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ABSTRACT

Coral reefs face significant threats across the globe, prompting a surge in restoration efforts aimed at mitigating their global
decline. The health, resilience, and adaptability of corals are greatly influenced by their microbial communities, and while the re-
sponse of coral microbiomes to many environmental stressors has been extensively studied, less is known about their natural dy-
namics following transplantation, which is an essential process for restoring degraded reef habitats. In this study, we integrated
DNA metabarcoding (16S & ITS2) with ecological monitoring to investigate the dynamics of Symbiodiniaceae and bacterial com-
munities in two dominant coral spp., Porites lobata and Porites cylindrica, and their different colour morphs, as they underwent
transplantation and an 18-week acclimatisation period. We saw significant differences in microbial communities between the
two Porites spp., outplanting sites, and individual coral colonies, as well as a colour morph-related difference in P. lobata bacterial
communities. We saw reduced relative abundances of Endozoicomonadaceae, specifically from the genus Parendozoicomonas,
following transplantation. P. lobata colonies with later Symbiodiniaceae shifts (18 weeks) had lower long-term survival. Changes
in Symbiodiniaceae and bacterial communities have implications for holobiont function and colony survival, which should be
considered when designing and implementing coral reef rehabilitation projects.

1 | Introduction productive and diverse ecosystems (Knowlton et al. 2010),
which directly supports the livelihoods of millions of people
(Cinner 2014). However, increasing sea surface temperatures are

threatening coral reefs, in particular by disrupting the relation-

1.1 | Coral Reef Restoration

Corals are complex holobionts that rely on interactions with
several symbiotic microorganisms, including dinoflagellate
algae (Symbiodiniaceae) and a diverse bacterial community.
These coral holobionts provide the basis for one of earth’s most

ship between corals and their Symbiodiniaceae endosymbionts
(Hughes et al. 2017). Coral species and their associated micro-
bial communities exhibit variation in their ability to acclimate to
new conditions through phenotypic and physiological plasticity
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(e.g., Maor-Landaw and Levy 2016; Anthony, Lock, et al. 2023),
shuffling of algal symbionts (e.g., Cunning et al. 2015), and
maintenance of beneficial bacterial communities (e.g., Epstein
et al. 2019; Grottoli et al. 2018; Ziegler et al. 2017). However,
there are limits to this acclimatisation potential, which has re-
sulted in major losses of coral diversity and coverage worldwide
(Hughes et al. 2017).

Interest in coral reef restoration has increased in recent years
to attempt offsetting global losses in coral coverage, which has
been estimated as high as 50% compared to a 1950s baseline
(Bostrom-Einarsson et al. 2020). Restoration aimed at mitigat-
ing acute disturbances (e.g., port dredging, ship groundings,
storm damage) can have lasting impacts, but the impacts of
chronic stressors such as rising sea surface temperatures, along
with species-specific responses of corals need to be considered
for restoration efforts to be sustainable (Bostrom-Einarsson
et al. 2020). Common garden and transplantation experiments
have tested the suitability of restoration sites and the acclima-
tisation potential of coral species (Epstein et al. 2001; Kenkel
et al. 2013; Tisthammer et al. 2021), but further work is needed
to elucidate the shifts of coral-associated microbial communi-
ties and understand their influences on coral health and resil-
ience (van Oppen and Blackall 2019; Voolstra et al. 2024). The
application of probiotics and other microbiological interventions
has even been proposed as a means to increase the success of
coral restoration projects (Li et al. 2022). However, understand-
ing the dynamics and persistence of coral-associated symbionts
and bacterial microbiome communities is an important first step
prior to developing coral restoration strategies that utilise ma-
nipulation of these communities.

1.2 | Microbiome Underpins Coral Health
and the Success of Restoration

In recent decades, there has been a growing awareness of the
connection between development, metabolism, and health
of animals and their microbiomes. Specifically, the coral-
Symbiodiniaceae symbiosis provides much of the energetic re-
quirements for most tropical, scleractinian corals. A plethora
of studies have documented functional trade-offs between dif-
ferent clades of Symbiodiniaceae for the coral holobiont (e.g.,
Berkelmans and Van Oppen 2006; Hoadley et al. 2021; Stat
et al. 2008; Xiao et al. 2022), host-specificity of Symbiodiniaceae
(e.g., Hume et al. 2020), plasticity in Symbiodiniaceae communi-
ties (e.g., Cunning et al. 2015), and phenotypic plasticity across
space and time (Anthony, Lock, et al. 2023). In the context of
coral restoration, understanding the stability of Symbiodiniaceae
communities and the ability of different symbiont clades and
genotypes to tolerate adverse conditions can affect the success
of restoration projects (Nitschke et al. 2024).

Coral-associated bacteria provide various beneficial functions
to the coral host ranging from nutrient cycling (Ceh et al. 2013;
Raina et al. 2009) and antimicrobial defence (Shnit-Orland
and Kushmaro 2009) to increased thermal tolerance (Gilbert
et al. 2012). However, bacteria are also responsible for dis-
eases that may lead to partial or complete colony mortality
(Vega Thurber et al. 2009). Therefore, the bacterial microbi-
ome community can have a profound impact on coral health,

acclimatisation potential, and, by extension, coral restoration
success (Moriarty et al. 2020). While some corals exhibit flexi-
bility in their microbial associations (‘microbiome conformer’),
other coral species maintain stable microbiomes (‘microbiome
regulator’) through time and environmental stress (Ziegler
et al. 2019). Stable coral bacterial communities have been ob-
served in colonies that survive bleaching events (Epstein
et al. 2019; Grottoli et al. 2018; Ziegler et al. 2017), while bac-
terial dysbiosis, or the imbalance of the bacterial microbiome,
has been linked to coral bleaching (Bourne et al. 2008), compro-
mised host immune systems (Pinzoén et al. 2015), and disease
outbreaks (Casey et al. 2015). While the coral-associated bacte-
rial microbiome remains poorly understood and understudied,
it represents a crucially important component of coral health
and resilience. Effective management and restoration of coral
reefs will thus benefit from understanding bacterial microbiome
community dynamics such as species turnover in response to
transplantation. Can corals maintain potentially beneficial mi-
crobiomes following transplantation to a novel restoration site?
Does dysbiosis persist or do coral microbiomes return to a ho-
meostatic state?

1.3 | Porites as a Study Genus and Functional
Trade-Offs of Coral Colour Morphology

Corals from the genus Porites represent dominant reef-building
corals across the Indo-Pacific and account for up to 80% of total
live coral cover at several sites around Guam, making them im-
portant contributors to reef structure (Burdick et al. 2023). Due
to their global importance, several Porites species have been used
for coral restoration efforts globally and locally around Guam
(Forsman et al. 2006; Cabaitan et al. 2015; Lock et al. 2022). The
slow-growing nature of Porites spp. is a challenge for restoration
but makes them ideal candidates for exploring and implement-
ing microfragmentation techniques, which have been shown to
increase the growth rate of slow-growing massive corals (Page
et al. 2018). Furthermore, Porites spp. are generally regarded as
relatively resilient to stressors such as elevated seawater tem-
peratures (Raymundo et al. 2019) and sedimentation (Lock
et al. 2024; Golbuu et al. 2011), making them ideal candidates
to restore degraded reefs which often experience harsh condi-
tions. Among Porites genera and species, several morpholo-
gies and life history strategies exist. Some species are resilient,
slow-growing massive corals, such as Porites lobata, whereas
others, like Porites cylindrica, exhibit a branching morphology.
Interestingly, Porites corals are widely considered to be micro-
biome regulators that maintain consistent endosymbiotic diver-
sity across environmental gradients and through environmental
change (Stat et al. 2009; Barshis et al. 2010; Putnam et al. 2012).
Yet, the microbiome's response to transplantation within this
genus has not been well explored. In general, Porites spp. are
less susceptible to environmental stressors compared to many
other coral genera and may represent an important group for
restoration efforts to preserve ecosystem functions in a rapidly
changing climate.

Porites lobata and P. cylindrica exhibit colour polymorphism
(Anthony, McDermott, Lock, et al. 2023), which has been as-
sociated with functional trade-offs in disease (Shore-Maggio
et al. 2015), bleaching susceptibility (Satoh et al. 2021), and
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microbiome composition (Shore-Maggio et al. 2015; Lesser
et al. 2019) in other coral species. Furthermore, differences in
distributions have been documented for colour morphs of Porites
spp. For example, P. astreoides colour morph distributions have
been shown to vary across gradients of sedimentation and depth,
suggesting that coral colour can influence light attenuation and,
in turn, impact Symbiodiniaceae endosymbionts (Gleason 1998,
1993). In Guam, massive Porites (including P. lobata) are most
commonly observed in purple and brown colour morphologies
but can transition between them (Anthony, McDermott, Lock,
et al. 2023), whereas P. cylindrica colonies are generally brown or
yellow in colour. Colour morphs co-occur on Guam's reef flats and
no structuring across depth gradients on the fore-reef has been ob-
served to date (Anthony, McDermott, Lock, et al. 2023). Based on
the functional differences observed between colour morphologies
in other coral species, we investigated whether there were under-
lying differences in the microbial communities of Porites spp. and
what influence this might have on restoration success.

The resilience of Porites spp., and their important role as reef-
builders in Guam and across the Pacific, makes Porites a genus
of interest for preserving reef ecosystem services under future
climate scenarios. Our aim was to understand the response of
P. lobata and P. cylindrica microbiome communities to in situ
transplantation and 18weeks of acclimatisation using a com-
mon garden approach. Symbiodiniaceae cell densities were es-
timated using flow cytometry to identify possible changes in
symbiont densities following transplantation and subsequent
acclimatisation to their new environment. DNA metabarcoding
was employed to investigate microbiome community shifts of
Symbiodiniaceae and bacteria. Transplanted corals were mon-
itored for disease and partial mortality to link possible differ-
ences in transplantation success to microbiome community
shifts. Since we did not monitor the microbial communities of
corals from the donor site, it is difficult to untangle whether
these changes arose because of transplantation or a combination
of factors, including natural temporal dynamics. Yet, we main-
tain the use of the word transplantation for simplicity when
discussing the temporal component of our study. However,
we focus our discussion on the microbial differences between
Porites spp., colour morphologies, and the common garden sites,
as well as how these differences were correlated with restoration
outcomes, specifically partial mortality of coral fragments.

2 | Methods
2.1 | Common Garden Setup

To identify differences in community dynamics of
Symbiodiniaceae and bacterial community assemblages, two
colour morphs of two species of Porites (brown P. cylindrica,
yellow P. cylindrica, brown P. lobata and purple P. lobata) were
collected from the Luminao reef flat and transplanted directly to
cleaned areas of limestone pavement to establish four common
garden plots at two sites (Piti-West, Piti-East) within Piti Marine
Preserve, Guam (Figure 1A). Piti Marine Preserve was selected
as the transplantation site as it had similar environmental con-
ditions (temperature, water depth, water flow dynamics) and
coral species compared to Luminao and was located within a
marine protected area to avoid disruption over the course of the

experiment. Ten colonies for each coral species/colour morph
(n=40 total) were collected from the Luminao reef flat and care-
fully subdivided into eight clonal fragments of ~15cm size each
(n=80 for each species/colour morph; Figure 1A). Fragments
were transplanted across the four common garden plots in the
Piti Marine Preserve by attaching them directly to the substrate
in a grid layout, with approximately 10 cm between each colony,
using A-788 Splash Zone Epoxy (Pettit Paint, Rockaway, NJ),
assigning placement of each coral fragment in common garden
plots at random (see Figure S1 for an example layout). Porites
colonies were transplanted side by side with Acropora pulchra
fragments, which we described in another publication (Anthony,
Lock, Pérez-Rosales, et al. 2024). In each plot, two replicate frag-
ments of each species/colour morph were transplanted side by
side for a total of 80 fragments transplanted at each site. One
fragment was left intact to be monitored for health impacts, and
the second was assigned for repeat sampling of tissues for micro-
biome assessment.

2.2 | Environmental Data Collection, Monitoring,
and Sampling

Environmental data were gathered continuously at 15-min in-
tervals using loggers that record temperature, light (HOBO pen-
dant temperature/light, model: UA-002-64, Onset Corporation
Bourne, MA), and water depth (HOBO water level data logger,
model: U20L-01, Onset Corporation Bourne, MA) at the sub-
strate level in the centre of each common garden plot (Figure S2).
Water depth was measured using loggers that recorded absolute
pressure in kPa; absolute pressure was converted to water depth
after correcting recorded pressure values for variations in air
pressure that were recorded at sea surface level near the Piti
Marine Preserve using a HOBO water level data logger deployed
on land. As part of the initial common garden site characterisa-
tion, water samples were taken during the transplantation time-
point (Week 4) to record orthophosphate, nitrite, and nitrate
concentrations in the water column; these parameters were de-
termined using the commercial analytical services of the Water
and Environmental Research Institute of the Western Pacific
(WERTI) at the University of Guam.

Transplanted corals in the common garden plots were monitored
for signs of disease and mortality seven times (~every 2 weeks)
from May 11, 2021 to October 12, 2021. During this period,
grayscale-normalised photographs were taken to track colour
fluctuation of corals following transplantation. These were then
used to quantify coral colour intensity (CCI) as described in the
publicly available, step-by-step protocol (Paulino Jr. et al. 2023).
To account for the effects of colour morph pigmentation, we fit-
ted colour morph-specific repeated-measures ANOVAs, with
individual colony IDs included as random effects, to better de-
tect bleaching patterns driven by spatio-temporal factors, as
implemented in base R v4.2.2 (Team RC 2013). Residuals were
assessed for normality using the Shapiro-Wilk test and trans-
formed to improve normality using the Box-Cox transformation
method, as implemented in MASS v7.3.60.0.1 (Venables and
Ripley 2013).

Disease prevalence was recorded as either present or absent and
classified as white syndrome or black band disease, as defined in
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10 colonies/color/species

Luminao

Source

Transplantation (4 weeks)

Two replicates

per plot

Acclimatization (18 weeks)

FIGURE1 | (A) 10 sample colonies of P. lobata and P. cylindrica and their colour morphs (40 total), were sampled from Luminao reef flat (13°
27’ 58" N, 144° 38’ 37" E) off the island of Guam, Micronesia. Colonies were split into 8 fragments and then transplanted to 4 plots located in
Piti Marine Preserve (East: 13°28'20” N 144°42’16” E and West: 13°27'56” N 144°41’15” E). (B) Tissue samples were taken at three timepoints
(Source, Transplantation [4weeks], and Acclimatisation [18 weeks]) to assess the changes in bacteria and Symbiodiniaceae communities, as well as,

Symbiodiniaceae density.

Wills et al. (Willis et al. 2004). A final monitoring timepoint was
collected to determine transplantation success 72weeks (1year
and 3.5months) later (September 27, 2022). Partial mortality
was defined as areas of bare skeleton and binned from 0 to 6
(0: no bare skeleton, 1: 1%-10% bare skeleton, 2: 11%-25% bare
skeleton, 3: 26%-50% bare skeleton, 4: 51%-75% bare skeleton,
5: 76%-99% bare skeleton, 6: dead). Statistical analyses for par-
tial mortality are described in Section 2.7. Coral tissue samples
were collected at three time points to assess clonal structure of
source corals, assess Symbiodiniaceae density and diversity, and
bacterial microbiome diversity patterns. Sampling time points
included (i) baseline state of source colonies pre-transplantation
(May 11, 2021; Figure 1B), (ii) approximately 4 weeks following
transplantation to capture the response to transplantation (June
8, 2021; Figure 1B), and (iii) approximately 18 weeks (4 months)
following transplantation to capture the acclimatised state of
transplanted corals (September 30, 2021; Figure 1B). Samples
were obtained by removing roughly 10 to 20mm diameter frag-
ments from the center of P. lobata colonies using a hammer and
chisel, followed by immediate preservation in the field in liquid

nitrogen. Similar-sized pieces of P. cylindrica branches were
collected using wire cutters, taking samples that were approx-
imately 2cm from the tip to avoid new-growth tissues. Flash-
frozen samples were stored at —80°C until further processing.

2.3 | Identifying Host Coral Genotypes

Total DNA was extracted from a small coral sample from
all source coral colonies (n=40) using the Qiagen DNeasy
PowerSoil Pro Kit on a Qiacube extraction robot (Qiagen, Hilden,
Germany) following the manufacturer's protocol. DNA extracts
were prepared for 2b-RAD sequencing following Wang et al.
(Wang et al. 2012). Technical replicate samples were prepared
to assist with clone identification. A total of 37 samples were
successfully barcoded and sequenced at Tufts University Core
Facility (TUCF; Boston, MA) across four lanes of an Illumina
HiSeq 2500 sequencer using high output v4 chemistry (Illumina,
San Diego, CA) to generate 50 bp single-end sequence reads. Raw
2b-RAD reads were trimmed, deduplicated, and quality filtered
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with the Fastx toolkit (http://hannonlab. cshl.edu/fastx_tool-
kit), retaining reads with Phred-scaled quality scores >20 (—q
20 —p 100). Quality-filtered reads were first mapped to a con-
catenated genome of four Symbiodiniaceae genera—Symbio-
dinium (Aranda et al. 2016), Breviolum (Shoguchi et al. 2013),
Cladocopium (Liu et al. 2018), and Durusdinium (Dougan
et al. 2022)—using bowtie2 (Langmead and Salzberg 2012). Any
reads that were mapped successfully with a minimum end-to-
end alignment score of—22.2 or higher were removed so that
remaining reads were free of symbiont contamination. The re-
maining reads were mapped to the P. lobata genome. Genotype
calling was performed in ANGSD (Korneliussen et al. 2014),
keeping loci present in at least 80% of individuals, a minimum
mapping quality score of 20, a minimum quality score of 25, a
strand bias p>0.05, a heterozygosity bias >0.05, a minor allele
frequency (MAF)>0.05, a SNP p-value of 1x107°, removing
all triallelic sites, reads having multiple best hits, and lumped
paralogs. Clones were detected using hierarchical clustering of
samples based on pairwise identity by state (IBS) distances cal-
culated in ANGSD. Technical replicates were used to identify
the appropriate IBS distance cutoff in a combined dataset of P.
lobata and P. cylindrica.

To identify the presence of cryptic coral lineages and assess
whether the coral host genotype influenced patterns of bacte-
rial or Symbiodiniaceae diversity, host genotype was identified
using phylogenetic analyses. We also included massive Porites
2b-RAD-seq data from Starko et al. to assist with genotype as-
signment (Team RC 2013). Phylogenetic analyses were carried
out using RAXML (Stamatakis 2014) under the GTRGAMMA
model with 100 rapid bootstrap replicates. To root the phyloge-
netic tree, an outgroup of 2b-RAD-seq data from Siderastrea
siderea was included in the RAXML analysis. To assign a geno-
type to each sample, ADMIXTURE (v. 1.3.0; 54) was used with
an optimal K determined from RAXML analysis. If a sample had
an ADMIXTURE assignment proportion > 0.75 for a single clus-
ter, it was assigned to that genotype. Host genotype was used as
a factor for PERMANOVA tests for differences in bacterial and
Symbiodiniaceae communities (see Section 2.6).

2.4 | Symbiodiniaceae Cell Density

Tissue from all 480 coral samples (4 sites, 10 colonies, 4 mor-
phospecies, and 3 timepoints) was airbrushed from the skele-
ton with 0.2pum filtered seawater (FSW) and homogenised via
vortexing and needle-shearing. One millilitre was transferred
to 1.5mL screw-top tubes, and the remaining tissue slurry was
measured with a graduated cylinder. Samples were mixed for 5
s in a MiniBeadBeater Plus (BioSpec Products, Bartlesville OK)
followed by centrifugation at 5000rpm for 4 min. The superna-
tant was removed, and the pellet resuspended in 1 mL of FSW,
followed by 5 s of homogenisation in the bead beater. Another
round of centrifugation at 5000 rpm for 3 min was used to pel-
let Symbiodiniaceae cells. The supernatant was discarded, and
Symbiodiniaceae were resuspended in 1mL of SDS solution
(8% sodium dodecyl sulfate (SDS), 7/8 deionised water (DI), 1/8
FSW) using 4 s of sample agitation in the bead beater. Then, two
replicates of each sample were loaded into a microwell plate as
a tenfold dilution in a 50/50 DI/FSW mixture. Two technical
replicates of each well were processed with a Guava easyCyte

flow-cytometer (Cytek Biosciences, Fremont CA) to count cells/
mL based on red auto-fluorescence (Red-B 488 nm laser) and
side scatter; the total Symbiodiniaceae cell count of the complete
tissue slurry was obtained by scaling the concentration of cells
determined by the flow cytometer to the total tissue slurry vol-
ume (Anthony, Lock, and Bentlage 2023).

To convert total Symbiodiniaceae cell counts associated with
each coral fragment to Symbiodiniaceae densities in coral tis-
sues (cells per cm?), the surface area of the coral fragment was di-
vided by the total cell count (for a detailed protocol see Anthony,
Lock, Crisostomo, and Bentlage 2024). The surface area of coral
skeletal fragments was determined using a 3D jewellery scan-
ner (D3D-s, Vyshneve, Ukraine) to generate a point cloud ac-
curate to 0.0l mm. Before scanning, fragments were mounted
on staples and sprayed with SKD-S2 Aerosol (Magnaflux,
Glenview, IL) to reduce refraction that may interfere with the
scan. Point clouds of each fragment were individually imported
into MeshLab v2020.04 to align point clouds and reconstruct
the fragment's surface. Portions of the fragment which did not
contain tissue were removed from the modelled fragment, and
the remaining surface area was measured. In all comprehensive
models, species had a consistently strong and significant effect
(p<0.001), while other factors showed weaker or inconsistent
patterns across dual-species models. Given the limited clar-
ity in the more comprehensive dataset, we fit species-specific
repeated-measures ANOVAs, with individual ID included as a
random effect, to better resolve the effects of colour, time, and
location within each group. Residuals were assessed for nor-
mality via the Shapiro-Wilks test, then either log or cube trans-
formed to meet the assumptions of normality. These tests were
completed with base R v4.2.2 (Team RC 2013).

2.5 | Symbiodiniaceae and Bacterial Biodiversity

For metabarcoding, sequencing of all 480 samples for both 16S
and ITS2 would have been cost prohibitive. Therefore, three
colonies per morphospecies (purple P. lobata, brown P. lobata,
brown P. cylindrica, yellow P. cylindrica) were selected for DNA
extraction and metabarcoding. We selected corals that showed
no signs of active disease lesions on the day of sampling to avoid
extracting and sequencing possible disease-related bacterial
assemblages. Source sampling consisted of 12 total colonies.
The same colonies' transplanted counterparts were sampled at
all four plots (West A, West B, East A, East B; Figure 1A) for a
total of 48 samples per timepoint (Figure 1B). Although we dis-
cuss partial mortality and disease later, these observations were
used to provide functional context, and we should note that ad-
ditional characterisation of disease lesion microbiomes will be
necessary to potentially link white syndrome observed by us to
its causal agents, which have been explored in other publications
(Sussman et al. 2008; Zhenyu et al. 2013).

Samples were randomly assigned to a PCR batch to reduce sys-
tematic biases and noise between sampling groups that possible
PCR artefacts may have on downstream analyses. For each PCR,
30ng of DNA were used to amplify the Internal Transcribed
Spacer 2 (ITS2) by PCR (26 cycles of 95°C for 405, 59°C for 2min,
72°C for 1 min, followed by a final elongation at 72°C for 7min)
using SYM_VAR_5.8S2 forward (5-GAA TTG CAG AAC TCC
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http://hannonlab

GTG AAC C-3’) and SYM_VAR_REV (5-GGG ATC CAT ATG
CTT AAG TTC AGC GGG T-3") primers (Hume et al. 2018).
The V4 hypervariable region of the 16S rRNA gene was ampli-
fied from each sample using universal bacterial primers 515F
(Walters et al. 2016) and modified 806R (Apprill et al. 2015)
(30cycles of 95°C for 40s, 58°C for 2min, 72°C for 1min, fol-
lowed by a final elongation at 72°C for 5min). The 30-ul PCR
reactions included 3 uL of template DNA, PCR grade water, 1X
ExTaq buffer (Takara Bio, San Jose, CA), 2.5mM dNTPs, 10uM
forward and 10uM reverse primers, and 0.75U ExTaq DNA
Polymerase (Takara Bio, San Jose, CA). After amplification of
the ITS2/16S region, each sample was barcoded with a unique
Illumina index primer (5cycles of 95°C for 405, 59°C for 2min,
72°C for 1 min, followed by a final elongation at 72°C for 7min).
PCR products (ITS2 and 16S) were purified after amplification
using a GeneJet PCR purification kit following the manufac-
turer's protocol (ThermoFisher Scientific, Rockford, IL, USA).
Successfully amplified and barcoded ITS2 samples were ran-
domly pooled into batches of 96 samples with 4 samples carried
over onto the next sequencing run. A PERMANOVA between
samples from each sequencing run determined there were no
significant differences and the duplicates were removed from
further analysis. Pooled samples were run on a 2% agarose gel
with SYBR green dye, visualised on a blue light box, and size
selected by excising the target band from the gel, followed by
incubation of gel fragments in 200uL ultrapure UV-sterilised
and filtered (0.22um) water at 4°C overnight. The pooled and
size-selected sequencing libraries were purified using a GeneJet
PCR purification kit. Pooled products were sequenced in three
runs (one for 16S and two for ITS2) on an Illumina MiSeq by
CDgenomics (New York City NY) using v3 (2 x300bp) re-
agents. Sequence data were deposited in NCBI GenBank's
short read archive (16S: SRR33748254—SRR33748361; ITS2:
SRR33748254—SRR33748361), accessible through BioProject
PRINA1211696.

2.6 | Bioinformatics and Statistical Analyses
of Microbial Community Data

For both Symbiodiniaceae and bacterial sequences, prim-
ers were removed using CutAdapt (Version 4.0; Martin 2011).
Symbiodiniaceae ITS2 data were processed through SymPortal
(Hume et al. 2019) to generate relative abundances of
Symbiodiniaceae clade/sub-clade defining intragenomic vari-
ants (DIVs) and ITS2 type profiles. For bacterial diversity,
the RStudio package DADA2 (Callahan et al. 2016) was used
to remove primer sequences, truncate reads, calculate error
rates, de-duplicate reads, and infer amplicon sequence vari-
ants (ASVs) after merging paired reads and removal of chime-
ras. Non-chimeric ASVs were assigned a taxonomy using the
Silva v138 database (Quast et al. 2012) using a naive Bayesian
classifier with a minimum bootstrap confidence of 50. The
phyloseq package (McMurdie and Holmes 2013) was used
to remove ASVs whose taxonomy matched ‘Mitochondria’,
‘Chloroplast’, or ‘Eukaryota’ MCMC.OTU was used to remove
ASVs representing <0.1% of count data and to identify putative
outlier samples (total count less than 2.5 standard deviations
below the mean). Final graphics were produced using ggplot2
(v3.3.5). APERMANOVA implemented via the adonis2 function
in the vegan R package (version 2.3-5; Dixon 2003) identified

differences between Symbiodiniaceae/bacterial assemblages
across coral species or within coral species for colour morphol-
ogy, site, plot, and time using colony as a random effect. Bray—
Curtis dissimilarity distances were calculated for each species
for both the Symbiodiniaceae and bacterial communities,
which were visualised in NMDS plots using ggplot2. Two-way
ANOVAs were used to test for significant differences in alpha
diversity of bacteria and Symbiodiniaceae with colony as a ran-
dom effect.

Bacteria belonging to Endozoicomonadaceae ASVs were iden-
tified to the genus level using a phylogenetic analysis that
contained publicly available 16S sequences representing the di-
versity of the family. Sequences were aligned using MUSCLE
(version 3.8.1551; Edgar 2004), followed by removal of ambig-
uous regions of the alignment using Gblocks (version 0.91b;
Castresana 2000) allowing for smaller final blocks, gap posi-
tions within final blocks, and less strict flanking positions, as
implemented in SeaView (version 4.7; Gouy et al. 2010). PhyML
(version 3.3.3; Guindon and Gascuel 2003) was used to infer
the maximum likelihood phylogeny of Endozoicomonadaceae
after identifying the nucleotide substitution model that best fit
the data under the Akaike Information Criterion (AIC) using
jModelTest (version 2.1.10; Darriba et al. 2012). Robustness of
the phylogeny was inferred using 1000 non-parametric boot-
strap replicates.

2.7 | Statistical Analyses for Post-Transplantation
Monitoring

Partial mortality of all corals 72weeks after transplantation
was evaluated using an ordinal logistic regression model. The
response variable, partial mortality, was analysed as an ordered
factor given that it was categorised into seven ordinal levels (0-6;
see Section 2.2) representing increasing degrees of partial mor-
tality. The model was fit using the cumulative link mixed model
(CLMM) framework from the ordinal package (v2023.12-4;
Christensen and Christensen 2015) in R (v4.2.2.) Fixed effects
included species, colour morph, and plot, while a random inter-
cept for colony ID was included to account for repeated measures
or clustering within individuals. After fitting the model, the
‘summary’ function was used to extract coefficient estimates,
standard errors, and significance tests for the fixed effects. To
evaluate the significance of each predictor, a likelihood ratio
test (LRT) was conducted using the ‘dropl’ function, which se-
quentially removed terms from the model and compared nested
models via chi-squared tests. Afterwards, to evaluate specific
pairwise distributions of interest, Wilcoxon rank-sum tests were
employed with the exact distribution method, ensuring robust
inference even with small sample sizes or ties in the data, as im-
plemented in the coin package (v1.4.3; Hothorn et al. 2008).

Based on 2b-RAD-seq (coral genotype), ITS2 (Symbiodiniaceae
community), and 16S sequencing data (bacterial community),
corals were assigned additional characteristics and then evalu-
ated within the context of their partial mortality 72weeks after
transplantation. P. lobata colonies were assigned 1 of 5 geno-
types, as determined by ADMIXTURE analysis (c.f. Section 2.3),
to evaluate whether genotype influenced transplantation and
acclimatisation success. Again, the CLMM framework was used
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TABLE1 | The results of Adonis test of Symbiodiniaceae DIVs and bacterial ASVs (Figure 5) on different factorial levels.

Porites lobata Porites cylindrica
Symbiodiniaceae Bacteria Symbiodiniaceae Bacteria

Df Pr(>F) Pr(>F) Pr(>F) Pr(>F)
Colour 1 0.009** 0.001%*** 0.0007*** 0.392
Time 2 0.572 0.046* 0.125 0.001%**
Plot 3 0.248 0.021* 0.116 0.007**
Site (East vs West) 1 0.298 0.395 0.306 0.352
Time:Plot 3 0.054 0.441 0.281 0.001%**
Coral host genotype (P. 4 0.789 0.9201

lobata only)

Note: Only Porites lobata showed multiple genotypic lineages in 2b-RAD analysis and were used as a factor for Adonis tests on Symbiodiniaceae and bacterial diversity
patterns (see Section 3.5). Site (East vs. West) was insignificant in all tests and removed as a factor from statistical models. * indicates p-value <0.05, ** indicates p-

value <0.01, indicates p-value <0.001.

to evaluate the relationship between genotype and partial mor-
tality with genotype (Knowlton et al. 2010; Cinner 2014; Hughes
et al. 2017, Maor-Landaw and Levy 2016; Anthony, Lock,
et al. 2023) as a fixed effect and colony ID as a random intercept.

Colonies with ITS2 data were categorised as ‘yes’ or ‘no’ for
ITS2 type profile shifts at both 4weeks and 18 weeks compared
to their source timepoint and correlated to the partial mortality
that was observed for that colony. Similarly, the partial mortal-
ity of colonies at 72weeks with 16S community data was plot-
ted against the relative abundance of Endozoicomonadaceae at
both 4weeks and 18 weeks after transplantation. A generalised
linear mixed-effects model (GLMM) fit by maximum likelihood
with a Poisson distribution and a log-link function was imple-
mented using the glmer function from the Ime4 package in R
(version 1.1.35.3; Bates et al. 2015). The fixed effects included
the categorical predictors ITS2 shifts at 4weeks, ITS2 shifts at
18 weeks, Endozoicomonadaceae relative abundance at 4 weeks,
and Endozoicomonadaceae relative abundance at 18weeks.
Individual identity (ID) was included as a random intercept.
This process was then repeated for each species separately to
evaluate species-specific effects. Colour phenotypes were omit-
ted from models based on previous results that colour did not
influence mortality.

3 | Results
3.1 | Environmental Characterisation

Water temperature was similar between east and west common
garden plots, with average temperatures about 0.25°C higher in
the eastern plots compared to western plots (Figure S2A). The
temperature difference was most apparent during the hottest
months of the year (June-August; Figure S2A). Temperature at
the gardens on May 15, 2021 (4days after transplantation) was
29.4°C with a range of ~1.5°C. Towards the end of the month,
mean temperatures increased slightly to between ~29.5 and
30°C, with maximums reaching close to 33°C. On the day of the
first sampling, water temperature was 29.7°C at the East site and
29.6°C at the West site on average, with maximums of 31.8°C and
30.5°C respectively. The temperature stabilised by the following

sampling timepoint on September 30 with the daily average at
both sites being 29.8°C and the maximum temperature being
30.2°C in the West and 30.3°C in the East on that day. The
difference in water temperatures between the source location
(Luminao) and the transplantation plots was less than 0.25°C
(Figure S2A). Light levels at different sites seemed similar based
on a limited 7-day dataset (Figure S2B), although inconclusive
due to limited viable measurements before biofouling. Water
depth varied by about 20cm on average between the east and
west plots (Figure S2C). No differences in orthophosphate, ni-
trite, and nitrate between sites were observed (<0.010 mg/L for
both sites).

3.2 | Coral Host Genotyping

Analysis of 2b-RAD data revealed two clonal colonies in P. lo-
bata (B1 and B2; Figure S3) and three in P. cylindrica (B1, B2,
and B9; Figure S3). In order to capture the microbial dynamics
of the overall Porites lobata population instead of a specific gen-
otype, clonal replicates were removed from Symbiodiniaceae
density and microbiome (Symbiodiniaceae and bacteria) diver-
sity analyses. Although there were few clones in P. cylindrica,
admixture analysis assigned all colonies to the same genotype.
Admixture genotype assignment identified five genotypes for P.
lobata (Figure S3). Genotype assignment did not separate the co-
lour morphologies of P. lobata; several genotypes contained both
brown and purple colonies (see Table S1 for the assignments for
each colony and colour morphology). Genotype was used as a
factor in statistical analyses for Symbiodiniaceae and bacterial
diversity of P. lobata to determine whether coral host identity
had an influence on microbial diversity patterns (Table 1); geno-
type was not a factor in statistical analyses of P. cylindrica due to
the observed lack of genetic diversity in this species.

3.3 | Coral Bleaching and Symbiodiniaceae Cell
Density

Due to the nature of coral colour morphs, coral colour intensity
was only considered within species-specific colour morphs to
focus on spatio-temporal effects that may represent stress. All
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FIGURE 2 | (A) Grayscale calibrated CCI of all corals (Figure 1) through time to visualise the repeated monitoring of P. cylindrica, P. lobata and
their colour morphs (brown, yellow, and purple) at eight evenly distributed sampling timepoints between June 8th, 2021 and October 12th, 2021. For
CCI, 0 represents black, and 199 represents white. (B) Symbiodiniaceae cell density in P. cylindrica and P. lobata and their colour morphs at the three
sampling timepoints: Source (May 12th, 2021), Transplantation (4 weeks later; June 8th, 2021), and Acclimatisation (18 weeks later; September 30th,
2021). p-values represent the significant results of the associated graph's repeated-measures ANOVA, which evaluated time, location, and colour as
possible factors influencing data variation. Colour was tested separately for CCI to avoid bias caused by the base colour morphology (e.g., purple is

darker than brown).

four groups darkened slightly through August and then paled
slightly through September (brown P. cylindrica: p <0.001; yel-
low P. cylindrica: p<0.001; brown P. lobata: p=0.041; purple
P. lobata: p=0.044; Figure 2A). Spatial effects were more vari-
able, though generally corals were marginally darker in the west
site (brown P. cylindrica: p=0.006; brown P. lobata: p <0.001;
purple P. lobata: p=0.002). Brown P. lobata had only a slight
plot-specific interaction (p=0.002), but no other spatial effects.
Despite this significant differentiation between plots, variance
within plots was extremely high, and within the context of data
from cohabitating A. pulchra (Anthony, Lock, Pérez-Rosales,
et al. 2024), temporal dynamics were mild and no mass coral
bleaching occurred.

In P. cylindrica, symbiont cell density varied significantly over
time (p<0.001) and showed a clear spatio-temporal interac-
tion (p=0.001), suggesting location-dependent temporal dy-
namics. Indeed, Symbiodiniaceae densities decreased in both
yellow and brown P. cylindrica by 28%, on average, with corals
in the East garden having a more pronounced effect follow-
ing transplantation (Figure 2B). Both locations recovered to

baseline densities after 18 weeks (Acclimatisation; Figure 2B).
In contrast, P. lobata was spatio-temporally stable. Neither
species model indicated a colour-specific effect on cell density
(p>0.05).

3.4 | Symbiodiniaceae Species-Specific Patterns

Symbiodiniaceae communities for both P. cylindrica and P. lo-
bata were dominated by ITS2 profiles belonging to Cladocopium
C15 containing several inferred C15 types in almost all samples
(Figure 3A). Symbiodiniaceae communities in P. cylindrica at
the source site were all dominated by the same ITS2 profile
(C15.C15by.C15er.C15kh; Figure 3A), thus explaining the tight
cluster in the P. cylindrica NMDS plot (Figure 4B). All changes
in P. cylindrica Symbiodiniaceae diversity indices (Figure 4)
were driven by rearranged C15 types in nine colonies (Figure 3).
In the brown P. cylindrica colour morph, three colonies changed
type profiles after transplantation, but all reverted to source col-
ony profiles by the acclimatisation timepoint of 18 weeks follow-
ing transplantation. Yellow colonies demonstrated the opposite
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FIGURE 3 | (A) Relative abundances of Symbiodiniaceae type profile in P. cylindrica and P. lobata and their colour morphs (brown, yellow, and
purple) at the three sampling timepoints: Source (May 12th, 2021), Transplantation (4 weeks later; June 8th, 2021), and Acclimatisation (18 weeks lat-
er; September 30th, 2021). A single sample (Colony IDs on the x-axis; i.e., “B2”) was collected for each colony at the source and split into four replicate
colonies for each of the replicate plots: Piti West B (WB), West A (WA), East B (EB), & East A (EA). The genotype that each P. lobata colony belongs
to is listed in parentheses after the colony ID (i.e., Knowlton et al. 2010; Figure S3; see Section 3.2). Porites cylindrica colonies were all from the same
lineage. See Table S3 for a complete list of relative abundances of type profiles. (B) Relative abundances of bacterial families in both coral species and
their colour morphs at the three sampling timepoints and four transplantation plots.

pattern with one yellow P. cylindrica colony changing to three (Figure 3A). Two additional colonies only had different C15-
different C15-based ITS2 profiles across all sites following trans- based ITS2 profiles after acclimatisation, with no sign of shifts
plantation that persisted through acclimatisation 18 weeks later immediately following transplantation.
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FIGURE 4 | Monitoring data to evaluate transplantation success of transplanted P. cylindrica and P. lobata. (A) Final partial mortality scores of
each species and its colour morphs 72-weeks after transplantation (September 27th, 2022). Full partial mortality data is visualised in Figure S5. (B)
Quantity of corals with active disease lesions within the first 18 weeks of monitoring. (C) Partial mortality of P. lobata 72weeks after transplanta-
tion based on host genotype (Figure S3). The numbers below each boxplot indicate the number of source colonies with this genotype and number of
fragments with data at the 72-week timepoint. p-value was derived from CLMMs after LRT analyses. (D-G) Partial mortality of coral colonies that
were sequenced for ITS2 and 16S metabarcoding 72 weeks after transplantation. Numbers indicate the number of colonies observed at 72weeks. (D,
E) Symbiodiniaceae shift was recorded as ‘yes’ if colonies at 4 or 18 weeks had a different ITS2 type profile than their source colonies (Figure 3A).
(E) Relative abundance of Endozoicomonadaceae values were derived from sequencing data collected at 4 or 18 weeks after transplantation. (A, B)
Colours of boxplots indicate colour morphologies of P. cylindrica and P. lobata. (A, C-G) Partial mortality was scored semi-quantitatively from 0
to 6 with 0 being total healthy and 6 being dead. Read lines indicate the threshold for completely dead colonies. (D-G) p-values were derived from
species-specific GLMERs.
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TABLE 2 | The results of 2-way ANOVA tests of Shannon diversity index (Figure 4) on different factorial levels.

Porites lobata Porites cylindrica

Symbiodiniaceae Bacteria Symbiodiniaceae Bacteria
Df Pr(>F) Pr(>F) Pr(>F) Pr(>F)
Colour 1 0.108 0.007** 0.011* 0.098
Time 2 0.207 0.043* 0.425 0.092
Plot 3 0.138 0.001** 0.192 0.145
Site (East vs West) 1 0.396 0.156 0.353 0.945
Time:Plot 3 0.179 0.835 0.988 0.712
Coral host genotype (P. 4 0.443 0.391

lobata only)

Note: Only Porites lobata showed multiple genotypic lineages in 2b-RAD analysis and was used as a factor for statistical tests on Symbiodiniaceae and bacterial
diversity patterns (see Section 3.5). Site (East vs. West) was insignificant in all tests and removed as a factor from statistical models. * indicates p-value <0.05, **

indicates p-value <0.01.

Al P. lobata sampled were dominated by Cladocopium C15ITS2
type profiles at initial sampling from the source colonies, but
harboured a more diverse set of C15-based ITS2 type profiles
than P. cylindrica (p=0.0001), with four different type profiles
in source colonies: (1) C15-C15by-C15er-C15kh, (2) C15-C15bn-
C15by, (3) C15-C15bn-C15ij-C15ev, (4) C15-C15ev-C15d. Many
of these colonies (11/15) shifted to different Cladocopium C15
types, whereas four colonies shifted to substantially different
ITS2 profiles, dominated by Cladocopium C116 or C40, or even
Durusdinium D1 (Figure 3A). Specifically, the only colonies that
shifted to C40 or D1 ITS2 profiles were the P. lobata colonies in
plot West A, which explains the separation of colonies in this
plot in the acclimatisation NMDS (Figure 4C).

3.5 | Bacterial Community Composition

16S sequencing produced an average of 57,433 reads per sample
after DADAZ2 filtering for 110 samples in total. Three hundred
thirty five ASVs had a cumulative abundance of more than 1000
reads across all samples and were included in further analysis.
Most colonies (10/12) were dominated (>90% relative abun-
dance) by Endozoicomonadaceae at the source site (Figure 3B).
Other major contributors to the relative abundance of the bac-
terial communities of these coral colonies were Vibrionaceae,
Piscirickettsiaceae, Rhizobiaceae, Rhodobacteraceae, and
Nostocaceae (Figure 3B). Almost all Endozoicomonadaceae
ASVs (>99.9%; Table S2) were most closely related to
Parendozoicomonas species (Figure S4). For two ASVs that
fell within Endozoicomonas, the short ~260bp ASV sequences
were identical with Endozoicomonas acroporae and a strain of
Endozoicomonas recently isolated associated from Acropora
pulchra in Guam (de la Vega et al. 2023). Endozoicomonas ASVs
were found in extremely low abundance (<1800 reads across
all samples; Table S2) while the majority of ASVs assigned
to Endozoicomonadaceae belonged to Parendozoicomonas.
Considering the dominance of Endozoicomonadaceae in our
analysis, we relied on phylogenetic analysis to discern among
bacterial genera in this family. In general, it is important to
note that ASVs identified in Table S2 cannot be interpreted as
synonymous with bacterial species or strains without further
in-depth phylogeny-based analyses. Consequently, our bacterial

microbiome diversity analyses were based on family-level tax-
onomic assignments, effectively summing read counts across
ASVs assigned to the same family to reduce the noise associated
with potentially spurious lower-level taxonomic assignments.

Bacterial microbiome community shifts were apparent for
both coral species after transplantation and acclimatisation
(Figure 3B), but these shifts appeared most pronounced in P.
lobata, which may in part reflect the greater host genotype di-
versity represented in this species (Figure S3). However, geno-
type was not a significant factor explaining variation in Porites
lobata microbial communities (Symbiodiniaceae or bacteria;
Tables 1 and 2). Vibrionaceae appeared in half (3/6) of the source
colony fragments of P. cylindrica (Figure 3B). Vibrionaceae taxa
are often associated with disease, but no disease was observed
during initial sampling or following transplantation of these spe-
cific colonies. Vibrionaceae abundance did not follow predictable
patterns through time. Many fragments that initially harboured
Vibrionaceae showed none at subsequent timepoints and, con-
versely, Vibrionaceae ASVs appeared in some samples that did
not harbour these bacterial taxa during initial sampling at the
source site. Irrespective of the starting composition of bacterial
microbiomes, most P. cylindrica fragments (42/46) remained, or
in the case of one yellow P. cylindrica (Y1; Figure 3B) became
dominated by Endozoicomonadaceae (Parendozoicomonas) fol-
lowing transplantation and acclimatisation. While Vibrionaceae
were not detected in any appreciable number in the source col-
onies of P. lobata, Vibrionaceae were apparent in some samples
collected after transplantation and acclimatisation (Figure 3A).

3.6 | Microbiome Diversity Dynamics

Porites lobata colonies harboured more diverse Symbiodiniaceae
communities than P. cylindrica across the entire study (Adonis
test p=0.0001; Figure 4A). Both Porites spp. harboured sig-
nificantly different Symbiodiniaceae communities between
colour morphs (Table 1). Alpha diversity (Shannon index) was
relatively stable across the three timepoints in P. cylindrica
(p=0.125) and in P. lobata (p=0.572; Figure 4A). However, beta
diversity revealed that the microbiome of P. cylindrica exhibited
a more variable response to transplantation and acclimatisation
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FIGURE5 | (A)Shannon diversity index (alpha diversity) of Symbiodiniaceae DIVs for P. cylindrica and P. lobata and their colour morphs at the
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compared to P. lobata (Figure 4B,C). This was reflected in the
homogeneous beta diversity of its source colonies and the in-
creased variance in beta diversity following transplantation
(Figure 4B). In contrast, the beta diversity of P. lobata microbi-
omes showed a more consistent response to transplantation and
acclimatisation, except for plot West A (Figure 4C).

For bacteria, Shannon diversity index (p=0.046) and relative
abundances (p=0.001) revealed significantly higher bacterial
diversity in P. lobata compared to P. cylindrica (Figure 4D). Time,
plot, and colour were all significantly different for Shannon and
observed diversity in Porites lobata (Tables 1 and 2), whereas

only time and plot were significant for observed diversity in
Porites cylindrica (Table 1). P. lobata colour morphs harboured
significantly different bacterial communities (Adonis p=0.001;
Figure 4D), whereas there was no significant difference in bac-
terial microbiome composition between P. cylindrica colour
morphs (Figure 4D).

3.7 | Ecological Monitoring After Transplantation

As far as visible signs of transplantation success, 4 weeks after
transplantation, only 5.6% (18/320) of colonies had any partial
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mortality; all were categorised as 1 (1%-10% bare skeleton) or
2 (11%-25%). All 302 other colonies lacked exposed skeleton.
Eighteen weeks after transplantation, 20.6% (66/320) of trans-
planted colonies showed some partial mortality. Only two col-
onies had died, which were not used for microbiome analysis.
P. cylindrica had significantly lower mortality than P. lobata at
this point (Wilcoxon, Z=-3.787 p<0.001), as 28.8% (19/66) of
colonies with mortality were P. cylindrica, with the other 71.2%
of partial mortality observed in P. lobata. Upon returning to the
plot 72weeks after transplantation, this pattern flipped (LRT,
X*=5.23, p=0.022; Wilcoxon, Z=4.266, p<0.001). Seventy
two weeks after transplantation, 60.8% (194/319; one colony
was missing) of all colonies had some partial mortality, 59.3%
(115/194) of which were P. cylindrica (Figure 5A). Of all re-
maining P. cylindrica colonies, 46.9% (75/160) were estimated at
> 50% partial mortality, compared to only 25.2% (40/159) of P. lo-
bata colonies (Figure 5A). P. cylindrica performed substantially
worse in the West plots than the East plots (Figure S5), which
likely caused the statistical significance of location as a factor in
our CLMMs (LRM, y*=21.75, p <0.001). Colour showed no sign
of influencing partial mortality (LRT, y*=0.42, p=0.811). Upon
returning to the plots in 2024 (3years after transplantation),
nearly all P. cylindrica had died in the West plots, while many
P. lobata remained across both plots, although mortality was not
quantified. Partial mortality of corals sampled for microbiome
sequencing (n =48 across species and colour morphs) was sim-
ilar to the total population of corals outplanted and monitored
across common garden plots (n =320).

Partial mortality of corals at 72weeks after initial transplanta-
tion reflected general disease prevalence of colonies (by species
and colour morph) within the first 18 weeks. Over twice the ob-
servations of active disease lesions on P. cylindrica compared to
P. lobata colonies (Figure 5B). In total, 98% (65/66) disease ob-
servations for both species were classified as ‘white syndrome’
(Willis et al. 2004). Given the fluctuating dynamics of disease le-
sions, partial mortality was used to evaluate transplantation and
acclimatisation success from this point forward. Further, we
only discuss partial mortality for colonies monitored 72weeks
after transplantation given the extremely low mortality directly
following transplantation (Figure S5) and the avoidance of un-
healthy colonies for 16S and ITS2 sequencing, as it is the best
data to relate genotypic data to transplantation success.

Our initial model indicated that shifts in Symbiodiniaceae com-
munity 18 weeks after transplantation predicted increased par-
tial mortality 72 weeks after transplantation (GLMM, Z=2.521,
p=0.012; Figure 5D). Species-specific models showed that this
result was driven by P. lobata (GLMM, Z=3.128, p=0.002),
rather than P. cylindrica (GLMM, Z=1.501, p=0.133). Colonies
that maintained their ITS2 type profile throughout the first
18 weeks showed the least amount of partial mortality with
85.7% (6/7) remaining completely healthy without any signs of
partial mortality. Interestingly, increased partial mortality was
correlated with shifts between inferred subclades among C15
ITS2 type (e.g., C15-C151-C15n-C15bb type profile shift to C15-
C15by type profile). Of the six P. lobata colonies that acquired
non-C15 ITS2 types (Cladocopium C40, C116, and Durusdinium
D1; Figure 3A), all were still alive 72weeks after transplanta-
tion. Of these, 83.3% (5/6) had less than 50% partial mortality
(PM score <3).

TheP. lobata exclusive model alsorevealed arelationship between
a lower relative Endozoicomonadaceae 4weeks after transplan-
tation and partial mortality at 72weeks. Specifically, colonies
with less Endozoicomonadaceae had higher mortality. Within
the same model, correlation of fixed effects suggested a relation-
ship between this lower abundance of Endozoicomonadaceae at
4weeks and an ITS2 switch at 18 weeks (GLMM, p=—0.621).

Models indicated that partial mortality was neither a prod-
uct of early Symbiodiniaceae community shifts (e.g., GLMER,
Z=-1.112 p=0.266; Figure 5D), nor the relative abundance
of Endozoicomonadaceae 18weeks after transplantation (e.g.,
GLMER, Z=-0.327, p=0.743; Figure 5G). Genotype was not
a significant contributor to partial mortality (LRT, y*=4.604,
p=0.330), indicating that observed patterns of partial mortality
may be attributed to source colony identity rather than the gen-
otype (Figure 5C).

4 | Discussion
4.1 | Overview

This study describes the transplantation and initial acclimati-
sation dynamics of the Symbiodiniaceae and bacterial microbi-
ome communities associated with two dominant reef-building
corals, P. cylindrica and P. lobata. Symbiodiniaceae and bac-
terial communities displayed distinct responses to transplan-
tation that differed between these congeneric coral species.
Both Symbiodiniaceae and bacterial communities associated
with P. lobata responded to transplantation more dramati-
cally than those in P. cylindrica (Figures 3 and 4). Notably,
we observed shifts in both communities, typically towards a
diversified community (Figure 4), such as the introduction of
new ITS2 type profiles (Figure 3A) or a transition away from
Endozoicomonadaceae-dominated  bacterial =~ communities
(Figure 3B). However, within these transitions, there was high
variation in the timing and magnitude of bacterial community
shifts observed. Some corals maintained similar bacterial com-
munities through transplantation stress (4 weeks) and into site
acclimatisation (18 weeks), while other colonies diversified after
transplantation before converging upon source communities
(Figure 3). Monitoring of partial mortality and disease showed
clear species-specific differences in fitness, while colour mor-
phology had no influence. Incorporating this monitoring data
with metabarcoding sequencing revealed additional insights
into how microbiome shifts potentially affect the overall coral
holobiont, with a particular focus on the ITS2 community.

4.2 | Porites Affinity for Cladocopium C15

Porites spp. acquire their symbionts primarily through vertical
transmission (LaJeunesse et al. 2004), which may lead to Porites’
strong specificity for Cladocopium C15 (Putnam et al. 2012; Claar
et al. 2020; Cunning et al. 2017; Fifer et al. 2022). Consistent
with this, nearly all sequenced colonies in our study contained
C15-dominated Symbiodiniaceae assemblages. However, we
observed shifts in Cladocopium C15 types in both P. cylindrica
and P. lobata after transplantation (Figure 3A). Notably, P. cy-
lindrica exhibited less variable ITS2 type profiles compared to
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P. lobata, with shifts in all colonies restricted to Cladocopium
C15 subtypes (Figure 3). Among P. cylindrica, shifts occurred
more frequently in yellow colour morphs than in brown colour
morphs (Tables 1 and 2). These observations suggest a degree
of plasticity within the tightly coevolved symbiotic relation-
ship, potentially allowing acclimatisation to new environments
(Cunning et al. 2015; Hauff et al. 2016).

Differences in Symbiodiniaceae types have been linked to
variability of coral stress tolerance (Berkelmans and Van
Oppen 2006; Hoadley et al. 2021; Stat et al. 2008; Xiao
et al. 2022; Diaz-Almeyda et al. 2017). Thus, understanding
the traits of Symbiodiniaceae and symbiont shifts in response
to transplantation is critical for coral reef restoration efforts.
Functional differences have been documented both between
major Symbiodiniaceae genera (Stat et al. 2008) and between
closely related congeners (Hoadley et al. 2021; Diaz-Almeyda
et al. 2017). For instance, Hoadley et al. uncovered differences in
cell density, cell size, chlorophyll concentrations, photosynthetic
rates, and photoprotective pathways among Cladocopium C15
sub-clades in P. cylindrica (Hoadley et al. 2021). Such functional
variation suggests that even the minimal symbiont shifting we
saw in P. cylindrica (Figure 3A) may influence coral perfor-
mance. However, monitoring results indicate that these shifts
are not consistently beneficial (Figure 5).

When examining Symbiodiniaceae shifts in relation to partial
mortality 72 weeks after transplantation, colonies with ITS2 pro-
file changes (Figure 4A) experienced slightly worse outcomes
(Figure 5E), a pattern driven by P. lobata. The increased par-
tial mortality observed with most symbiont shifts (Figure 5E)
suggests that retaining the original, C15-dominated assemblage
was the most successful strategy. This is further supported by
the fact that six out of seven P. lobata colonies that maintained
this community for at least 18 weeks showed no signs of par-
tial mortality (Figure 5E). Particularly, the predominance of
shifts within the Cladocopium C15 subtype profiles that led to
increased partial mortality raises questions about the ecological
role of different C15 sub-clades.

4.3 | Post-Transplantation Appearance of C40,
C116, and D1 in P. lobata

Although maintenance of C15 dominance seems to be most
common in P. lobata and the rule for P. cylindrica, some of the
P. lobata colonies sampled harboured novel Symbiodiniaceae
taxa, including Cladocopium C116 and C40, and Durusdinium
D1 approximately 18 weeks after transplantation. Durusdinium
types, known for their stress tolerance (Lesser et al. 2013;
Stat and Gates 2011), have been observed dominating the
Symbiodiniaceae communities of Porites spp. in Kiribati after
marine heatwaves (Starko et al. 2023). However, it is some-
what surprising that we see some colonies dominated by
Durusdinium after transplantation, given the limited sampling
timeframe and the fact that these ITS2 types were not detected
in any appreciable abundance during initial sampling prior to
transplantation. It is possible that these symbionts were present
in parts of the tissue that were not sampled for metabarcoding
and subsequently spread across tissues of the transplanted frag-
ment (Rouzé et al. 2019; Bollati et al. 2024). Previous studies

have described diverse Symbiodiniaceae clades co-occurring in
Porites colonies (Tan et al. 2020; Terraneo et al. 2019), making
this scenario plausible. Alternatively, it is possible that new sym-
biont types were acquired horizontally from the environment
as an acclimatisation response to transplantation. Further, the
site which experienced the most significant changes in P. lobata
Symbiodiniaceae community, West A, is surrounded by large
thickets of Acropora pulchra, which are known to harbour the
newly acquired Symbiodiniaceae clades (e.g., C40) (Anthony,
Lock, et al. 2023; Anthony, Lock, Pérez-Rosales, et al. 2024).
This hypothesis may be further supported by the observed slight
decline in Symbiodiniaceae cell densities following transplanta-
tion (Figure 2) and the site-specific shift in West A towards these
more phylogenetically distinct clades (Figure 4C).

Cladocopium C40 is dominant in the staghorn coral Acropora
pulchra in Guam (Anthony, Lock, et al. 2023), whereas
Durusdinium D1 is dominant in Pocillopora damicornis in Guam
(Tramonte 2023). Both of these coral species occurred in close
proximity to the Porites fragments transplanted into the com-
mon garden plots, potentially serving as a source for the new
Symbiodiniaceae observed in P. lobata tissues following trans-
plantation. The P. lobata colonies that shifted to Cladocopium
C40 and Durusdinium D1 were found exclusively in a single plot
(WA). Considering that clonal fragments were transplanted to
all four plots, the observed shifts in Symbiodiniaceae type pro-
files were likely the result of site-specific acclimatisation. In
fact, Anthony et al. transplanted 10 A. pulchra colonies (80 frag-
ments) alongside the exact Porites corals analysed here (Anthony,
Lock, Pérez-Rosales, et al. 2024). These corals were completely
dominated by Cladocopium C40-C3-C115 type profiles and
showed no sign of community shifts following transplantation
even 16 months after transplantation. Instead, A. pulchra expe-
rienced a rapid decline in cell density following transplantation,
something we did not see here in Porites (Figure 2). Perhaps
this could have provided a source for the newly acquired C40.
Nonetheless, based on this information, P. cylindrica and P. lo-
bata almost certainly have different acclimatisation strategies
from their co-dominant, faster growing counterpart, A. pulchra.
Perhaps the shifts in Symbiodiniaceae ITS2 profiles prevented
the dynamic symbiotic breakdown observed in co-occurring A.
pulchra. That said, 16 months after the study, A. pulchra had the
lowest mortality, followed by P. lobata, and then P. cylindrica
(Anthony, Lock, Pérez-Rosales, et al. 2024).

To better understand the trade-offs of these symbiont commu-
nity shifts, it will be essential to examine whether such changes
in Symbiodiniaceae communities are common on larger scales
and directly assess their impact on coral holobiont physiology.
Generally, coral restoration focuses on propagating populations
of corals that survived prior stress events, such as coral bleach-
ing, with the expectation that these survivor corals possess
resilient traits, such as stress-tolerant Symbiodiniaceae commu-
nities, that increase their overall resilience (Bostrom-Einarsson
et al. 2020). The shifts in symbiont community observed in the
current study suggest that coral-associated Symbiodiniaceae
may change dramatically and somewhat stochastically in re-
sponse to transplantation to different sites, even between con-
generic coral species, and minimal changes in abiotic factors
(temperature, depth, light availability, nitrogen levels). It is per-
haps most interesting that neither host colour morphology nor
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host genotype played a considerable role in predicting these en-
dosymbiotic communities nor their response to a new environ-
ment (Table 1). Consequently, coral-associated Symbiodiniaceae
may change readily and potentially affect the success of coral
restoration projects that rely on transplanting corals which pos-
sess resilient Symbiodiniaceae clades.

4.4 | Identification
of Parendozoicomonas-Dominated Bacterial
Communities

In addition to Symbiodiniaceae, coral microbiomes are com-
prised of associations with diverse bacterial communities
(Rohwer et al. 2002) that provide a variety of physiological ben-
efits (Voolstra et al. 2024; Raina et al. 2009; Shnit-Orland and
Kushmaro 2009; Gilbert et al. 2012) and sometimes detriment
(Voolstra et al. 2024; Vega Thurber et al. 2009) to their coral
host. Similar to Symbiodiniaceae, certain corals, including
Porites, are generally known to have high fidelity to particular
bacterial associates and exhibit limited flexibility in response
to environmental change (Pollock et al. 2018). In this study, we
saw nearly all P. lobata and P. cylindrica fragments dominated
by Endozoicomonadaceae, a family well known to be the most
prevalent bacterial associate in many corals including Porites
species (Voolstra et al. 2024; Meyer et al. 2014). The precise roles
of Endozoicomonadaceae taxa in coral holobiont function are
still not well understood, but these bacteria are believed to play
important roles in coral nutrient cycling (Voolstra et al. 2024;
Ding et al. 2016; Pogoreutz et al. 2022; Tandon et al. 2020), har-
bour high metabolic diversity, and contribute a variety of roles
to coral holobiont functioning (Neave et al. 2017). Specifically,
Tandon et al. found that coral colonies in close proximity har-
boured different, but closely related Endozoicomonas taxa,
which possessed varying levels of reactive oxygen scavenging
potential (Tandon et al. 2022).

Given the dominance and the putatively important roles of
Endozoicomonadaceae in the Porites microbiomes surveyed,
we used phylogenetic analysis to home in on the identity of
ASVs assigned to this family. While ASV data provide advan-
tages over traditional OTU clustering approaches in the anal-
ysis of prokaryote diversity and discovery of novel taxa (Fasolo
et al. 2024), lower-level taxonomic assignments may be noisy, not
least because of potentially missing taxa in reference databases
used for assignment of taxonomies (e.g., Parendozoicomonas
and other recently described Endozoicomonadaceae genera
are missing from the SILVA database). Based on phylogenetic
analysis, over 99.9% of Endozoicomonas ASVs were closely
related to the genera Parendozoicomonas (Figure S4), partic-
ularly Parendozoicomonas haliclonae, which was the first spe-
cies described in the genus after its isolation from a marine
sponge (Bartz et al. 2018). The diversity and functional roles of
the genus Parendozoicomonas remain largely undescribed, but
given their dominance in this study and the association of their
loss with higher partial mortality, Parendozoicomonas species
may provide their coral host with functional benefits similar
to those described for Endozoicomonas (Cunning et al. 2015;
Epstein et al. 2019) that merit further examination. Similar to
Endozoicomonas, Parendozoicomonas species have been de-
scribed as dominating Porites spp. across large geographic

ranges (Hochart et al. 2023). Future research should work to re-
solve the taxonomy and disentangle the metabolic functions of
the widespread Endozoicomonas and Parendozoicomonas taxa
to better understand their relationship to coral holobiont health.

4.5 | Bacterial Community Diversification
and Relative Endozoicomonadaceae Decline

Studies have reported significant changes in bacterial communi-
ties as their coral hosts experience stress events such as eutrophi-
cation (Jessen et al. 2013), deoxygenation (Howard et al. 2023)
and coral bleaching (Ziegler et al. 2017), but few studies ex-
amined the changes associated with transplantation (Ziegler
et al. 2017; Strudwick et al. 2022; Haydon et al. 2021). Given the
diverse roles that bacterial associates play in coral health, these
changes could be major determinants of the fate of the coral
holobiont and, ultimately, the success of coral restoration proj-
ects. Here, P. lobata across all sites showed changes in bacterial
communities after transplantation and 18 weeks of acclimatisa-
tion (Figure 4D,F). More specifically, we commonly observed
a decline in the relative abundance of Endozoicomonadaceae.
However, the timing of bacterial community shifts varied sig-
nificantly by individual colony, site, and timepoint (Figures 3B
and 4D; Table 1).

The loss of Endozoicomonadaceae taxa has been observed in
Porites corals that displayed disease lesions (Meyer et al. 2014)
and experienced declining water quality, whereas both increases
and decreases have been observed in response to heat stress
(Apprill et al. 2016; McDevitt-Irwin et al. 2019). Studies have
observed losses of Endozoicomonadaceae (Haydon et al. 2021) in
response to coral transplantation, while others have correlated
the loss of this bacterial family to declining coral health (Bourne
et al. 2008; Ziegler et al. 2016). In this study, we observed reduc-
tions in the relative abundance of Endozoicomonadaceae (mostly
genus Parendozoicomonas) in P. lobata (Figure 3B), which, in-
terestingly, experienced less than half of the observations of
disease over the 18-week experiment compared to P. cylindrica
(Figure 5B). Associated with this was also the lower long-term
survival of P. lobata colonies with lower relative abundances of
Endozoicomonadaceae following transplantation (Figure 5F).
Additionally, we found increases in the relative abundance of
Rhodobacteraceae in both Porites spp., but more pronounced in P.
lobata (Figure 3B). Increases in Rhodobacteraceae have been ob-
served as Endozoicomonas abundances decline (McDevitt-Irwin
et al. 2019; Botté et al. 2022; Deignan and McDougald 2022;
Miller and Bentlage 2024) which has been correlated with white
syndrome lesions in acroporid corals (Pollock et al. 2017), a
disease which we observed increasing in prevalence imme-
diately following transplantation. Despite the lower overall
disease prevalence in P. lobata (Figure 5B), the reduction of
Endozoicomonadaceae and increases of Rhodobacteraceae rela-
tive abundance could represent a stressed and potentially suscep-
tible microbiome (McDevitt-Irwin et al. 2019; Botté et al. 2022;
Deignan and McDougald 2022; Miller and Bentlage 2024).
Indeed, P. lobata samples with higher relative abundance of
Rhodobacteraceae (and other bacteria) and low relative abun-
dance from Endozoicomonadaceae displayed higher suscep-
tibility to transplantation stress, as indicated by higher partial
mortality 72weeks after transplantation (Figure 5F). Further,
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purple and brown colour morphs of P. lobata harboured sig-
nificantly different bacterial communities, which have been ob-
served before in Montipora capitata (Shore-Maggio et al. 2015).
Despite this, we saw no indication that colours were associated
with significantly different mortality after being transplanted to
new sites (Figure 5A), nor did P. lobata colour morphs seem to
be more susceptible to disease (Figure 5B). P. cylindrica experi-
enced higher disease overall (Figure 5B) despite having a gener-
ally less diverse bacterial community than P. lobata (Figure 4).
P. cylindrica mortality was also unrelated to having a diversified
bacterial community (Figure 5).

As with changes in Symbiodiniaceae community, it is diffi-
cult to untangle whether new bacterial taxa that emerged after
transplantation were present in coral tissues during the initial
sampling at low abundance or if they represent bacteria from
the environment colonising corals after the stress of transplanta-
tion. It is also beyond our ability to hypothesise the source of new
bacterial taxa, as we do not have data for the bacterial commu-
nity dynamics of the corals surrounding the transplant sites. It
is important to note that variability of relative abundances may
not necessarily reflect changes in absolute abundance of bacte-
rial taxa present in coral tissues. Future studies should incorpo-
rate approaches to estimate absolute abundances of dominant
coral-associated bacteria, for example using qPCR, in addition
to DNA metabarcoding, to gain additional insights into bacterial
microbiome community dynamics and turnover in response to
transplantation. Additionally, bacterial taxa are often localised
to specific anatomical areas of corals (Bollati et al. 2024; Miller
and Bentlage 2024; Marchioro et al. 2020). Therefore, it is un-
clear whether our observed changes in the bacterial community
occurred across all anatomical areas or within specific tissues.
Further research that characterises bacterial microbiome local-
isation across coral anatomy, through longer periods of time,
or with higher temporal resolution could help understand the
modes of acquisition and localisation of bacterial taxa that are
associated with microbiome turnover following transplanta-
tion. Differences in symbiont density, coral colour intensity, and
microbial composition between the Porites species may partly
reflect differences in coral host genotype diversity considering
that P. lobata was represented by three genotypes in this study
whereas P. cylindrica was represented by a single genotype.
Although this study attempted to capture genotypic variation by
sampling distinct colour morphotypes for each species, broader
sampling of genotypic diversity in future studies will be essen-
tial to further evaluate the influence of host genetics on micro-
bial communities and restoration outcomes.

5 | Conclusions

In this study, we report the transplantation dynamics of the
Symbiodiniaceae and bacterial microbiome communities of
two dominant reef-building coral species, P. lobata and P. cylin-
drica, and their colour morphs. Although closely related coral
species, we observed significant differences in their responses
to transplantation, in particular pronounced differences in
Symbiodiniaceae and bacterial microbiome community dy-
namics. Both species were dominated by Cladocopium C15,
but substantial shifts to other Cladocopium and Durusdinium
type profiles were observed in some P. lobata colonies. Shifts in

Symbiodiniaceae and bacterial communities following trans-
plantation were correlated with higher partial mortality 72 weeks
after the initial transplantation of P. lobata, but not for P. cylin-
drica. Parendozoicomonas dominated the bacterial microbiomes
of both species initially, but several colonies of both species saw
reductions in relative abundance in Parendozoicomonas and
the emergence of other bacterial taxa associated with sampling
site, species, colony, and coral colour that may be reflective of
specific acclimatisation responses. Longer-term monitoring of
coral holobiont communities undergoing stressful events such
as transplantation will help elucidate if these substantial shifts
represent a temporary or permanent shift and identify consis-
tent co-occurrence patterns of bacterial and Symbiodiniaceae
taxa. Basic biology is inherently tied to effective management.
Therefore, further understanding these dynamics may inform
the design and implementation of effective reef management,
restoration, and rehabilitation programmes.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: Supporting Information.
Figure S1: (A) An example map of the randomised layout of one of the
four common garden plots. AP =Acropora pulchra, PL = Porites lobata,
PC = Porites cylindrica. (B) Replicate fragments were carefully placed
next to one another with approximately 10cm between each coral col-
ony. Figure S2: (A) Hourly temperature averages for east and west
plots over the sampling period. (B) Daily light (lux) for east and west
plots over the sampling period. (C) Water depth (m) for east and west
plots over the sampling period. Figure S3: Clone dendrograms from
the 2b-rad sequencing data from all colonies of Porites lobata (PL; B &
P for Brown and Purple) and Porites cylindrica (PC; B & Y for brown
and yellow). Technical replicates of PLP4 delineate the clonal threshold;
pairs that fall below this (highlighted in yellow) are suspected clones
and not used for microbiological sampling. Figure S4: Maximum like-
lihood (ML) phylogeny of mitochondrial 16S ASVs (bold) assigned to
Endozoicomonadaceae and publicly available sequence data spanning
the described diversity of Endozoicomonadaceae (GenBank accession
numbers provided in the figure). The ML phylogeny was inferred under
a GTR 41+ G model; scale bar indicates substitutions per site. Bootstrap
values less than 50 are indicated by <. Figure S5: General partial mor-
tality trends of P. cylindrica (PC) and P. lobata (PL) colour morphologies
throughout the experiment across all plots: East A, East B, West A, West
B.
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