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Abstract Microbiome studies across taxa have established

the influence of host genotype on microbial recruitment

and maintenance. However, research exploring host-

specific epibionts in scleractinian corals is scant, and the

influence of intraspecific differences across environments

remains unclear. Here, we studied ten Acropora cervicornis

genotypes to investigate the relative roles of host genotype

and environment in structuring the epibiome. Coral mucus

was sampled in a common garden nursery from replicate

ramets of distinct genotypes (T0). Coral fragment replicates

(n = 3) of each genotype were then transplanted to nine

different field sites in the Lower Florida Keys, and mucus

was again sampled one year later from surviving ramets

(T12). 16S rRNA amplicon sequencing was used to assess

microbial composition, richness, and beta-diversity. The

most abundant and consistent amplicon sequencing vari-

ants (ASVs) in all samples belonged to Midichloriaceae

(MD3-55 genus) and Cyanobacteria (Synechococccus). The

relative abundances of these bacterial taxa varied consis-

tently between genotypes, whereas neither the composition

nor taxonomic relative abundance were significantly dif-

ferent among field sites. Interestingly, several high MD3-

55 hosting genotypes showed rapid diversification and an

increase in MD3-55 following transplantation. Overall, our

results indicate healthy A. cervicornis genotypes retain

distinct epibiome signatures through time, suggesting a

strong host component. Lastly, our results show that dif-

ferences in MD3-55 abundances can be consistently

detected in the epibiome of distinct host genotypes of A.

cervicornis. As this organism (sensu Aquarickettsia rohw-

eri) has been implicated as a marker of disease resistance,

this finding reinforces the potential use of microbial indi-

cators in reef restoration efforts via non-invasive sur-

face/mucus sampling.

Keywords Acropora cervicornis � Genotype � Epibiome �
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Introduction

Microbiome studies across taxa link host specificity to

distinct microbial ecotypes, most famously in humans

(Kolde et al. 2018; Lynch and Hsiao 2019), plants (Wagner

et al. 2016), insects (Vogel and Moran 2011) and recently

in acroporid corals (Glasl et al. 2019). Mounting evidence

has established the diversity and importance of bacterial

associates in corals (Bourne et al. 2016; Sweet and Bulling

2017; van Oppen and Blackall 2019). However, dissecting

the influence of host genotype on microbial recruitment

and maintenance in corals remains a challenge due to

holobiont (host and its collective microbial associates)

diversity (Blackall et al. 2015) and microhabitat niche

distinctions (e.g., surface mucus, tissue, and skeleton in

scleractinian coral) (Apprill et al. 2016). Despite these

challenges, investigations into host-specific bacterial

associates in corals can help partition the effect of genotype
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on the microbiome and its relationship to holobiont fitness

and disease.

Acroporid coral microbiomes are known to vary among

conspecific hosts, but knowledge about the combined effect

of environment and genotype on the stability of micro-

biomes (Glasl et al. 2019; Marchioro et al. 2020; Miller

et al. 2020) and its link to holobiont resilience is limited.

Previously, Wright et al. (2017) challenged Acropora

millepora genotypes with pathogenic Vibrio spp. to deter-

mine if coral disease was a response to an etiological agent

or to a weakened holobiont. Disease-resistant genotypes

were largely unaffected by Vibrio spp., and gene expres-

sion resembled that of healthy non-inoculated corals, sug-

gesting that coral disease results from an unfavorable

combination of genotype and environment. Similarly, A.

cervicornis genotypes exhibit distinct tissue microbial

signatures (Klinges et al. 2020; Miller et al. 2020) differ-

entiated by varying abundances of a Rickettsiales coral

symbiont and presumed to be an indicator of disease sus-

ceptibility during thermal stress (Klinges et al. 2020). The

influence of the environment on distinct A. tenuis geno-

types has also been studied in experimental manipulations,

suggesting distinct host-genotype-specific microbial com-

position, irrespective of single stress or combined stress

treatments (e.g., reduced salinity, thermal stress, elevated

pCO2 and the presence of a macroalgae competitor (Glasl

et al. 2019). Taken together, this suggests that acroporid

genotypes exhibit unique microbiome signatures, but it is

unclear if these genotype-specific microbiomes are main-

tained through time in natural reef environments. This is

relevant as reef environments and their associated micro-

biomes are changing at unprecedented rates as a result of

climate change and human impact (Hughes et al. 2003;

Ainsworth et al. 2010). Investigating the influence of host

specificity and environment is foundational to unraveling

microbially mediated processes underpinning the mainte-

nance of holobiont health in conspecific hosts.

The coral surface mucus is an ideal microhabitat to

explore genotype and environment dynamics due to its

function as a defensive barrier between coral epithelia and

the environment, and its putative role in preventing/causing

disease (Sutherland et al. 2004; Brown and Bythell 2005;

Krediet et al. 2013). Coral mucus composition varies

among coral species (Meikle et al. 1988), but generally, it

is a polysaccharide protein–lipid complex and can be

viewed as a secretory product with multiple functions

(Crossland 1987; Coffroth 1990; Wild et al. 2004). Because

of its rich organic composition, mucus hosts the highest

bacterial diversity (Garren and Azam 2010) and contributes

to nutrient cycling in the holobiont (Wild et al. 2004).

Surface and mucus microbiomes (epibiomes) are presumed

to be influenced by the surrounding environment (Koop-

erman et al. 2007; Pollock et al. 2014; McDevitt-Irwin

et al. 2017). Therefore, thorough epibiome characteriza-

tions in coral holobionts are pivotal as reefs respond to

oceanic changes due to climate change (Ritchie 2006).

Recent research exploring the intersection between envi-

ronment and acroporid epibiomes yielded novel insights in

A. tenuis and A. millepora, showing that epibiomes were

very different from tissue microbiomes and shared a sim-

ilar microbial composition as the surrounding seawater

(Marchioro et al. 2020). However, host-genotype respon-

ses, in the epibiomes of acroporids, to variable environ-

ments remain under-explored (Marchioro et al. 2020;

Miller et al. 2020).

A fundamental understanding of genotype and envi-

ronment dynamics in coral epibiomes can aid restoration

efforts since bacterial communities are implicated in coral

health and holobiont resistance (Krediet et al. 2013; Peix-

oto et al. 2017; Rosado et al. 2019; van Oppen and Blackall

2019). Here, we aimed to address this knowledge gap for

the staghorn coral, Acropora cervicornis, an ecologically

relevant and endangered Caribbean coral. Our goal was to

determine the extent of host genotype, environment, or the

combination in the maintenance of epibiomes over time.

To do this, we assessed the environmental response of the

epibiome among and within A. cervicornis genotypes fol-

lowing transplantation to novel reef environments. We

found that A. cervicornis genotypes exhibited distinct

epibiome signatures, driven by relative abundance of MD3-

55, a ubiquitous Rickettsiales bacterial symbiont. Biodi-

versity of bacterial communities changed slightly in sur-

viving outplants, regardless of the ultimate reef site,

following one year of field transplantation. We also

observed an increase of MD3-55 in several high MD3-55

hosting genotypes. Despite changes in MD3-55 relative

abundance, ultimately, the epibiomes of distinct A. cervi-

cornis genotypes were significantly shaped by the host.

Methods

Study overview

We sampled mucus from replicate fragments (n = 30) of

ten known coral genotypes from Mote Marine Laboratory’s

in situ nursery (24� 330 45.28800 N, 81� 240 0.28800 W) in

April 2018. Fragments from all ten genotypes were prop-

agated long-term on mid-water structures (coral ‘‘trees’’)

for at least 5 years and then mounted on concrete disks and

attached to benthic modules in preparation for transplan-

tation at least two weeks prior to mucus sample collection.

The samples were prepared for 16S rRNA amplicon

sequencing to assess alpha-diversity between fragments of

the same genet and beta-diversity between genotypes (T0).

Following nursery sampling, replicate ramets (n = 3) of
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each genet were transplanted to nine different field sites

(Table S1) in the Lower Florida Keys in April 2018.

Concrete disks were attached to the reef substrate with

marine epoxy. Metal tags were used to identify colonies for

future surveys. We returned to the sites in April 2019 to

again collect mucus samples in order to assess changes in

the epibiotic microbiome of surviving ramets (T12).

Mucus sampling and 16S rRNA sequencing

Epibiome samples were obtained by agitating the coral

surface with a 10 mL syringe to stimulate mucus produc-

tion (Ritchie 2006). Mucus samples were then transferred

to 15 mL Eppendorf tubes and frozen at - 20 �C until

processing. Background filtered seawater (SW) controls

were obtained by filtering duplicate 1L seawater samples

through a 1.0 lm pore-size, 47 mm polycarbonate filter

(Whatman International, Ltd., England), and size frac-

tionated through a 0.2 lm pore-size filter, to capture bac-

teria between 1 and 0.2 lm and frozen at - 20 �C until

processing.

The samples were prepared for processing by thawing

and centrifuging for 30 min, where only the bottom,

heavier fraction (* 2–3 mL) containing the mucus was

concentrated and the seawater supernatant was discarded.

DNA was extracted from all samples using the DNeasy

PowerBiofilm Kit (Qiagen, Hilden, Germany), followed by

targeted amplification of the V4 region of the 16S rRNA

gene using the Earth Microbiome Project protocols

(Thompson et al. 2017) along with the 515F-806R primer

set (Caporaso et al. 2011; Parada et al. 2016). Unique

Illumina barcodes were incorporated in a second round of

PCR, and samples were pooled in equimolar amounts for

sequencing of paired 250-bp reads on the Illumina MiSeq

v2 PE 250 platform (Admera Health, USA).

Bioinformatic and data analysis

We were able to amplify and successfully sequence 128

samples from the initial timepoint (T0) and 112 samples

from the one-year timepoint (T12). The contrasting differ-

ence between the number of samples collected and those

amplified was due to low biomass input for several samples

and low yield in subsequent DNA extractions (Table S2).

Resulting paired-end reads were demultiplexed and quality

checked using FastQC (Andrews 2010). Amplicon

sequencing variants (ASVs) were called using DADA2

(Callahan et al. 2016) in R (R Core Team 2020), using the

default standard filtering parameters (truncLen =

c(240,160),maxN = 0, maxEE = c(2,2), truncQ = 2,

rm.phix = TRUE, compress = TRUE, multithread =

TRUE) and constructed into a sequence table. Taxonomy

was assigned using the naive Bayesian classifier method

(Wang et al. 2007) in conjunction with the Silva SSU

training data for DADA2, version 138 (https://zenodo.org/

record/3731176#.YZiP_NDMKUk). Statistical analyses

and visualizations were conducted in R (R Core Team

2020). The arrayQualityMetrics and DESeq2 R packages

(Kauffmann et al. 2009; Love et al. 2014) were used to

screen for outlier samples. The compositional nature of

data generated by high-throughput sequencing requires

normalization techniques to transform the data into a

symmetrical dataset (Gloor et al. 2017; Weiss et al. 2017);

therefore, we rarefied to an even read depth (5000 reads),

and samples\ 5000 reads were discarded (Table S3).

After rarefaction, our dataset contained 8,026,016 reads.

Sequence removal of mitochondria and eukaryotes,

rarefaction, relative abundance visualizations, alpha-di-

versity (Shannon’s Index) and beta-diversity plots were

generated using Phyloseq (McMurdie and Holmes 2013)

and ggplot2 (Wickham 2016). To determine consistent

bacterial taxa, we conducted core microbiome analysis in

the Microbiome package (Lahti and Shetty 2019) using a

detection limit of 0.001% in[ 60% of the samples

(prevalence threshold). Cyanobiaceae (Synechococcales)

and Midichloriaceae (Rickettsiales) were identified as the

two dominant amplicon sequencing variants in all T0 coral

samples. We queried our Midichloriaceae ASVs with that

of two published sequences of coral-associated Midichlo-

riaceae: MD3-55 in the NCBI database and a full-length

16S rRNA sequence of Candidatus Aquarickettsia rohweri

(Klinges et al. 2019). The former was also queried against

16S rRNA gene sequences of the Rickettsiales order (12

families) and one non-Rickettsiales representative in

Alphaproteobacteria was chosen as the outgroup

(Caulobacter mirabilis). Phylogenetic analysis was carried

out by aligning all sequences using the MUSCLE algorithm

(Edgar 2004). The aligned sequences were used to con-

struct a maximum likelihood phylogeny with ultrafast

bootstrap (1000 bootstrap replicates) using IQTREE

(Kalyaanamoorthy et al. 2017; Minh et al. 2020) and

visualized on the Interactive Tree of Life interface (https://

itol.embl.de/itol.cgi).

We conducted multivariate analyses to test observed

dissimilarities between (beta-diversity) microbial commu-

nities of genotypes hosting low abundances of MD3-55

versus genotypes hosting high abundances of MD3-55,

across timepoints using the vegan package (Oksanen et al.

2019). Differences in groups were visualized by principal

coordinate analysis (PCoA) using the weighted-Unifrac

metric (Fig. 1a), and statistical differences were deter-

mined using the non-parametric tests, analysis of similar-

ities (ANOSIM) and permutational multivariate analysis of

variance (PERMANOVA). First, homogeneity of group

dispersions was tested in pairwise comparisons, followed

by the appropriate non-parametric test. If uneven group
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dispersion was prevalent, the ANOSIM test was applied.

Pairwise comparisons with even group homogeneity were

tested using PERMANOVA. ASVs with\ 5 counts in at

least 1 of the samples were excluded from relative abun-

dance visualizations, beta-diversity, and multivariate

analyses.

Results

A. cervicornis epibiome composition

We obtained 9,695,036 reads from 240 samples (coral and

seawater controls). A total of 8,104,340 reads and 21,554

ASVs (Table S3) were retained after filtering for mito-

chondria, chloroplast and protistan variants. Samples con-

taining less than 5000 reads were removed, and the

remaining 191 samples (Table S3) were subsequently rar-

efied to the minimum even read depth of 5,000 reads,

resulting in 16,930 ASVs (Table S3).

The predominant phyla identified in the dataset were

Proteobacteria (56%), Cyanobacteria (26%), Bacteroidetes

(10%), Actinobacteria (4%) and Spirochaetes (1%). All

other phyla were present in abundances\ 1% (Fig. S1).

Alpha-diversity (calculated using all ASVs) was high in all

genotypes, but highest in SW samples (Fig. S2). Alpha-

diversity also increased when coral was transplanted to

field sites (T12) resulting in statistical differences between

the two timepoints (Wilcoxon, p = 0.03, Table S4). Dif-

ferences in beta-diversity were observed between the

nursery SW samples and nursery coral samples (ANOSIM

R = 0.786, p = 0.001). However, we were only able to

compare the bacterial composition of coral mucus and

background water samples for two sites in the field (T12).

Beta dispersion tests for SW samples from Bahia Honda

(BH, n = 2) and Big Pine (BP, n = 2) sites were conducted

against the coral samples from their respective sites and

found to be evenly dispersed and significantly different for

both BH (BETADISPER, p = 0.9, PERMANOVA,

p = 0.02) and BP (BETADISPER, p = 0.734; PERMA-

NOVA, p = 0.03) (Table S5). Additionally, no significant

differences in beta-diversity were detected in pairwise

comparisons of background seawater controls (nursery, BP

and BH, Table S5).

Alpha-diversity assessments of the epibiome, using

Shannon’s index, showed differences among genotypes

(ANOVA, F = 3.5, p = 0.0006). Post hoc analyses (Tukey

multiple comparison of means) detected three significant

differences among pairwise comparisons: genotypes G44–

G36 (adjusted p\ 0.02), G44-G41 (adjusted p\ 0.04) and

G7–G44 (adjusted p\ 0.04) (Table S6).

A. cervicornis epibiomes exhibit distinct genotype

signatures

A. cervicornis reared in a common garden nursery envi-

ronment (T0) exhibited distinct signatures, in the overall

epibiome by host genotype that largely persisted after one

year of transplantation to novel field environments (T12)

(Fig. 1a). The top 100 most abundant ASVs that were

Fig. 1 Beta-diversity and most abundant taxa present in all samples.

a Principal coordinates analysis (PCoA) on a weighted- Unifrac

metric used to visualize differences between Acropora cervicornis
genotypes (G3, G7, G36, G41, G1, G13, G31, G44, G50, G62), site

(colors) and timepoint (circles = T0 and triangles = T12). b Relative

abundance of the top 100 ASVs in the dataset: MD3-55 (Midichlo-

riaceae family, Rickettsiales order) and Synechococcus CC9902

(Synechococcaceae family, Cyanobacteria class) by genotype and

background SW (labeled as N: Nursery, BP: Big Pine, BH: Bahia

Honda and LK: Looe Key)
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present in the coral samples were Synechococcus

(Cyanobacteria) and MD3-55 (Rickettsiales) (Fig. 1b),

with genotypes 3, 7 and 36 hosting low abundances of

MD3-55 and the remaining genotypes hosting high MD3-

55 abundances. Low MD3-55 hosts (G3, G7 and G36)

differed from high MD3-55 hosts (all other genotypes,

ANOSIM R = 0.627, p\ 0.001), but microbial community

composition was similar and not statistically different

when MD3-55 ASVs were removed (ANOSIM, R = 0.016,

p = 0.291).

A. cervicornis epibiomes exhibit temporal changes

but not among-site differences

Temporal changes in the epibiome composition of the ten

genotypes were also assessed, and while the groups (T0

versus T12) were evenly dispersed (BETADISPER,

p = 0.294) beta-diversity between the two sampling time-

points was significantly different (PERMANOVA,

R2 =0.163, p = 0.001, Fig. 1a). A. cervicornis epibiomes

did not differ among transplant sites in terms of alpha-

diversity (Kruskal–Wallis test, p = 0.95, Table S4) or

composition at the phylum level (Fig. S3).

Rickettsiales and cyanobacteria are consistent

members of the A. cervicornis epibiome

Taxa that were consistently present in the epibiome across

sampling timepoints (T0 and T12) were assessed via core

microbiota analysis using the microbiome package in R on

the filtered dataset. Out of the 6966 analyzed

ASVs (Table S3), only 190 ASVs were consistent in[
60% of the samples (Fig. 2). The detected 190 ASVs

consisted of 2 bacterial taxa, MD3-55 (Rickettsiales) and

Synechococcus CC9902 (Cyanobacteria) (Fig. 2).

ASVs of the ubiquitous intracellular symbiont, MD3-

55 (sensu A. rohweri), increased one-year post-

outplant

Phylogenetic classification placed most of our MD3-55

sequences, 99% of the time in 1000 bootstrap replicates

(Fig. S4), within the same node (ranging in % similarity of

94–100% of the V4/V5 region of the 16S rRNA region,

Table S7) as a Rickettsiales symbiont, Candidatus A.

rohweri, that is known to affiliate with A. cervicornis hosts

(Klinges et al. 2019; Baker et al. 2021). The version of the

SILVA database (version 138) which was used to assign

taxonomy to our dataset has not updated the taxonomy of

the Midichloriaceae family (genus MD3-55) to the newly

proposed Candidatus A. rohweri (Klinges et al. 2019);

therefore, we will refer to these Rickettsiales as MD3-55.

While the pattern of low and high MD3-55 hosting A.

cervicornis genotypes remained largely consistent over

time, MD3-55 significantly increased in abundance, on

average, one-year post-transplantation (p = 2.2e-16)

(Fig. 3a, Table S8). This pattern was particularly evident

for genotypes G13, G44, G50 and G62 (Fig. 3a). Addi-

tionally, MD3-55 16S rRNA gene sequences diversified

after 12 months, irrespective of outplant site, increasing

from 70 distinct ASVs in T0 to 124 distinct ASVs in T12

samples (Fig. 3b). Of these, 57 variants of the MD3-55

population were observed at both timepoints (T0 and T12),

while 13 variants disappeared, and 67 new variants were

detected after 12 months (Fig. 3c).

To assess whether this increase in MD3-55 abundance

was a real biological signal or an artifact of differential

host tissue contamination, we tabulated the abundance of

mitochondrial amplicons after pruning known protists from

the dataset. Mitochondrial reads were higher in samples

originating from the nursery than they were in the T12 field

samples (Fig. S5), yet the opposite pattern was observed

for MD3-55 (Fig. 3a).

Discussion

Microbial communities are spatially organized between

coral compartments and highly diverse (Sweet et al. 2011;

Apprill et al. 2016; Hernandez-Agreda et al. 2017). Host-

genotype specificity of the microbiome has been recently

explored in acroporids but is still under-researched. Pre-

vious work on the tissue and mucus microbiome of various

Acropora spp. has shown persistent host-genotype differ-

ences (Chu and Vollmer 2016; Glasl et al. 2019; Rosales

et al. 2019). Although the epibiome of distinct A. cervi-

cornis genotypes has been recently characterized (Miller

et al. 2020), we show that genotype-specific differences in

the mucus microbiome of A. cervicornis are largely

maintained across space and time. The most abundant

bacterial associates of the A. cervicornis microbial epibi-

otic community, both in the common garden nursery and

following transplantation to nine distinct field sites, were

members of the Midichloriaceae (MD3-55) and Syne-

chococcaceae (Synechococcus). All other taxa (Fig. S1)

were present in abundances of B 10%, and their taxonomic

composition did not seem to alter in transplants (Fig. S1),

yet microbial signatures characteristic of low hosting

MD3-55 genotypes remained (Fig. 1b). Finally, MD3-55

symbionts were detected in the epibiome and increased in

ASV counts over time in genotypes hosting initial (T0)

high abundances.
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A. cervicornis epibiome retained genotype-specific

signatures following transplantation

Site-specific differences in coral microbiomes are well

documented (Rohwer et al. 2002; Guppy and Bythell 2006;

Ziegler et al. 2019), and previous studies suggest reason-

able flexibility of the acroporid microbiome under envi-

ronmental change (Bourne et al. 2008; Grottoli et al. 2018;

Ziegler et al. 2019). Coral mucus is susceptible to envi-

ronmental effects (Li et al. 2015; Pollock et al. 2018;

Marchioro et al. 2020); therefore, we expected A. cervi-

cornis epibiomes to be partially influenced by surrounding

environmental parameters or geography (Littman et al.

2009; Leite et al. 2018; Epstein et al. 2019). However,

neither richness nor the microbiome composition at the

phylum level were significantly altered in A. cervicornis

genotypes following transplantation to different environ-

ments (Table S4, Fig. S3). Marchioro et al. (2020) found

that environmental parameters explained less of the vari-

ation in mucus microbiomes (10%) than that of microbial

communities in the surrounding seawater (32% of varia-

tion). Similarly, Guppy and Bythell (2006) did not find

strong correlations between environmental variables and

bacterial structure of the mucus which led them to conclude

that environmental influence was modulated by host

intraspecific differences. Taken together, these results

suggest host genotype may be a determining factor in

structuring the epibiome of healthy corals, and that the

environment may play a lesser role on mucus microbiomes

than previously assumed.

Fig. 2 Heatmap displaying core taxa detected in samples at both

timepoints, at a prevalence of[ 60%, and in frequencies of

compositional relative abundance (light yellow = low to dark gray =

high, gradient scale). Analysis was conducted with the microbiome

package in R, using non-rarefied data. The two genera detected were

also the most abundant in the dataset, MD3-55 and Synechococcus
CC9902
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Despite the strong signal of genotype, environmental

influence on the epibiome cannot be completely ruled out,

as different clustering patterns were observed for genotypes

sampled in the nursery versus samples obtained from reefs,

regardless of transplant site (Table S5, Fig. 1a). An

increase in ASV richness was also observed in some

genotypes after one year (Table S4), although the overall

taxonomic composition remained the same. This pattern

could be reflective of unique environmental differences in

the nursery location, as it is a sand bottom habitat, but we

did not resample genotypes in the nursery at T12 to test this

hypothesis. Divergent clustering of the nursery-derived

samples may also be related to climate variation between

years as nursery and field samples were collected one year

apart (April 2018 vs. April 2019). Transplants were visu-

ally monitored every three months for one year, and no

bleaching or disease was observed. Healthy coral tissue

microbiomes can remain stable through time in coral spe-

cies (Dunphy et al. 2019). The stability of the coral epi-

biome is unknown, but it is also possible that

transplantation resulted in some level of dysbiosis leading

to divergent microbiome composition regardless of the

ultimate destination. Further research should integrate

seasonal sampling in a time-series framework (2 ? years)

at nursery and field locations to disentangle spatial from

temporal differences in coral and seawater microbiome

variation and stability.

Additionally, the influence of microbial associations in

near-coral seawater (seawater located within 5 cm of cor-

als) may play an important role in maintaining healthy,

stable coral epibiomes through time in addition to influ-

encing the microbiome of the surrounding seawater (Sha-

shar et al. 1996; Weber et al. 2019). Weber et al. (2019)

demonstrated that the coral ecosphere contains a taxo-

nomically distinct, species-specific microbiome compared

to that of seawater[ 1 m away from the reef. Our mucus

samples were taken with syringes from the surface of the

coral and most likely included near-coral seawater. SW

(nursery, BP and BH) controls resembled the microbial

structure of low MD3-55 hosting genotypes (Fig S1);

however, they also displayed significant differences from

the microbial communities of the coral mucus (Table S5),

with the seawater containing a higher relative abundance of

Bacteroidetes and Actinobacteria. It is also possible that

Fig. 3 MD3-55 ASV distribution in the epibiomes of A. cervicornis
genotypes. a Raw counts of MD3-55 in rarefied data, subset by

genotypes. The x-axis denotes timepoints (T0 and T12), and transplant

sites (BH: Bahia Honda, BP: Big Pine, DL: Dave’s Ledge, EDR:

Eastern Dry Rocks, ES: Eastern Sambo, LK: Looe Key, MR32:

Marker 32, MS: Maryland Shoals, N: Nursery, WS: Western Sambo)

are differentiated by color. b Venn diagram of distinct and shared

MD3-55 ASVs at T0 (nursery) and T12 (all transplant field sites, one

year later). ASVs diversified following transplantation (67 distinct

and 57 shared with the nursery samples), but 13 ASVs unique to the

nursery were not detected at the transplant sites. c Heatmap of MD3-

55 ASVs by transplant site (arranged from west to east) using non-

metric multidimensional scaling and Bray–Curtis dissimilarity index.

Each row represents a distinct MD3-55 ASV. Abundance is denoted

by intensity of color, ranging from no abundance = white to high

abundance = dark green
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the microbial structure of our SW samples was influenced

by the corals. Mucus shedding is a natural phenomenon in

corals (Brown and Bythell 2005) and can be deployed

during stressed conditions like increased UV exposure

(Teai et al. 1998) and pathogen regulation (Ritchie 2006)

but has also been linked to holobiont health via regulation

of microbial communities (Glasl et al. 2016). It is possible

that exuded dissolved organic matter from the mucus was

present in the seawater (Silveira et al. 2017; Weber et al.

2019) and influenced the microbial structure of our SW

samples since seawater was collected[ 1 m of the focal

corals. This may explain why the only distinguishing

microbial signature between corals and seawater was the

presence/absence of MD3-55 (Fig. 1b). Lastly, microbial

beta-diversity in the seawater did not significantly differ

among sites (Table S5) despite the one-year difference in

sampling time between the nursery and BH/BP sites. The

sites are * 8 km apart, and the nursery is closest to LK

(Table S1). The similarities in seawater microbiomes

indicate that variation in physicochemical conditions did

not significantly affect the local microbiota between sites.

Additionally, we did not observe drastic variation in the

microbial structure of A. cervicornis epibiomes by site

(other than differences in the presence/absence of specific

MD3-55 ASVs), only genotype effects (Fig. 1a). To assess

the extent of environmental effects on the mucus micro-

biome of A. cervicornis genotypes, and vice-versa, follow-

up studies should monitor physicochemical parameters

during sampling and sample seawater at least one meter

away from the reef.

MD3-55 in the epibiome

The putative bacterial symbiont, MD3-55, is ubiquitously

present in A. cervicornis and has been documented in

Florida USA, Panama, Puerto Rico and the Cayman Islands

(Casas et al. 2004; Miller et al. 2014, 2020; Gignoux-

Wolfsohn and Vollmer 2015; Godoy-Vitorino et al. 2017;

Rosales et al. 2019; Gignoux-Wolfsohn et al. 2020). Our

findings point to MD3-55 as the driving factor distin-

guishing genotype-specific epibiomes, similar to those

signatures reported for A. cervicornis tissue samples

(Klinges et al. 2020; Miller et al. 2020; Baker et al. 2021).

No significant differences were observed among genotypes

when MD3-55 ASVs were removed from the samples

(Table S5). MD3-55 was previously visualized (Gignoux-

Wolfsohn et al. 2020) and is known to lack basic metabolic

pathways, strongly supporting an intracellular lifestyle

(Klinges et al. 2019). However, the localization of MD3-55

in A. cervicornis remains elusive. Baker et al. (2021)

hypothesized A. cervicornis may horizontally transmit

MD3-55 to gametes and juveniles via mucocytes. A his-

tological approach supports this hypothesis as

Rickettsiales-like organisms (RLO) were visualized in the

mucocytes of A. cervicornis (Miller et al. 2014; Gignoux-

Wolfsohn et al. 2020). Our study taxonomically identified

MD3-55 in the epibiome, suggesting that those previously

identified RLOs located in and near the mucocytes may be

MD3-55 which would indicate that these organisms are not

exclusively intracellular.

Although we observed MD3-55 in surface mucus sam-

ples, they could have derived from host tissue contamina-

tion. To address this issue, we assessed mitochondrial reads

to evaluate whether host tissue contamination increased

across sampling timepoints. Mitochondrial reads did not

increase in our T12 data and were lower in the T12 sample

set than the T0 dataset (Fig. S5), whereas MD3-55

increased in T12 in G13, G44, G50 and G62 (Fig. 3a),

which argues against host tissue contamination. This sug-

gests that MD3-55 may display partial extracellular incli-

nations, perhaps to facilitate horizontal transmission.

Additionally, MD3-55 is not host restricted and has been

detected in sponges, kelp, ctenophores, and marine sedi-

ments (Klinges et al. 2019). Investigating the abundance

and localization of MD3-55 in non-coral hosts residing in

the same habitats as acroporids, and other environmental

reservoirs, may be valuable in resolving the general ecol-

ogy of MD3-55.

MD3-55 ASVs following transplantation in high

MD3-55 hosting genotypes

Recent work has shown that MD3-55 is highly abundant

(Klinges et al. 2020; Baker et al. 2021) in genotypes of A.

cervicornis, previously determined to be susceptible to

white-band disease after a bleaching event caused by a

temperature stress (Muller et al. 2018). White-band is a

devastating, host-specific disease in A. cervicornis and A.

palmata with an unknown etiological origin, although the

putative pathogen is likely bacterial (Casas et al. 2004;

Kline and Vollmer 2011; Sweet et al. 2014; Gignoux-

Wolfsohn and Vollmer 2015).

Here, we observed an increase in MD3-55 in several

high MD3-55 hosting genotypes following transplantation

to novel field sites. While there was some indication that

MD3-55 increased in some ramets of low MD3-55 hosting

genotypes, these genotypes largely maintained a persistent

signature of low MD3-55 abundance (Fig. 3a). Recently,

Baker et al. (2021) indicated A. rohweri populations in A.

cervicornis were abundantly high and had greater in situ

replication rates in Florida (USA) compared to those from

Belize and the U.S. Virgin Islands. We also observed

several nursery MD3-55 ASVs disappear following trans-

plantation, while others proliferated. Proliferation of par-

ticular MD3-55 ASVs also appeared to be site specific

(Fig. 3c) suggesting positive selection in certain locations,
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as previously observed in Florida (higher abundances) and

Caribbean (lower abundances) populations of MD3-55 in

A. cervicornis and A. prolifera (Baker et al. 2021). Higher

abundances were attributed to environmental factors, like

higher nutrient stress, which aligns with our observations

of host-specific abundance patterns of MD3-55 out in the

field. However, we did not quantify environmental

parameters like dissolved nutrients (nitrogen, phosphorus)

or particulate organic carbon; therefore, we cannot con-

clusively link high MD3-55 abundance patterns in our data

to increased nutrient availability at specific field sites.

We identified 137 MD3-55 ASVs, (Fig. 3b) in our ten A.

cervicornis genotypes, whereas (Miller et al. 2020) iden-

tified 11 MD3-55 ASVs in three genotypes (different from

those in our dataset) using the same 16S rRNA amplifying

primers and sequencing protocol. Unlike Miller et al.

(2020), we did not observe MD3-55 ASVs that were

associated with a particular genotype, but rather the ASVs

seemed to be distributed sporadically across A. cervicornis

genotypes. These contrasting findings may be due to our

higher sample size and number of genotypes surveyed, in

addition to spatiotemporal differences in sampling. In the

nursery, we observed 70 initial ASVs and a diversification

of 67 novel ASVs in the field sites after one year (Fig. 3b,

c). Baker et al. (2021) showed greater positive selection in

genes associated with ribosomal assembly in MD3-55

strains from Florida, signaling possible speciation across

locations. These findings, along with our study, suggest

rapid evolution and diversification in MD3-55 strains may

be happening in Florida field sites. Novel infections in low

MD3-55 hosting genotypes were detected in three different

sites, but only in one ramet each in G3, G36 and 2 ramets

in G7 (Fig. 3a). Local acquisition via the surrounding

seawater or sediments may be a possibility, but we

observed none to very low abundances of MD3-55 in SW

samples of the nursery and field sites BH and BP (Fig. 1b).

Persistence of cyanobacteria in the epibiome

The most abundant taxa, MD3-55 and Synechococcus

CC9902 (Fig. 1b), in A. cervicornis epibiomes were also

the most stable, with MD3-55 ASVs present in[ 60% of

the samples (consistent with the observation of high and

low MD3-55 hosting genotypes) and Synechococcus ASVs

present in * 90% (consistent in all genotypes) of the

samples (Fig. 2). This latter finding is consistent with a

recent report on A. tenuis and A. millepora microbiomes

where Synechococcus was documented at higher abun-

dances in the mucus than in the tissue and surrounding

seawater (Marchioro et al. 2020).

While the ecology and functional role of MD3-55 in A.

cervicornis may involve parasitism (Klinges et al.

2019, 2020), it is not well understood. In contrast, the

associations between cyanobacteria and corals are puta-

tively related to nitrogen fixation (Lesser 2004; Lesser

et al. 2007; Lema et al. 2012). Cyanobacteria can establish

partnerships with various organisms, such as other

prokaryotes, microbial eukaryotes, and metazoans (Mutal-

ipassi et al. 2021). In most cases, the bulk of the exchanged

services involves biologically useful nitrogen (Foster and

O’Mullan 2008). For example, d15N stable isotope data

suggest algal symbionts (Symbiodiniaceae) preferentially

use nitrogen fixed by cyanobacteria, including Syne-

chococcus, in colonies of the coral, Montastraea cavernosa

(Lesser et al. 2007). It is unknown if algal symbionts of A.

cervicornis share a similar nitrogen acquisition strategy,

but cyanobacteria nitrogen-fixers are ubiquitous in the tis-

sue and mucus of acroporids from the Great Barrier Reef

and Caribbean (Kvennefors and Roff 2009; Lema et al.

2012; Marchioro et al. 2020; Miller et al. 2020). Other

cyanobiont-mediated services have also been identified in

healthy corals, like the exchange of photoprotective com-

pounds in Montastraea cavernosa (Lesser 2004; Lesser

et al. 2007). Although some cyanobacteria have been

associated as precursors to black-band disease (BBD)

(Frias-Lopez et al. 2003), a bacterial mat that kills and

removes healthy tissue and beneficial bacterial associates

from corals (Richardson 1996; Gantar et al. 2011), Syne-

chococcus species are not linked to BBD (Klaus et al.

2011; Buerger et al. 2016). Given that all our coral was

visibly healthy at the time of sampling and Synechococcus

were also present in SW site samples, the association

between A. cervicornis and Synechococcus is likely

mutualistic or commensal. To explore this, future work

should investigate host-specific distributions of cyanobac-

teria in A. cervicornis and explore the role of cyanobiont-

mediated nitrogen in maintenance of the cnidarian-algal

symbiosis.

In summary, understanding the influence of host speci-

ficity and the environment on the maintenance of acroporid

epibiomes is pivotal if microbial markers are to be used in

reef restoration (Parkinson et al. 2020). Prior work in A.

tenuis suggests that significant genotype variability may

limit the use of microbiome surveys as microbial indicators

of coral colony health (Glasl et al. 2019). Here, we also

observe significant and persistent variation in the compo-

sition of the mucus microbiome among genotypes of A.

cervicornis, but this finding does not necessarily preclude

the potential utility of microbial indicators. The variation

observed in the epibiomes can be attributed to differences

in MD3-55 abundances, highlighting this bacterial family

as a potential indicator taxa. Additionally, MD3-55 was

previously deemed as the primary differentiating ‘‘bio-

marker’’ in the tissue microbiomes of disease-resistant and

disease-susceptible A. cervicornis genotypes (Klinges et al.

2020). Although MD3-55 was only recently detected in
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coral epibiomes/coral mucus (Miller et al. 2020), here, we

show that the presence and abundance of MD3-55 in A.

cervicornis genotypes can also be reliably detected in the

epibiome throughout time. Moreover, high and low infec-

tion types are retained through different environmental

exposures over time. This result has utility for reef

restoration applications, as non-invasive sampling of the

mucus and surface microbiome of threatened A. cervicornis

can potentially inform on the disease susceptibility or

disease resistance of restored populations in natural

environments.
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supplementary material available at https://doi.org/10.1007/s00338-
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