0-visualization taxonomy-silva.qzv

giime taxa barplot \

--i-table filtered-table.qza \
--I-taxonomy taxonomy-silva.qza \
--m-metadata-file map_withmeta.tsv \

--0-visualization taxa-bar-plots-silva.qzv

Supplementary Material 2: Complete 16S rRNA gene amplification protocol used for

all samples. This PCR protocol follows the Earth Microbiome Project (Thompson et

al., 2017) with modifications.

Stage 1: 95°C for 5 minutes, 1 cycle
Stage 2: 94°C for 45 seconds then 50°C for 1 minute then 72°C for 1.5 minutes, 30
cycles

Stage 3: 72°C for 10 minutes then 4°C holding temperature, 1 cycle
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