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Abstract

Nutrient pollution is linked to coral disease susceptibility and severity, but the mechanism behind this effect remains underexplored.
A recently identified bacterial species, ‘Ca. Aquarickettsia rohweri,’ is hypothesized to parasitize the Caribbean staghorn coral,
Acropora cervicornis, leading to reduced coral growth and increased disease susceptibility. Aquarickettsia rohweri is hypothesized to
assimilate host metabolites and ATP and was previously demonstrated to be highly nutrient-responsive. As nutrient enrichment
is a pervasive issue in the Caribbean, this study examined the effects of common nutrient pollutants (nitrate, ammonium, and
phosphate) on a disease-susceptible genotype of A. cervicornis. Microbial diversity was found to decline over the course of the
experiment in phosphate-, nitrate-, and combined-treated samples, and quantitative PCR indicated that Aquarickettsia abundance
increased significantly across all treatments. Only treatments amended with phosphate, however, exhibited a significant shift in
Aquarickettsia abundance relative to other taxa. Furthermore, corals exposed to phosphate had significantly lower linear extension
than untreated or nitrate-treated corals after 3 weeks of nutrient exposure. Together these data suggest that while experimental tank
conditions, with an elevated nutrient regime associated with coastal waters, increased total bacterial abundance, only the addition
of phosphate significantly altered the ratios of Aquarickettsia compared to other members of the microbiome.
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Introduction
The scleractinian coral holobiont, composed of diverse bacterial,
archaeal, viral, and eukaryotic microorganisms, directly and in-
directly influences the health, nutrition, and development of the
coral organism (Rosenberg et al. 2007, Krediet et al. 2013, Bourne
et al. 2016, Webster and Reusch 2017). These taxa perform nu-
merous services for their host including nitrogen fixation, sul-
fur cycling, and protection against pathogens (Bourne et al. 2016,
Glasl et al. 2016). The coral holobiont plays an essential role in
coral responses to changing environments and likely mediates
host resilience to stress, as environmentally induced changes in
microbiome structure are hypothesized to facilitate host adapta-
tion (Bourne et al. 2016, Webster and Reusch 2017). While micro-
biome responses to short-term stressors (such as thermal stress)
may be reversed with the removal of the stressor (Bourne et al.
2008, Ziegler et al. 2019, Maher et al. 2020), cumulative and long-
term stressors (such as nutrient enrichment) can shift the coral
microbiome from mutualistic to pathogenic (Bourne et al. 2016;
McDevitt-Irwin et al. 2017). Different coral species may have dif-
ferent strategies to prevent this shift: while the high microbial di-
versity harbored by some corals may buffer some negative effects
of environmental stress by providing functional redundancy and

the potential for microbiome restructuring, other corals maintain
a core microbial repertoire of beneficial species and may possess
higher capacity for resisting pathogens (Ziegler et al. 2019).

While the well-documented decline in coral diversity and cov-
erage worldwide (Huang and Roy 2015, Hughes et al. 2017) can
primarily be attributed to warming ocean temperatures and coral
disease, these stressors are exacerbated by localized andmanage-
able stressors including nutrient pollution (Donovan et al. 2021).
These stressors interact to cause changes in coral physiology and
microbiome composition that contribute to low stress resilience
and high mortality (Zaneveld et al. 2016; Vega Thurber et al. 2012,
2014, Pawlik et al. 2016, Shaver et al. 2017). Corals thrive in olig-
otrophic tropical water due to their closely managed exchange
of nutrients with the endosymbiotic dinoflagellate Symbiodini-
aceae, a relationship that depends on low available nitrogen to
stimulate highly efficient phosphorus cycling (Wooldridge 2010,
Shantz and Burkepile 2014). This symbiosis is disrupted by exter-
nal N and P inputs from human activities, which are so significant
that anthropogenic nutrient input has surpassed natural nutri-
ent sources over the past century (Bennett et al. 2001, Shantz et
al. 2016). Field surveys and manipulative experiments alike have
suggested that the severity, rapidity, and frequency of coral dis-
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eases is also related to local nutrient concentrations (Bruno et al.
2003; Voss and Richardson 2006,Vega Thurber et al.2014). Further,
Vega Thurber et al. (2014) demonstrated that nutrient enrichment
increased both the prevalence and severity of disease in enriched
corals as well as the prevalence of bleaching, and that after ces-
sation of nutrient exposure, bleaching and disease prevalence re-
turned to baseline levels. Nutrient enrichment induces the over-
growth of macroalgae and turf algae (De’ath and Fabricius 2010,
Lapointe and Bedford 2011) with demonstrated negative effects
on coral health (Pratte et al. 2018; Vega Thurber et al. 2012).

We previously showed that a common bacterial symbiont of
Acropora cervicornis, ‘Ca. Aquarickettsia rohweri’, proliferates in re-
sponse to nutrient-enriched conditions and was strongly asso-
ciated with reduced coral growth rates (Shaver et al. 2017), and
that increased abundances of the order Rickettsiales were asso-
ciated with increased disease prevalence and tissue loss in other
coral species (Table S1 (Supporting Information) of Zaneveld et
al. 2016). These putative parasites are hypothesized to influence
Acroporid disease susceptibility through the overconsumption of
host and symbiont nutritional and energy resources (Klinges et
al. 2019). The relationship between Aquarickettsia and Caribbean
acroporids appears to be long-established, as Rickettsiales-like
organisms were found in all histological samples of these coral
species since 1975 (Peters et al. 1983, Miller et al. 2014). Despite
this,Aquarickettsia does not appear to coevolve with its coral host,
but rather varies phylogenetically by geographic region, suggest-
ing that this species is highly environmentally responsive (Baker
et al. 2021).

The primary nutrient inputs to oligotrophic reef systems, nitro-
gen (as nitrate and ammonium) and phosphorus, each have dis-
tinct effects on coral physiology. Importantly, anthropogenic nu-
trification of these systems often leads to not only an increase
in these constituents but also an alteration of the ratio between
their concentrations (Brodie et al. 2011, Wiedenmann et al. 2013).
As nutrient enrichment has become more pervasive in reef en-
vironments and often co-occurs with other stressors, disentan-
gling the effects of individual stressors in situ is complex.We con-
ducted a manipulative 6-week nutrient enrichment experiment
in aquaria, allowing us to examine impacts of individual chem-
ical constituents of nutrient pollution, specifically ammonium,
phosphate, and nitrate in isolation and in concert, on the coral
microbiome and coral health. To measure changes in key mem-
bers of the A. cervicornismicrobiome we used four different abun-
dance metrics: relative abundance (% of total microbial commu-
nity) from 16S amplicon data, quantitative PCR of a gene spe-
cific to the dominant taxon Aquarickettsia, analyses of differential
abundance (shifts in abundance of individual taxa compared to
other taxa) using ANCOM-II, and beta-binomial regressions using
the R package corncob tomodel differential abundance of individ-
ual ASVs.We found that while phosphate enrichment stimulated
an increase in the coral-associated parasite Aquarickettsia relative
to other taxa, all forms of nutrient enrichment led to an increase
in total bacterial abundance such that measured absolute abun-
dance of Aquarickettsia increased significantly but these changes
were found to be insignificant when examined using differential
abundance metrics.

Materials and methods
Nutrient enrichment experiment
To test the individual and combined effects of different forms
of nutrient enrichment on Aquarickettsia populations and coral
health, a 6-week tank experiment (Figure S1, Supporting Infor-

mation) was conducted at the Mote Marine Laboratory Interna-
tional Center for Coral Reef Research & Restoration (24◦39 41.9
N 81◦27 15.5 W) in Summerland Key, Florida. The experiment
was conducted from April to June 2019 in 40 independent 4.7 l
flow-through, temperature-controlled aquaria with natural lo-
cally sourced sea water from the Atlantic side of the Keys. Sand-
and particle-filtered water was fed from header tanks to aquaria
by powerheads fitted with tubing splitters (two tanks per power-
head) at a flow rate of 256.66±43.89 ml/min. Aquaria were lo-
cated outdoors under natural light regimes with the addition of
75% shade cloth to account for shallow aquarium depth. Aquaria
were divided between two flow-through seawater raceways (20
aquaria per raceway), which allowed for temperature regulation
of individual aquaria. Raceway water was prevented from enter-
ing aquaria by maintaining water levels below in and outflow
holes using a standpipe. Water temperatures were maintained
at an average of 27.19 ± 0.6◦C. Temperature was controlled by a
boiler and chiller using a dual heat exchanger system connected
to header tanks and individual raceways. Header tank pHwas sta-
bilized at ∼8.0 by aeration and mixed via a venturi pump system.
Nutrient levels in aquaria were elevated compared to conditions
at the coral collection site (Mote Marine Laboratory’s in situ coral
nursery in Looe Key) as intake pipes were located in coastal water
instead of offshore reef water (Figure S1, Supporting Information).
While ammonium and phosphate levels were similar to reef con-
ditions, nitrate concentration was 4-fold higher in aquaria com-
pared to Looe Key.Aquariawere cleaned every third day to prevent
overgrowth of coral fragments with diatoms or algae.

A total of 180 fragments (∼5 cm) were collected fromA. cervicor-
nis genotype 50 in theMoteMarine Laboratory in situ coral nursery
in Looe Key in April 2019. This genotype was previously delineated
viamicrosatellite genotyping andwas found to have a high level of
disease susceptibility (Muller et al. 2018, Klinges et al. 2020). Geno-
type 50 is known to host Symbiodinium fitti, the primary species of
Symbiodiniaceae found in the Mote A. cervicornis nursery corals
(Muller et al. 2018, Parkinson et al. 2018). A total of six fragments
were housed in each aquarium. Prior to experimental manipula-
tion, fragments were allowed to acclimate to aquarium conditions
for 7 days. After acclimation, each aquarium was assigned one
of nine nutrient treatments (Figure S1, Supporting Information).
Aquaria were exposed to elevated levels of each nitrate (in the
form of NaNO3), ammonium (as NH4Cl), phosphate (as Na3PO4), a
combination of the three, or a no-treatment control. Nutrient lev-
els were elevated to approximately 3x and 4x unamended aquar-
ium conditions (Figure S1, Supporting Information). For 42 days
(6 weeks), each enriched tank was spiked with nutrient treatment
four times a day (every 6 h). Flow in all aquaria was stopped for an
hour immediately following the nutrient additions. This resulted
in an hour-long nutrient pulse four times a day, followed by 1 h of
dilution and 4 h at ambient concentration. Nutrient treatments
were randomly distributed across raceways, with each raceway
containing all nutrient treatments and untreated tanks. Coral to-
tal linear extension (TLE) was assessed by measuring fragments
at their longest point initially and biweekly thereafter. Due to the
skewednature of the TLE data,datawere log-transformed before a
Tukey’s Honest Significance test was used to compare differences
in TLE by nutrient treatment. Rough assessments of algal sym-
biont concentrations and coral health were made using a Coral
Watch Coral Health Chart (Siebeck et al. 2008). The CoralWatch
Coral Health Chart provides a 6-point scale with which changes
in coral color can be measured as an indicator of symbiont den-
sity. Photographs of each coral individual were taken contempora-
neously with coral health card measurements. A total of 18 frag-
ments were lost over the course of the experiment.
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Sample collection and preservation
A total of 166 coral fragments were sampled at three time points
throughout the experiment: prior to nutrient exposure (T0), after
3 weeks, and after 6 weeks. Fragments were sampled immediately
after removal from aquaria, and fragments were sacrificed (i.e.
not returned to aquaria) after sampling. Once removed from the
tank, tissue was scraped from one side of each fragment (avoid-
ing the apical tip) using sterile bone cutters and added directly
to 2 ml tubes containing 1 ml DNA/RNA shield (Zymo Research)
and Lysing Matrix A (MP Biomedicals, 0.5 g garnet matrix and one
1/4" ceramic sphere). Tubes were immediately preserved at −80◦C
until further processing. Total DNA was extracted from 500 μl of
tissue slurry using the E.Z.N.A.® DNA/RNA Isolation Kit (Omega
Bio-Tek) and was stored at −80◦C until preparation for sequenc-
ing. DNA yield from a total of 12 samples was found to be insuffi-
cient for sequencing.

Nutrient analyses using an Autoanalyzer were performed to
confirm that aquaria received the expected nutrient dose. Sam-
ples were collected using acid washed (10% HCl with DI rinse)
syringes with BD Luer-Lok™ tips and filtered using combusted
GFF filters (fired in a muffle furnace at 500◦C for 1.5 h) housed in
acid-washed polypropylene filter holders (MilliporeSigma). Sam-
ples were frozen overnight at −80◦C and shipped overnight on
ice to Mote Marine Laboratory in Sarasota, FL. Samples were pro-
cessed on a 3-channel AA3 HR Autoanalyzer (Seal Analytical,
Southampton, UK).

Quantitative polymerase chain reaction protocols
and analysis
To track absolute abundance of Aquarickettsia, quantitative poly-
merase chain reaction (qPCR) was performed on 153 samples
(each in triplicate) using primers designed to target the A. cervicor-
nis actin gene (as an endogenous control, Wright et al. 2018) and
an Aquarickettsia-specific gene, ATP/ADP translocase tlc1 (Baker
et al. 2021), using iQ SYBR Green Supermix (Bio-Rad, Hercules,
CA). An 149 bp section of the tlc1 gene of A. rohweri was ampli-
fied in 20 μl reactions using sequence-specific primers at 0.3 μM
(F: 5′-GGCACCTATTGTAGTTGCGG-3′, R: 5′-CATCAGCTGCTGCCT
TACCT-3′). The tlc1 gene of A. rohweri was previously found to be
distinct from annotated tlc1 genes in related Rickettsiales species,
with only 51% amino acid identity to the tlc1 gene of ‘Ca. Jidaibac-
ter acanthamoeba,’ from within the same family (‘Ca. Midichlori-
aceae’; Klinges et al. 2019; Table S1, Supporting Information). The
amino acid sequences of the tlc1 genes of two recently sequenced
strains of A. rohweri were found to be 99.76% and 73.18% identi-
cal to the tlc1 amino acid sequence of A. rohweri, strain Acer-44
(Figure S2 and Table S1, Supporting Information). The resultant
amplicon size produced by our specific tlc primer pair was con-
firmed through endpoint PCR of the tlc1 and 16S rRNA genes (up-
dated 515F-806R primer set, Apprill et al. 2015, Parada et al. 2016)
using AccuStart™ II PCR ToughMix (QuantaBio, Beverly, MA) and
subsequent gel electrophoresis on a 1.5% agarose gel with Invitro-
gen 100 bp DNA Ladder (ThermoFisher Scientific, Waltham, MA).
A single amplicon was confirmed to be produced in A. cervicornis
genotype 50 samples by the tlc1 primer set, with 16S primers used
as a positive control, and no product was produced by our tlc1
primer pair using Pseudomonas aeruginosa strain PAO1 as a tem-
plate (Figure S3, Supporting Information). The actin gene of A. cer-
vicornis was amplified as in Wright et al. (2019) as an endogenous
control. A sample of Acropora hyacinthus (collected from Moorea,
French Polynesia in 2017) was used as a calibrator, as this species
expresses actin but lacks A. rohweri. A positive control (a sam-

ple of adult genotype 50 with high abundance of A. rohweri, used
across all runs) and a no-template control (molecular grade wa-
ter) were prepared using the samemethods and quantified simul-
taneously. A 35-cycle qPCR was performed on an Applied Biosys-
tems 7500 Fast Real-Time PCR System, using cycling parameters
selected to minimize mispriming: An initial denaturation step of
3 min at 95◦C, followed by 35 cycles of 95◦C for 15 s, 56◦C for 30
s, and 72◦C for 30 s. Melt curve analysis was performed to iden-
tify any off-target products and Relative quantitation (RQ) meth-
ods were used to assess fold change of tlc1. Melt curves (Figure S4,
Supporting Information) reveal a single peak (TM) at 78.4◦C for the
tlc1 amplicon, and a single peak at 83.9◦C for the actin amplicon.
The baseline fluorescence of tlc1 and actin was adjusted for each
run such that threshold cycle (Ct) values of the calibrator sam-
ple fell within an ±0.5 range. Outliers (outside 1.5x interquartile
Ct range) were removed before calculating the average Ct value
(Jian et al. 2020). Only runs with no amplification in the NTC were
kept. RQ determines the change in expression of the target se-
quence (tlc1) in tested samples relative to the same sequence in
the calibrator sample (Ac. hyacinthus). RQ results were reported as
average relative expression (��Ct, expression of samples com-
pared to calibrator) with an associated 95% confidence interval.
Due to the nonparametric nature of the data, differences in ex-
pression between samples were analyzed using a Kruskal–Wallis
rank sum test with Dunn’s test for multiple comparisons, using
the Benjamini–Hochberg method to adjust P value for multiple
comparisons. RQ values were log-transformed for temporal com-
parison.

Polymerase chain reaction and sequencing
protocols
The bacterial community dynamics of each of 157 coral samples
was analyzed using 16S rRNA Illumina sequencing on the MiSeq
platform. The V4 region of the 16S rRNA gene was amplified via
2-step polymerase chain reaction (PCR) utilizing forward and re-
verse primers 515F (5′-GTG YCA GCM GCC GCG GTA A-3′; Parada
et al. 2016) and 806R (5′-GGA CTA CNV GGG TWT CTA AT-3′;
Apprill et al. 2015). First-step reactions (12.5 μl reaction volume)
were performed using 6.25 μl AccuStart II PCR ToughMix (2X,
Quantabio), 1.25μl forward primer (10mM), 1.25μl reverse primer
(10mM), 0.5 μl sample DNA, and 3.25 μl PCR-grade water. PCRwas
performed with a 3 min denaturation at 94◦C; 35 cycles of 45 s at
94◦C, 60 s at 50◦C, and 90 s at 72◦C; followed by a final elongation
step at 72◦C for 10min and a 4◦C hold. To avoid host DNA contam-
ination, amplified samples were run on a 1.5% low melting point
agarose gel until ∼1 cm separation was achieved between the off-
target 12S rRNA host band and target product 16S rRNA band.
Second-step PCR was conducted according to the methods de-
scribed in Ezzat et al. (2021) andMessyasz et al. (2021). Each visible
16S band was poked with a sterile 10 μl plastic pipette tip, which
was swirled into a barcoding master mix solution containing 12.5
μl AccuStart II ToughMix (2X), 9.5 μl PCR-grade water, and 1 μl
(10 mM) each of custom forward and reverse barcodes (dual in-
dices with custom adapters). The 12-cycle PCR reaction consisted
of a 5 min denaturation step at 95◦C, 30 s melting at 95◦C, 3 min
annealing at 63◦C, 30 s extension at 72◦C, and 10 min hold at 72◦C.
Barcoded products were purified using Agencourt® AMPure XP
beads (Beckman Coulter, CA) and dsDNA quantified using an In-
vitrogen Qubit 4 Fluorometer (ThermoFisher). Samples were then
pooled together in equimolar proportions based on their molecu-
lar weight and DNA concentrations. Libraries were sequenced at
Oregon State University’s Center for Genome Research and Bio-
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computing (CGRB) Core Laboratories on an Illumina MiSeq se-
quencing platform, 2× 300 bp version 3 chemistry according to
the manufacturer’s specifications.

Amplicon sequencing bioinformatic and
statistical analysisQuality control and filtration
Demultiplexing and barcode removal was performed using cu-
tadapt (Martin 2011), during which reads with no barcode match
were discarded. A total of 6 623 631 reads across 153 samples (av-
erage depth of 43 011 reads/sample) were subsequently processed
using DADA2 (Callahan et al. 2016) in R (version 4.0.3, R Develop-
ment Core Team2019). Based on quality plots, forward and reverse
reads were truncated at their 3′ end at 250 and 200 base pairs, re-
spectively. Sequences were truncated at the first position having
a quality score less than or equal to 10, and reads with a total
expected error of > 2 or with the presence of Ns were discarded,
resulting in a total of 3 517 216 reads. A total of three samples
were removed that sequenced poorly, with a read depth of less
than 30 reads after quality control. An initial total of 1948 am-
plicon sequence variants (ASVs) were inferred from unique reads
and paired-end reads were subsequently merged. ASVs that did
not match a target length of 250 ± 4 (73 ASVs) were discarded. A
total of 228 two-parent chimeras (bimeras) were removed (equat-
ing to 68 101 reads) and taxonomywas assigned at 100% sequence
identity using the Silva reference database (v132.1) in order to pre-
serve the high resolution of ASV data (Quast et al. 2012). The re-
sulting ASV table contained 1647 unique ASVs across 150 samples
(Table S2, Supporting Information) andwas imported into phyloseq
(v1.30.0;McMurdie andHolmes 2013).A total of 99 ASVswere then
removed from the dataset that were annotated as mitochondrial,
chloroplast, or eukaryotic sequences, corresponding to a total of
119 995 reads, leaving a total of 1548 ASVs.After processing in phy-
loseq, the Silva taxonomic classification for the genus MD3-55 was
changed to Ca. Aquarickettsia in accordance with current identi-
fication in the literature (Klinges et al. 2019). Additionally, ASVs
classified only to a certain taxonomic level (e.g. annotated only
to the family level) were renamed at lower taxonomic levels to
reflect the lowest annotated level (e.g. unknown genus in family
Francisellaceae renamed at genus level to ‘Family Francisellaceae’).

Alpha diversity analyses using unpruned,
rarefied data
Using alpha rarefaction curves in phyloseq, the sequence table
(1548 ASVs) was rarefied to a minimum sequence depth of 5098
reads, which sufficiently included all samples while still maxi-
mizing sample diversity, with a total of 1259 ASVs retained. This
dataset was subsequently used for alpha diversity analyses. Dif-
ferences observed in Simpson’s diversity index (Heip et al. 2001)
between groups (groups exposed to different nutrient treatments,
different levels of individual nutrients, and different periods of ex-
posure) were tested with the Pairwise Wilcoxon Rank Sum Test
with FDR correction for multiple testing. To determine the dy-
namics of minor taxa in the community, alpha diversity analyses
were repeated after removal ofAquarickettsia sequences,which re-
duced sequencing depth such that a new rarefaction level of 351
reads/sample was used.

Beta diversity analyses using pruned data
ASVs with a total count across the dataset in the bottom first-
quartile (count ≤ 5) were pruned resulting in a total of 3 285 137

total reads with a median sample depth of 21 377 reads. This
equated to a removal of only 1611 reads across the dataset and
479 ASVs. After quality control and pruning, a total of 1069 ASVs
remained in the dataset (frequency per ASV:median = 20,mean =
3072, min = 6, and max = 2 456 404). Although there were no sin-
gletons in the dataset, 580 ASVs (corresponding to 12 251 reads)
were present in only one sample each in the final dataset.

The pruned, unrarefied ASV table was centered log-ratio (CLR)
transformed for beta diversity analyses using the tool ‘clr’ from
the microbiome package (Lahti and Shetty 2012) as was an un-
rarefied ASV table with Aquarickettsia sequences removed. Prin-
cipal components analysis (PCA) was performed using Euclidean
distances calculated from the CLR-transformed dataset with the
phyloseq command ordinate (as RDA without constraints). Or-
dinations identified one sample as an outlier, which was sub-
sequently removed. Permutational Multivariate Analysis of Vari-
ance (PERMANOVA; Anderson 2001) was performed on calculated
Euclidean distances to test for differences in beta diversity of the
bacterial community compositions among groups exposed to dif-
ferent nutrient treatments, different levels of individual nutrients,
and different periods of exposure. PERMANOVA was performed
using the function adonis from the package vegan (v2.5.5) (Ok-
sanen et al. 2019) and was followed by pairwise analysis of vari-
ance with pairwiseAdonis (v0.01; Martinez Arbizu 2017) using Eu-
clidean distance and 999 permutations. Permutational Analysis
of Multivariate Dispersions (PERMDISP; Anderson 2006) was per-
formed to examine shifts in multivariate dispersion over time
and between groups using the function betadisper and pairwise
analysis was performed using the function permutest with FDR
adjusted P-values (both in vegan v2.5.5, Oksanen et al. 2019).
Differences in relative abundance observed between treatment
groups and by exposure weeks were assessed by Kruskal–Wallis
chi-squared test and the Pairwise Wilcoxon Rank Sum Test with
FDR correction for multiple testing.

An Analysis of Composition of Microbiomes (ANCOM-II, v2.1,
Kaul et al. 2017) was performed to identify taxa that were dif-
ferentially abundant by treatment group. The unrarefied, pruned
ASV table was first subset to contain only taxa with at least 10
counts in 20% of samples and summarized to the genus level
with the tax_glom command in phyloseq. This resulted in a table
with 29 genera by 150 samples with a median sequencing depth
of 21 206.ANCOMv2.1 is a compositionality-aware test that uses a
CLR transformation to compare mean relative abundance of taxa
between groups with consideration of the zeros in the data (Kaul
et al. 2017). Outlier zeros, identified by finding outliers in the dis-
tribution of taxon counts within each sample grouping, were ig-
nored during differential abundance analysis and replaced with
NA, while structural zeros (absent in one grouping but present in
the other) were automatically called as differentially abundant.
We selected a significance level at W = 0.8 in which the null-
hypothesis for a given taxonwas rejected in 80% of the tests and P-
values were corrected with Benjamini–Hochberg FDR (Benjamini
and Hochberg 1995, Kaul et al. 2017). One model was run for each
of several pairwise contrasts between combinations: Untreated
samples vs. T0, nutrient (all nutrient treatments pooled) vs. T0,
and each individual treatment vs. T0. Tank identity was included
in each model as a random effect. Analysis with corncob (v0.20,
Martin et al. 2020) was performed on the unrarefied, unpruned
dataset to contrast with ANCOM-II analysis and identify coeffi-
cients of response in ASV abundance and variability to nutrient
treatment (see Supplemental methods).
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Results
Microbiomes of disease-susceptible A. cervicornis
dominated by Aquarickettsia and unclassified
taxa
The microbiomes of all samples of A. cervicornis used in this study
were dominated by the bacterial genus Aquarickettsia, with a
mean relative abundance of 74.98% ± 17.09% (Fig. 1). Importantly,
our methodology utilizing DADA2 retained the unique sequence
identity of each sequence variant, allowing us to ascertain that
although a total of six sequence variants of the species A. rohweri
were observed, only one variant was dominant, with all others
averaging less than 1% relative abundance across the dataset.
Other highly represented taxa included two separate unclassified
Proteobacteria (ASV2, 5.934% ± 7.081% relative abundance and
ASV6, 1.144% ± 2.482% relative abundance), as well as single
variants from the genus Spirochaeta (3.526 ± 2.727%) and the
families Francisellaceae (1.538% ± 3.117%) and Helicobacteraceae
(0.770% ± 1.720%).

Nucleotide BLASTwas used to query theNBCI nr/nt (nonredun-
dant nucleotide) database for the sequences classified as ‘unclas-
sified Proteobacteria.’ The top four results for the more abundant
unclassified Proteobacteria (ASV2) were from samples collected
fromA. cervicornis or palmatawith % identity ranging from 100% to
98.46%, suggesting that this taxon may be common in Acroporid
corals. All other BLAST results had a % identity below 90%. Top
BLAST results from the less abundant (ASV6) unclassified taxon
were from diverse marine environments ranging from the gill of a
chiton in Vanuatu and a hypersaline region of the Mediterranean,
but support classification of this sequence as a Deltaproteobacte-
ria. The abundant ASV from the family Francisellaceae was found
to be 100% identical to theNCBI sequence for Cysteiniphilum litorale
(KX817994), cultured and described by Liu et al. (2017) from seawa-
ter samples from southern China.TheASV classified as Spirochaeta
was most closely related to a strain identified in deep-sea vol-
canic sediment (HQ588391, Pachiadaki et al. 2011). The sequence
from Helicobacteraceae was identical to two sequences (GU117961
and GU117962) from A. cervicornis samples in Panama (Sunagawa
et al. 2010) as well as a sequence from the Caribbean coral Mon-
tastraea annularis exhibiting signs of white plague (AF544892, Pan-
tos et al. 2003). Sequenced PCR negatives were dominated by the
genusAnaerococcus (order Clostridiales) and the family Corynebac-
teriaceae.

Exposure to tank conditions altered microbiomes
across all treatments
Of the 150 samples that were successfully sequenced and sur-
passed quality control thresholds, replication by treatment var-
ied due to survival and sequencing success, with a minimum of 4
corals/treatment and timepoint, and a maximum of 10 (Table S2,
Supporting Information). Nutrient analyses confirmed that exper-
imental aquaria received enriched (3x or 4x ambient) levels of ei-
ther nitrate (in the form of NaNO3), ammonium (as NH4Cl), phos-
phate (as Na3PO4), a combination of the three, or a no-treatment
control (Figure S1, Supporting Information). However, these anal-
yses also indicated that baseline nitrate levels in all aquaria were
considerably elevated compared to in situmeasurements taken in
2014 of coral collection region (Looe Key; Figure S1, Supporting
Information). Ammonium concentrations were only slightly ele-
vated in aquaria compared to 2014 Looe Key data and phosphate
levels were within 0.01 μM of 2014 data.

Regardless of treatment (Figure S1, Supporting Information), al-
pha diversity decreased with time after initial introduction to the

experimental tank system (Fig. 2). Significant differences inmicro-
bial alpha diversity were found between samples collected at time
point 0 (T0, no nutrient exposure), and samples collected at sub-
sequent timepoints (both Simpson’s and Shannon’s metrics, Pair-
wiseWilcoxon Rank SumTest with FDR correction). Pairwise com-
parisons using both Simpson’s and Shannon’s metrics of diversity
indicated a significant decrease in species richness and evenness
between weeks 0 and 3 and between weeks 0 and 6 (P < .001, Pair-
wise Wilcoxon Rank Sum Test with FDR correction, χ2 = 74.851
(Simpson’s), χ2 = 82.812 (Shannon’s)). Differences in Simpson’s
and Shannon’s diversity between weeks 3 and 6 were not signif-
icant (P > .05), suggesting that microbial communities reached a
new stable state with time and 3 weeks of nutrient exposure was
sufficient to alter community structure. Tests for differences in
Simpson’s diversity between individual treatments showed that
treatment with ammonium did not induce significant shifts in
alpha diversity over time (Fig. 2), and though untreated corals ex-
perienced a significant shift after 3 weeks in the experimental sys-
tem,after 6weeks in the system,alpha diversity was no longer sig-
nificantly different from time point 0 (Fig. 2A; Table S3, Supporting
Information). Exposure to phosphate, nitrate, and combined treat-
ments shifted alpha diversity by 3 weeks, and diversity remained
significantly different from T0 through 6 weeks of exposure.

As the evident dominance of the genus Aquarickettsia across
all samples was likely to mask shifts in minor taxa, alpha diver-
sity analyses were repeated with Aquarickettsia removed from the
dataset (which resulted in a new rarefaction depth of 351). The re-
moval of Aquarickettsia reduced differences in Simpson’s diversity
over the course of the experiment across the majority of treat-
ments (Figure S5, Supporting Information). Though overall, alpha
diversity decreasedwith time, only the combined treatment (com-
bination of NO3, NH4, and PO4) exhibited a significant (P < .001)
decline in Simpson’s diversity between weeks 0 and 3 and 0 and 6
after the removal of Aquarickettsia. Phosphate treatment induced
a significant decrease in alpha diversity with 3 weeks of exposure,
but by 6 weeks of exposure, Simpson’s diversity was no longer sig-
nificantly different from T0. Differences between weeks 3 and 6
were not significant for any individual treatment.

Beta diversity analyses on CLR-transformed data showed that
the interaction of nutrient treatment and exposure weeks pro-
duced distinct microbial communities (PERMANOVA; P < .001, R2

= 0.18 012). Microbial communities of samples from time point 0
were distinct from all other time points regardless of treatment,
except for samples under no treatment conditions for 3 or 6 weeks
(pairwise PERMANOVA with FDR correction, P < .01; Table S4,
Supporting Information). PCA using Euclidean distance showed
a clear separation between samples from time point 0 and all
other timepoints (Fig. 2B), and a lack of distinction between sam-
ples of all treatments regardless of duration of exposure, although
samples from 3 weeks of untreated conditions were more similar
to timepoint zero samples than to other untreated samples. No
pairwise comparison between treatments was significant besides
comparisons with T0 (e.g. T0 vs. Nitrate; pairwise PERMANOVA
with FDR correction, P < .01; Table S5, Supporting Information).
Pairwise comparisons within treatment by exposure time identi-
fied no significant difference between 3 and 6 weeks of exposure
to any treatment. Differences in beta diversity between high and
low levels of nutrient enrichment across all treatments were not
significant, though both levels were significantly different from
no nutrient exposure (pairwise PERMANOVA with FDR correction,
P < .01; Table S6, Supporting Information).

Dispersion visibly declined over the duration of nutrient expo-
sure as well as in untreated corals (Figure S6, Supporting Informa-
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Figure 1.Mean relative abundance of the most abundant genera across three time points in coral fragments exposed to different nutrient
constituents. (A) Barplot, showing dominance of Aquarickettsia across all samples. Taxa are included in the plot if they had a relative abundance
greater than 1% across the entire dataset. Each bar represents a minimum of three replicates. (B) Bubble plot, showing changes in top five taxa across
treatment groups and timepoints. NT = no treatment, L = low (3x ambient), H = high (4x ambient), P = phosphate, N = nitrate, A = ammonium, and C
= combined (P, N, and A).

Figure 2. Community diversity metrics by treatment (Ammonium, Combined, Nitrate, Phosphate, or no treatment) and exposure weeks (0, 3, and 6).
(A). Simpson’s diversity index. Boxes sharing a letter are not significantly different from each other using an FDR corrected significance level of P < .05.
(B). PCA ordination of samples using Euclidean distance on CLR-transformed data.

tion). Tests for differences in group dispersion, however, showed
that decreases in dispersion were only significant in phosphate-
treated samples, which experienced a consistent decline between
0 and 6 weeks of exposure, and samples exposed to a combined
treatment, which decreased in dispersion significantly after only
3 weeks of exposure (P < .01, F = 4.2642). When analyses were
repeated on the dataset with Aquarickettsia removed (Figure S7,
Supporting Information), the significance of this change was lost
entirely.

Relative and absolute abundance metrics show
increase in Aquarickettsia over time
The increase in the dominant taxon Aquarickettsia was exam-
ined using both relative abundance metrics from amplicon
sequencing data and measurements of absolute abundance from
quantitative PCR (Fig. 3). According to measures of mean relative
abundance, all treatments including untreated tank conditions
increased the abundance of Aquarickettsia. Differences in relative
abundance observed between treatment groups and by exposure
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Figure 3. (A). Log-transformed absolute abundance of A. rohweri as determined by quantitative PCR. Samples exposed to high and low concentrations
of each nutrient were pooled for analysis. The average log-transformed RQ of all timepoint zero samples (n = 62) was subtracted from log-transformed
RQ of samples at weeks 3 and 6 to assess change in absolute abundance over time. (B). Volcano plot of results from differential abundance analysis
with ANCOM-II. Analysis performed on genus-level ASV table was filtered to include taxa with a total count of 10 in at least 20% of samples (ntaxa =
29) was used. ANCOM tests the null-hypothesis that the average abundance of a given species in a group is equal to that in the other group. Contrasts
were performed within full ASV table subset to either only no treatment samples, or all other treatments pooled together. The W statistic represents
the strength of the test for the 29 tested species and is the number of times the null-hypothesis was rejected for a given species. Taxa above the
dashed line are significant with the null-hypothesis rejected 80% of the time (W = 0.8). Nonsignificant taxa in any contrast are colored grey. The x-axis
value presents the effect size as the CLR-transformed mean difference in abundance of a given species between the two groups being compared. For
the second panel, a positive x-axis value means the genus was more abundant at 6 weeks of nutrient treatment compared to 0 weeks or vice versa for a
negative x-axis value.

weeks were assessed by Kruskal–Wallis chi-squared test and
the Pairwise Wilcoxon Rank Sum Test with FDR correction for
multiple testing. Aquarickettsia mean relative abundance across
treatments at T0 was 58.87 ± 16.26%, and increased significantly
(P < .05) by 3 weeks of exposure to any treatment to an average of
85.36 ± 9.561%, equivalent to a ∼1.46-fold increase in this species.
Differences in mean relative abundance of Aquarickettsia were
not found to be significant between 3 and 6 weeks of exposure,
and in fact, relative abundance was found to decline slightly in
all treatments from 3 to 6 weeks.

While increases in Aquarickettsia relative abundance were sig-
nificant over time in all treatments, differences in relative abun-
dance among untreated corals and other treatments were not
found to be significant at any time point. Significant differences
in relative abundance (P < .05) were found, however, between
phosphate-treated corals and nitrate-treated corals, both at 3
and 6 weeks, and phosphate- and ammonium-treated corals at
6 weeks. Aquarickettsia relative abundance increased the most in
the phosphate treatment compared to other treatments, reach-
ing peak relative abundance by only 3 weeks of phosphate expo-
sure (Fig. 1). Phosphate-treated individuals had the lowest relative
abundance of Aquarickettsia at T0, with a % abundance of 53.30 ±

17.63%, and the highest relative abundance of Aquarickettsia at
week 3, with a % abundance of 91.50 ± 3.758%, as well as the
highest at 6 weeks with a % abundance of 89.30 ± 4.814%.Nitrate-
treated samples had the lowest relative abundance of Aquarick-
ettsia at both 3 (79.59 ± 8.970%) and 6weeks (76.25 ± 10.97%) com-
pared to other treatments.

In agreement with the relative abundance analysis, measures
of change in absolute abundance ofAquarickettsia calculated from
qPCR data indicated that in all treatments, including untreated
tank conditions, the absolute abundance of the parasite Aquar-
ickettsia increased. The mean change in absolute abundance was
equivalent to a 3.3-fold increase in Aquarickettsia over the course
of 6 weeks. Phosphate treatment was associated with the greatest
change in absolute abundance of Aquarickettsia over 3 weeks (av-
erage RQ increasing from 191.65 to 1549.81 by week 3) though av-
erage RQ values for untreated samples did exceed those from the
phosphate treatment by week 6. Untreated samples had the high-
est ending abundance ofAquarickettsia and experienced the great-
est magnitude of change across the duration of the experiment
(Fig. 3A, average RQ increasing from 290.4 to 1973.4 over 6 weeks,
equivalent to a 6.795-fold increase). Pairwise Kruskal–Wallis tests
indicated that while all treatments except ammonium exhibited
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significant increases (P < .05) in Aquarickettsia abundance by week
3, no treatment group had a significantly different abundance of
Aquarickettsia by week 6 (P > .05). All changes in abundance be-
tween weeks 3 and 6 were insignificant.

Differential abundance metrics reveal that
Aquarickettsia responded positively to enriched
phosphate, while minor taxa responded
negatively to other nutrient constituents
Shifts in individual taxa over the course of the experiment
were examined using differential abundance analysis of 16S data
with the tool ‘ANCOM-II’ (Figs 3B and 4). Interestingly, although
changes in abundance of Aquarickettsia were apparent from anal-
ysis of absolute abundance data, significant shifts in Aquarick-
ettsiawere not identified in untreated corals at either 3 or 6 weeks
when compared to 0 weeks (Figure S8, Supporting Information).
Indeed, there were no significant shifts in any individual taxon
in untreated corals over the duration of the experiment (Fig. 3B).
Importantly, ANCOM-II presents an analysis of changes in taxon
relative abundance in comparison to the geometric mean of taxa
in a given group. Thus, while untreated conditions were associ-
ated with an increase in absolute abundance ofAquarickettsia, this
taxon did not increasemore than the average change experienced
by all taxa in those samples. In contrast, exposure to nutrient
treatment was associated with shifts in numerous taxa, including
Aquarickettsia, across the course of the experiment (Fig. 3B). Analy-
ses of all nutrient treatments pooled together show that while the
generaAquarickettsia and Spirochaeta responded positively to nutri-
ent enrichment, abundance of sequence variants from the fami-
liesHelicobacteraceae and Francisellaceae (C. litorale, Liu et al. 2017) as
well as an unclassified species (ASV6) declined with nutrient en-
richment. Comparisons isolating each nutrient treatment individ-
ually showed that increases in Aquarickettsiawere only significant
in phosphate and combined treatments (Fig. 4C and D).When nu-
trient treatments were examined individually, Spirochaeta did not
increase significantly in any individual treatment and in fact, was
found to decline with the combined treatment. The loss of Heli-
cobacteraceae, Francisellaceae, and ASV6 appeared to be driven by
nitrate enrichment, as the decline of these species was observed
in the combined treatment (containing nitrate) as well as nitrate
on its own (Fig. 4B and C). Ammonium treatment alone did not
influence any single taxon significantly in either direction.

These results were corroborated by models produced using the
R package ‘corncob,’ which modeled relative abundance of indi-
vidual taxa using beta-binomial regressionmodels while account-
ing for variation in sequencing depth (Martin et al. 2020). Dif-
ferential abundance was modeled as a function of (1) nutrient
type, (2) nutrient concentration, and (3) nutrient exposure weeks.
While some minor taxa responded negatively to nutrient treat-
ment, the genus Aquarickettsia responded positively (Figures S9,
S10, and Table S7, Supporting Information). No taxa were iden-
tified as significantly differentially abundant between high and
low treatment concentrations The expected relative abundance
of Aquarickettsia was modeled by nutrient and nutrient exposure
weeks (Table S7, Supporting Information).While all nutrient treat-
ments had a positive coefficient compared to T0 (indicating a sig-
nificant positive response ofAquarickettsia to treatment; Figure S9,
Supporting Information), 3 weeks of phosphate treatment had the
strongest effect on relative abundance of Aquarickettsia, followed
by 6 weeks of phosphate treatment. The combined treatment in-
duced the next strongest response, while treatment with nitrate
induced the smallest change in Aquarickettsia relative abundance

(though still significant compared to T0; Table S7, Supporting In-
formation). When the effect of nutrient exposure weeks was ex-
amined on variability of Aquarickettsia populations between sam-
ples (dispersion of this taxon), both 3 and 6 weeks of exposure to
phosphate were found to significantly decrease dispersion, as was
6 weeks of treatment with combined nutrients. No other treat-
ments had a significant impact on dispersion (Table S7, Support-
ing Information).

Nutrient enrichment depressed growth rates but
increased visual symbiont density
Net TLE was measured in millimeters from fragments sampled at
3 and 6 weeks of treatment (97 corals total, Fig. 5). Corals exposed
to no treatment had the highest growth rates overall (13.33 ±
1.15 mm by 6 weeks, n = 6) with corals exposed to all other treat-
ments exhibiting lower growth rates. Exposure to high levels (4x
ambient) of combined treatment resulted in the lowest amount of
TLE (4.40± 2.61mmby 6weeks, n= 9),with both low and high lev-
els of combined treatment reducing growth rates significantly by
only 3 weeks compared to untreated corals (P < .05, Tukey’s pair-
wise honest significance test on log-transformed data. Table S8,
Supporting Information). Both low and high levels of phosphate
treatment led to significantly reduced TLE compared to untreated
corals by 3 weeks of exposure (Table S8, Supporting Information).
While not significant at α = 0.05, 3 weeks of nitrate treatment led
to a trend in reduced growth rates compared to untreated corals
with P = .058 (LN) and P = .068 (HN). By 6 weeks of exposure, TLE
was variable such that only high combined-treated corals had sig-
nificantly lower growth rates compared to untreated corals. Algal
symbiont density was assessed using a standardized color refer-
ence card (CoralWatch Coral Health Chart, Siebeck et al. 2008). T0
corals (n = 53) were deemed visually healthy after a week of accli-
mation to tank conditions (health score 4.92 ± 0.448), but rather
than paling over the course of nutrient exposure, symbiont densi-
ties responded positively to tank conditions (Figure S11, Support-
ing Information, health score 5.88 ± 0.331 by week six, n = 59). All
corals exhibited increases in symbiont density and differences by
treatment were found to be insignificant (P > .05, Kruskal–Wallis
test with Benjamini–Hochberg correction), although average
health scores for untreated corals at 6 weeks (5.71 ± 0.469, n = 6)
were lower than for nutrient-enriched corals (5.96 ± 0.191, n= 53).

Discussion
Aquarickettsia rohweri dominates the microbiome
of disease-susceptible A. cervicornis genotypes
Numerous studies have demonstrated the surprising dominance
of the parasitic genus Aquarickettsia in microbiomes of A. cervicor-
nis, and in particular, of disease-susceptible genets of this species
(Shaver et al. 2017, Rosales et al. 2019, Klinges et al. 2020, Baker
et al. 2021, Aguirre et al. 2022, Miller et al. 2020, Casas et al. 2004,
Gignoux-Wolfsohn et al. 2020). Results from this study were con-
sistent with previous work, as populations of Aquarickettsia were
found to comprise 74.98% of the microbiome in samples of A.
cervicornis genotype 50, a disease-susceptible genotype (Muller et
al. 2018). We previously showed that disease-resistant genotypes
of A. cervicornis, in contrast to disease-susceptible genotypes, are
characterized by a diverse, even microbiome with no single mem-
ber exceeding 11% relative abundance (Klinges et al. 2020). Sev-
eral studies suggest that high microbial diversity provides the
host with greater defense resources to combat microbial invaders
(Bourne et al. 2016, West et al. 2019) and that exposure to many
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Figure 4. Volcano plots of results from differential abundance analysis with ANCOM-II by individual nutrient treatment. (A). Ammonium (B). Nitrate
(C). Combined (D). Phosphate. Analysis performed on genus-level ASV table was filtered to include taxa with a total count of 10 in at least 20% of
samples (ntaxa = 29) was used. ANCOM tests the null-hypothesis that the average abundance of a given species in a group is equal to that in the other
group. Contrasts were performed as subsets of each individual treatment from full ASV table. The W statistic represents the strength of the test for
the 29 tested species and is the number of times the null-hypothesis was rejected for a given species. Taxa above the dashed line are significant with
the null-hypothesis rejected 80% of the time (W = 0.8), or 70% of the time for combined treatment samples (W = 0.7). Nonsignificant taxa in any
contrast are colored grey. The x-axis value presents the effect size as the CLR-transformed mean difference in abundance of a given species between
the two groups being compared.

Figure 5. TLE calculated from measurements taken at 0, 3, and 6 weeks of nutrient exposure. Tukey’s honest significance test was used on
log-transformed data to identify significant differences in mean TLE by nutrient treatment and exposure weeks. Untransformed data is plotted for
clarity. Boxes sharing a letter are not significantly different from each other using a significance level of P < .05.

different bacterial taxa increases host plasticity and ability to re-
spond to changing environmental conditions (West et al. 2019;
Zilber-Rosenberg and Rosenberg 2008). Voolstra and Ziegler (2020)
argue that the microbiome flexibility and diversity in many Acro-
pora species contributes to their ability to acclimate and adapt
to environmental stressors, while leaving them more vulnerable
to disease. They theorized that peak ecological capacity could be
reached if genera with high physiological plasticity reach higher

microbiome flexibility, by means of probiotics or genetic engineer-
ing. In contrast, if a coral known to lack high physiological plas-
ticity were to lose microbiome flexibility, adaptability to stres-
sors would be reduced even further. The consistent dominance of
Aquarickettsia in all recently sequenced samples of A. cervicornis is
concerning, as some studies have shown that the overabundance
of a single taxonmay result in the destabilization of the remaining
bacterial community through effects on host immunity (reviewed
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in Rooks and Garrett 2016, and Hooper et al. 2012), further reduc-
ing the potential for adaptability in these corals.

Impacts of nutrient enrichment on coral
physiology and microbiome structure
Nutrient enrichment alters the coral microbiome primarily
through increases in opportunistic species that may contribute
to disease (Thompson et al. 2015, Zaneveld et al. 2016, Shaver
et al. 2017, Wang et al. 2018). While nutrient enrichment alone
does not often induce mortality, the interaction of enrichment
with other stressors such as thermal stress and loss of herbivo-
rous fish species has been demonstrated to prolong bleaching and
increase coral mortality (Zaneveld et al. 2016, Wang et al. 2018).
Anthropogenic nutrification of oligotrophic reefs often leads to
not only an increase in the primary constituents of terrestrial
runoff (ammonium, nitrate, and phosphate) but also an alter-
ation of the ratio between their concentrations (Brodie et al. 2011,
Wiedenmann et al. 2013). While anthropogenic pollution tends to
deliver more nitrate, ammonium is primarily derived from fish
excretion (Allgeier et al. 2017). As such, we investigated the im-
pacts of increased levels of each constituent on microbial com-
munity composition and coral health.While nitrogen enrichment
leads to the proliferation of the coral algal symbiont Symbio-
diniaceae (Muscatine et al. 1989, Cunning and Baker 2013) phos-
phate alone does not affect symbiont density. We nonetheless
found that symbiont density (as measured visually by changes in
coral color) increased across all treatments in this experiment.
Nitrate enrichment has been hypothesized to affect the translo-
cation of nutrients between Symbiodiniaceae and the coral host
(Shantz and Burkepile 2014, Shantz et al. 2016), and it has been
suggested that the host controls symbiont density through nitro-
gen and phosphorus limitation to maximize carbon return from
this symbiosis (Wooldridge 2010). Further, overabundance of dis-
solved inorganic nitrogen leads to phosphate limitation in corals
as a result of algal proliferation, causing increased susceptibility
to light- and temperature-induced bleaching (Wiedenmann et al.
2013, Rosset et al. 2017). Nitrate has been demonstrated to de-
crease coral growth rates, while ammonium did not (Shantz and
Burkepile 2014). Excess phosphate, in contrast to nitrate, has min-
imal impact on coral physiology and may increase stress toler-
ance (Wiedenmann et al.2013, Shantz and Burkepile 2014). In fact,
during thermal stress, phosphate uptake is increased in order to
maintain symbiont density and carbon translocation (Ezzat et al.
2016). Ammonium, which is often naturally derived in reef sys-
tems from fish excretion, may enhance coral growth (reviewed in
Shantz and Burkepile 2014).

In light of these data, we hypothesized that nitrate enrichment
would lead to the lowest coral growth rates over the course of en-
richment and would lead to the greatest impact on microbiome
structure. While nitrate treatment led to a trend of decreased
coral growth rates, only exposure to the combination treatment
(including nitrate, phosphate, and ammonium) significantly re-
duced coral growth rates compared to untreated samples. The ad-
dition of nitrate led to the significant decrease in minor taxa, but
not to significant changes in Aquarickettsia. Phosphate treatment
was the driving nutrient constituent in shifts of Aquarickettsia,
with corals exposed to a combined treatment containing phos-
phate also exhibiting shifts in this taxon (Fig. 4C andD).Treatment
with ammonium did not significantly impact any individual mi-
crobial taxon (Fig. 4A), nor did it significantly impact growth rates,
consistent with the minimal effects observed from frequent, low-
level introduction of ammonium to reef environments in the form

of fish excretion (Shantz and Burkepile 2014, Rice et al. 2019). Dif-
ferences in alpha and beta diversity and in relative and absolute
abundance of Aquarickettsia between 3 and 6 weeks of nutrient
exposure were largely insignificant across all conditions. Impor-
tantly, this suggests that 3 weeks of exposure to tank conditions
or nutrient treatment was sufficient to shiftmicrobiomes to a new
stable state.

Phosphate enrichment shifted microbial
populations further towards dysbiosis
Phosphate and combined nutrient treatments led to a decrease
in community dispersion by only 3 weeks of exposure (Figure S6,
Supporting Information), and removal of Aquarickettsia from the
dataset erased this effect (Figure S7, Supporting Information), sug-
gesting that significant increases in Aquarickettsia were the driver
of these shifts in community composition. While the addition
of environmental stressors has been found to increase commu-
nity dispersion in other studies (Zaneveld et al. 2017; Maher et
al. 2019; Klinges et al. 2020), we found that dispersion generally
decreased over the course of nutrient exposure. Zaneveld et al.
(2017) posited that increases in dispersion resulting from stress
are suggestive of microbiome instability resulting from stochastic
shifts differing by individual. We argue that the trends observed
in this study represent a takeover by an opportunistic species
that excludes beneficial members from the microbiome, result-
ing in a different form of microbiome instability. Though disper-
sion decreased overall with enrichment, we found the magnitude
of observed increase in the dominant constituent of A. cervicornis
microbiomes differed by nutrient constituent. Differential abun-
dance analyses revealed that abundance of Aquarickettsiawas sig-
nificantly altered in phosphate and combined treatments. Corals
exposed to combined treatment demonstrated decreased growth
rates over the course of the experiment, consistent with the hy-
pothesized parasitism of essential host metabolites by Aquarick-
ettsia. As decreases in growth rate as well as microbial commu-
nity shifts were largely insignificant for ammonium and nitrate
treatments, the majority of the response to combined nutrient
treatment can be attributed to the phosphate in this treatment.
This microbial response to phosphate and combination nutrient
enrichment is consistent with our previous predictions of Aquar-
ickettsia life strategy, namely, that Aquarickettsia is a parasite, de-
pendent on nutritional supplementation from the algal symbiont
(Klinges et al. 2019), and responds positively to nutrient enrich-
ment (Shaver et al. 2017). As algal symbiont density was visually
observed to increase over the course of experimentation, it is likely
that Aquarickettsia utilized surplus amino acids and sugars pro-
duced by elevated symbiont populations.

We previously identified annotations for a complete PhoR–PhoB
two component system in the genome of A. rohweri (Klinges et al.
2019). This system, notably absent in the genomes of closely re-
lated species in the order Rickettsiales, allows for sensing of ex-
tracellular inorganic phosphate concentrations. Paired with evi-
dence that phosphate stimulates abundance of Aquarickettsia, it
is likely that the PhoR–PhoB system plays a role in cellular pro-
liferation or upregulation of virulence factors in this species. The
Pho regulon has been found to modulate the expression of genes
involved in survival response (via production of poly P, ppGpp, and
RpoS), virulence, motility, and biofilm formation through quorum
sensing in various strains of pathogenic bacteria (Lamarche et al.
2008). The transcriptional-response regulator PhoB translates sig-
nals of phosphate depletion or enrichment into gene activation
or repression. Recently, the histidine kinase PhoR was previously
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found to be involved in the upregulation of swarming, flagellar
motility, and T3SS expression in the pathogen Vibrio parahaemolyti-
cus (Zhang et al. 2020).Control of gene activity by this regulon has
been suggested to play a role in life strategy in bacteria experienc-
ing large shifts in phosphate levels, leading to a switch between
a motile swimming phase and a biofilm-forming or intracellular
phase. Aquarickettsia encodes a nearly complete flagellar assem-
bly and no evidence has been found of vertical transmission of
this species, suggesting it may have a brief free-living life stage
(Baker et al. 2021). It is, therefore, possible that high phosphate
levels act as a cue for upregulation of virulence and host cell infil-
tration, as well as increased cell replication due to an abundance
of phosphate for the production of nucleic acids.

Multiple measures of Aquarickettsia abundance
elucidate its dynamics in response to nutrient
enrichment
Regardless of nutrient constituent or concentration, the abso-
lute abundance of the putative bacterial parasite Aquarickettsia
increased with time. This trend also included untreated samples,
confounding an association ofAquarickettsia populations with nu-
trient type. Although examination of Aquarickettsia relative abun-
dance over the course of experimentation indicated that phos-
phate treatment induced the greatest shift in Aquarickettsia abun-
dance, analyses of differential abundance of this taxon were also
performed due to known issueswith relative abundance data. Rel-
ative abundance metrics are easily confounded by shifts in one
taxonomic group—even if the absolute abundance of most taxa
remains unchanged, increases in one taxon will deflate the rela-
tive abundance of other taxa (Mandal et al. 2015, Gloor et al. 2017).
Differential abundance analysis confirmed that shifts inAquarick-
ettsia relative to other taxa were not significant in any nutrient
treatment besides phosphate or combined treatments. Differen-
tial abundance tools such as ANCOM-II and corncob may reflect
more accurately shifts in individual taxa, as they account for the
inherent issues with compositional data, including excess zeroes,
though each of these tools utilizes a slightly different method to
identify differentially abundant taxa.

While total bacterial abundance was not quantified in this
study, the inconsistencies between differential abundance data
and absolute abundance data suggest that an increase in total
bacterial abundance occurred throughout the course of the exper-
iment, such that absolute abundance of Aquarickettsia increased
in untreated, nitrate, and ammonium-treated samples, but pro-
portions of this taxon compared to other species did not change
significantly. This increase in total bacterial abundance may be
attributed to the elevated nutrient levels across all treatments, as
the nearshore water used in this study was found to have higher
levels of nitrate than Mote’s nursery near Looe Key Reef (Lapointe
et al. 2019) from which coral fragments were sourced (Figure S1,
Supporting Information), though phosphate and ammonium lev-
els were comparable. Thus, while nitrate levels were elevated ∼4-
fold significantly compared to Looe Key reef conditions in all sam-
ples, phosphate levels were only enriched compared to reef con-
ditions in phosphate-treated or combination-treated samples. It
is therefore possible that we did not capture the true response of
these corals to nitrate enrichment, as they had been allowed to
acclimate to high-nutrient conditions prior to experimental ma-
nipulation.While Looe Key Reef is not truly oligotrophic (Lapointe
et al. 2019), it is possible that the transplant of these coral indi-
viduals from a nutrient-limited system to a nutrient-rich system
stimulated a bacterial bloom in all samples. Nutrient enrichment

has been demonstrated to lead to increased algal growth, leading
to the increased production of algal exudates. These exudates are
high in dissolved sugars, which rapidly stimulate bacterial growth
(Nelson et al. 2013, Bourne et al. 2016). The observed bacterial
bloom appeared to affect all bacterial taxa indiscriminately, as
differential abundance analysis found no taxa were significantly
enriched or depleted in untreated samples after 6 weeks of expo-
sure to tank conditions in comparison to T0.While previous work
in Mediterranean coastal oligotrophic waters found that bacterial
biomass responded most dramatically to increases in total nutri-
ent concentrations (Sipura et al. 2005, Rahav et al. 2018), stud-
ies performed in the Florida Bay indicated that this system was
highly phosphate-limited due to excess nitrogen and carbon in-
puts (Fourqurean et al. 1993, Cotner et al. 2000). It is, thus surpris-
ing that overall bacterial abundance appeared to increase in re-
sponse to the nitrate-enriched, but not phosphate-enriched, con-
ditions in unamended aquarium water, though no single taxon
shifted significantly in respect to other taxa.

Conclusions
Nutrient enrichment significantly effects coral microbiome dys-
biosis and increases disease susceptibility, though the effects of
individual nutrient constituents and shifts in N:P ratios remain
under-characterized. Previous work has demonstrated a positive
response of the parasitic genus Aquarickettsia to a combined nu-
trient treatment with corresponding negative effects on coral
growth rates (Shaver et al. 2017). Results of the present study,
however, suggest that Aquarickettsia responds most significantly
to phosphate enrichment. Microbial diversity decreased over the
course of nutrient enrichment in phosphate- and combined-
treated samples, reflective of increased dominance of Aquarick-
ettsia, and differential abundance ofAquarickettsiawas only signif-
icant in these treatments. Fragment linear extension after 6weeks
of exposure to these treatments was also significantly lower than
in other treatments. Alpha diversity decreased in nitrate-treated
samples as a result of a significant decline in minor taxa. While
results fromquantitative PCR showed an increase inAquarickettsia
across all samples throughout the course of experimentation, sig-
nificant shifts in individual taxawere not observed in ammonium-
treated and untreated samples. This suggests that an increase
in total bacterial abundance occurred in all samples, but only
amendment with phosphate was sufficient to alter dominance of
the predicted parasite Aquarickettsia over other bacterial species.
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