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The effects of disease lesions
and amoxicillin treatment on
the physiology of SCTLD-
affected corals
Karen L. Neely1*, Robert F. Whitehead2 and Michelle A. Dobler1

1National Coral Reef Institute, Nova Southeastern University, Dania Beach, FL, United States, 2Center
for Marine Science, University of North Carolina Wilmington, Wilmington, NC, United States
Metrics of coral physiology can be used to identify changes in coral health due to

environmental stressors or management actions. One of the most

unprecedented stressors to Caribbean corals is the spread of stony coral tissue

loss disease (SCTLD), which also resulted in the novel management action of in-

water amoxicillin treatments on active disease lesions. Though highly effective at

halting lesions and preventing coral mortality, possible unintended

consequences of topical application of amoxicillin to coral tissue were

unknown. We used in-water instrumentation to measure and compare

photosynthesis (P), respiration (R), P/R ratios, and calcification of corals that

were visually healthy, actively diseased, and diseased but treated with amoxicillin

paste. Measurements occurred across three time points and two species –

Orbicella faveolata and Montastraea cavernosa. Across all metrics, treatment

type did not cause significant differences, indicating that neither SCTLD lesions

nor amoxicillin treatments impacted the physiology of adjacent tissues. There

were significant variations among time points, which may have resulted from

changes to coral health across the reef, variations due to environmental variables,

or other unknown factors. We suggest that physiological metrics could be an

interesting way to fate track coral health across short- and long-term

timeframes. We also conclude that amoxicillin treatments as a tool to halt

SCTLD are not detrimental to respiration, photosynthesis, or calcification rates

of adult corals.
KEYWORDS
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Introduction

Coral disease is one of the most impactful stressors on

Caribbean reefs, leading to widespread mortality and ecosystem

changes. Stony coral tissue loss disease (SCTLD) is one of the most

virulent and lethal, and has resulted in significant decreases in coral

cover, catastrophic losses of highly susceptible species, and

ecosystem impacts such as decreased calcification rates,

biodiversity, and functionality (Walton et al., 2018; Brandt et al.,

2021; Heres et al., 2021; Neely et al., 2021a; Alvarez-Filip et al.,

2022). One of the primary mitigation actions for SCTLD has been

the use of an in-water amoxicillin paste to halt active disease lesions.

This paste was initially tested and applied to corals in Florida (Neely

et al., 2020, 2021; Shilling et al., 2021; Walker et al., 2021), and then

utilized in other parts of the Caribbean (Forrester et al., 2022) as

SCTLD spread through the region.

The amoxicillin paste is effective at halting approximately 90%

of disease lesions on O. faveolata in the Florida Keys (Neely et al.,

2020, 2021), and long-term monitoring (with additional treatments

applied if needed) has resulted in high survivorship over multiple

years (Neely, 2023). However, the use of amoxicillin to prevent

mortality of wild corals is novel, and secondary or unintended

impacts remain a management concern. Recent studies have

demonstrated that antibiotics may affect gene regulation of corals

(Connelly et al., 2022; Studivan et al., 2023) and/or alter coral-

associated bacterial communities (Connelly et al., 2022; Krueger

et al., 2024). Studies on aquatic photosynthetic organisms have

identified mixed results of amoxicillin, with photosynthetic

cyanobacteria exhibiting reduced photosynthesis (Pan et al., 2008;

González-Pleiter et al., 2013), but macroalgae exhibiting no effects

(González-Pleiter et al., 2013; Gomes et al., 2020). We assessed

whether basic metabolic metrics of the coral holobiont were

impacted by a) immediate proximity to active SCTLD lesions and

b) treatment of lesions with amoxicillin.

Coral physiology can be assessed across multiple metrics.

Respiration rate measures the consumption of oxygen by the coral

holobiont. Because corals harbor photosynthetic symbionts in the

form of Symbiodiniaceae, photosynthetic rates also represent a metric

of coral health. Greater photosynthesis by the symbionts results in

greater autotrophic food availability for the coral. By dividing the

photosynthetic rate by the respiration rate, the metric of P/R

identifies whether the coral, when operating in an autotrophic

state, is producing more energy than it consumes. Finally, coral

growth is measurable by calcification rates. These metrics are all

known to vary under different environmental stressors, including

temperature, pH, and turbidity (Coles and Jokiel, 1977; Telesnicki

and Goldberg, 1995; Reynaud et al., 2003; Al-Horani, 2005;

Edmunds, 2005; Junjie et al., 2014). As such, measurements of

these physiological parameters can indicate whether external forces

or management actions are impacting coral health.

These metrics have been measured in a variety of ways through

time, most of which involve either sacrificing the coral or conducting

measurements in closed systems. However, the development of an in

situ metabolic measuring system termed CISME provides a non-
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invasive method to assess these metrics on large in situ corals in real

time, under natural conditions, and across repeated time points on

the same tissue areas (Szmant et al., 2019; Dellisanti et al., 2020a, b).
Methods

Coral selection

Corals from two species (Montastraea cavernosa and Orbicella

faveolata) and three health status categories (healthy, diseased, and

treated) were selected for sampling. These two species are the two

most common reef-building species remaining at Florida Keys

offshore reefs and, in that habitat, are the corals most commonly

treated for SCTLD. All sampled colonies were located at Looe Key, a

spur-and-groove reef located on the bank-barrier reef system 8 km

from shore in the Florida Keys National Marine Sanctuary

(FKNMS; Figure 1). At the time of sampling, SCTLD had been

present at the site for approximately four years. The bases of the

selected colonies were all between 6 – 9 meters in depth. All selected

corals were tagged, measured, photographed, and mapped

(Supplementary Figure 1).

The experimental design (Figure 2) included a sample of five

apparently healthy corals from each species (“healthy”), five diseased

corals from each species that remained untreated (“diseased”), and

five diseased corals from each species that were treated using an

amoxicillin paste (“treated”). The treatment is a proprietary Ocean

Alchemists topical paste (Base2b) which is mixed in a 1:8 by weight

ratio (amoxicillin:Base2b) and applied via catheter syringe directly to

disease margins (Figure 3B). The paste is formulated for a three-day

time release of amoxicillin directly into the coral tissues, with

approximately 55% of the antibiotic released from the ointment in

the first 24 hours (Favero and Curtis, 2020).

Corals selected for the diseased and treated groups had 1) an

active disease lesion at least 10 cm in length, 2) enough live tissue

beyond the lesion that even after one month of lesion progression,

there would still be live tissue to sample, and 3) an area of tissue at

least 30cm away from any active lesions to use as a “non-diseased”

sample site. For O. faveolata in particular, we also preferentially

selected smooth colonies over ridged ones to improve the

instrumentation seal. Diseased colonies were geographically

spread over approximately 0.5 km of reef.

Healthy corals of each species were defined as those having no

active signs of disease or recent mortality, near 100% coral cover,

and large enough to have edge- and center-colony tissue areas for

sampling. These corals were more common than diseased ones and

for logistical reasons were geographically more clumped. These

corals received follow-up monitoring approximately every other

month following this project, and none developed subsequent

disease lesions for at least one year; we conclude that they were in

fact healthy throughout the sampling.

The goal of 15 corals of each species was supplemented with one

additional coral per species. For M. cavernosa, this resulted in a

sample size of 16, while in O. faveolata two of the 16 selected corals
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could not be tested in at least one of the time periods due to skeletal

bumps near the disease lesions which prevented a seal on the

instrumentation, resulting in a sample size of 14 for that species.
Sampling protocol

Measurements of coral holobiont metabolism for Montastraea

cavernosa and Orbicella faveolata colonies were taken from April 27

– June 10, 2022. The timeframe was selected to minimize other

variables (Szmant et al., 2019) that could impact the metrics of

interest, such as temperature variability from winter cold fronts and

rapid changes in Symbiodiniaceae counts from summer bleaching

events. We took measurements at the initial timepoint, one week

later, and one month later. The time points were chosen to test the

immediate, short-term, and medium-term potential impacts of

amoxicillin treatments on physiological metrics.

On healthy corals, we conducted one sampling run within 1 cm

of the corals’ natural tissue margin and another inward (30+ cm)

from any tissue margins. On diseased corals, we conducted one

sampling run on tissue directly adjacent to the active SCTLD lesion,

with the outside of the incubation head aligning with the live tissue

margin, and one on visually healthy tissue 30+ cm from the lesion.

On the SCTLD-treated colonies, we applied the amoxicillin paste to

any active SCTLD lesions, and then conducted the sampling run
Frontiers in Marine Science 03
within 1 hour of application on tissue directly adjacent to the

treatment (the outside of the incubation head aligned with the

treatment paste). To standardize dosage, lesions were at least 10 cm

in length, and the incubation head was placed so that at least 2 cm of

treated lesion extended past each side of the measurement area. An

additional sampling run was conducted on visually healthy tissue

30+ cm from the treatment location.

At two subsequent intervals (1 week and 1 month), the same

colonies were revisited and resampled. On healthy and treated

colonies, subsequent samples were at the same locations on the

colony as the initial samples as indicated by two nails placed

around the incubation head after the initial measurement. Of the

10 treated corals, the SCTLD lesions halted after treatment on 8 of

them. On the two for which lesions did not halt, further runs were not

included in analyses. On non-treated diseased colonies, all lesions

continued to progress, and so, as possible, sampling occurred adjacent

to the disease margin at the time of each sample. All corals continued

to be part of ongoing SCTLD monitoring, and healthy corals did not

develop any lesions for at least one year after the final sampling event.

Two CISME instruments were used to conduct sample runs.

Briefly, CISME instrumentation consists of an electronics housing

unit attached to an incubation/pump head (Figure 3). The head has a

silicone foam seal that gently seals around a 5.6cm diameter section of

coral, creating a closed, recirculating chamber where oxygen

concentrations are measured in the seawater in contact with the
FIGURE 1

Location of Looe Key (star) within the Florida Keys National Marine Sanctuary (FKNMS), and location of sampled colonies of Orbicella faveolata
(OFAV, triangles) and Montastraea cavernosa (MCAV, circles) within the site. Aerial imagery courtesy of Google Earth.
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coral surface. Elastic cords attached to the surrounding substrate

secure the instrument. A sample tube is also affixed to the head’s flow

path. Incubation samples are returned to the lab for calcification rate

determinations via alkalinity anomaly versus ambient seawater after

titration for total alkalinity. Instrument control and real-time

readouts are available through an underwater affixed tablet.

More information on the instrumentation is available in Murphy

et al. (2012), and full specifications are available at https://

qubitsystems.com/products/aquatic-biology/aquatic-respiration-

and-photosynthesis/cisme-community-in-situ-metabolism/.

Calibration of the machines was done in-water at the start of each

day of sampling. Open blanks (with sensor open to the water) and

closed blanks (with sensor placed in cup) were run, with incubation

samples taken and used as controls during post-sampling

calcification titration tests. During calibration, real-time readouts

were used to confirm pump flow and to set O2 saturation at 100%

in the open blank. O2 saturation was occasionally recalibrated
Frontiers in Marine Science 04
throughout the sampling day if values strayed from 100% between

sample runs.

Barring technical problems, approximately ten corals could be

assessed within a day using both instruments. Sample runs were

conducted at least 3 hours after sunrise and no later than 3 hours

before sunset. We sampled non-diseased colonies first, then moved

onto diseased colonies, with one CISME dedicated to non-diseased

areas and the other dedicated to diseased areas. Once an incubation

head touched a diseased area of a colony, it was not used on a non-

diseased area. Between sample runs, pumps were run continually

and were flushed by wafting surrounding saltwater into the head.

After each field day, the CISME units were soaked, with the pump

running, in fresh water for at least 30 minutes. The incubation seal

was then placed in ozonated water for at least twenty additional

minutes for further decontamination.

During each sampling run, the incubation head was placed on

the selected area of tissue. Elastic cords affixed to the incubation
FIGURE 2

Schematic of sample design. For each species, Montastraea cavernosa (MCAV) and Orbicella faveolata (OFAV), five corals from each of the three
treatment groups were selected. On each, two sample runs were conducted on different areas of the colony. Each location was sampled at three
time points.
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head were also attached to surrounding rocks, coral lips, or other

secure points to stabilize the instrument. Flow rates within the

incubation head were set at 1125 mL/min. The integrity of the seal

was evaluated by looking for light leaks, and the light was turned off

for one minute before the run was started to allow the coral to dark

acclimate. The incubation head measured respiration during an

initial 4 minutes of dark incubation, followed by 16 minutes of light

incubation at 450 µEins/m2/s. Preliminary photosynthesis-

irradiance (P/I) curves measured for three colonies of each of the

two species approximately two months before the experiment

identified this value as greater than the peak D O2 values

(Supplementary Figure 2), ensuring that net photosynthesis

would not be light limited during the experiment.

Respiration rates (R) were calculated from the DO2 during dark

respiration. Net photosynthesis was calculated from the D O2

during light incubation (from 2-4 minutes after the light turned

on) (Figure 4). Gross photosynthesis was then calculated by adding

the respiration rate to the net photosynthesis rate. Photosynthesis to

respiration ratios (P/R) were calculated by dividing gross

photosynthesis by respiration rates. The sample tubes were

removed after the light incubation period and fixed at the end of

the day in mercuric chloride. These samples were processed via

titration for calculation of calcification rates at UNC Wilmington.

Briefly, sea water alkalinity was measured using an open-cell,

potentiometric titration. The seawater sample was acidified to a

pH of approximately 3.0 in a two-stage hydrochloric acid titration.

The final titration was done in 0.05 cm3 increments, recording

dispensed volume, electromotive force, and temperature and

calculated using a non-linear least-squares approach. The full

operating procedures are outlined in SOP3b of the Guide to Best

Practices for Ocean CO2 Measurements (Dickson et al., 2007).
Frontiers in Marine Science 05
Statistical analyses

We compared photosynthesis, respiration, P/R, and

calcification metrics across the treatment groups (healthy corals

edge, healthy corals non-edge, diseased corals adjacent to the lesion,

diseased corals far from the lesion, treated corals near the treatment

line, treated corals far from the treatment line), and across the three

time periods (within 1 hour of treatment: T0, ~1 week after
FIGURE 4

Example readout of a sampling run (this example: placement
adjacent to active disease on Orbicella faveolata #7201). The CISME
measures oxygen saturation within the incubation head chamber
throughout the 20-minute run. The first four minutes are in the
dark, with no photosynthesis occurring, and the negative slope in O2

saturation is calculated to respiration rate. Once the light is turned
on, the Symbiodiniaceae begin photosynthesizing, and the stable
slope increase in O2 saturation is calculated to net photosynthesis.
FIGURE 3

Imagery of the CISME unit sampling a Montastraea cavernosa coral tissue directly adjacent to an SCTLD lesion (A) and an Orbicella faveolata coral
immediately following amoxicillin paste treatment on disease lesions (B). In both images, the incubation head is placed directly on the live coral
tissue to measure respiration and photosynthesis in real time. An attached sample loop is removed after the sample run for later titration to
determine calcification rates.
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treatment: T1week, and ~1 month after treatment: T1month) using a 2-

way ANOVA with Holm-Sidak pairwise comparisons.
Results

Respiration, photosynthesis, P/R, and calcification rates were

calculated for each sample run. Similar to results by Lesser et al.

(2000), respiration and photosynthetic rates were both notably

higher for O. faveolata colonies (Respiration median: 1020 nmol

O2/cm
2/h. Photosynthesis median: 1629 nmol O2/cm

2/h) than for

M. cavernosa colonies (Respiration median: 475 nmol O2/cm
2/h.

Photosynthesis median: 1026 nmol O2/cm
2/h), and thus the two

species are presented independently.

Among O. faveolata colonies, there was no treatment effect on

respiration (2-way ANOVA: p = 0.2. See Supplementary Table 1 for

full test results) or photosynthesis (p = 0.2). However, time was a

significant factor (p < 0.001 for both respiration and

photosynthesis). Respiration rates were significantly different

among all three time points, with rates declining across each time

point. There was no significant interaction between the two

variables. Across all treatments and time periods, P/R ratios were

greater than 1, and there was no significant treatment effect, time

effect, or interaction. Calcification rates had no significant

treatment, time, or interaction effects (Figure 5).

Among M. cavernosa colonies, treatment had no significant

impact on respiration rates (p = 0.1). Time did have a significant

effect (p < 0.001), with T1month rates significantly lower than T0 rates

(p < 0.001) and T1week rates (p = 0.04) (Figure 6). Photosynthetic

rates did vary significantly when all treatment groups were

compared (p = 0.01), but no pair-wise comparisons were

significant. Photosynthetic rates were significantly lower at

T1month than at T0 (p < 0.001). P/R ratios did not differ based on

treatment (p = 0.1) nor time (p = 0.3). Calcification rates for M.

cavernosa did not vary by treatment group (p = 0.96) but did vary
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by time (p < 0.001), with rates at T1week significantly lower than

those at T0 (p < 0.001) and T1month (p = 0.007).
Discussion

The CISME instrumentation allowed for various metrics of

coral physiology to be measured simultaneously, in the field, and

across repeated time points without causing damage to the coral.

Across both species and all time points, there was no effect of

treatment on respiration, photosynthesis, P/R ratios, or calcification

rates. The location of the sampling run on the coral (in the middle

of tissue or near the edge) and the health status of the coral (healthy,

actively diseased, or amoxicillin treated), did not cause any variation

in the physiological parameters measured. This suggests that

amoxicillin treatments do not result in detrimental nor positive

effects to adjacent coral metabolism.

For both species, the respiration and photosynthetic rates across

all treatments declined slightly but significantly with time (T0,

T1week, T1month). We can only hypothesize as to the cause of this,

but offer three possible explanations. The first is mechanical, as the

seals on the CISME instrumentation may have become more worn

with time and thus did not provide a complete seal, resulting in

lowered rates during later sampling dates. However, this would

likely have also affected calcification measurements, but these did

not vary across time. It is also possible that environmental

conditions changed over the three sampling periods, resulting in

changing metabolic rates of the colonies. The two most likely

changes during this time period would have been light (which

increased 38 minutes between sunrise and sunset between the first

sampling timepoint and the last), and temperature [which increased

2.7°C during the same interval (NOAA Coral Reef Watch, 2023).

We would not expect either of these changes to have made a notable

difference, as we standardized light exposure by sampling at least

three hours after sunrise and before sunset. Additionally, the
FIGURE 5

Averages (error bars = standard deviation) of respiration rates, photosynthesis rates, P/R ratios, and calcification rates for each treatment group and
each time period (darkest: T0, mid-grade: T1week, lightest: T1month) for Orbicella faveolata (OFAV) corals.
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temperature range between the first and last sample point (25.9 –

28.6°C) was found by Colombo-Pallotta et al. (2010) to not create

notable variation in dark respiration rates for O. faveolata. It is

possible that other environmental parameters, such as water quality,

may have changed between sample points and affected results,

though no notable weather conditions or unusual events occurred

during the sampling month that might create deviations. Though

very high turbidity is known to affect photosynthesis and

respiration (Telesnicki and Goldberg, 1995), lower values as seen

on this reef (with similar observations of clarity across all sample

dates) are not known to do so. A third alternative may be that coral

health declined for some other reason during this time interval. This

change did not manifest in any visible way such as tissue loss or

changes in coral color, but we cannot discount the possibility of

non-visible changes in health status. There is much still to be

learned about coral health and, particularly, changes in health

through time, and we encourage future use of these metrics on

fate tracked corals to assess both natural temporal patterns as well as

changes that may be caused by unusual environmental or

management events.

Measured physiological parameters of our sampled corals show

some variation from other studies of the same species. The

respiration rates in this study were generally lower than those

found by Colombo-Pallotta et al. (2010) for O. faveolata and by

Lasker (1981) for M. cavernosa. Photosynthetic rates were within

the range of, but on the high side of measurements found by Lesser

et al. (2000) for O. faveolata and by both Lesser et al. (2000) and

Lasker (1981) for M. cavernosa. Again, the reasons for these

variations are unknown, but could relate to numerous short- or

long-term environmental variables among studies, some of which

could be resolved in future controlled laboratory experiments. The

use of the CISME instrumentation provides an opportunity to do

these long-term studies as it allows in-water measurements on

colonies of all sizes without any damage to the sample area.
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While we find no changes in photosynthesis, respiration, or

calcification rates across the three treatment groups in this study, we

note that there may be limitations to extrapolating these results.

These include:
1. SCTLD lesions can present on O. faveolata and M.

cavernosa as either stark lines between apparently healthy

tissue and dead skeleton or as lesions with a bleached

margin of varying thickness (Florida Coral Disease

Response Research & Epidemiology Team, 2018; Aeby

et al., 2019). The tissues sampled in this experiment were

from stark lesions with no bleaching margins. We would

expect that for corals exhibiting a substantial level of paling/

bleaching associated with disease lesions, photosynthetic

rates would be lower.

2. Results could vary under different environmental

conditions. For example, Liu et al. (2015) found that

amoxicillin did not affect growth of a photosynthetic

cyanobacteria at low phosphorous levels, but did

stimulate it at high levels. It is possible that the impact of

amoxicillin treatments on physiological metrics of coral

hosts or symbionts could vary at other temporal or

geographical points.

3. The sampling time periods selected for treated corals (< 1

hour, 1 week, and 1 month) may not adequately capture all

possible impacts. These time periods were chosen to reflect

any immediate impacts of the treatment itself, the time after

the full 3-day dosing had occurred, and time well after

treatment when no impacts would be expected to be seen.

Though we found that none of these timepoints differed

from controls, it is possible that intermediate time points

may have yielded different results. However, Studivan et al.

(2023) found that gene pathways 13 days after treatments

indicated potential recovery of corals, and so we suggest
FIGURE 6

Averages (error bars = standard deviation) of respiration rates, photosynthesis rates, P/R ratios, and calcification rates for each treatment group and
each time period (darkest: T0, mid-grade: T1week, lightest: T1month) for Montastraea cavernosa (MCAV) corals.
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Fron
that by this point, physiological metrics would not be

expected to vary from controls.
While the temporal variability of our sampled corals offers

opportunities for future work on coral health, the lack of variation

among the treatment groups suggests that within an individual

coral, physiological parameters are relatively consistent across the

colony. Further, it suggests that neither SCTLD nor amoxicillin

treatments are impacting respiration, photosynthesis, or

calcification in adjacent tissues. As this relates to intervention as a

management action, the use of this novel in-water action to prevent

mortality does not appear to have negative impacts on the

surrounding tissues.
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