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Common aquarium antiseptics
do not cause long-term shifts in
coral microbiota but may impact
coral growth rates

J. Grace Klinges1*, Zachary W. Craig1,
Marina Villoch Diaz-Mauriño1, Dakotah E. Merck1,
Summer N. Brooks1, Alicia A. Manfroy1 and Abigail S. Clark1,2

1Mote Marine Laboratory, Elizabeth Moore International Center for Coral Reef Research &
Restoration, Summerland Key, FL, United States, 2The College of the Florida Keys, Marine Science and
Technology, Key West, FL, United States
Introduction: Though bacterial pathogens and parasites can compromise coral

health, coral microbiome research increasingly suggests a beneficial role for

bacterial species living in coral tissue and mucus. Recent studies suggest the

application of targeted antibiotic treatments, while inhibiting the growth of

harmful bacteria, may have unintended and persistent impacts on coral health.

Land-based coral nurseries use antiseptic treatments such as Lugol’s solution

and KoralMD™ dip to reduce infectious agents as part of restoration best

practices. These antiseptic treatments often halt tissue loss, but the short- or

long-term effects of these treatments on the coral microbiome is unknown.

Methods: We conducted a controlled tank experiment to assess the effects of

these broad-spectrum treatments on coral growth rates and microbial

communities when used as a prophylactic measure on healthy corals. Sixty

individuals from each of two genotypes of the coral species Acropora palmata

and Orbicella faveolata were treated with either Lugol’s solution or KoralMD™.

Coral tissue, mucus, and skeleton were sampled pre-treatment, during

treatment, and 1 and 2 months after treatment to assess microbiome shifts

and recovery. The impact of the two treatments on coral growth was assessed

using surface area measurements from 3D imagery.

Results: Although we found that A. palmata treated with Lugol’s solution had

significantly reduced growth rates compared with untreated controls, impacts of

antiseptic treatment were otherwise limited and microbiomes were not significantly

different by treatment either immediately after application or 2 months thereafter.

Discussion: Study of the effects of these widely-used interventions may have

significant repercussions on management and propagation strategies for corals

reared in land-based nurseries. Furthermore, our findings indicate that antiseptic

treatments can be applied to mitigate coral health issues without long-term

harmful effects or significant microbiome shifts.
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Introduction

Worldwide, corals are rapidly declining due to the loss of

suitable habitat, anthropogenic disturbances at local and global

scales, and disease outbreaks (Pandolfi et al., 2003; Bellwood et al.,

2004; Carpenter et al., 2008; Walton et al., 2018). Coral reefs have

degraded from a high level of stony coral coverage to an algae- and

soft coral-dominated habitat (Hughes, 1994; Pandolfi et al., 2003;

Bellwood et al., 2004; Arias-González et al., 2017). The loss of coral

coverage and reef-building species leads to reef structure

deterioration globally, with significant impacts on fisheries,

tourism, and shoreline protection (Elliff and Silva, 2017). To aid

in reef recovery, asexual coral propagation (fragmentation and

recovery in a nursery setting) and outplanting (restoration of

cultured corals to the reef) of coral has been implemented

throughout the Caribbean (Schopmeyer et al., 2017; Boström-

Einarsson et al., 2020). Land-based (ex situ) coral restoration

facilities allow practitioners the flexibility to tend to corals

without the limitations of field operations, the capacity for

constant monitoring and care of corals during grow-out, and the

ability to mitigate the effects of many stressors present in the natural

environment (e.g., thermal stress). Innovations such as

microfragmentation, the process of cutting large pieces of coral

into several smaller pieces (Forsman et al., 2015; Page et al., 2018),

have contributed to the success of land-based operations and

facilitate significantly faster growth rates in certain coral species.

Microfragmented pieces are often grown and cared for in ex situ

systems. When fragments reach larger sizes, the process can be

repeated or the corals may be outplanted to the reef (Forsman et al.,

2015; Page et al., 2018).

While eliminating certain difficulties of in-water (in situ)

aquaculture, ex situ restoration has its own set of challenges.

Corals in ex situ aquaculture facilities are typically housed in

large water tables or aquarium tanks that are supplied with real

or artificial seawater in a flow-through or recirculating system. In

flow-through systems, pathogens or parasites may be introduced

from the local environment (Kent et al., 2009; Sheridan et al., 2013).

In contrast, while recirculating systems that use artificial or filtered

seawater are unlikely to be contaminated by pathogens entering via

the water source, pathogens may nonetheless be introduced through

human contact, newly-collected corals or live rock, or pathogen

vectors such as snails (Antonius and Riegl, 1997; Williams and

Miller, 2005; Williams and Miller, 2012). Further, the reuse of water

in recirculating systems may compound issues of water quality and

pathogen introduction if sufficient filtration is not used (Sheridan

et al., 2013; Leal et al., 2016). A key challenge of housing corals in an

ex situ facility is therefore consistent water quality and filtration. In

order to maintain water quality, several filtration and sterilization

methods are used, including sand filters, cartridge filters, bag filters

and ultraviolet sterilization.

Despite these precautions, the high-density environment of coral

aquaculture may allow pests and pathogenic microorganisms to

spread at an accelerated rate (Sheridan et al., 2013). Corals can

manifest symptoms of disease slowly in comparison to other marine

species, allowing diseases or health issues to spread unnoticed

(Kaczmarsky, 2006; Montano et al., 2015). Coral restoration
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practitioners often utilize hobbyist techniques from the aquarium

trade and apply them to large-scale, land-based aquaculture systems.

Frequently, aquarists may respond to health issues by fragmenting

large impacted colonies (i.e., removing tissue with visible signs of

active disease), conducting water changes, quarantining affected

corals, or implementing antibiotic treatments. As each of these

response types may significantly reduce production efficacy,

practitioners may instead utilize antiseptic antimicrobial treatments

to prevent issues before they arise. While antibiotics inhibit or kill

specific microorganisms, antiseptics act more generally to inhibit

growth of large classes of microorganisms and may be used as a

prophylactic rather than reactive treatment (McDonnell and Russell,

1999). One such treatment is Lugol’s iodine solution (‘Lugol’s

solution’): a mixture of deionized water, potassium iodide, and

crystalized iodine. Due to the halogenic nature of iodine, this

treatment acts as a bactericide, kills microorganisms and

temporarily immobilizes pests (McDonnell and Russell, 1999;

Lachapelle et al., 2013). In particular, treatment with Lugol’s

solution effectively combats ciliates and flatworms (Carl, 2008).

Approximately 70% of the Earth’s supply of natural iodine is found

in the ocean (Carpenter et al., 2021), making iodine an essential

minor element in seawater that may provide additional benefits when

added directly to aquaria. Corals are placed into Lugol’s solution

baths when they show signs of tissue recession or the presence of

ciliates is suspected (Carl, 2008). Further, Lugol’s solution is

commonly used prophylactically to prevent stress after

microfragmentation, as fresh wounds may be particularly

susceptible to infection. Another common aquarium dip is

KoralMD (Brightwell Aquatics), which is used both as a

prophylactic and to treat suspected parasites. KoralMD is a

professional-strength coral dip which uses conifer and citrus oils

along with proprietary cleaners to combat common pests. The plant-

based essential oils present in KoralMD are designed to stun parasites

and prevent them from being transferred across aquarium systems

(Jack Kent, Brightwell Aquatics, personal comm.). Unlike Lugol’s

solution, KoralMD is not recommended for direct application into

aquarium water. While observationally these treatments are effective

in halting tissue loss that may stem from bacterial infections, no

publicly-accessible study has addressed the short- or long-term effects

of Lugol’s solution or KoralMD on the endemic coral microbiome.

Corals host mutually favorable relationships with bacteria,

viruses, fungi, archaea, and endolithic algae, which constitute the

‘coral holobiont’ (Rohwer et al., 2002; Ritchie, 2006; Thompson

et al., 2015). The diverse array of bacterial species that the corals

host is hypothesized to confer benefits to the coral including

enhancement of larval settlement, production of antimicrobial

compounds, and the provision of nutrients to both the coral and

its algal symbiont (Thompson et al., 2015; van Oppen and Blackall,

2019). However, coral-bacterial symbiosis is fragile and easily

disrupted by environmental stressors or the introduction of

pathogens, leading to the reduction of host growth or to disease

development (McDevitt-Irwin et al., 2017). Following disturbance,

bacterial communities may remain in a disrupted or “dysbiotic”

state for extended periods of time (Ainsworth et al., 2010; Egan and

Gardiner, 2016). These shifts in microbial community composition

in response to stress are often characterized by a decrease in
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beneficial bacterial species and an increase in opportunistic

pathogens (Gilbert et al., 2016; West et al., 2019). Antibiotic

treatment is widely employed in response to coral disease and

may inhibit the growth of pathogenic or opportunistic species

(Sweet et al., 2014; Aeby et al., 2019; Neely et al., 2020). The

application of targeted antibiotic treatments, however, disrupts or

depletes native coral microbiota and ultimately results in reduced

photosynthetic efficiency (Gilbert et al., 2012), increased

susceptibility to pathogenic infection (Mills et al., 2013), and

increased mortality from bleaching (Glasl et al., 2016; Connelly

et al., 2022). As the coral microbiome is believed to provide

nutrients to the coral itself (Lema et al., 2014; Bourne et al.,

2016), the application of antibiotics or antiseptic treatments may

have long-term effects on coral growth rates. Broad-spectrum

treatments employed by the aquarium and aquaculture trades to

improve coral health may therefore have unanticipated, long-term

effects on corals, with both direct impacts on coral health and

indirect effects via the loss of essential beneficial microbial taxa.

To evaluate the impacts of prophylactic antiseptic treatments on

coral growth rates and coral microbiomes in an ex situ restoration

context, we applied Lugol’s solution and KoralMD to two species of

coral (one branching and one massive species) in two distinct and

complementary experiments conducted in controlled aquarium

conditions. Coral treatment with Lugol’s solution and KoralMD

followed standard schedules of treatment in aquaculture practice.

Microbiomes were sampled and growth rates were measured

throughout treatment and at one and two months of washout (60

days after last treatment). We aimed to assess whether coral growth

rates were significantly impacted by the application of either

treatment in the short- or long-term following treatment and

whether microbiome community structure was significantly

altered by the application of Lugol’s solution or KoralMD.
Materials and methods

Experimental implementation

Application of Lugol’s solution and KoralMD treatment

occurred in two sequential experiments with identical design at

Mote Marine Laboratory’s Elizabeth Moore International Center

for Coral Reef Research & Restoration (Summerland Key, FL, USA).

In November 2021, corals of two genotypes each of Acropora

palmata and Orbicella faveolata were exposed to a standard

course of Lugol’s solution treatment as described below. In May

2022, corals of two genotypes each of A. palmata and O. faveolata

were exposed to KoralMD (Brightwell Aquatics, Fort Payne, AL,

USA) treatment. The genotypes used in this study had been held ex

situ for several years prior to this experiment: the A. palmata used

originated from larvae settled at Mote Marine Laboratory in 2013,

produced from a batch cross of parent colonies collected from

Elbow, Horseshoe and Sand Island reefs in the Florida Keys. O.

faveolata were fragmented from wild colonies collected from near

Key West Harbor (exact coordinates unknown) prior to 2010. The

O. faveolata genotypes were determined to be distinct using 2bRAD

sequencing in 2018. A. palmata genotypes were determined to be
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distinct using SNP analysis in 2020. Corals were fragmented 4

months prior to Lugol’s solution treatment and 3 months prior to

treatment with KoralMD to an estimated size of 1 cm2.

For both experiments, each species was held in a separate tank

with approximately 170 L of saltwater. Each tank was supplied with

saltwater sourced from an adjacent seawater canal on a flowthrough

system at a rate of 3.48 liters per minute. Temperature, pH,

dissolved oxygen, and salinity were measured using a YSI (YSI

Pro Plus, Xylem Inc, Washington, DC, USA) twice a day (8:00am

and 12:00pm) three days a week (Monday, Wednesday, and Friday)

for the duration of the experiment (approximately 2.5 months,

Table 1). One powerhead pump (1000 GPH) was placed in each

tank to provide sufficient flow. The racks holding the corals were set

to be 18 cm below the surface of the water to keep light levels

(photosynthetically active radiation, PAR) consistent with other ex

situ nursery tanks onsite at roughly 300 micromoles per second.

Tanks were covered to provide additional shade at 12:00pm every

day to be consistent with other ex situ nursery tanks. Each tank

contained 2 racks of corals: one rack with 50 untreated corals and

one with 50 treated (Lugol’s solution or KoralMD) corals. Unrelated

to this experiment, the water source for Mote Marine Laboratory’s

ex situ nursery was changed from an 80 ft saltwater well to seawater

sourced from a nearshore canal (10 ft below the surface) in late

September 2021. Corals were acclimated to this new source of water

for two months before initiation of the Lugol’s experiment. At the

time of experiments using KoralMD, corals had acclimated to

nearshore water for 8 months.

As all corals were ultimately destined for outplanting, standard

coral restoration conditions for Mote Marine Laboratory were

maintained. Untreated corals were housed in the same tank with

treated corals to follow standard restoration practices for

prophylactic treatment. KoralMD and Lugol’s solution treatments

were applied following the standard schedule of treatment used by

coral husbandry practitioners at Mote Marine Laboratory: corals

were treated on Monday, Wednesday, and Friday for two weeks.

Lugol’s solution baths were performed for ten minutes on treatment

group corals at a concentration of 1 mL Lugol’s solution per 3 L of

saltwater. KoralMD baths were performed on different coral

individuals (i.e., corals not included in the previous experiment)

in separate bins for 8 minutes at a concentration of 1 mL of

KoralMD Pro (KoralMD professional-strength concentrated

formulation) for every 2.5 L of saltwater following manufacturer

recommendations. A powerhead was added to all treatment bins in

both experiments to maintain flow during treatment and corals

were lightly basted with a turkey baster to remove any potential

biofouling organisms whilst applying the treatment. Following the

bath with either solution, corals were rinsed with filtered, untreated

seawater before being returned to their holding tank. To be

consistent with standard facility-wide husbandry protocols, a

broadcast feeding technique was used in each tank throughout

the experiment. Three times a week, each tank was fed a total of 1

ounce of Golden Pearls aquarium food (Aquatic Foods &

Blackworm Co.). The food was mixed in a one quart container of

seawater, and dispersed throughout the tank. Corals were

maintained following facility-wide cleaning protocols, including

siphoning occasional detritus buildup and replacing racks when
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fouled by macroalgae and diatoms. Experimental execution

(Figure 1) was identical between the two treatment regimes, save

for the substitution of one genotype of A. palmata for a different

genotype between experiments. All fragments of A. palmata

genotype AP20 produced low DNA yields resulting from DNA

isolation during the Lugol’s solution experiment, regardless of

treatment, and as such were substituted during the KoralMD

experiment with genotype AP5, a half-sibling of AP20 produced

from the same batch cross performed in 2013.
Coral sampling, DNA extractions
and sequencing

Samples of coral tissue, skeleton, and mucus were taken from five

corals from each treatment (Lugol’s solution/KoralMD treated and

control) at the following timepoints (Figure 1): prior to treatment

(T0), 24 hours after the first treatment (T1), 24 hours after the final

(6th) Lugol’s solution/KoralMD treatment (T2), 30 days after the

final Lugol’s solution/KoralMD treatment (T3), and 60 days after the

final treatment (T4). Using a flame sterilized razor blade, 2-3 polyps

of O. faveolata and 6-8 polyps of A. palmata were excised from each

individual and placed in a 1.5mL microcentrifuge tube containing

1mL of DNA/RNA shield (Zymo Research, R1100-250, Irvine, CA,

USA). After sampling, fragments were removed from the study to

heal over their wounds and were integrated into restoration pipelines
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and ultimat. Samples were transferred to a -80°C freezer for long-

term storage. In preparation for DNA extractions, the samples were

removed from the -80°C freezer and thawed on ice. With flame-

sterilized tweezers, half of the biomass was transferred to a Disruptor

Tube (Omega Bio-Tek, Norcross, GA, USA), the other half was kept

as a bioarchive and returned to -80°C. DNA from each sample was

isolated utilizing the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek,

Norcross, GA, USA) with slight modifications to the

manufacturer’s protocol to increase yield (Supp. Table 1). DNA

isolates were stored at -80°C. DNA quantity and quality was

assessed utilizing a NanoDrop spectrophotometer (Thermo Fisher

Scientific™, Waltham, MA, USA); 67 (of 400) samples with lower

DNA quality (A260/230 < 1.5) received additional cleanup with the

DNeasy PowerClean Pro Cleanup Kit (Qiagen, Germantown, MD)

upon submission for sequencing. Samples were submitted to MR

DNA for 16S rRNA PCR amplification and sequencing

(www.mrdnalab.com, Shallowater, TX, USA). Amplification of the

16S rRNA gene was conducted using the 515F-806R primer set,

which targets the V4 region of the 16S rRNA, with barcodes on the

forward primer (Apprill et al., 2015). The 16S rRNA gene V4 variable

region was amplified via a 30-cycle PCR using the HotStarTaq Plus

Master Mix Kit (Qiagen, Germantown, MD) under the following

conditions: 95°C for 5 minutes, followed by 30 cycles of 95°C for 30

seconds, 53°C for 40 seconds and 72°C for 1 minute, after which a

final elongation step at 72°C for 10 minutes was performed. After

amplification, PCR products were checked in 2% agarose gel to
FIGURE 1

Experimental Design. In two complementary but distinct experiments, corals of two species, A. palmata and O. faveolata, were exposed to the
common coral prophylactics Lugol’s solution and KoralMD. Treated and untreated genotypes of the genets used in the study were housed within
the same raceway to match standard restoration practices. Coral microbiome samples (n = 5 per genotype/timepoint/treatment) were collected
prior to treatment (T0), 24 hours after first treatment (T1), after cessation of treatment (after 6 treatments; T2), 1 month post-treatment (T3), and 2
months post-treatment (T4). Sampled fragments were removed from experiment.
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determine the success of amplification and the relative intensity of

bands. Samples were multiplexed using unique dual indices and are

pooled together in equal proportions based on their molecular weight

and DNA concentrations. Pooled samples were purified using

calibrated Ampure XP beads (Beckman Coutler, CA, USA). Then

the pooled and purified PCR product was used to prepare an Illumina

DNA library. A PCR negative control was included in library

preparation but did not produce a viable library. Paired-end

sequencing was performed at MR DNA on an Illumina MiSeq

following the manufacturer’s guidelines.
Microbiome quality control and
statistical analysis

Upon receipt of raw sequence data from MR DNA, quality

control was performed on sequenced reads to remove low-

confidence reads as well as sequencing artifacts (Supp. Table 2).

As samples from the two experiments were sequenced separately,

quality control, sequence variant inference, and amplicon sequence

variant (ASV) table construction was performed separately on each

dataset. A total of 212,311,736 reads were processed across 400

samples (mean depth of 530,779.34 reads/sample) using DADA2

(Callahan et al., 2016) in R (version 4.0.3, R Core Team, 2021) as

follows: based on quality plots, forward and reverse reads were

truncated at their 3′ end at 220 and 200 base pairs, respectively.

Sequences were also truncated at the first position having a quality

score less than or equal to 2, and reads with a total expected error of

>2 or with the presence of Ns were discarded, resulting in a total of

169,759,252 reads (mean depth of 424,398.13 reads/sample). A total

of 138,596 sequence variants were assigned using the DADA2

denoising algorithm and taxonomy was assigned using the

reference database SILVA (v138.1; Quast et al., 2012). Any

sequencing reads identified as coral mitochondria, algal

chloroplast, or other eukaryotic sequences were removed in the R

package phyloseq (McMurdie and Holmes, 2013), which left a

remaining 130,081 sequence variants in the dataset. In lieu of

rarefaction, shown to artificially reduce diversity estimates in

microbiome datasets (McMurdie and Holmes, 2014), sequencing

artefacts (taxa with fewer than 15 read counts across all samples)

were removed from the dataset for all analyses except alpha

diversity, resulting in a new total of 102,028 taxa. After

processing in phyloseq, 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., ASV2, unknown genus in family Helicobacteraceae

renamed at genus level to ‘Unclassified Helicobacteraceae’).

Alpha diversity analyses were performed on unpruned (no rare

taxa removed) data rarefied to an even sampling depth of 2000

reads/sample. Alpha diversity was assessed using Simpson’s

diversity index, and differences in diversity were tested with a

Pairwise Wilcoxon Rank Sum Test with false discovery rate

(FDR) correction for multiple testing. For beta diversity analyses,

centered log-ratio (CLR) transformation was performed to capture

ratio relationships between taxa using the tool clr from the

microbiome package (Lahti and Shetty, 2012). Beta diversity
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analyses were performed on the pruned, CLR-transformed ASV

table. Principal components analysis (PCA) was performed using

Euclidean distances calculated from the CLR-transformed dataset

(producing Aitchison distance (Gloor et al., 2017) with the phyloseq

command ordinate (as RDA without constraints). Permutational

Multivariate Analysis of Variance (PERMANOVA; Anderson,

2001) was performed on Euclidean distances to test for

differences in beta diversity of bacterial community compositions

among groups. PERMANOVA was performed using the function

adonis from the package vegan (v2.5.5; Oksanen et al., 2019) and

was followed by pairwise analysis of variance with pairwiseAdonis

(v0.01; Martinez Arbizu, 2017) using Euclidean distance and 999

permutations. Permutational Analysis of Multivariate Dispersion

analysis (PERMDISP; Anderson, 2006) was performed to examine

shifts in multivariate dispersion over time and between groups

using the function betadisper. Pairwise analysis was performed

using the function permutest with FDR adjusted P-values (both in

vegan v2.5.5; Oksanen et al., 2019). Metrics of alpha and beta

diversity were compared across treatments through time to examine

the effects on overall community composition and diversity.

Analyses using relative abundance were performed on pruned

data transformed to relative abundance. The R package ANCOM-

II (v2.1, Kaul et al., 2017) was used to examine differential

abundance of individual bacterial taxa in response to treatment

with Lugol’s solution and KoralMD. ANCOM-II presents an

analysis of changes in taxon relative abundance in comparison to

the geometric mean of taxa in a given group, testing the null

hypothesis that the average relative abundance of a given species

in a group is equal to that in the other group. The pruned ASV table

was first subset to contain only taxa with at least 20 counts in at least

10% of samples and summarized to the genus level with the

tax_glom command in phyloseq. This resulted in a table with 35

genera within 400 samples with a median sequencing depth of

11,804 reads per sample.
Growth rate calculations and
statistical analysis

Top-down 2D photos and 3D scans were taken of a subset of

corals at each sampling time point to monitor growth rates

throughout treatment and washout (Supp. Figure 1). During each

of four time points (T0, T2, T3, T4; T1 was skipped as it was only

one day after T0), the 3D surface area of a subset of 20 coral per

species (5 coral per genotype per treatment; 40 total) was obtained

utilizing a HDI Compact C210 3D light-structured scanner (Polyga,

Burnaby, BC Canada) and following the methods described in Koch

et al. (2021). In brief, at each timepoint, the scanner was calibrated

with a 5 mm calibration grid prior to scan acquisition. The rotary

table was set to turn and take an image of the coral every 30° to

produce a total of 12 meshes that then were aligned using the

FlexScan3D software (Polyga, Burnaby, BC Canada). The meshes

were imported to the software and manually aligned. The functions

“Fine Alignment” and “Smooth Merge” were used to finalize the

scans, and any mesh editing (i.e., hole filling) was executed as

necessary. Once the scan was finalized, the model was cropped to
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eliminate the plug on which each coral was mounted, and the

surface area of the coral was calculated. Comparisons of surface area

post-washout were performed for both coral species using a

Pairwise Wilcoxon Rank Sum Test with false discovery rate

(FDR) test correction for multiple comparisons. All reported

variations are standard deviation.
Results

Two distinct genotypes each of Acropora palmata and Orbicella

faveolata were exposed to Lugol’s solution and KoralMD

(Brightwell Aquatics) in two separate aquarium-based

experiments to assess the effects of these broad-spectrum

treatments on coral growth rates and microbiome composition.

Coral tissue, mucus, and skeleton were sampled pre-treatment,

during treatment, and 1- and 2-months post-treatment to assess

shifts in bacterial community composition and structure. To assess

growth rates, the surface area of the coral fragments was measured

with 2D and 3D imagery. Across both experiments, no impacts of

treatment were observed on coral mortality and all corals survived

through 2 months post-washout.
Frontiers in Marine Science 06
Coral growth rates were minimally
impacted by antiseptic treatments

Corals of both species and all genotypes increased in size over the

course of both experiments (Figure 2, Supp. Table 3). When treatment

with Lugol’s solution was initiated on 19 Nov 2021, A. palmata

fragments averaged 688.33 ± 153.30 mm2, while O. faveolata

fragments averaged 424.27 ± 63.36 mm2. All fragments (Lugol-

treated and untreated) of A. palmata demonstrated signs of tissue

recession as a result of pump failure between one and twomonths post-

treatment and growth rates appeared to be stunted: in the 30 days

between cessation of treatment and one month post-washout, corals

grew an average of 136.70 ± 62.2 mm2, but between one and two

months post-washout, corals only grew 95.5 ± 61.8 mm2. As a result,

the two-month washout timepoint was excluded from further analysis.

After 1 month of washout post-treatment, A. palmata fragments of

both tested genotypes (AP20 and AP16) averaged 938.10 ± 226.09

mm2 in size, reflecting an average growth of 35.92 ± 12.05% from their

original size (Supp. Table 3). Lugol-treated A. palmata, however, grew

significantly slower than untreated conspecifics (p < 0.05, Supp.

Table 4). Lugol-treated A. palmata grew by 27.15% ± 7.488%, while

untreated controls grew by 44.69% ± 8.914% over the course of the
B

A

FIGURE 2

Change in surface area of corals, A. palmata and O. faveolata, treated with Lugol’s solution (A) and KoralMD (B) compared to their respective control
corals. Growth was significantly affected by Lugol’s solution in both genotypes of A. palmata. The error bars represent standard deviation. Boxes
sharing a letter are not significantly different from each other (within genotype) using a significance level of p < 0.05.
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experiment (Figure 2A, Supp. Table 3). Control corals of genotype

AP20 had a significantly higher increase in size compared to AP16

(Supp. Table 4). After two months of washout post-treatment, O.

faveolata fragments averaged 705.74 ± 110.42 mm2 in size, with an

average growth of 34.14% ± 12.72% (Supp. Table 3). There were no

significant differences in O. faveolata growth by treatment type (p >

0.05, Supp. Table 5), though untreated corals grew slightlymore: Lugol-

treated O. faveolata grew 30.18% ± 10.56%, while untreated controls

grew 38.11% ± 13.97% over the course of the experiment (Figure 2A,

Supp Table 3). There was no significant difference in growth rates

between O. faveolata genotypes (Supp. Table 5).

Upon initiation of KoralMD treatment on 20 May 2022, A.

palmata fragments averaged 196.49 ± 64.39 mm2, while O. faveolata

fragments averaged 212.84 ± 50.15 mm2 (Figure 2B, Supp. Table 6).

After 2 months of washout post-treatment, A. palmata fragments

averaged 380.61 ± 95.43 mm2 in size, reflecting an average growth

of 101.55% ± 38.50% (Supp. Table 6). There were no significant

differences in growth rate by treatment (p > 0.05, Supp. Table 7),

though untreated A. palmata grew slightly more than KoralMD-

treated conspecifics (Figure 2B). KoralMD-treated A. palmata grew

by 90.72% ± 28.82%, while untreated controls grew by 112.40% ±

45.14% over the course of the experiment (Supp. Table 6). There

was no significant difference in growth rates between A. palmata

genotypes in the KoralMD study (Supp. Table 7), though KoralMD-

treated corals of genotype AP16 grew slower than all other groups,

with an average growth of 72.91% ± 19.80%. In contrast, untreated

AP5 had the highest growth at 150.63% ± 25.48%. Two months

post-treatment, O. faveolata fragments averaged 357.53 ± 61.72

mm2 in size, with an average growth of 75.46% ± 44.46% (Supp.

Table 6). There were no significant differences in O. faveolata

growth by treatment type (Supp. Table 8), though treated corals

appeared to grow more in comparison to original sizes. KoralMD-

treated O. faveolata grew 87.19% ± 56.30%, while untreated controls

grew 63.71% ± 26.43% over the course of the experiment (Figure 2B,

Supp. Table 6). There were no significant differences in growth rates

by genotype in O. faveolata (Supp. Table 8).
Impacts of antiseptic treatments on
coral microbiome diversity and
community structure

Microbial community composition of A. palmata and O.

faveolata varied by coral species and genotype in both experiments

(Supp. Figures 2, 3). Overall community composition did not appear

to change significantly with time, with the same microbial taxa

dominating at all time points in both species (Figure 3).

Microbiomes of A. palmata were dominated by diverse rare taxa,

with most taxa less than 2% relative abundance within each genotype

and experiment (Figure 3A, Supp. Figure 2). The genus Candidatus

Amoebophilus constituted an average of 24.37 ± 23.03% in samples

from the Lugol experiment and 6.18 ± 15.17% in samples from the

KoralMD experiment of both treatment types (Figure 3A). The genus

Thalassotalea represented an average of 2.34 ± 5.25% and the genus

MBIC10086 represented an average of 2.23 ± 6.44%. No other

bacterial genus exceeded 2% relative abundance when examined
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across samples of both studies and both genotypes (Figure 3A).

Across both studies, samples of O. faveolata from both genotypes

(Figure 3B) were dominated by an unclassified species within the

bacterial family Terasakiellaceae (mean relative abundance 55.64 ±

30.86%, max of 97.64%) and the genus Candidatus Amoebophilus

(6.83 ± 7.74%, max of 40.12%). The genus-level clade Marine

Methylotrophic Group 3 was also abundant, though variable (3.93

± 7.49%, max of 36.15%, min of 0%). Minor taxa varied between

genotypes and by study (Supp. Figure 3).

Microbial community composition was more strongly influenced

by experimental timepoint than treatment type. Differences in

microbial community composition (i.e., beta diversity) were found

within each experiment in omnibus tests (Supp. Figure 4, F1,398
= 15.764, p = 0.001). However, the supporting R2 was only 0.038,

indicating that experiment explained only 3.8% of the variation in

microbiome composition. While significant differences were found in

community composition between coral species, coral species also did

not explain a large amount of variation in composition (R2 = 0.055,

F1,398 = 23.33, p = 0.001). Within both experiments, the impact of

treatment (treated vs. untreated) on community composition was

insignificant (p > 0.05 for all comparisons), however, composition did

vary significantly by experimental timepoint. For both species and

treatment types and across both experiments, microbiomes after one

day of treatment (T1) were not significantly different from initial

samples taken pre-treatment (T0) (p > 0.05, pairwise PERMANOVA

with FDR correction, Supp. Table 9, Supp. Table 10). In the Lugol’s

solution experiment, microbiomes of A. palmata were indistinct from

T0 through T2 (p > 0.05, Supp. Table 9), but by T3 (one month post-

treatment), microbiomes of both Lugol-treated and untreated A.

palmata were distinct in composition from initial samples (p < 0.01,

Supp. Table 9). Both Lugol-treated and untreatedA. palmata exhibited

significant increases in microbial community dispersion (measured as

distance-to-centroid) by one month post-washout (p < 0.05), but

community dispersion was not significantly different between treated

and untreated corals (p > 0.05, Supp. Figure 5). In the KoralMD

experiment, microbial communities of both untreated and KoralMD-

treated A. palmata were distinct from pre-treatment communities by

T2 (cessation of treatment, ~2 weeks after initial sample) (p < 0.05,

Supp. Table 10) and remained distinct from T0 at subsequent

timepoints (p < 0.05, Supp. Table 10). A. palmata treated with

KoralMD were significantly different in community composition

from untreated conspecifics at T2 but became indistinguishable by

treatment by one month post-treatment (Supp. Table 10). There were

no significant differences in community dispersion through time in A.

palmata in the KoralMD study (p > 0.05, Supp. Figure 5).

In the Lugol’s solution experiment, samples of both treated and

untreated O. faveolata were distinct in microbial community

composition from initial (T0) samples at exclusively T2 (immediately

post-treatment, p < 0.01, Supp. Table 9) and T4 (2 months post-

treatment, p < 0.01, Supp. Table 9). Microbial community dispersion

was significantly higher in Lugol-treated O. faveolata at two months

post-washout compared to before treatment (p < 0.05) and dispersion

was also higher in Lugol-treated corals compared to untreated

conspecifics at the culmination of the study (p < 0.05, Supp.

Figure 5). Microbiomes of O. faveolata did not change significantly

with time during the KoralMD experiment, whether treated with
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KoralMD or untreated conspecifics (p > 0.05, Supp. Table 10). There

were no significant differences in community dispersion through time

in O. faveolata of either treatment group in the KoralMD study (p >

0.05, Supp. Figure 5). In both studies, microbiomes of treated and

untreated corals of either species were not significantly different, with

few exceptions: in the Lugol’s solution experiment, microbiomes of

Lugol-treated and untreatedO. faveolatawere distinct only at 2months

post-treatment (T4, p < 0.01, Supp. Table 9) and in the KoralMD

experiment, microbiomes of KoralMD-treated and untreated A.

palmata were distinct exclusively at the sampling point following

cessation of treatment (T2, p < 0.01, Supp. Table 10).

Significant shifts did not occur in microbial community within-

sample diversity (Shannon diversity index) of either species in response

to either antiseptic treatment (Figure 4, Supp. Tables 11-14). While

statistically insignificant, microbiome alpha diversity increased in

samples of A. palmata between T0 and T3 of the Lugol’s solution

experiment (Figure 4A, top panel, Supp. Table 11), but remained stable

in the KoralMD experiment (Figure 4B, top panel, Supp. Table 13).

Microbiome diversity in O. faveolata was more variable in response to

Lugol’s solution, however diversity was not significantly different

between T0 (pre-treatment), T2 (post-treatment) and T4 (2 months

after treatment) within treated or untreated groups (Figure 4A, bottom

panel, Supp. Table 12). At two months post-washout, Lugol-treated O.

faveolata had significantly higher diversity than untreated conspecifics
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(p < 0.05, Pairwise Wilcoxon Rank Sum Test with FDR correction),

though diversity was not significantly higher than pre-treatment within

the Lugol-treated group. There were no significant differences in

within-sample diversity between treatment groups or timepoints in

O. faveolata during the KoralMD experiment (Figure 4B, bottom

panel, Supp. Table 14).

Shifts in individual taxa over the course of the experiment were

examined as differential abundance using the tool ‘ANCOM-II’

(Figure 5, Supp. Figures 6, 7). There were no significant differences

in relative abundance of individual taxa between A. palmata treated

with Lugol’s solution and untreated conspecifics at one month post-

washout (Figure 5A, left panel), Further, relative abundance of only

one taxon, Litoribrevibacter, changed significantly over the course of

the experiment, increasing slightly in treated corals while decreasing

slightly in relative abundance in untreated corals (Supp. Figures 6A,

B). Numerous genera, however, were significantly different between

treatedO. faveolata and untreated conspecifics, though magnitude of

change was small (Figure 5B, left panel). While the relative

abundance of many taxa changed over time in the Lugol’s

experiment (Supp. Figures 6C, D), the magnitude of change and

directionality was similar between both treatment groups for all taxa

with few exceptions: Allofrancisella was significantly higher in

relative abundance in both treated and untreated corals compared

to T0, however, the magnitude of change was much greater between
B

A

FIGURE 3

Relative abundance of the most abundant bacterial genera in samples of (A) Acropora palmata and (B) Orbicella faveolata exposed to Lugol’s
solution (top panel) and KoralMD (Brightwell Aquatics, lower panel). Experimental treatment (control or treatment type) is listed on the x-axis.
Microbial taxa are included in the plot if they had a relative abundance greater than 2% in more than 10% of samples across both experiments for
each species. Each bar represents 10 corals, 5 of each of two genotypes. Samples taken after 2 months washout from treatment with Lugol’s
solution were excluded from analysis due to unrelated tissue loss.
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T0 and control corals at two months post-washout (Supp.

Figures 6C, D). An unclassified genus from the family

Terasakiellaceae was significantly higher in relative abundance in

untreated controls compared to T0, however this genus was less

abundant in Lugol-treated corals at two months post-washout

compared to T0 (Supp. Figures 6C, D).

No individual taxa were found to be differentially abundant in

microbiomes of A. palmata or O. faveolata between fragments

treated with KoralMD and untreated fragments at 2 months post-

washout (Figures 5A, B, right panels). Numerous taxa differed,

however, between samples taken at 2 months post-washout and

initial samples (T0) for both treatment groups (Supp. Figure 7). The

genus Vibrio exhibited a greater magnitude of change throughout

the course of the experiment in untreated A. palmata fragments

compared to KoralMD-treated A. palmata (Supp. Figures 7A, B).

The genus Enterobacter and an unclassified taxon in the family

Enterobacteraceae were found in reduced relative abundance in
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both groups at the end of the experiment compared to initial

samples. When KoralMD-treated and untreated O. faveolata were

compared to initial samples, the genera Pseudomonas and Vibrio

were found in higher relative abundance in both groups compared

to pre-treatment, and the fold change for Vibrio between initial

samples and experiment end was higher for untreated O. faveolata

samples than for KoralMD-treated samples (Supp. Figures 7C, D).
Discussion

Coral health responses in coral
aquaculture

Productivity of coral aquaculture is strongly dependent on both

the survival and growth rates of cultured corals. To maximize

throughput, nursery corals are often kept at very high densities
B

A

FIGURE 4

Differences in Shannon diversity by treatment [Control vs Lugol (A) and Control vs KoralMD (B)] and coral species (Acropora palmata and Orbicella
faveolata). Boxes sharing a letter are not significantly different from each other (within species and experiment, i.e. plot row) using an FDR corrected
significance level of p < 0.05. No significant differences in Shannon diversity were found by treatment or time in the KoralMD experiment, nor in A.
palmata from the Lugol’s solution experiment.
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(5.5 corals [38.5cm² tissue] per gallon of saltwater in Mote’s ex situ

nursery) which can expedite the proliferation of different pests and

diseases. Broad-spectrum antibiotics may be applied in response to

coral health issues that arise in culture, however, the success of

antibiotic treatment is limited by the short half-life of many

antibiotics (often requiring multiple rounds of administration)

and by our limited knowledge of the causative agents of coral

diseases (Sweet et al., 2012). Further, antibiotic treatment may

exacerbate coral health issues by reducing or altering populations

of beneficial bacteria within the coral holobiont and aquarium water

(Glasl et al., 2016; Connelly et al., 2022). Indeed, broad-spectrum

antibiotics have been shown to suppress the native coral microbiota,

leading to negative effects on host health and the potential for

proliferation of pathogens instead of the reduction thereof (Gilbert
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et al., 2012; Sweet and Bythell, 2015; Glasl et al., 2016; Connelly

et al., 2022). Nonetheless, antibiotics have been successfully applied

to arrest coral diseases including stony coral tissue loss disease

(SCTLD) and white band disease (Sweet et al., 2014; Neely et al.,

2020). Antibiotic use in marine environments has led to some

apprehension due to the potential of inducing antibiotic resistance

(Letchumanan et al., 2015; Tomova et al., 2015; Luis et al., 2019), as

well as the need for repetitive administration to increase efficacy

and to yield longer-lasting protection (Neely et al., 2020; Shilling

et al., 2021).

These considerations have led to the development of alternative

treatments for diseases in aquaculture, like the use of probiotics

(beneficial microorganisms), that can complement the host

microbiome without compromising it (Peixoto et al., 2017;
B

A

FIGURE 5

Volcano plot of results from differential abundance analysis with ANCOM-II on samples of Acropora palmata (A) and Orbicella faveolata (B) by
treatment type at 2 months post-washout (1 month for Lugol-treated Acropora palmata, which experienced unrelated tissue loss at 2 months). Taxa
with a total count of 10 in at least 10% of samples (‘N taxa’ in each panel) were included in the analysis. The W statistic represents the strength of the
test for the taxa included. Taxa above the dashed line are significant with the null-hypothesis rejected 60% of the time (W= 0.6). Non-significant taxa
are colored gray. The x-axis value presents the effect size as the CLR (centered log ratio)-transformed mean difference in abundance of a given
species between the two groups being compared. A positive x-axis value indicates that a genus was more abundant in treated corals compared to
untreated controls, and distance along x-axis indicates the magnitude of change.
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Ushijima et al., 2023) as well as the widespread use of antiseptics

and disinfectants in marine aquaculture (Chen et al., 2018; Luis

et al., 2019). Antiseptics are administered as a preventative measure

for pests and diseases when risk of infection is high, instead of once

the individual has already been infected. Previous research suggests

that the use of antiseptics may not strongly alter native

microbiomes as antibiotics do; mice treated with 10% povidone-

iodine (an antiseptic) exhibited no significant changes in skin

microbial community structure compared to untreated

conspecifics, while topical antibiotics applied singly or in

combination induced an immediate shift in cutaneous microbial

populations that persisted for multiple days after treatment

(SanMiguel et al., 2017). Yet in this study, both topical antiseptics

and antibiotics were sufficient to inhibit the growth of

Staphylococcus spp. (SanMiguel et al., 2017), suggesting that

antiseptics may be effective in preventing bacterial infection

without causing long-term deleterious impacts on commensal

microbiota. While antiseptics such as iodine have a broad

spectrum of targets and mechanisms of action against bacteria

(Gottardi, 1991; McDonnell and Russell, 1999), their impacts are

more localized (application site-specific) rather than systemic, and

their magnitude of impact is influenced by bacterial identity and

load (SanMiguel et al., 2018).
Impacts of Lugol’s solution and Brightwell
KoralMD on the coral microbiome

The antimicrobial properties of iodine and of essential oils are

well-determined in human and mammalian systems (Kalemba and

Kunicka, 2003; Lachapelle et al., 2013). While Lugol’s solution is

comprised of only potassium iodide and crystalized iodine, the

ingredients of KoralMD are proprietary, but reported to consist of

conifer and citrus oils. Volatile compounds found in conifer oils

have mild antimicrobial properties against both gram-positive and

-negative bacteria and fungi (Hong et al., 2004; Lee et al., 2009).

Limonene, along with minor volatile compounds varying by species,

can be derived from the peel of most citrus fruits and has strong

inhibitory activity against gram-positive bacterial species (Dabbah

et al., 1970; Li et al., 2019; Raspo et al., 2020). Iodine is bactericidal,

fungicidal, and virucidal even at low concentrations, and impacts

microbial proteins, nucleotides, and fatty acids, leading to rapid cell

death (Gottardi, 1991; McDonnell and Russell, 1999). While iodine

treatment is commonly implemented in large-scale aquaculture

facilities (Chen et al., 2018), Mote Marine Laboratory has recently

begun using KoralMD to stop tissue recession in cultured corals.

With this study we aimed to characterize the impacts of these

common antiseptic treatments on microbiome composition and

growth rate of healthy corals. Evaluation of the long-term effects of

these treatments on corals destined for restoration is critical to

ensure that outplanted corals have the highest chance of survival

and do not harbor dysbiotic microbiomes. The results from this

study indicate that neither tested prophylactic treatment had

significant or lasting effects on the microbiomes of visibly healthy

corals. Our inability to detect a significant impact of treatment on

coral microbiomes may have been influenced by our choice to
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house untreated corals in the same tank with treated corals

following standard restoration practices for prophylactic

treatment. While co-housing treated and untreated conspecifics in

this manner may have allowed for exchange of microorganisms

between treatment groups, this experimental design allowed us to

evaluate whether these practices have a lasting impact on microbial

community structure, necessitating the quarantine of untreated

individuals from treated corals.

We found that bacterial communities of the elkhorn coral,

Acropora palmata, were dominated by Candidatus Amoebophilus

during exposure to Lugol’s solution, but communities were more

diverse and more distinct by genotype during treatment with

KoralMD (Figure 3). Candidatus Amoebophilus were originally

identified as intracellular symbionts of amoebae but have since been

identified in high abundance in healthy tissues of several Caribbean

coral species (Apprill et al., 2016; Huggett and Apprill, 2019). Minor

taxa that appeared to be consistently associated with A. palmata

included Thalassotalea and Ascidiimonas, both of which are aerobic

chemoheterotrophic species that have been identified in seawater

and in other marine invertebrates (Sheu et al., 2016; Yoon et al.,

2016). The genus P3OB-42, a member of Myxococcales that may

play a commensal or beneficial role in acroporid microbiomes

(Rosales et al., 2019; Klinges et al., 2022), was also found

consistently in A. palmata during the KoralMD experiment. At

one month post-washout from Lugol’s treatment, there were no

significant differences in microbial community structure between

untreated A. palmata and conspecifics treated with Lugol’s solution,

and no taxa were found to be differentially abundant between the

two groups (Figure 5). In contrast, many taxa changed with time

over the course of the KoralMD experiment in both treated A.

palmata and untreated conspecifics, though there were again no

significant differences in relative abundance between treated and

untreated corals at the end of the washout period (Figure 5).

Interestingly, corals that were not treated showed an increase in

the genus Vibrio, which includes many coral pathogens (Ben-Haim

and Rosenberg, 2002; Ben-Haim, 2003; Luna et al., 2010). Although

increases in this genus were found to be significant for both corals

treated with KoralMD and untreated conspecifics, the magnitude of

change was considerably greater for untreated A. palmata (>2 log-

fold) than for corals treated with KoralMD.

In the present study, microbiomes of the mountainous star

coral, Orbicella faveolata, were dominated by a single unclassified

sequence variant from within the family Terasakiellaceae.

Terasakiellaceae are known nitrogen cyclers from the order

Rhodospirillales and are associated with healthy coral tissue

(Moynihan et al., 2022; Pushpakumara et al., 2023). Microbial

community richness and evenness, as measured by Shannon’s

index of diversity, was significantly higher in O. faveolata treated

with Lugol’s solution in comparison to untreated conspecifics by

two months post-washout, however, diversity was not significantly

higher than that at timepoint zero (start of experimental

manipulation). This corresponded with a reduction in the family

Terasakiellaceae in Lugol-treated O. faveolata compared to

untreated conspecifics at two months post-washout. No taxa were

significantly different in relative abundance between KoralMD-

treated O. faveolata and untreated conspecifics and microbial
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community diversity was unchanged throughout the experiment in

either treatment group. In both treatment groups, populations of

the genera Vibrio and Pseudomonas increased in relative abundance

from experiment start to two months post-washout. While these

taxa have been found to be associated with coral stress (Luna et al.,

2010; Kelly et al., 2014), both of these genera have demonstrated

antagonistic activity against other pathogens when isolated from

coral samples (Krediet et al., 2013; Vijay et al., 2021). As no visible

signs of stress were observed in O. faveolata of either treatment

group, the particular strains that increased in abundance in these

corals may perform commensal roles in orbicellid microbiomes.

Like A. palmata, microbiomes of O. faveolata had a significant

proportion of the genus Candidatus Amoebophilus, suggesting that

the shared Mote Marine Laboratory ex situ nursery environment

may contribute to abundances of this taxon.

Coral microbiomes were relatively unreceptive to changes in

community structure in response to antiseptic treatments, however,

microbial communities appeared more variable with time in both

treated and untreated corals in the Lugol’s solution experiment

compared to the KoralMD experiment. There were no clear

differences in water quality parameters between the two studies

(Table 1), however, differences in seasonality between the two

studies (November to January in Lugol’s solution study vs May to

July in KoralMD study) could have contributed to a higher bacterial

load in Mote’s source water canal as the KoralMD experiment

extended into mid-summer. Nutrient (nitrate/nitrite/phosphate)

levels were not measured in this study but were likely higher in

July as Florida Keys watershed inputs are highest in the summer,

especially in canals (Lapointe and Clark, 1992). A recent study

found that seasonality did not contribute significantly to

microbiome variation in Pacific Acropora spp. (Epstein et al.,

2019), though a study on O. faveolata in the Caribbean indicated

that there were greater differences in microbiome composition by

season (September vs. March) than there were between yellow

band-diseased and healthy colonies (Kimes et al., 2010). Nutrient

enrichment has been previously found to contribute to microbiome

dysbiosis as measured by increased community dispersion

(Zaneveld et al., 2016; Maher et al., 2019). As no significant

differences in dispersion occurred during the KoralMD

experiment, it is unlikely that nutrient enrichment led to

microbiome instability in this study.

In September 2021, Mote’s ex situ aquaculture water source was

changed from well water collected 80 ft below the island to canal

water collected 10 ft below the surface of the adjacent canal. While

corals were allowed to acclimate to this new water source for two
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months prior to manipulation in the Lugol’s experiment, it is

possible that corals of both species were still responding to this

shift during the time of this experiment. Numerous microbial taxa

were found to be differentially abundant in O. faveolata of both

treatment groups between initiation and cessation of the Lugol’s

experiment, and some of these taxa differed in relative abundance

between the two treatment groups after two months of treatment

washout. As O. faveolata are slow-growing and slow to exhibit signs

of stress, as indicated by their high bleaching thresholds (Manzello

et al., 2019; Parker et al., 2020), the two-month acclimation period

allowed for these species to adapt to the new water source may not

have been sufficient. The differences observed between the two

treatment groups after two months of washout may therefore have

been related to continued acclimation, with stochasticity between

individuals contributing to greater community variability unrelated

to treatment conditions (Zaneveld et al., 2017). In contrast, the

microbiomes of A. palmata did not vary significantly throughout

this study in either treatment group, and therefore may have been

fully acclimated to the new water source before treatments were

applied. Acroporid microbiomes have been previously described as

‘flexible,’ responding rapidly to environmental stressors through

microbiome restructuring (Ziegler et al., 2019; Voolstra and Ziegler,

2020). Microbiome shifts in response to the change in water source

may therefore have occurred in the two-month acclimation period

before initial samples were collected. Only two genotypes per

species were selected for use in this study to reduce microbiome

variability between conspecifics within each treatment group, but

this may have also limited our ability to detect microbiome response

to these treatments that may occur in certain genotypes of A.

palmata and O. faveolata.
Unintended impacts of prophylactic
antiseptic treatments

Overall, these results support current restoration practices in that

a 30-day washout period after treatment with Lugol’s solution or

KoralMD is sufficient to ensure that microbiomes are stable before

corals are reintroduced to the wild for restoration and research

purposes. Further, our results indicate that these treatments do not

have widespread impacts on native coral microbiota, however,

administration of these treatments to corals showing signs of stress

likely impacts opportunistic or pathogenic microbes based on the

observed efficacy of both treatment types against tissue necrosis (Z.

Craig, D. Merck, personal observation). Despite evidence that aseptic
TABLE 1 Mean water quality parameters collected over the two experiments.

Species Experiment Temperature (°C) DO (mg/L) Salinity (ppt) pH

A. palmata Lugol 26.8 ± 1.09 6.34 ± 0.51 36.5 ± 0.62 7.85 ± 0.13

O. faveolata Lugol 26.8 ± 0.93 6.14 ± 0.42 36.3 ± 1.36 7.89 ± 0.12

A. palmata KoralMD 27.0 ± 1.19 5.81 ± 0.62 37.0 ± 1.62 7.83 ± 0.08

O. faveolata KoralMD 27.0 ± 1.23 5.72 ± 0.52 37.1 ± 1.61 7.86 ± 0.07
fro
In both experiments, Acropora palmata and Orbicella faveolata were housed in a single tank per species, regardless of the treatment (Lugol/KoralMD and Control).
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treatments likely have less systematic impacts on animal

microbiomes than antibiotics do (SanMiguel et al., 2017; SanMiguel

et al., 2018), these treatments should nonetheless be applied with

caution, as some coral diseases progress slowly, taking days to weeks

for signs of disease to manifest (Kaczmarsky, 2006; Montano et al.,

2015). While prophylactic treatments may prevent some health issues

from progressing, their efficacy against saprophytic bacteria and

opportunistic microeukaryotes may prevent symptoms of disease

from manifesting, therefore resulting in the unintended exposure of

healthy corals to infected individuals (Kent et al., 2009; Sheridan et al.,

2013). Further, the signs of stress exhibited by cultured corals may be

indicative of abiotic issues associated with water quality or light stress,

for example. Treatments such as Lugol’s solution or KoralMD may

treat the symptoms of these issues (e.g. ciliates attracted to necrotic

tissue) without addressing the underlying source.

Although neither KoralMD or Lugol’s solution significantly

altered microbiomes, a slight reduction in the growth rate of

Acropora palmata was observed after treatment with Lugol’s

solution. In light of our observation that Lugol’s solution may

repress growth rates of healthy A. palmata, future work is needed to

evaluate the utility of this treatment on healthy corals. Additional

observations using light microscopy were made separately from this

study to understand the physical changes in A. cervicornis (related

to A. palmata and a common restoration species) in response to

treatment with KoralMD and Lugol’s solution. Lugol’s solution

induced a more intense visible stress response than KoralMD:

mesenterial filaments were observed in A. cervicornis after

treatment with Lugol’s solution, but not after treatment with

KoralMD, and sclerites were more exposed in individuals treated

with Lugol’s solution (H. Koch, Mote Marine Laboratory, personal

comm.). Corals returned to normal morphology 2 days after

KoralMD treatment whereas those treated with Lugol’s solution

returned to normal morphology 4 days after treatment (H. Koch,

personal comm.). This observed retraction of coral tissue and

mesenterial filament production may be indicators of stress and

result in reduced acroporid growth rates. As growth rates of

Orbicella faveolata were not significantly impacted by either

treatment in this study, this species may be less susceptible to

stress resulting from Lugol’s solution treatment. Nonetheless, we

argue that treatment with Lugol’s solution is a valuable tool in the

restoration practitioner’s toolkit as this treatment has been found to

halt tissue loss. Corals exhibiting signs of recession have been found

to recover (e.g., tissue loss halted, new tissue growing over dead

skeleton, Z. Craig, personal observation) after being treated with

Lugol’s solution, and treated corals continue to grow once

outplanted onto the reef (Z. Craig, personal observation). Indeed,

Lugol’s solution can be used by reef aquarists as a means to

supplement aquarium invertebrates with iodine and iodate.

With this study, we assessed the impacts of two commonly-used

antiseptics applied prophylactically on the coral microbiome and

found minimal effect on community structure, diversity, or the

relative abundance of individual taxa. By utilizing healthy corals for

this study rather than actively diseased corals, we aimed to compare

the long-term effects of these treatments on corals destined for
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restoration, rather than assess the efficacy of these treatments in

mitigating coral health issues. The application of antiseptics on

actively diseased corals may depend on the species of coral being

affected: as growth rates were slightly reduced in A. palmata in

response to Lugol’s Solution, KoralMD would be preferable for this

species. Coral health issues are not uncommon when cultivating and

rearing large populations of corals in high density, and treatment

success is likely context-dependent, with outcomes varying by location

and infrastructure. When rapid tissue loss is observed in a land-based

aquaculture system, the root cause is not always apparent. All

treatments should be discussed directly with a licensed aquaculture

veterinarian. If simple solutions such as lighting or water quality

adjustments do not resolve the problem, antiseptic solutions may be

utilized. As many antiseptic treatments are commercially available for

use in aquaculture, continued examination of the impacts of these

treatments on native microbiota is essential. These results ultimately

aid in optimizing coral production and treatment efficiency within a

coral restoration facility by elucidating the benefits and any

consequences of each treatment method, providing better use at the

discretion of the coral practitioner.
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