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Abstract
Background As coral diseases become more prevalent and frequent, the need for new intervention strategies also 
increases to counteract the rapid spread of disease. Recent advances in coral disease mitigation have resulted in 
increased use of antibiotics on reefs, as their application may halt disease lesion progression. Although efficacious, 
consequences of deliberate microbiome manipulation resulting from antibiotic administration are less well-
understood– especially in non-diseased corals that appear visually healthy. Therefore, to understand how apparently 
healthy corals are affected by antibiotics, we investigated how three individual antibiotics, and a mixture of the three, 
impact the microbiome structure and diversity of a disease-resistant Caribbean staghorn coral (Acropora cervicornis) 
genotype. Over a 96-hour, aquarium-based antibiotic exposure experiment, we collected and processed coral tissue 
and water samples for 16S rRNA gene analysis.

Results We found that antibiotic type and dose distinctively impact microbiome alpha diversity, beta diversity, and 
community composition. In experimental controls, microbiome composition was dominated by an unclassified 
bacterial taxon from the order Campylobacterales, while each antibiotic treatment significantly reduced the relative 
abundance of this taxon. Those taxa that persisted following antibiotic treatment largely differed by antibiotic type 
and dose, thereby indicating that antibiotic treatment may result in varying potential for opportunist establishment.

Conclusion Together, these data suggest that antibiotics induce microbiome dysbiosis– hallmarked by the loss of 
a dominant bacterium and the increase in taxa associated with coral stress responses. Understanding the off-target 
consequences of antibiotic administration is critical not only for informed, long-term coral restoration practices, but 
also for highlighting the importance of responsible antibiotic dissemination into natural environments.
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Background
Host-associated microorganisms often confer benefits 
that augment host development and physiology, pro-
tect against pathogen infection, or provide other desir-
able fitness advantages such as feeding adaptations and 
phenotypic plasticity [1–7]. Microbiome structure and 
influence are not unilateral, however, and intricate host-
microbe-environment interactions each contribute to fit-
ness, stable microbiome structure, and cohesion between 
the host and host-associated microbial counterparts 
(recognized as the holobiont) [8–10]. While the resident 
microbiota of healthy hosts often provides an additional 
buffer against minor disturbances and environmental 
fluctuations [11, 12], major disruptions to these rela-
tionships often support opportunist invasion, infection, 
and/or microbiome dysbiosis. Across systems, microbi-
ome dysbiosis is thought to be an indicator of imbalance 
between beneficial and harmful bacteria and, depending 
on the disturbance, can be hallmarked by increased sto-
chastic dispersion and reduced diversity [13–15]. Given 
the range of potential outcomes, it is essential to under-
stand how host-associated microbiomes facilitate dis-
turbance resistance and resilience, and how alterations 
in microbe-host and microbe-microbe associations may 
compromise holobiont synergy– especially in sensitive or 
endangered species.

Sensitive ecosystems such as coral reefs are consis-
tently and increasingly threatened by a suite of local and 
global environmental perturbations, resulting in holobi-
ont disturbances that jeopardize coral survivability and 
the biodiverse landscapes and resources they provide. In 
addition to supporting high macrodiversity, corals also 
provide a complex environment for microbial life, as dis-
tinct microhabitats within the coral (i.e., surface mucus 
layer, tissue, and skeleton) support diverse and localized 
bacterial community structures [16, 17]. These com-
partments vary in microbial abundance, diversity, and 
susceptibility to environmental disturbance– with the 
surface mucus layer providing a level of defense against 
disturbances, as it is at the coral-environment interface 
[12, 18]. Moreover, while some corals acquire micro-
biome members vertically, many acquire a substantial 
portion of their microbiome horizontally [19], further 
emphasizing the influence that environmental conditions 
have on coral microbiomes.

These environmental threats include an array of biotic 
and abiotic factors such as thermal anomalies, nutrient 
pollution, sedimentation, and macroalgal overgrowth 
[20–24]. Many of these environmental stressors are also 
not mutually exclusive and often act synergistically with 
one another to further exacerbate coral health decline 
through microbiome dysbiosis and subsequent disease 
[25–30], although some evidence suggests stressors can 
sometimes act antagonistically as well [31]. Since the first 

coral diseases were documented in the 1970s, approxi-
mately 40 diseases have been described, with only six 
having known etiological agents [10, 32, 33]. In many 
cases, validating a causative agent via Koch’s postulates– 
which requires pure isolation and cultivation of the sus-
pected pathogen and subsequent reinfection– is difficult 
due to the obvious differences between laboratory and 
reef conditions, incomplete understanding of transmis-
sion dynamics, as well as culturing limitations [34–36]. 
Additionally, many coral diseases are likely not caused by 
a single pathogen, as several are considered polymicro-
bial or the result of a secondary infection [37–40].

Disentangling coral disease is a complex task, and 
several studies have attempted to identify a core coral 
microbiome to understand which microbial members 
are expected, or a deviation due to disturbance [41, 42]. 
Some core members include the endosymbiotic taxa 
Actinomycelates and Burkholderiales, yet uncovering a 
unifying core structure is likely still dependent on a com-
bination of coral species, geographic location, life history, 
body site sampled, and parameters used to identify these 
core taxa. Additionally, given the complex association of 
coral microorganisms, many taxa linked to disease are 
also found in healthy individuals, further obscuring dis-
ease etiology [43–45].

Owing to the array of diseases with undetermined 
causes, and difficult diagnostic methods, restoration 
efforts largely focus on immediate disease remedia-
tion. Two highly transmissible diseases at the forefront 
of disease remediation efforts are Stony Coral Tissue 
Loss Disease (SCTLD) and White Band Disease (WBD). 
First characterized in Florida in 2014, SCTLD is hall-
marked by unique disease epidemiology due to its wide 
geographic and host range and rapid disease progres-
sion, which often results in mortality [46–48]. This dis-
ease affects more than 20 coral species throughout the 
Atlantic– many of which are considered endangered by 
the International Union for Conservation of Nature Red 
List [46, 49]. Despite the broad species range of SCTLD, 
this disease has not yet been identified in Acropora corals 
such as A. cervicornis and A. palmata. These species are 
instead plagued by WBD, which has been responsible for 
the large-scale population mortality since the late 1970s 
[50]. Currently, there are no definitive causes of this dis-
ease either, although it is thought to be bacterial [51]. 
This disease also results in visible lesions and widespread, 
rapid mortality– although the host range is far smaller 
than that of SCTLD as it only currently affects Acropora 
cervicornis and Acropora palmata [50].

To control the spread of diseases, recent efforts have 
focused on utilizing broad-spectrum antibiotics, namely 
ampicillin and amoxicillin pastes [52–56]. Given the 
widespread and elusive nature of these diseases, anti-
biotics are being utilized not only as a way to confirm a 
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bacterial component of the disease, but also to provide an 
immediate solution while the etiological agent(s) remain 
unidentified. Amoxicillin pastes have demonstrated clear 
efficacy against SCTLD in short (~ 2 weeks) and long-
term (~ 1 year) in-situ and ex-situ experiments, although 
treatment efficacy may be dependent on coral species– 
likely due, in part, to morphological characteristics not 
conducive to antibiotic application [52, 54–56], as well as 
burgeoning antibiotic resistance within the pathogen(s). 
Treatment regimens differ across studies, yet each con-
sistently reports that amoxicillin pastes slow or halt dis-
ease lesion progression into a quiescent state [55, 56]. 
Despite the greater than 90% success rate in many cases, 
these intervention strategies are likely only a temporary 
solution as antibiotic administration does not prevent 
new lesion formation [54–56]. This may indicate that 
the current antibiotic does not target the true causative 
agent, that retreatment strategies require further optimi-
zation, or that the waterborne pathogen(s) are transmit-
ted to other parts of the coral colony prior to treatment 
intervention.

In addition to the ecotoxicological and antibiotic resis-
tance concerns of antibiotic contamination in reef sys-
tems, several studies have noted that antibiotic-induced 
disruption of coral microbiomes results in a diminished 
capacity to withstand subsequent stressors such as 
heat stress and transplantation to a natural system [12, 
57–59]. Evidence suggests, specifically within the genus 
Pocillopora, that disruptions to the holobiont can cause 
increased transcriptional stress responses from both the 
coral host and algal symbiont, as well as decreased bac-
terial diversity which, when combined, reduces heat tol-
erance and upregulates immune response genes [58, 60]. 
Therefore, with the threat of subsequent and concurrent 
disturbances, it is imperative to pair microbiome studies 
with antibiotic interventions to understand how both tar-
get and non-target microbiomes are affected.

In this study, we investigated how a 96-hour exposure 
to one of two concentrations of ampicillin, streptomycin, 
ciprofloxacin, and a mixture of the three, affects micro-
biome composition and diversity in a disease-resistant 
Acropora cervicornis genotype as a representative off-
target species. Our results suggest that antibiotics reduce 
dominant taxa and allow for potentially harmful bacteria 
to proliferate. Additionally, they suggest that antibiotic 
dose range-finding is essential for future disease inter-
ventions, as different concentrations of the same antibi-
otic may result in distinct microbial community profiles.

Methods
Experimental design
A total of 120 coral fragments of a disease-resistant Acro-
pora cervicornis genotype (ML-7) were collected from 
the offshore coral nursery at Mote Marine Laboratory’s 

International Center for Coral Reef Research and Resto-
ration (IC2R3) in Summerland Key, Florida. Fragments 
were attached to ceramic plugs using cyanoacrylate glue 
and acclimated to ex-situ raceway conditions for 14 days 
in IC2R3’s Climate and Ocean Acidification Simulator 
(CAOS) system before experimentation. These raceway 
systems utilize canal water that has been degassed, fil-
tered, foam fractionated, and UV-treated. Although the 
system supports temperature manipulation, the raceways 
were kept at 27.5 °C for the duration of the experiment. 
Following acclimation, coral fragments were each ran-
domly assigned to one of nine experimental treatments: 
control, ‘ampicillin low’ and ‘ampicillin high’ (final tank 
concentrations of 10  mg/L and 100  mg/L, respectively), 
‘streptomycin low’ and ‘streptomycin high’ (10 mg/L and 
100  mg/L), ‘ciprofloxacin low’ and ‘ciprofloxacin high’ 
(due to high potency, 1  mg/L and 10  mg/L concentra-
tions were used for low and high doses, respectively), 
and ‘mixture low’ and ‘mixture high’. ‘Mixture low’ and 
‘mixture high’ were comprised of a combination of low 
or high doses of ampicillin, streptomycin, and cipro-
floxacin, respectively. Fragments were then added to 
corresponding non-flow-through 5-gallon aquaria con-
taining 6 L of water. Aside from the control which had 
a total of six tanks, each treatment had three replicate 
tanks with four coral fragments in each tank (i.e. n = 24 
for control treatment and n = 12 for each other treat-
ment). Each tank was then randomly distributed across 
three outdoor raceways. Samples were collected prior to 
antibiotic treatment (Time 0), and at 12, 24, 48, and 96 
hours during treatment (Supplementary file 1 Figure S1). 
Because experimental aquaria were enclosed, tank water 
was manually refreshed by replacing half of the volume of 
water at each sampling time point and 72 hours after ini-
tial antibiotic treatment. To ensure a consistent, four-day 
antibiotic challenge, additional half-doses of antibiotics 
were added each time the water was changed, such that 
the final antibiotic concentration in the tanks was consis-
tent throughout the experiment. After time 0 sampling, 
all four coral fragments within one of the control tanks 
(control 1), were sacrificed for other analyses; therefore, 
at each subsequent time point, only five control tanks 
were sampled (n = 20).

Antibiotic preparation and dosing
Three broad-spectrum antibiotics (ampicillin, strepto-
mycin sulfate, and ciprofloxacin anhydrous) were chosen 
due to their diverse mechanisms of action, bactericidal 
nature, and common use in antibiotic experiments on 
coral [58–61]. Ampicillin is a beta-lactam antibiotic that 
inhibits cell wall synthesis [62]; streptomycin is an ami-
noglycoside that interferes with protein synthesis [63]; 
and ciprofloxacin is a fluoroquinolone that inhibits DNA 
gyrase which ultimately impedes DNA replication [64]. 
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Antibiotic working solutions were prepared using 0.2 μm 
filter-sterilized seawater. Once added to the experimental 
tanks, the final high and low concentrations of strepto-
mycin and ampicillin were 100 µg/mL and 10 µg/mL, and 
10  µg/mL and 1  µg/mL for ciprofloxacin. At each time 
point, control tanks were supplemented with equal vol-
umes of the same filter-sterilized seawater that was used 
to make the antibiotic solutions. Antibiotic solutions 
were selected over an antibiotic paste to ensure even 
antibiotic exposure, and to not preclude physical space 
on the coral that could be used for sampling.

Although amoxicillin is the standard for SCTLD 
treatment, ampicillin was chosen due to its identical 
mechanism of action and its use in other coral experi-
ments– namely in WBD-affected Acropora cervicor-
nis [61]. Furthermore, these three antibiotics are often 
used in experiments at these high-dose concentrations 
[58–61], and do not appear to result in negative host phe-
notypes based on visual assessments of coral color and 
tissue health [61]. In addition to using standard experi-
mental doses, we also included a lower threshold to 
explore dose-dependent responses.

Sample collection and processing
At each time point, before sampling coral fragments, 
three liters of aquaria water were removed from each tank 
to conduct a half-tank water change– one liter of which 
was retained and filtered using a peristaltic pump and 
0.22 μm Sterivex filter unit (model SVGP01050 Millepore 
Sigma) for 16 S rRNA gene analysis of the bacteria in the 
water column. Each Sterivex filter was placed in ster-
ile bags (Whirl-Pak) and stored at -80  °C until process-
ing. Avoiding the apical polyp and any previous wounds, 
two verrucae were snipped from each coral using ster-
ile bone cutters and placed in a 1.2 mL cryogenic tube 
in 500 µL of DNA/RNA Shield (Zymo Research, Irvine, 
CA, USA). The samples were promptly stored at -80  °C 
until they were processed using the DNeasy 96 PowerSoil 
Pro kit (Qiagen) using the OT-2 liquid handling system 
(Opentrons).

DNA extraction of water samples
Sterivex filter cartridges were sealed at one end using a 
Luer-Lok cap. Then 460 µL of extraction buffer solution 
(composed of 40 µL proteinase K, 200 µL of buffer AL 
provided by the Qiagen Blood & Tissue kit, and 220 µL 
of PBS) was added to the column. The other end was then 
sealed with another Luer-Lok cap, and both ends were 
wrapped in parafilm to avoid leakage. The filter cartridges 
were then attached horizontally inside of a hybridization 
incubator (Robbins Scientific Model 400) and incubated 
at 56 °C for 4 h at 20 rpm. After incubation, one end of 
the cartridge was uncapped and placed into a 2 mL tube 
and sealed with parafilm. The attached 2 mL tube was 

then centrifuged at 5,000 x g for 2 min inside of a 50 mL 
conical tube to elute the extracted DNA. After centrifu-
gation, the 2 mL tube was stored for downstream use.

 16S rRNA gene amplicon library preparation
The V4 region of the 16S rRNA gene from coral and sea-
water samples was amplified via a one-step polymerase 
chain reaction (PCR) approach. 25 µL PCR reactions 
were made using 10 µL of Platinum II Taq Hot-Start PCR 
Master Mix (2x) (Invitrogen) master mix, 2.5 µL each 
of 10 µM primers 515F (5’ - GTGYCAGCMGCCGCG-
GTAA − 3’) and 806R (5’ - GGACTACNVGGGTWTC-
TAAT − 3’) [65] with attached barcodes for dual-indexed 
libraries (for details see Silva et al., 2023 [66]). Three 
negative controls were included in each 96-well plate 
for a total of 21 negative controls. These negative con-
trols were both DNA extraction controls (n = 7) and PCR 
negative controls (n = 14). The template DNA was ampli-
fied using the following thermocycler parameters: initial 
denaturation at 94 °C for 2 min, followed by 35 cycles of 
denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s, 
and extension at 68 °C for 60 s, followed by a single final 
extension step at 68 °C for 10 min. Amplified PCR prod-
ucts were then purified using Agencourt AMPure XP 
beads (Beckman Coulter) following the manufacturer’s 
guidelines. However, 80% ethanol was used for the wash-
ing steps, and a 5-minute drying step was included after 
the final ethanol wash to evaporate excess ethanol. After 
purification, DNA concentrations were quantified using 
the BioTek Synergy H1 multi-mode plate reader. Libraries 
were pooled at equimolar concentrations before paired-
end 2 × 300  bp sequencing using the Illumina NextSeq 
2000 P1 system at Oregon State University’s Center for 
Quantitative Life Science (CQLS).

Raw read quality control and sequence preprocessing
A total of 602 samples (21 of which were negative con-
trols) were demultiplexed, and individual forward and 
reverse quality profiles were assessed using FastQC 
and MultiQC [67]. Primer sequences were removed 
from forward and reverse reads using a two-step cut-
adapt approach to remove forward and reverse primer 
sequences, as well as their reverse complements [68]. 
Reads were imported into RStudio (v. 4.3.0) for sub-
sequent quality control processing. Using DADA2 (v. 
1.28.0) [69], low-quality sequences were filtered by trun-
cating the reads at the 3’ end at 245 bp and 230 bp for the 
forward and reverse reads, respectively, based on Mul-
tiQC reports.

To account for the large number of samples and reads, 
we used five times the number of bases to estimate the 
sequencing error than the default. Sample sequence iden-
tity was then inferred by DADA2::dada using default 
parameters. Then, only those contigs within the amplicon 



Page 5 of 17Patton et al. Environmental Microbiome           (2025) 20:46 

size target range (251–255 bp for coral samples and 253–
254  bp for seawater samples), and determined as non-
chimeric, were used in further analyses. Taxonomy was 
assigned down to the species level, when possible, using 
the SILVA nr 99 v138.1 and the SILVA Species Assign-
ment v138.1 training set [70]. Those sequences identified 
as chloroplast or mitochondria, or those that were not 
annotated beyond the Kingdom level, were excluded.

A phyloseq object was then created using the phylo-
seq package (v. 1.44.0) in R [71]. Through the ‘combined 
detection method’ in the decontam package (v. 1.20.0; 
Supplementary file 1), contaminants were identified on 
the basis of both prevalence and quantification thresholds 
from negative control samples and were subsequently 
removed from all samples [72]. After contaminant ASVs 
were removed, negative controls were excluded from 
downstream analysis. Due to high experimental replica-
tion, taxa that had both low frequency (appearing in only 
one sample) and low abundance (reads within the first 
quartile of read distribution) were removed. Samples 
with fewer than 1000 reads after all quality control filter-
ing (8) were removed from the analysis. After filtering, 
5,660,802 reads and 2,962 ASVs across 573 coral samples 
remained.

Antibiotic treatment had a significant effect on library 
size (i.e., number of reads) across treatment groups at 
each time point except for T0 (p = 2.06e− 7, p = 6.92e− 8, 
p = 9.01e− 9, and p = 0.0005 for T12, T24, T48, and T96, 
respectively; Kruskal-Wallis), with trends becoming 
especially apparent after all quality control steps (Supple-
mentary file 1 Figure S2). Therefore, to account for differ-
ences in library size among samples, the rrarefy function 
from the vegan package [73] was used to randomly sub-
sample counts data to 5000 reads, as a majority of the 
observed richness was captured by 5000 reads (Supple-
mentary file 1 Figure S3). For samples with fewer than 
5000 total reads (70 samples with an average read depth 
of 3,404 reads), no random subsampling occurred, and all 
reads were used.

Microbiome and statistical analyses
Alpha diversity and microbiome relative abundance
Observed Richness, Shannon Diversity, Inverse Simp-
son, and Faith’s Phylogenetic Diversity (PD) were all 
calculated at the genus level using the estimate_richness 
function in the phyloseq package. All alpha diversity mea-
sures were calculated using the rarefied phyloseq object 
described above. For brevity, Shannon Diversity is pre-
sented here at the genus level, although other metrics can 
be seen in Figure S5 in Supplementary file 1.

To quantitatively evaluate how coral fragments 
responded to each antibiotic treatment over time, a lin-
ear mixed-effect model was created using the lme4 R 
package (v. 1.1.35.1) [74]. In this model, time (categorical 

variable), treatment (antibiotic plus dose), and their 
interaction were set as fixed effects, while tank and coral 
sample ID were set as nested, random effects (Supple-
mentary file 1). Pairwise comparisons were made using 
the emmeans package (v. 1.10.0), with the Tukey-Kramer 
p-adjustment method [75].

Pruned, rarefied data were also used to calculate rela-
tive abundance measures for each antibiotic treatment 
group. After taxa counts were transformed to relative 
abundances, the top ten most abundant taxa across the 
samples were determined. Treatment replicates were 
then merged to calculate the mean relative abundance of 
the top ten most abundant taxa across all samples.

Beta diversity and dispersion
Beta diversity analyses were performed using pruned, 
unrarefied data that were robust centered log-ratio 
(rCLR) transformed data using the microViz package 
to account for data compositionality and sparsity [76, 
77]. Transformed data were ordinated using a Principal 
Component Analysis (PCA). Differences in beta diver-
sity between sample groups within time points were 
identified via a permutational analysis of variance (PER-
MANOVA) using adonis2. The pairwise.adonis pack-
age was used for pairwise comparisons, and p-values 
were adjusted according to the false discovery rate (fdr) 
formula [78]. Beta dispersion (as distance to centroid) 
was determined using Euclidean distances that were 
calculated from the rCLR-transformed dataset, thereby 
producing robust Aitchison distances. Statistically sig-
nificant differences were determined using the betadisper 
and permutest functions in the vegan package with fdr 
p-value correction [73].

Differential abundance
Differential abundance analysis was performed using 
ANCOM-BC2 on pruned, unrarefied data to identify 
taxa whose relative abundances were significantly differ-
ent [79]. For each treatment, all time points (T12 - T96) 
were combined and compared to all pretreatment (T0) 
samples. Repeated sampling was accounted for by includ-
ing coral ID as a random effect in the differential abun-
dance models.

Network analysis
Data subsets were created for each treatment using the 
original, unrarefied, unpruned phyloseq object. Time 
0 samples were excluded from analysis, as corals at this 
time point had not yet been exposed to antibiotics. 
Before network construction, taxa that only appeared in 
one sample were removed. Microbial co-occurrence net-
works were then created using the microeco R package 
[80]. Networks were created using the SpiecEasi method 
with Meinhausen and Bühlmann (MB) neighborhood 
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selection to calculate taxon co-occurrence at the ASV 
level [81]. For each antibiotic, samples from each dose 
and all time points (except for time 0) were combined, 
such that only one network per antibiotic was generated. 
Network centrality measures were calculated using func-
tions within the igraph and meconetcomp packages [82, 
83]. Networks were then filtered to only include the top 
three most relatively abundant ASVs and their interac-
tions to understand how each treatment affected the 
co-occurrence relationships among them. These ASVs 
included Campylobacterales (ASV1), Helicobacteraceae 
Family (ASV3), Phaeobacter (ASV4). Full networks were 
visualized using Cytoscape [84] and can be viewed in Fig-
ure S8 in Supplementary file 1 or as interactive network 
plots on NDEx following the link provided in the avail-
ability of data and materials section below.

Results
Antibiotics reduce a dominant, unclassified 
Campylobacterales ASV
Microbiomes of T0 (pre-treatment) corals, and those of 
all time points within the control treatment group, were 
dominated by a single bacterial taxon from the order 
Campylobacterales (ASV1) (Fig.  1). The mean relative 
abundance of this bacterium in control samples remained 
high over the course of the experiment, with mean rela-
tive abundance ranging from 28.25 ± 31.00% at T0 to 
60.12 ± 29.18% at T96 (Fig.  1 and Supplementary file 2 
Table S1). However, in all antibiotic treatment groups, 
regardless of dose, the mean relative abundance of ASV1 
was markedly reduced (Fig. 1). Most antibiotic treatment 
groups showed a reduction of this taxon by 12  h (T12) 
after the initial antibiotic dose, and this reduction was 
maintained throughout the experiment.

Fig. 1 Mean relative abundance of the top ten most abundant ASVs across all antibiotic treatment groups. Each bar represents the average of a minimum 
of 19 replicates in the control treatment group, and a minimum of 9 replicates in each of the antibiotic treatment groups
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Despite each antibiotic reducing the mean relative 
abundance of the uncharacterized Campylobacterales 
ASV, the bacterial taxa that then increased in relative 
abundance differed among antibiotic type and dose. For 
example, the ‘mixture low’ samples displayed higher rela-
tive abundances of a genus within the Myxococcaceae 
family, P30B-42, (13.15 ± 21.20% at T12) than control 
samples (1.07 ± 2.90% at T12) while a single Alteromo-
nas taxon became more dominant in ‘ampicillin low’ and 
‘streptomycin high’ samples after the initial antibiotic 
administration compared to control, mixture, and cipro-
floxacin treated samples (Fig. 1). Although already found 
at relatively low abundance in both T0 (5.94 ± 10.42%) 
and control samples over time (5.04 ± 11.84%), a single 
ASV from the Helicobacteraceae family (ASV3) was 
almost entirely eliminated by T96 by all antibiotic treat-
ments, except for in the ciprofloxacin treatment group 
in which the reverse pattern was identified (Fig.  1). By 
T96 for both the ‘ciprofloxacin low’ and ‘high’ treatment 
groups, this Helicobacteraceae taxon became the domi-
nant taxon (30.52 ± 43.57% and 26.31 ± 26.59%, respec-
tively) (Fig.  1). Detailed relative abundance patterns for 
individual corals are shown in Supplementary file 1 Fig-
ure S4.

Time and antibiotic treatment differentially impact coral 
microbiome alpha diversity
Statistical analyses of Shannon diversity revealed that 
time, and the interaction of time and treatment, sig-
nificantly affected the combined richness and evenness 
(Shannon diversity) (LMEM, p = 0.002; Supplementary 
file 2 Table S2). Upon further pairwise analysis, although 
time was a significant driver of differences in Shannon 
diversity, no significant differences were observed in the 
control treatment group over time (Fig. 2, Supplementary 
file 2 Table S3). Similarly, no significant differences in 
Shannon diversity between time points in ciprofloxacin-
treated samples were identified for either dose (Fig.  2). 
For ampicillin and streptomycin, changes in alpha diver-
sity appeared to be largely dose-dependent, as significant 
increases in Shannon diversity were observed only in the 
low doses of each (Fig.  2). In ‘ampicillin low’ samples, 
at time points T12, T24, and T96, Shannon diversity 
increased significantly compared to T0 (Fig.  2, Pairwise 
EMM, p = 0.001, p = 0.002, and p = 0.02, respectively; Sup-
plementary file 2 Table S3). ‘Streptomycin low’ samples 
similarly displayed increased alpha diversity over time 
compared to the pre-treatment time point with signifi-
cant differences at T12, T24, and T48 (Fig.  2, Pairwise 
EMM, p = 0.006, p = 0.018, p = 0.03, respectively; Supple-
mentary file 2 Table S3). Unlike ampicillin and strepto-
mycin, where significant increases in alpha diversity were 
observed in the low dose, one significant comparison 
was found in the high-dose mixture treatment group 

between T24 and T96 in which diversity was reduced 
in the later time point (Fig. 2, Pairwise EMM, p = 0.026, 
Supplementary file 2 Table S3). Although not statistically 
significant, ‘mixture high’ was the only treatment group 
that displayed decreased diversity at T96 compared to T0 
(Fig. 2).

Antibiotic treatment results in distinct shifts in coral 
microbiome beta diversity
PERMANOVA identified time, treatment, and the inter-
action between time and treatment as drivers of differ-
ences in beta diversity (Supplementary file 2 Table S4). 
Time also significantly affected beta diversity in control 
samples (Supplementary file 2 Table S4). Therefore, com-
parisons of community dissimilarity were made within 
time points, to identify significant differences between 
antibiotic doses compared to untreated samples sub-
jected to the same tank residence time.

At each time point, aside from T0, significant differ-
ences in beta diversity were observed between both doses 
of the antibiotic mixture and streptomycin relative to 
control samples (Fig.  3). Dose-dependent community 
differences were detected at T96 between ‘mixture low’ 
and ‘mixture high’ (p = 0.03; Fig. 3; Supplementary file 2 
Table S5), and at T24, T48, and T96 between ‘streptomy-
cin low’ and ‘streptomycin high’ (p = 0.001; Fig. 3; Supple-
mentary file 2 Table S5). For ampicillin-treated samples, 
significant differences in beta diversity were detected 
beginning at T24 where ‘ampicillin low’ and ‘ampicillin 
high’ community profiles were distinct from control sam-
ples (p = 0.002), yet not significantly different from one 
another (Fig. 3, Supplementary file 2 Table S5). At times 
48 and 96, however, ‘ampicillin low’, ‘ampicillin high’, and 
control groups displayed significantly different microbi-
ome community structures– indicating both treatment 
and dose-dependent responses at these later time points 
(p = 0.001 at T48, p = 0.002 at T96, Fig. 3, Supplementary 
file 2 Table S5). The community composition of the ‘cip-
rofloxacin high’ samples significantly differed from that 
of the control samples at T12 (p = 0.012, Fig.  3), yet not 
for the low dose. At all subsequent time points, both ‘cip-
rofloxacin high’ and ‘ciprofloxacin low’ samples exhibited 
distinct community clustering from untreated samples 
(p = 0.002, Fig.  3), although no dose-dependent differ-
ences were observed.

All antibiotics also displayed significant differences 
in within-group variation, or beta dispersion, in at least 
one time point. The direction of differences in disper-
sion, however, depended on the antibiotic as well as 
dose. At time T48, ‘mixture high’ samples displayed sig-
nificantly reduced dispersion compared to control sam-
ples (p = 0.027, Fig.  3), while ‘ampicillin high’ displayed 
significantly increased dispersion compared to con-
trol and ‘ampicillin low’ samples (p = 0.03 and p = 0.003, 
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respectively, Fig.  3). ‘Streptomycin low’ samples had 
significantly lower beta dispersion compared to con-
trol samples at T96 (p = 0.02, Fig.  3, Supplementary file 
2 Table S6), while ‘streptomycin high’ was not distinct 
from the control group. Low-dose ciprofloxacin sam-
ples displayed increased dispersion compared to control 
and high-dose samples at both T24 (p = 0.018 and 0.03, 
respectively) and T96 (p = 0.0015, Fig. 3).

Patterns in coral bacterial differential abundance are 
dependent upon antibiotic type and dose
No taxa were differentially abundant across time in the 
control samples (Fig. 4, Supplementary file 1 Figure S6). 
However, variable patterns in differential abundance were 

seen based on antibiotic type and dose. Every antibiotic 
treatment, at all doses, resulted in a significant reduction 
of the unclassified Campylobacterales ASV1 (Fig. 4), with 
the largest negative log-fold change occurring in ‘mix-
ture low’ with a log-fold change of -3.9 (Supplemental 
Table 7). At least one dose within each antibiotic group, 
with the exception of ciprofloxacin, also resulted in the 
reduction of ASV3 from the Helicobacteraceae family 
(also within the Campylobacterales order) (Fig. 4). ‘Mix-
ture high’ and ‘mixture low’ and ‘ciprofloxacin high’ and 
‘ciprofloxacin low’ also all displayed reduced abundance 
of Alteromonas (ASV2), while ‘streptomycin high’ was 
the only group in which this taxon increased in relative 
abundance.

Fig. 2 Shannon Diversity calculated at the genus level. Statistical significance was determined by a LMM in which treatment, time, and their interaction 
were set as fixed effects, while tank and unique coral ID were set as nested, random effects. Pairwise comparisons of estimated marginal means were 
calculated and the p-value was adjusted using the Tukey method. Significance codes are as follows: 0 ‘***’, 0.001 ‘**’, and 0.01 ‘0.01’
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Overall, samples treated with the antibiotic mixture 
displayed the largest number of taxa that were signifi-
cantly reduced, with five and four taxa reduced in ‘mix-
ture low’ and ‘mixture high’ groups, respectively (Fig. 4). 
A taxon from the genus Phaeobacter (ASV4) (formerly 
Nautella) was reduced in both mixture doses, and a taxon 
from the Altermonadaceae family (ASV18) decreased in 
‘mixture low’ (Fig. 4). Apart from the Alteromonas taxon 
(ASV2) that had significantly higher relative abundance 
in ‘streptomycin high’ samples, only three other taxa were 
significantly increased by antibiotic treatments. A taxon 
from the family Hyphomonadaceae (ASV12) increased 
significantly in ‘mixture low’, ‘ampicillin low’, and ‘cipro-
floxacin low’ samples relative to pre-treatment samples. 
‘Mixture high’ and ‘ampicillin low’ both displayed ele-
vated abundances of a taxon from the Caedibacter tae-
niospiralis group (ASV9) (Fig. 4). Differential abundance 
patterns for each treatment over time can be seen in Sup-
plemental Fig. 6.

Minor taxa primarily drive network structure and function
Each network was subset to only include the top three 
most abundant ASVs (Campylobacterales order ASV1, 
Alteromonas ASV2, and Helicobacteraceae family ASV3) 
to observe how their relationships changed across net-
works. Several positive co-occurrence relationships 
observed in the control network were also seen across 
the treatment networks. The co-occurrence between 
the Alteromonas ASV2 and an unclassified ASV18 from 
the Alteromonadaceae family was seen in each of the 
networks (Fig. 5), and was, in fact, the only relationship 
conserved in all networks. Interestingly, although this 
interaction was present in each of the networks, its struc-
tural and/or functional importance does not appear con-
sistent among the networks, as the relationship between 
ASV18 and ASV2 forms a distinct cluster away from the 
main network in the mixture network, whereas the co-
occurrence relationship is more central in all other net-
works (Supplementary file 1 Figure S8).

Despite being the most abundant taxon in the control 
samples, Campylobacterales ASV1 was not identified 
as a microbiome network hub node in any of the five 

Fig. 3 Principal components analysis ordination of beta diversity based on Euclidean distances of robust centered log-ratio transformed data (A). Control, 
high, and low doses of each antibiotic were compared within each time point. Ellipses display 95% confidence intervals. Black dots and ellipses at time 0 
represent all samples prior to the treatment. Beta dispersion, as distance-to-centroid, by antibiotic treatment group within a time point (B). Significance 
levels reflect fdr-adjusted p-values. Significance codes are as follows: 0 ‘***’, 0.001 ‘**’, and 0.01 ‘*’
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networks according to centrality metrics such as degree, 
closeness centrality, or eigenvector centrality (Supple-
mental Table 10). This taxon had eigenvector central-
ity scores of 7.99e-08, 4.77e-03, 2.37e-04, and 2.7e-04 
(scores range from 0 to 1, with more influential taxa hav-
ing scores closer to 1) for control, ampicillin, streptomy-
cin, and ciprofloxacin networks, respectively, and did not 
have any significant connections in the mixture network. 
Instead, those taxa with eigenvector centrality scores of 
0.75 or higher were considered hub nodes.

Hub nodes were identified as Chryseobacterium 
(ASV664) and Winogradskyella (ASV25) in the control 
network, Caenarcaniphilales Order ASV406 and Woesia 
(ASV232) in the mixture network, Aquibacter (ASV37), 
ASV654 from the Stappiaceae family, and Labrenzia 
alexandrii (ASV367) in the ampicillin network, Pseudo-
aminobacter (ASV86) and Aestuariibacter (ASV1057) in 
the streptomycin network, and Tropicibacter (ASV329) 
and ASV411 from the Cryomorphaceae family in the 
ciprofloxacin network (Supplementary file 1 Figure S9). 
Degree was also measured to identify highly connected 

taxa. The taxa with the most connections in the control, 
mixture, ampicillin, streptomycin, and ciprofloxacin net-
works were Blastopirellula (ASV503) and MBIC10086 
(ASV2773) (degree = 11), Dadabacterales order ASV485 
(degree = 8), Muricauda ASV21 (degree = 11), Pseudo-
alteromonas (ASV555) (degree = 14), Rhodobacteraceae 
family (ASV263) (degree = 16), respectively.

Water and coral microbiome compositions remain distinct 
from one another before and after antibiotic treatment
Prior to antibiotic treatment, coral and water samples 
displayed distinct microbiome structures (Fig.  6A and 
B). After the 96-hour antibiotic exposure experiment, the 
coral and water samples from the control samples main-
tained this separation (Fig.  6). Furthermore, antibiotic 
exposure appeared to shift both water and coral micro-
bial communities away from their respective untreated 
control groups (Fig. 6A). Interestingly, antibiotic admin-
istration appeared to induce a shift in which bacterial 
community diversity between coral and water samples 
became more similar, although each group remained 

Fig. 4 Volcano plot depicting differentially abundant ASVs by treatment, as determined by ANCOM-BC2. Each treatment group was compared against 
all pretreatment samples (time 0). Points below the horizontal dotted line were not significantly differentially abundant. Each panel contains all samples 
from times 12 through 96 within that antibiotic treatment group
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significantly dissimilar from one another (Fig.  6A, Sup-
plementary file 2 Table S8). This convergence, however, 
appears to be driven by the ampicillin groups, as the 
coral and water were more similar in this treatment than 
in other antibiotic groups (Supplemental Fig.  7), or due 
to the residence time of the corals in the aquaria at the 
final time point. Additionally, we found that the antibi-
otic-induced loss of the dominant Campylobacterales 
ASV in corals was not mirrored in the water samples, 
nor was that taxon found to be established in the water 
column following depletion from the coral host (Fig. 6C). 
In fact, the Campylobacterales ASV was present at very 
low abundance and prevalence in all water samples. This 
ASV was found in 83% of coral samples and accounted 
for 23.6% of the total reads, while it was found in 48.6% 
of water samples and only contributed to 0.04% of the 
total reads. Genera such as Alteromonas and Phaeobacter 
that were identified in coral samples, were identified in 

relatively high abundance in water samples (Fig. 6). Yet, 
interestingly, these taxa were largely eliminated from the 
water column by each antibiotic treatment, whereas the 
reduction of these taxa was more varied across treatment 
groups in the coral samples (Figs. 1 and 6).

Discussion
In this study, we found that a highly relatively abundant 
bacterium in the microbiome of a disease resistant Acro-
pora cervicornis genotype is highly susceptible to anti-
biotics. As a result of the widespread reduction in the 
Campylobacterales ASV, alpha diversity increased in 
many cases, and several bacterial ASVs increased in rela-
tive abundance– suggesting antibiotic-induced dysbiosis 
and a potential supplementation of opportunist bacteria. 
Antibiotic treatment significantly altered bacterial com-
munity structure and diversity by both antibiotic type 
and antibiotic dose, and network analysis revealed that 

Fig. 5 Alluvial plot displaying positive and negative microbial co-occurrence patterns among the top three most relatively abundant ASVs (Campylobac-
terales order ASV1, Alteromonas ASV2, and Helicobacteraceae family ASV3). Co-occurrence patterns were determined using SpiecEasi
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minor taxa are likely playing significant roles in the coral 
microbiome structure and function.

Campylobacterales in disease-resistant Acropora cervicornis
Genera within the order Campylobacterales, namely 
Campylobacter and Arcobacter, have been associated 
with a range of diseases in various coral species [34, 
85–90], although none have been implicated as primary 
pathogens. Furthermore, Campylobacterales metage-
nome-assembled genomes (MAGs) most closely related 
to the genus Arcobacter were enriched in diseased coral 

tissue compared to apparently healthy tissue samples 
[87]. However, since 2019, an uncharacterized ASV 
belonging to the order Campylobacterales dominated 
the microbiomes of some specific genotypes of A. cer-
vicornis, particularly in the same genotype studied here; 
however, there is no evidence suggesting that these corals 
are diseased [91, 93]. In fact, this genotype is one of the 
few A. cervicornis genotypes found to be disease-resis-
tant both ex situ and in situ [90–92, 93 E. Bartels, pers. 
comm.]. Interestingly, despite the high relative abundance 
of Campylobacterales, this dominance is thought to 

Fig. 6 Combined PCA ordination (A) and mean relative abundance plot depicting the top ten most abundant taxa in coral and top ten most abundant 
taxa in water samples at time 0 (B) and time 96 (C). Beta diversity was calculated based on Euclidean distances of robust centered log-ration transformed 
data. Ellipses represent 95% confidence intervals. In panel B, each bar represents the average of six samples for water, and 119 samples for coral. In panel 
C, each water sample bar represents the average of three samples for experimental treatments and five samples for control. Each coral sample bar rep-
resents the average of 19 samples for control, 12 samples for ‘ampicillin low’, ‘ampicillin high’, ‘ciprofloxacin low’, ‘mixture low’, and ‘streptomycin high’, 11 
samples for ‘ciprofloxacin high’ and ‘streptomycin low’, and 9 samples for ‘mixture high’
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represent a shift in microbiome composition over time. 
In samples collected from 2015, corals of this same geno-
type displayed far more even and diverse microbiome 
with very low abundance of this Campylobacterales ASV 
[95].

Since 2015, there have been no reports that this geno-
type has displayed any changes in its disease resistant 
phenotype. Therefore, given this shift toward a Campy-
lobacterales-dominated microbiome, there may exist at 
least two microbiome states that are capable of support-
ing disease resistance in A. cervicornis, yet the implica-
tions of reduced microbiome evenness remain unclear 
and further disease experiments are needed. It is pos-
sible that the shift toward single-taxon dominance may 
ultimately be detrimental to the system, as observed in 
disease-susceptible A. cervicornis genotypes dominated 
by the intracellular bacterial parasite Ca. Aquarickettsia 
rohweri [95]. More likely, the association of this Cam-
pylobacterales taxon may be indicative of a newly estab-
lished, potentially beneficial, symbiotic relationship 
in response to chronic nutrient enrichment on reefs, 
as many taxa within the Campylobacterales order are 
important contributors to sulfur and nitrogen cycling 
[96–98]. Some members reduce nitrate to ammonium, 
which is potentially important on reefs as nitrate enrich-
ment alone is known to exacerbate thermal bleaching 
outcomes and hinder coral growth rates, while slight 
ammonium enrichment, coupled with natural sources of 
phosphorous, may be beneficial to coral growth [91, 96, 
99, 100]. In a recent study, the microbiome of the same A. 
cervicornis genotype used in the present study was stable 
in response to acute nutrient enrichment, including the 
maintenance of Campylobacterales dominance through-
out treatment [91]. Therefore, it was hypothesized that 
the microbiome structure of this disease-resistant gen-
otype may provide some tolerance to environmental 
stressors [91]. Interestingly, despite the significant loss 
of this dominant ASV following the antibiotic challenge, 
there were no immediate, visible signs of host health 
decline (i.e., no loss of pigment or tissue sloughing), no 
striking changes in co-occurrence relationships of this 
taxon among networks, nor were there drastic shifts in 
the number of taxa co-occurring with this ASV. This may 
indicate that the Campylobacterales ASV1 is not a spe-
cies generalist in the microbiome, as it only interacts with 
a select few other taxa in the networks [101]. Given its 
rapid loss, yet concomitant apparent host health stability, 
we hypothesize that the Campylobacterales taxon itself is 
not required to maintain disease resistance and is rather 
a nonobligatory association.

Reduction in a Campylobacterales ASV potentially supports 
an increase of other taxa
In this study, we show that the Campylobacterales ASV1 
was highly susceptible to all antibiotic treatments (Fig. 4) 
and that taxa associated with coral stress response 
increase in relative abundance to presumably inhabit the 
niche space that the Campylobacterales occupied. The 
second-most reduced ASV in this study was from the 
Helicobacteraceae family, which is also within the Cam-
pylobacterales order, and which was reduced in all treat-
ment groups except for ciprofloxacin and ‘streptomycin 
low’ (Figs.  1 and 4). Given the constraints of relative 
abundance analyses and compositional data, it is difficult 
to discern whether there are true increases in taxa fol-
lowing a reduction in a more dominant ASV, or if they 
simply appear to increase. Therefore, without measuring 
total bacterial abundance, the conclusions drawn from 
changes in taxa relative abundance limit our understand-
ing of the true implications of antibiotics on the micro-
biome. To definitively track these changes in bacterial 
abundance, methods such as quantitative or digital PCR 
are needed, although the methods and costs to do so also 
limit their approachability for such a large, nested study.

Among the taxa that were positively enriched in 
response to antibiotic treatment, P3OB-42 (ASV5; Myxo-
coccales) and Caedibacter taeniospiralis (ASV9) are of 
particular interest. The taxon P3OB-42 is hypothesized 
to play a role in pathogen regulation in A. cervicornis, as 
higher relative abundances of this taxon were associated 
with corals that were exposed to disease, yet remained 
visually unaffected [102]. In a plant agricultural system, 
Myxococcales spp. were also shown to inhibit phyto-
pathogen infection [103]. Given the putative commensal 
nature of Myxococcales, the increase in this taxon may 
result from antibiotic-induced disruption to the coral 
surface mucus layer (SML), thereby exposing the coral 
to potential invasion as the SML normally serves as a 
first line of defense via niche occlusion and antimicro-
bial properties [18, 104]. Interestingly, species within the 
P3OB-42 genus are also known antibiotic degraders– 
specifically sulfonamides and beta-lactam antibiotics 
[105, 106]– which may explain the significant enrichment 
of this taxon in response to a low dose of ampicillin and 
high dose of the antibiotic mixture (Fig. 4).

The other notable bacterium that increased in relative 
abundance following antibiotic treatment was from the 
Caedibacter taeniospiralis group (closely related to the 
genus Cysteiniphilum: BLASTn 100% sequence identity), 
which is a known obligate intracellular symbiont of the 
paramecium Paramecium tetraurelia, capable of confer-
ring a fitness advantage to the host by producing refrac-
tile bodies that kill other paramecia [107, 108]. Although 
this paramecium has not been documented in cor-
als– healthy or diseased– ciliated protozoans are often 
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associated with disease incidence [89, 109, 110]. Recently, 
the Caedibacter taeniospiralis group was also identified 
at higher abundances in diseased corals exposed to both 
white band disease type I and the coral pathogen, Serra-
tia marcescens [111]. In the present study, and in Young 
et al., 2023, the Caedibacter taeniospiralis group had 
lower abundance in controls. Similarly, the closely related 
taxon, Cysteiniphilum litorale was found in significantly 
higher relative abundance in WBD-afflicted A. cervicor-
nis (77.5% ± 5.1% SE) compared to healthy corals (2.9% ± 
1.2% SE) [112]. Using machine learning and transmission 
experiments, this ASV was further identified as a poten-
tial WBD pathogen [112], thereby indicating that the 
increase of this taxon is likely due to burgeoning oppor-
tunistic establishment.

Dose-dependent differences in bacterial responses
Our results suggest that care must be taken to iden-
tify the most appropriate antibiotic dose to treat coral 
disease, as we found that different antibiotics result 
in dramatically different microbial community struc-
tures compared to control samples. Further, we found 
that increased dose does not simply magnify the effect 
of change but rather can result in strikingly different 
community compositions– especially after prolonged 
exposure (Fig.  3). This dose-dependent effect was dem-
onstrated by an Alteromonas ASV, which was reduced 
by the low dose of streptomycin (although not signifi-
cantly), yet paradoxically proliferated in the high dose 
(Figs.  1 and 4). A BLASTn search revealed that this 
ASV shared 100% sequence identity with Alteromonas 
macleodii (e-value = 4e− 127), and strains within this spe-
cies are known to be either fully resistant to antibiotics 
including streptomycin or only slightly sensitive to oth-
ers such as ampicillin [113]. Given this resistance, it is 
likely that, in conjunction with the effects of antibiotic 
photodegradation, the low streptomycin treatment may 
have been administered at an effective dose. In the high 
dose, however, resistant strains of this taxon were pos-
sibly able to overcome the high concentration of antibi-
otics and then actively outcompete other bacteria [114]. 
It must be noted, however, that there is great diversity at 
the strain level within A. macleodii; therefore, without 
additional genomic information, the mechanisms of this 
shift remain largely unknown [115].

Implications of antibiotic use
Despite their persistence and accumulation in the envi-
ronment, antibiotics in aquatic systems are subject to 
various degradation mechanisms that further affect 
concentration. Photodegradation, hydrolysis, microbial 
degradation, and changes in pH and temperature, all con-
tribute to reducing an antibiotic’s half-life [116–118]. In 
targeted therapeutic applications, these processes pose 

additional challenges for proper dosing which, as seen in 
this study, can drastically affect microbiome diversity and 
composition. Many of these processes, however, do not 
eliminate antibiotics entirely. Instead, these antibiotics 
are often reduced to subinhibitory concentrations, which 
may favor a shift toward microbial antibiotic tolerance 
and persistence in the system, thereby further complicat-
ing disease control [119].

Many coral diseases either have unknown etiological 
agents or are thought to be polymicrobial [34, 43, 85]. 
For this reason, broad-spectrum antibiotics are often 
employed to target a wide range of bacteria, but their use 
may have unintended ramifications. Given the variable 
range of inhibitory concentrations that antibiotics have 
on specific bacteria, it is difficult to develop a directed 
therapy that evenly targets each taxon of interest. Perhaps 
an antibiotic effectively targets one member of the poly-
microbial consortia, which in turn provides the opportu-
nity for an antibiotic-degrading bacteria to flourish, and 
potentially shield the other disease-associated taxa. In a 
recent study, researchers reported that normally com-
mensal, beta-lactam degrading bacteria in the mouse gut 
may inadvertently protect a normally antibiotic-sensitive 
pathogen from the effects of ampicillin through com-
mensal-mediated pathogen shielding [120]. Although the 
aforementioned study was conducted in a mouse model, 
similar mechanisms may be present in other systems. 
Given that antibiotic treatment does not always result in 
permanent disease cessation, this may indicate that one 
or more of the suspected pathogens may be initially sus-
ceptible but ultimately receive a level of protection due 
to antibiotic-degrading bacteria, or acquire resistance 
through horizontal gene transfer, thereby allowing the 
pathogen(s) to proliferate further.

Disturbances such as antibiotic treatment can destabi-
lize a microbiome not only due to the direct bactericidal 
effects, but also in ways that transform microbe-microbe 
interactions. Increased positive co-occurrence patterns 
may present increased opportunities for positive feed-
back loops and unchecked proliferation in the micro-
biome, which are hypothesized to negatively affect 
microbiome stability, whereas competitive relationships 
are thought to assist in stability [11, 121]. Therefore, in 
addition to understanding how antibiotics affect the 
microbiome composition of target and off-target species, 
intervention strategies must also understand the effects 
these treatments have on microbial interactions as a 
whole.

Conclusions
In this study, we found that following antibiotic pertur-
bation, the abundance of a dominant, unclassified Cam-
pylobacterales taxon was significantly reduced by each 
antibiotic and dose. Despite varying implications of 
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Campylobacterales in coral disease, the taxon described 
here does not appear to be associated with negative 
health effects in this coral genotype, although its capac-
ity for commensalism and the implications of its loss 
remains unknown. Given the ecologically threatened 
state of many corals, antibiotics may provide a short-term 
approach to slow disease progression, yet dose range 
finding, off-target effects, and understanding how micro-
biome manipulation may affect a host’s long-term ability 
to combat future disturbances must be taken into con-
sideration when assessing the risks and rewards of this 
approach. We also emphasize that although antibiotics 
have shown promise in disease mitigation, deliberately 
adding antibiotics to the environment should not serve as 
a permanent solution, and ethical considerations must be 
taken to understand the global, long-term implications of 
intervention strategies.

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  4 0 7 9 3 - 0 2 5 - 0 0 7 0 9 - 2.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We would like to acknowledge staff at Mote Marine Laboratory’s IC2R3 for 
assisting with specimen collection and CAOS system monitoring. We would 
also like to thank Oregon State University’s Center for Quantitative Life 
Sciences for next-generation sequencing services.

Author contributions
S.P. conceptualized the study, performed the investigation, conducted 
the formal analysis, generated all figures, wrote the original draft of the 
manuscript, reviewed and edited the manuscript, and acquired funding. D.P.P. 
conceptualized the study, performed the investigation, conducted the formal 
analysis, and reviewed and edited the manuscript. E.F. conceptualized the 
study, performed the investigation, and reviewed and edited the manuscript. 
G.K. Reviewed and edited the manuscript. E.M.M. reviewed and edited the 
manuscript. R.L.V.T. conceptualized the study, performed the investigation, 
acquired funding, provided supervision, wrote the original draft of the 
manuscript, and reviewed and edited the manuscript.

Funding
This work was funded by the U.S. National Science Foundation (NSF) grant 
awarded to Rebecca L. Vega Thurber (Award Number 2025457), as well as by 
an NSF Graduate Research Fellowship Program award granted to Sunni Patton 
(Award Number 2139319).

Data availability
Scriptsusedforbioinformaticandstatisticalanalysescanbefoundat:  h t t p  s : /  / g i t  h u  
b . c  o m /  p a t t  o n  s u n  n i /  R o L _  A n  t i b i o t i c s _ G 7. The 16S rRNA dataset supporting the 
conclusions of this article is available in the NCBI Sequence Read Archive (SRA) 
repository under the BioProject accession number PRJNA1165811. Interactive 
networks can be accessed by the following link  h t t p  s : /  / w w w  . n  d e x  b i o  . o r g  / #  / n 
e  t w o  r k s e  t /  b e c  7 7 9  a 5 - 7  d 0  f - 1  1 e f  - a d 6  c -  0 0 5  0 5 6  a e 3 c  3 2  ? a c  c e s  s k e y  = e  e 1 d  b 6 b  8 4 a 4  
8 9  b 3 9  1 e 5  f b c b  c 8  c d f  1 a c  7 1 b e  c d  0 e a b c c 5 b 8 4 e e 5 2 b 3 0 8 2 2 d a 2 6 a 7 4.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 4 November 2024 / Accepted: 16 April 2025

References
1. Sommer F, Bäckhed F. The gut microbiota — masters of host development 

and physiology. Nat Rev Microbiol. 2013;11:227–38.
2. Smith K, McCoy KD, Macpherson AJ. Use of axenic animals in studying the 

adaptation of mammals to their commensal intestinal microbiota. Semin 
Immunol. 2007;19:59–69.

3. Spragge F, Bakkeren E, Jahn MT, Araujo BN, Pearson E, Wang CF. Microbi-
ome diversity protects against pathogens by nutrient blocking. Science. 
2023;382:eadj3502.

4. Shabat SKB, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg Miller 
ME, et al. Specific microbiome-dependent mechanisms underlie the energy 
harvest efficiency of ruminants. ISME J. 2016;10:2958–72.

5. Gould AL, Zhang V, Lamberti L, Jones EW, Obadia B, Korasidis N et al. Microbi-
ome interactions shape host fitness. Proceedings of the National Academy of 
Sciences. 2018;115:E11951–60.

6. Lynch JB, Hsiao EY. Microbiomes as sources of emergent host phenotypes. 
Science. 2019;365:1405–9.

7. Trevelline BK, Kohl KD. The gut microbiome influences host diet selec-
tion behavior. Proceedings of the National Academy of Sciences. 
2022;119:e2117537119.

8. Chen L, Garmaeva S, Zhernakova A, Fu J, Wijmenga C. A system biology 
perspective on environment–host–microbe interactions. Hum Mol Genet. 
2018;27:R187–94.

9. Cheng YT, Zhang L, He SY. Plant-Microbe interactions facing environmental 
challenge. Cell Host Microbe. 2019;26:183–92.

10. Vega Thurber R, Mydlarz LD, Brandt M, Harvell D, Weil E, Raymundo L et al. 
Deciphering coral disease dynamics: integrating host, microbiome, and the 
changing environment. Front Ecol Evol. 2020;8.

11. Coyte KZ, Schluter J, Foster KR. The ecology of the microbiome: networks, 
competition, and stability. Science. 2015;350:663–6.

12. Glasl B, Herndl GJ, Frade PR. microbiome of coral surface mucus has a key 
role in mediating holobiont health and survival upon disturbance| The ISME 
Journal| Oxford Academic. 2016.  h t t p  s : /  / a c a  d e  m i c  . o u  p . c o  m /  i s m  e j /  a r t i  c l  e / 1 0 / 
9 / 2 2 8 0 / 7 5 3 8 2 4 3. Accessed 5 Apr 2024.

13. Tamboli CP, Neut C, Desreumaux P, Colombel JF. Dysbiosis in inflammatory 
bowel disease. Gut. 2004;53:1–4.

14. Petersen C, Round JL. Defining dysbiosis and its influence on host immunity 
and disease. Cell Microbiol. 2014;16:1024–33.

15. Zaneveld JR, McMinds R, Vega Thurber R. Stress and stability: applying the 
Anna karenina principle to animal microbiomes. Nat Microbiol. 2017;2:1–8.

16. Bourne DG, Webster NS. Coral reef bacterial communities. In: Rosenberg E, 
DeLong EF, Lory S, Stackebrandt E, Thompson F, editors. The prokaryotes: 
prokaryotic communities and ecophysiology. Berlin, Heidelberg: Springer; 
2013. pp. 163–87.

17. Sweet MJ, Croquer A, Bythell JC. Bacterial assemblages differ between com-
partments within the coral holobiont. Coral Reefs. 2011;30:39–52.

18. Shnit-Orland M, Kushmaro A. Coral mucus-associated bacteria: a possible first 
line of defense. FEMS Microbiol Ecol. 2009;67:371–80.

19. Sharp KH, Ritchie KB, Schupp PJ, Ritson-Williams R, Paul VJ. Bacterial acquisi-
tion in juveniles of several broadcast spawning coral species. PLoS ONE. 
2010;5:e10898.

20. Lough JM. 1997–98: unprecedented thermal stress to coral reefs? Geophys 
Res Lett. 2000;27:3901–4.

21. Walker DI, Ormond RFG. Coral death from sewage and phosphate pollution 
at Aqaba, red sea. Mar Pollut Bull. 1982;13:21–5.

22. Miller MW, Karazsia J, Groves CE, Griffin S, Moore T, Wilber P, et al. Detecting 
sedimentation impacts to coral reefs resulting from dredging the Port of 
Miami, Florida USA. PeerJ. 2016;4:e2711.

23. Rogers C. Responses of coral reefs and reef organisms to sedimentation. Mar 
Ecol Prog Ser. 1990;62:185–202.

https://doi.org/10.1186/s40793-025-00709-2
https://doi.org/10.1186/s40793-025-00709-2
https://github.com/pattonsunni/RoL_Antibiotics_G7
https://github.com/pattonsunni/RoL_Antibiotics_G7
https://www.ndexbio.org/#/networkset/bec779a5-7d0f-11ef-ad6c-005056ae3c32?accesskey=ee1db6b84a489b391e5fbcbc8cdf1ac71becd0eabcc5b84ee52b30822da26a74
https://www.ndexbio.org/#/networkset/bec779a5-7d0f-11ef-ad6c-005056ae3c32?accesskey=ee1db6b84a489b391e5fbcbc8cdf1ac71becd0eabcc5b84ee52b30822da26a74
https://www.ndexbio.org/#/networkset/bec779a5-7d0f-11ef-ad6c-005056ae3c32?accesskey=ee1db6b84a489b391e5fbcbc8cdf1ac71becd0eabcc5b84ee52b30822da26a74
https://academic.oup.com/ismej/article/10/9/2280/7538243
https://academic.oup.com/ismej/article/10/9/2280/7538243


Page 16 of 17Patton et al. Environmental Microbiome           (2025) 20:46 

24. Miller MW, Hay ME. Effects of fish predation and seaweed competition on the 
survival and growth of corals. Oecologia. 1998;113:231–8.

25. Dilworth J, Million WC, Ruggeri M, Hall ER, Dungan AM, Muller EM et al. 
Synergistic response to climate stressors in coral is associated with genotypic 
variation in baseline expression. Proceedings of the Royal Society B: Biologi-
cal Sciences. 2024;291:20232447.

26. Ezzat L, Merolla S, Clements CS, Munsterman KS, Landfield K, Stensrud C et al. 
Thermal stress interacts with Surgeonfish feces to increase coral susceptibility 
to dysbiosis and reduce tissue regeneration. Front Microbiol. 2021;12.

27. Shaver EC, Shantz AA, McMinds R, Burkepile DE, Vega Thurber RL, Silliman BR. 
Effects of predation and nutrient enrichment on the success and Microbi-
ome of a foundational coral. Ecology. 2017;98:830–9.

28. Vega Thurber RL, Burkepile DE, Fuchs C, Shantz AA, McMinds R, Zaneveld 
JR. Chronic nutrient enrichment increases prevalence and severity of coral 
disease and bleaching. Glob Change Biol. 2014;20:544–54.

29. Wang L, Shantz AA, Payet JP, Sharpton TJ, Foster A, Burkepile DE et al. Corals 
and their microbiomes are differentially affected by exposure to elevated 
nutrients and a natural thermal anomaly. Front Mar Sci. 2018;5.

30. Zaneveld JR, Burkepile DE, Shantz AA, Pritchard CE, McMinds R, Payet JP, et al. 
Overfishing and nutrient pollution interact with temperature to disrupt coral 
reefs down to microbial scales. Nat Commun. 2016;7:11833.

31. Maher RL, Rice MM, McMinds R, Burkepile DE, Vega Thurber R. Multiple 
stressors interact primarily through antagonism to drive changes in the coral 
Microbiome. Sci Rep. 2019;9:6834.

32. Antonius A. Coral diseases in the Indo-Pacific: A first record. Mar Ecol. 
1985;6:197–218.

33. Sutherland KP, Porter JW, Torres C. Disease and immunity in Caribbean and 
Indo-Pacific zooxanthellate corals. Mar Ecol Prog Ser. 2004;266:273–302.

34. Vega Thurber RL, Silva D, Speare L, Croquer A, Veglia AJ, Alvarez-Filip L et al. 
Coral disease: direct and indirect agents, mechanisms of disease, and innova-
tions for increasing resistance and resilience. 2024.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 4 6  / a  n 
n u  r e v  - m a r  i n  e - 0 1 1 1 2 3 - 1 0 2 3 3 7

35. Mera H, Bourne DG. Disentangling causation: complex roles of coral-associ-
ated microorganisms in disease. Environ Microbiol. 2018;20:431–49.

36. Moriarty T, Leggat W, Huggett MJ, Ainsworth TD. Coral disease causes, conse-
quences, and risk within coral restoration. Trends Microbiol. 2020;28:793–807.

37. Carlton RG, Richardson LL. Oxygen and sulfide dynamics in a horizontally 
migrating cyanobacterial mat: black band disease of corals. FEMS Microbiol 
Ecol. 1995;18:155–62.

38. Morais J, Cardoso APLR, Santos BA. A global synthesis of the current knowl-
edge on the taxonomic and geographic distribution of major coral diseases. 
Environ Adv. 2022;8:100231.

39. Sweet M, Bythell J. White syndrome in Acropora muricata: nonspecific bacte-
rial infection and ciliate histophagy. Mol Ecol. 2015;24:1150–9.

40. Ushijima B, Meyer JL, Thompson S, Pitts K, Marusich MF, Tittl J et al. Disease 
diagnostics and potential coinfections by Vibrio coralliilyticus during an 
ongoing coral disease outbreak in Florida. Front Microbiol. 2020;11.

41. Hernandez-Agreda A, Gates RD, Ainsworth TD. Defining the core Microbiome 
in corals’ microbial soup. Trends Microbiol. 2017;25:125–40.

42. Ainsworth D, Krause T, Bridge L, Torda T, Raina G, Zakrzewski J-B. The coral 
core Microbiome identifies rare bacterial taxa as ubiquitous endosymbionts. 
ISME J. 2015;9:2261–74.

43. Frias-Lopez J, Klaus JS, Bonheyo GT, Fouke BW. Bacterial community 
associated with black band disease in corals. Appl Environ Microbiol. 
2004;70:5955–62.

44. Rosales SM, Huebner LK, Evans JS, Apprill A, Baker AC, Becker CC, et al. A 
meta-analysis of the stony coral tissue loss disease Microbiome finds key 
bacteria in unaffected and lesion tissue in diseased colonies. ISME Commun. 
2023;3:19.

45. Toledo-Hernández C, Zuluaga-Montero A, Bones-González A, Rodríguez 
JA, Sabat AM, Bayman P. Fungi in healthy and diseased sea fans (Gorgo-
nia ventalina): is Aspergillus sydowii always the pathogen? Coral Reefs. 
2008;27:707–14.

46. Precht WF, Gintert BE, Robbart ML, Fura R, van Woesik R. Unprecedented 
Disease-Related coral mortality in southeastern Florida. Sci Rep. 2016;6:31374.

47. Walton CJ, Hayes NK, Gilliam DS. Impacts of a regional, Multi-Year, Multi-
Species coral disease outbreak in Southeast Florida. Front Mar Sci. 2018;5.

48. Sharp WC, Shea CP, Maxwell KE, Muller EM, Hunt JH. Evaluating the small-
scale epidemiology of the stony-coral -tissue-loss-disease in the middle 
Florida keys. PLoS ONE. 2020;15:e0241871.

49. Hawthorn AC, Dennis M, Kiryu Y, Landsberg J, Peters E, Work TM. Stony coral 
tissue loss disease (SCTLD) case definition for wildlife. U.S. Geological Survey; 
2024.

50. Aronson RB, Precht WF. White-band disease and the changing face of Carib-
bean coral reefs. Hydrobiologia. 2001;460:25–38.

51. Kline DI, Vollmer SV. White band disease (type I) of endangered Caribbean 
acroporid corals is caused by pathogenic Bacteria. Sci Rep. 2011;1:7.

52. Aeby GS, Ushijima B, Campbell JE, Jones S, Williams GJ, Meyer JL et al. Patho-
genesis of a tissue loss disease affecting multiple species of corals along the 
Florida reef tract. Front Mar Sci. 2019;6.

53. Forrester GE, Arton L, Horton A, Nickles K, Forrester LM. Antibiotic treatment 
ameliorates the impact of stony coral tissue loss disease (SCTLD) on coral 
communities. Front Mar Sci. 2022;9.

54. Neely KL, Macaulay KA, Hower EK, Dobler MA. Effectiveness of topical 
antibiotics in treating corals affected by stony coral tissue loss disease. PeerJ. 
2020;8:e9289.

55. Shilling EN, Combs IR, Voss JD. Assessing the effectiveness of two interven-
tion methods for stony coral tissue loss disease on Montastraea cavernosa. 
Sci Rep. 2021;11:8566.

56. Walker BK, Turner NR, Noren HKG, Buckley SF, Pitts KA. Optimizing stony coral 
tissue loss disease (SCTLD) intervention treatments on Montastraea caver-
nosa in an endemic zone. Front Mar Sci. 2021;8.

57. Zhang R, Zhang R, Yu K, Wang Y, Huang X, Pei J, et al. Occurrence, sources and 
transport of antibiotics in the surface water of coral reef regions in the South 
China Sea: potential risk to coral growth. Environ Pollut. 2018;232:450–7.

58. Connelly MT, McRae CJ, Liu P-J, Martin CE, Traylor-Knowles N. Antibiotics alter 
Pocillopora Coral-Symbiodiniaceae-Bacteria interactions and cause microbial 
dysbiosis during heat stress. Front Mar Sci. 2022;8.

59. Gilbert JA, Hill R, Doblin MA, Ralph PJ. Microbial consortia increase thermal 
tolerance of corals. Mar Biol. 2012;159:1763–71.

60. Connelly MT, Snyder G, Palacio-Castro AM, Gillette PR, Baker AC, Traylor-
Knowles N. Antibiotics reduce Pocillopora coral-associated bacteria diversity, 
decrease holobiont oxygen consumption and activate immune gene expres-
sion. Mol Ecol. 2023;32:4677–94.

61. Sweet M. Experimental antibiotic treatment identifies potential pathogens of 
white band disease in the endangered Caribbean coral Acropora cervicornis| 
Proceedings of the Royal Society B: Biological Sciences. 2014.  h t t p  s : /  / d o i  . o  r g /  
1 0 .  1 0 9 8  / r  s p b . 2 0 1 4 . 0 0 9 4. Accessed 3 Apr 2024.

62. Tipper DJ. Mode of action of -Lactam antibiotics. Clin Infect Dis. 1979;1:39–53.
63. Davis BD. Mechanism of bactericidal action of aminoglycosides. Microbiol 

Rev. 1987;51:341–50.
64. Wolfson J, Hooper D. The fluoroquinolones: structures, mechanisms of action 

and resistance, and spectra of activity in vitro. Infect Dis Newsl. 1986;5:14.
65. Apprill A, McNally S, Parsons R, Weber L. Minor revision to V4 region SSU rRNA 

806R gene primer greatly increases detection of SAR11 bacterioplankton. 
Aquat Microb Ecol. 2015;75:129–37.

66. Silva DP, Epstein HE, Vega Thurber RL. Frontiers| Best practices for generating 
and analyzing 16S rRNA amplicon data to track coral microbiome dynamics. 
2023.  h t t p  s : /  / w w w  . f  r o n  t i e  r s i n  . o  r g /  j o u  r n a l  s /  m i c  r o b  i o l o  g y  / a r  t i c  l e s /  1 0  . 3 3  8 9 /  f m i 
c  b .  2 0 2 2 . 1 0 0 7 8 7 7 / f u l l. Accessed 26 Apr 2024.

67. Ewels P, Magnusson M, Lundin S, Käller M. MultiQC: summarize analysis 
results for multiple tools and samples in a single report. Bioinformatics. 
2016;32:3047–8.

68. Martin M. Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet J. 2011;17:10–2.

69. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: high resolution sample inference from illumina amplicon data. Nat 
Methods. 2016;13:581–3.

70. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA 
ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res. 2013;41(Database issue):D590–6.

71. McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible interactive 
analysis and graphics of Microbiome census data. PLoS ONE. 2013;8:e61217.

72. Davis NM, Proctor DM, Holmes SP, Relman DA, Callahan BJ. Simple statistical 
identification and removal of contaminant sequences in marker-gene and 
metagenomics data. Microbiome. 2018;6:226.

73. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D et al. 
vegan: Community Ecology Package. Ordination methods, diversity analysis 
and other functions for community and vegetation ecologists. Version 2.4-3. 
URL  h t t p  s : /  / C R A  N .  R - p  r o j  e c t .  o r  g / p a c k a g e = v e g a n. 2017.

74. Bates D, Mächler M, Bolker BM, Walker SC. Fitting linear mixed-effects models 
using lme4. J Stat Softw. 2015;67:undefined–undefined.

https://doi.org/10.1146/annurev-marine-011123-102337
https://doi.org/10.1146/annurev-marine-011123-102337
https://doi.org/10.1098/rspb.2014.0094
https://doi.org/10.1098/rspb.2014.0094
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.1007877/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.1007877/full
https://CRAN.R-project.org/package=vegan


Page 17 of 17Patton et al. Environmental Microbiome           (2025) 20:46 

75. Lenth RV. Least-Squares means: the R package Lsmeans. J Stat Softw. 
2016;69:1–33.

76. Barnett DJ, m, Arts IC, w, Penders J. MicroViz: an R package for Microbiome 
data visualization and statistics. J Open Source Softw. 2021;6:3201.

77. Martino C, Morton JT, Marotz CA, Thompson LR, Tripathi A, Knight R, et al. 
A novel sparse compositional technique reveals microbial perturbations. 
mSystems. 2019;4:e00016–19.

78. Martinez Arbizu P, Martinez Arbizu P. (2020). pairwiseAdonis: Pairwise multi-
level comparison using adonis. R package version 0.4. 2020.

79. Lin H, Peddada SD. Analysis of compositions of microbiomes with bias cor-
rection - PMC. 2020.  h t t p  s : /  / w w w  . n  c b i  . n l  m . n i  h .  g o v  / p m  c / a r  t i  c l e s / P M C 7 3 6 0 7 6 
9 /. Accessed 26 Apr 2024.

80. Liu C, Cui Y, Li X, Yao M. Microeco: an R package for data mining in microbial 
community ecology. FEMS Microbiol Ecol. 2021;97:fiaa255.

81. Kurtz ZD, Müller CL, Miraldi ER, Littman DR, Blaser MJ, Bonneau RA. Sparse 
and compositionally robust inference of microbial ecological networks. PLoS 
Comput Biol. 2015;11:e1004226.

82. Csardi G, Nepusz T. The Igraph software package for complex network 
research. Complex Systems: InterJournal; 2006.

83. Liu C, Li C, Jiang Y, Zeng RJ, Yao M, Li X. A guide for comparing microbial co-
occurrence networks. iMeta. 2023;2:e71.

84. Franz M, Lopes CT, Huck G, Dong Y, Sumer O, Bader GD. Cytoscape.js: a graph 
theory library for visualisation and analysis. Bioinformatics. 2016;32:309–11.

85. Frias-Lopez J, Zerkle AL, Bonheyo GT, Fouke BW. Partitioning of bacterial 
communities between seawater and healthy, black band diseased, and dead 
coral surfaces. Appl Environ Microbiol. 2002;68:2214–28.

86. Gignoux-Wolfsohn SA, Vollmer SV. Identification of candidate coral 
pathogens on white band Disease-Infected Staghorn coral. PLoS ONE. 
2015;10:e0134416.

87. Rosales SM, Huebner LK, Clark AS, McMinds R, Ruzicka RR, Muller EM. Bacterial 
metabolic potential and Micro-Eukaryotes enriched in stony coral tissue loss 
disease lesions. Front Mar Sci. 2022;8.

88. Sunagawa S, DeSantis TZ, Piceno YM, Brodie EL, DeSalvo MK, Voolstra CR, et al. 
Bacterial diversity and white plague Disease-associated community changes 
in the Caribbean coral Montastraea faveolata. ISME J. 2009;3:512–21.

89. Sweet M, Bythell J. Ciliate and bacterial communities associated with white 
syndrome and brown band disease in reef-building corals. Environ Microbiol. 
2012;14:2184–99.

90. Soffer N, Zaneveld J, Vega Thurber R. Phage–bacteria network analysis and 
its implication for the Understanding of coral disease. Environ Microbiol. 
2015;17:1203–18.

91. Klinges JG, Patel SH, Duke WC, Muller EM, Vega Thurber RL. Microbiomes of a 
disease-resistant genotype of Acropora cervicornis are resistant to acute, but 
not chronic, nutrient enrichment. Sci Rep. 2023;13:3617.

92. Muller EM, Bartels E, Baums IB. Bleaching causes loss of disease resistance 
within the threatened coral species Acropora cervicornis. Elife. 2018;7:e35066.

93. Miller MW, Colburn PJ, Pontes E, Williams DE, Bright AJ, Serrano XM, et al. 
Genotypic variation in disease susceptibility among cultured stocks of 
Elkhorn and Staghorn corals. PeerJ. 2019;7:e6751.

94. Williams SD, Klinges JG, Zinman S, Clark AS, Bartels E, Villoch Diaz Maurino 
M, et al. Geographically driven differences in microbiomes of Acropora 
cervicornis originating from different regions of Florida’s coral reef. PeerJ. 
2022;10:e13574.

95. Klinges G, Maher RL, Vega Thurber RL, Muller EM. Parasitic ‘candidatus Aquar-
ickettsia Rohweri’ is a marker of disease susceptibility in Acropora cervicornis 
but is lost during thermal stress. Environ Microbiol. 2020;22:5341–55.

96. Luijten MLGC, de Weert J, Smidt H, Boschker HTS, de Vos WM, Schraa G, 
et al. Description of Sulfurospirillum halorespirans Sp. Nov., an anaerobic, 
tetrachloroethene-respiring bacterium, and transfer of Dehalospirillum mul-
tivorans to the genus Sulfurospirillum as Sulfurospirillum multivorans comb. 
Nov. Int J Syst Evol MicroBiol. 2003;53:787–93.

97. Scholz-Muramatsu H, Neumann A, Meßmer M, Moore E, Diekert G. Isolation 
and characterization of Dehalospirillum multivorans gen. Nov., Sp. Nov., a 
tetrachloroethene-utilizing, strictly anaerobic bacterium. Arch Microbiol. 
1995;163:48–56.

98. van der Stel A-X, Wösten MMSM. Regulation of respiratory pathways in Cam-
pylobacterota: A review. Front Microbiol. 2019;10:1719.

99. Shantz AA, Burkepile DE. Context-dependent effects of nutrient loading on 
the coral–algal mutualism. Ecology. 2014;95:1995–2005.

100. Klinges JG, Patel SH, Duke WC, Muller EM, Vega Thurber RL. Phosphate enrich-
ment induces increased dominance of the parasite Aquarickettsia in the coral 
Acropora cervicornis. FEMS Microbiol Ecol. 2022;98:fiac013.

101. Guseva K, Darcy S, Simon E, Alteio LV, Montesinos-Navarro A, Kaiser C. 
From diversity to complexity: microbial networks in soils. Soil Biol Biochem. 
2022;169:108604.

102. Rosales SM, Miller MW, Williams DE, Traylor-Knowles N, Young B, Serrano XM. 
Microbiome differences in disease-resistant vs. susceptible Acropora corals 
subjected to disease challenge assays. Sci Rep. 2019;9:18279.

103. Dobrovol’skaya TG, Khusnetdinova KA, Manucharova NA, Balabko PN. The 
structure and functions of bacterial communities in an agrocenosis. Eurasian 
Soil Sc. 2016;49:70–6.

104. Krediet CJ, Ritchie KB, Paul VJ, Teplitski M. Coral-associated micro-organisms 
and their roles in promoting coral health and thwarting diseases. Proc Royal 
Soc B: Biol Sci. 2013;280:20122328.

105. Chen J, Gao M, Zhao Y, Guo L, Jin C, Ji J, et al. Nitrogen and sulfamethoxazole 
removal in a partially saturated vertical flow constructed wetland treating 
synthetic mariculture wastewater. Bioresour Technol. 2022;358:127401.

106. Guo N, Liu M, Yang Z, Wu D, Chen F, Wang J, et al. The synergistic mechanism 
of β-lactam antibiotic removal between ammonia-oxidizing microorganisms 
and heterotrophs. Environ Res. 2023;216:114419.

107. Beale GH, Jurand A, Preer JR. The classes of endosymbiont of Paramecium 
Aurelia. J Cell Sci. 1969;5:65–91.

108. Beier CL, Horn M, Michel R, Schweikert M, Görtz H-D, Wagner M. The genus 
Caedibacter comprises endosymbionts of Paramecium spp. Related to the 
Rickettsiales (Alphaproteobacteria) and to Francisella tularensis (Gammapro-
teobacteria). Appl Environ Microbiol. 2002;68:6043–50.

109. Bourne DG, Boyett HV, Henderson ME, Muirhead A, Willis BL. Identification 
of a ciliate (Oligohymenophorea: Scuticociliatia) associated with brown 
band disease on corals of the great barrier reef. Appl Environ Microbiol. 
2008;74:883–8.

110. Cróquer A, Bastidas C, Lipscomp D, Rodríguez-Martínez RE, Jordan-Dahlgren 
E, Guzman HM. First report of folliculinid ciliates affecting Caribbean sclerac-
tinian corals. Coral Reefs. 2006;25:187–91.

111. Young BD, Rosales SM, Enochs IC, Kolodziej G, Formel N, Moura A, et al. Dif-
ferent disease inoculations cause common responses of the host immune 
system and prokaryotic component of the Microbiome in Acropora palmata. 
PLoS ONE. 2023;18:e0286293.

112. Selwyn JD, Despard BA, Vollmer MV, Trytten EC, Vollmer SV. Identification of 
putative coral pathogens in endangered Caribbean Staghorn coral using 
machine learning. Environ Microbiol. 2024;26:e16700.

113. El-Moselhy KM, Shaaban MT, Ibrahim HAH, Abdel-Mongy AS. Biosorption of 
cadmium by the multiple-metal resistant marine bacterium Alteromonas 
macleodii ASC1 isolated from Hurghada harbour, red sea. Archives Des Sci. 
2013;66.

114. Rypien KL, Ward JR, Azam F. Antagonistic interactions among coral-associ-
ated bacteria. Environ Microbiol. 2010;12:28–39.

115. Koch H, Germscheid N, Freese HM, Noriega-Ortega B, Lücking D, Berger M, 
et al. Genomic, metabolic and phenotypic variability shapes ecological dif-
ferentiation and intraspecies interactions of Alteromonas macleodii. Sci Rep. 
2020;10:809.

116. Cardoza LA, Knapp CW, Larive CK, Belden JB, Lydy M, Graham DW. Factors 
affecting the fate of Ciprofloxacin in aquatic field systems. Water Air Soil Pol-
lut. 2005;161:383–98.

117. Rodríguez-López L, Cela-Dablanca R, Núñez-Delgado A, Álvarez-Rodríguez 
E, Fernández-Calviño D, Arias-Estévez M. Photodegradation of Ciprofloxacin, 
clarithromycin and Trimethoprim: influence of pH and humic acids. Mol-
ecules. 2021;26:3080.

118. Shen Y, Zhao W, Zhang C, Shan Y, Shi J. Degradation of streptomycin in 
aquatic environment: kinetics, pathway, and antibacterial activity analysis. 
Environ Sci Pollut Res. 2017;24:14337–45.

119. Andersson DI, Hughes D. Evolution of antibiotic resistance at non-lethal drug 
concentrations. Drug Resist Updates. 2012;15:162–72.

120. Gjonbalaj M, Keith JW, Do MH, Hohl TM, Pamer EG, Becattini S. Antibiotic deg-
radation by commensal microbes shields pathogens. Infect Immun. 2020;88.  
h t t p s :   /  / d o  i .  o r  g  /  1 0  . 1 1   2 8  /  i a i . 0 0 0 1 2 – 2 0.

121. Hernandez DJ, David AS, Menges ES, Searcy CA, Afkhami ME. Environmental 
stress destabilizes microbial networks. ISME J. 2021;15:1722–34.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7360769/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7360769/
https://doi.org/10.1128/iai.00012–20
https://doi.org/10.1128/iai.00012–20

	Antibiotic type and dose variably affect microbiomes of a disease-resistant Acropora cervicornis genotype
	Abstract
	Background
	Methods
	Experimental design
	Antibiotic preparation and dosing
	Sample collection and processing
	DNA extraction of water samples
	 16S rRNA gene amplicon library preparation
	Raw read quality control and sequence preprocessing
	Microbiome and statistical analyses
	Alpha diversity and microbiome relative abundance
	Beta diversity and dispersion
	Differential abundance
	Network analysis


	Results
	Antibiotics reduce a dominant, unclassified Campylobacterales ASV
	Time and antibiotic treatment differentially impact coral microbiome alpha diversity
	Antibiotic treatment results in distinct shifts in coral microbiome beta diversity
	Patterns in coral bacterial differential abundance are dependent upon antibiotic type and dose
	Minor taxa primarily drive network structure and function
	Water and coral microbiome compositions remain distinct from one another before and after antibiotic treatment

	Discussion
	Campylobacterales in disease-resistant Acropora cervicornis
	Reduction in a Campylobacterales ASV potentially supports an increase of other taxa
	Dose-dependent differences in bacterial responses
	Implications of antibiotic use

	Conclusions
	References


