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Marine diseases have caused large scale decreases in coral cover across the Caribbean and are unfortunately projected to increase as sea surface temperatures rise. Identifying the main drivers of disease transmission is essential for our understanding and response to diseases in the future. This study investigates the effects of direct-contact, waterborne, Symbiodiniaceae composition, and butterflyfish foraging on the transmission rates of stony coral tissue loss disease (SCTLD) across Montastraea cavernosa (MCAV) coral fragments. M. cavernosa fragments were placed in direct contact with diseased Orbicella and Montastraea colonies with the purpose of creating disease MCAV fragments for experimental trials with butterflyfish. Three treatments were used to investigate waterborne transmission (control), mechanically injury to a healthy coral (limited), and direct contact feeding across a diseased and healthy coral (unlimited). After the experimental trials, the composition of Symbiodiniaceae was analyzed for every MCAV fragment. Direct contact transmission took on average 3.9 days in 2019 and 11.9 days in 2020 with significantly quicker rates of transmission between donor diseased Orbicella and Montastraea than Montastraea to Montastraea. The composition of Symbiodiniaceae differed significantly between the fragments used in 2019 (dominated by Durusdinium) than in 2020 (dominated by Cladocopium spp.). The limited treatment had the quickest time to transmission compared to the unlimited and control treatments. Symbiodiniaceae differences between 2019 and 2020 might explain differences in transmission rates and overall susceptibility between the years. The species of Symbiodiniaceae may play a role in the susceptibility of corals to the transmission of SCTLD. Additionally, we also have some suggestive evidence that butterflyfish do not directly increase infection rates, but instead might be increasing infection recovery.
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INTRODUCTION

Coral reefs in the Caribbean are experiencing numerous anthropogenic disturbances including warming sea surface temperature, ocean acidification, and nutrient pollution that are threatening the ecosystems as well as the organisms that inhabit it (Gardner et al., 2005; Miller et al., 2009; Mumby and Steneck, 2011). As a result of these stressors, there has been a dramatic increase in the diversity, frequency, and virulence of hard coral pathogens that target Scleractinian hard corals, the foundation species of coral reefs (Harvell et al., 2002; Altizer et al., 2013; Burge and Hershberger, 2020). The first hard coral disease was recorded in the 1970s and since then, over 70% of all disease reports are from the Caribbean with over 15 types of diseases impacting 118 hard and 22 soft corals (Green and Bruckner, 2000); dubbing the Caribbean as a “disease hot spot” (Hayes and Goreau, 1998; Weil et al., 2006; Harvell et al., 2007). Coral diseases have had significant effects on hard coral with particular diseases decreasing live coral cover by over 60%, with some specific species of coral experiencing losses near 90% (Miller et al., 2009).

Marine diseases are naturally occurring in the environment, but with ongoing and forecasted climate-driven changes, disease outbreaks are expected to become more frequent (Harvell et al., 2002; Altizer et al., 2013; Burge and Hershberger, 2020) and may follow other disturbance events, such as bleaching (Weil et al., 2006; Brandt and McManus, 2009; Miller et al., 2009). Several studies have focused on the effects of individual and combined perturbations on hard corals and discovered that corals exposed had significantly higher disease prevalence than hard corals that remained unexposed to stressors (Vega Thurber et al., 2014; Maher et al., 2019). Additionally, there is an increasing diversity of pathogens, taking numerous forms (viruses, bacteria, parasites, dinoflagellate, among others), that can target a wide range of hosts making intervention methods difficult (Walton et al., 2018; Bateman et al., 2020). With coral being vital to coral reef ecosystems, there have been tremendous efforts to understand the mechanisms behind disease virulence.

The most recent disease to affect the Caribbean is stony coral tissue loss disease (SCTLD) which was first detected near Virginia Key, FL in 2014 and has since spread to other parts of the Caribbean (Precht et al., 2016; Alvarez-Filip et al., 2019; Weil et al., 2019). SCTLD has affected more than 20 different hard coral species and, in some circumstances, can cause a coral colony to have 100% mortality in a matter of months (Lunz et al., 2017; Florida Keys National Marine Sanctuary, 2018). Studies suggest that this disease is waterborne and may be moving between reefs via ocean currents and direct-contact transmission accounting for the rapid spread of SCTLD (Bruckner et al., 1997; Walton et al., 2018; Aeby et al., 2019; Muller and van Woesik, 2020; Rosales et al., 2020; Sharp et al., 2020). Although SCTLD can be completely detrimental to live coral cover, there has been some variation in overall virality of SCTLD with some coral colonies experiencing effects ranging from 100% mortality to complete recovery from SCTLD in the field (Landsberg et al., 2018; Aeby et al., 2019; Florida Keys National Marine Sanctuary, 2018; Muller and van Woesik, 2020; Noonan and Childress, 2020; Ushijima et al., 2020). Additionally, there are results that suggest that corals can experience a change in resistance or recovery to SCTLD (Paul et al., 2019; Meiling et al., 2020). This variation in virulence has led researchers to look at external drivers that may be influencing SCTLD spread and recovery.

The presence and foraging habits of corallivores, like butterflyfish, has been previously observed to facilitate disease spread (Aeby and Santavy, 2006; Pratchett et al., 2006; Cole et al., 2009; Raymundo et al., 2009; Bruckner and Bruckner, 2016; Nicolet et al., 2018a,b). By inflicting mechanical injury on coral polyps, corallivores provide a mechanism for infection (Aeby and Santavy, 2006; Bruckner and Bruckner, 2016). There is also evidence that disease could spread through corallivore feces (Pratchett et al., 2013; Grupstra et al., 2020). Alternatively, some studies have suggested that corallivores are actually beneficial to hard corals and can ameliorate disease by the removal of diseased tissue (Cole et al., 2009; Raymundo et al., 2009; Noonan and Childress, 2020).

Other laboratory studies have found no evidence of corallivores contributing to disease transmission (Nicolet et al., 2018a,b) and recommend that alternative processes like the composition of Symbiodiniaceae, the symbiotic dinoflagellates within coral tissue, control the susceptibility of coral to disease (Baker et al., 2004; Iglesias-Prieto et al., 2004; Berkelmans and van Oppen, 2006; Jones et al., 2008; Correa and Baker, 2009). And this relationship has been observed with numerous diseases and pathogenic strains like Vibrio spp. (Correa and Baker, 2009; Rouzé et al., 2016). However, the group of Symbiodiniaceae that is most beneficial for a coral’s holobiont has been variable across studies. Clearly additional research is needed to understand the potential role that corallivores and Symbiodiniaceae may have on disease outbreaks (Aronson and Precht, 2001; Bruckner and Bruckner, 2016).

This study sought to investigate the influence of Symbiodiniaceae and the foureye butterflyfish, Chaetodon capistratus, foraging on the rate of SCTLD transmission and recovery in a laboratory experiment. We predicted that the species of Symbiodiniaceae plays a strong role in direct contact transmission and that the foureye butterflyfish plays a strong role in the transmission of disease. We also predicted that hard corals in treatments with foureye butterflyfish would have slower rates of SCTLD transmission compared to corals that were in the treatment with no foureye butterflyfish. This is based on observations made in the field where the recovery of hard corals to SCTLD in the middle Florida Keys that were observed to be predated on by foureye butterflyfish (Noonan and Childress, 2020). However, we did predict that SCTLD transmission would be quickest in our direct contact transmission trials. Through this experiment, we hope to be able to determine which factors have the most influence on SCTLD transmission in a laboratory setting. This study will provide insight into whether butterflyfish or Symbiodiniaceae played a larger role in the rapid spread of SCTLD across the Caribbean.



MATERIALS AND METHODS


Coral Collection and Disease Transmission

To study the transmission of SCLTD, healthy fragments of Montastraea cavernosa (fMCAV) (n = 41) were donated by Florida Fish and Wildlife Conservation Commission’s coral nursery near Marathon, FL in June 2019 and again in June 2020. It is unknown whether the corals fragments collected in 2020 were from the same colony than fragments collected in 2019. Each fMCAV was approximately 3–4 cm in diameter containing 6–12 polyps. These fragments were photographed, measured, tagged, and housed in a single 135-gal tank that had continuously running seawater at the Keys Marine Laboratory (KML) in Layton, FL. Active SCTLD infected corals of three species, Montastraea cavernosa (ddMCAV) (n = 6), Orbicella faveolata (ddOFAV) (n = 8), and Orbicella annularis (ddOANN) (n = 3), were identified as actively infected by SCTLD and collected by collaborators on actively infected reefs off of Looe Key in the Florida Keys in 2019 and on actively infected reefs offshore of Hollywood, FL in 2020. The diseased colonies were cut from naturally occurring live corals from Broward county, FL. For the purposes of this study, only diseased colonies showing the characteristics of SCTLD were collected.

Diseased colonies were transported to KML where they were photographed, measured, tagged, and housed in two 40-gal tanks. Every coral (fMCAV, ddMCAV, ddOFAV, ddOANN) was allowed an acclimation period of at least 72 h before the contact-based transmission study or the experimental trials began. All tanks used in this experiment were a part of a well seawater system that treats and releases well water into a thermally and pH controlled flowthrough system. All experiments were conducted under normal photoperiod with temperatures ranging from 23.68 to 32.81 degrees Celsius with an average temperature of 26.61 degrees Celsius.

Once acclimated, about half of the fMCAV (n = 22) were randomly selected and transferred into the 40-gal flowthrough tanks with the diseased coral colonies. They were randomly placed in direct contact with the active disease margin on one of the ddMCAV, ddOFAV, or ddOANN colonies (Figure 1). All fMCAV and diseased colonies were photographed and monitored for disease presence daily for the duration of the experimental trials. A coral would be considered infected or diseased when there were signs of subacute to acute tissue loss with distinct paling of tissue. When a fMCAV was showing signs of SCTLD it was randomly paired with a healthy fMCAV and allocated to 1 of 3 experimental treatments described below.
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FIGURE 1. The coral fragments circled in orange are Montastraea cavernosa fragments (fMCAV) that were placed in direct contact with a donor diseased corals to induce infection and study direct contact transmission rates.




Transmission Experiment With Chaetodon capistratus

To investigate the role foureye butterflyfish may be having on SCTLD transmission, a laboratory experiment was conducted at the Keys Marine Lab in Layton, FL using Chaetodon capistratus (n = 13). The foureye butterflyfish was used for this study because they can be found in high abundances around active SCTLD corals and were observed to feed on diseased tissue in the field (Noonan and Childress, 2020). Adult individuals of C. capistratus (total length 7.6–10.3 cm) were collected using hand nets by Dynasty Marine Associates near Marathon, FL and transported in a live well to KML. Individuals were placed into their own 40-gal tank where they acclimated to laboratory conditions for 48 h prior to the transmission experiment. C. capistratus were fed brine shrimp and coral fragments daily for the extent of the experimental trials and were held in a running seawater system with the same environmental parameters described above.

Three treatments (control, limited fish access, unlimited fish access) were used to investigate the transmission rates of SCTLD across fMCAV (Figure 2A). In the control treatment there was a diseased and healthy fMCAV with no foureye butterflyfish. This treatment tested disease transfer through the process of waterborne transmission alone. In the limited fish access treatment, the newly diseased fMCAV was covered with a Vexar cage therefore limiting the introduced foureye butterflyfish to feed only on the healthy coral fragment. This treatment allowed us to examine the role mechanical injury from active feeding, in addition to waterborne transmission, had on disease transmission. In the unlimited fish access treatment, the foureye butterflyfish had complete access to both the healthy and diseased fMCAV; this allowed us to test whether back and forth contact, on top of mechanical injury and waterborne transmission, increased transmission rates.
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FIGURE 2. Three treatments were used for the transmission experiment: control (waterborne), limited (mechanical injury and waterborne), and unlimited (direct feeding transfer, mechanical injury, waterborne) (A). Foureye butterflyfish feeding on the diseased coral fragment in the unlimited treatment (B).


In the limited and unlimited treatment, the diseased and healthy fMCAV were placed behind a barrier in a 40-gal tank with a foureye butterflyfish. The barrier was lifted and the foureye was allowed to forage on the experimental fragment(s) for a total of an hour a day (Figure 2B). Note: There was one foureye butterflyfish in the limited fish access treatment that found a way to move the cage over the diseased coral for 3 out of the 5 days adding diseased bites to the analysis for the limited treatment trials. The foraging behaviors of the butterflyfish during that 1 h period were recorded using an in situ GoPro camera and video recordings were analyzed using Behavioral Observation Research Interactive Software (BORIS). Bite location (healthy coral, diseased coral, elsewhere in tank), bite rate (bites/hour), and overall activity pattern (time spent swimming, resting, out of view) were estimated for each 1-h video. The observer only counted bites when the mouth of the foureye butterflyfish and the substrate were clearly visible, underestimating the actual bite rates. After the foraging hour, the barrier separating the fish from the coral fragments was reinstalled to ensure no further foraging on the corals would occur during the time the camera was turned off. Each coral fragment from the control, limited, and unlimited treatments were photographed and monitored to track the presence or absence of SCTLD. After 5 days of daily exposure to butterflyfish foraging, the healthy and diseased fMCAVs were placed back into a single 40-gal holding tank and monitored for an additional 7 days to assess disease recovery.

After the coral disease transmission study, the foureye butterflyfish were placed with a single donor diseased coral (ddMCAV, ddOFAV, or ddOANN) daily for 5 days to observe individual activity patterns and feeding preferences to assess variation due to butterflyfish personality differences. A donor diseased coral was placed into a 40-gal tank with one of the foureye butterflyfish where the butterflyfish was filmed foraging for 1 h with an in situ GoPro camera to later be analyzed using BORIS software. We measured bites rates, activity patterns, and preferences for particular coral tissue types (healthy, diseased, dead skeleton, dead overgrown skeleton). Each diseased coral colony was photographed and analyzed using ImageJ software to calculate the percentage of healthy, diseased, and coral skeleton each day.



Symbiodiniaceae Collection and ITS2 Library Preparation for Amplicon Sequencing

One polyp was biopsied from each fMCAV and each donor diseased coral colony using a 60 ml syringe (with a blunt-tipped needle). A total of 43 fMCAV, 3 ddMCAV, 4 ddOFAV, and 2 ddOANN were sampled. 1 ddOFAV and 3 ddMCAV tissue samples were not collected because the colony had experienced 100% mortality by the end of the experiment. The needle was inserted into a single corallite and the plunger was pulled out, sucking the polyp tissue into the syringe. The syringe tip was then placed into a test tube and the tissue was expelled by depressing the syringe plunger. The test tube was then filled with ethanol and stored in a –20 degree Celsius freezer until it was transported back to Clemson University where it was then stored in a –80 degree Celsius freezer.

Sample DNA was extracted using the Qiagen DNeasy PowerBiofilm Kit (Qiagen, United States) as directed by the manufacturer. The Symbiodiniaceae ITS-2 region was amplified from each sample using the primer pair SYM_VAR_5.8S2 and SYM_VAR_REV. These primers and PCR conditions are described previously in Hume et al. (2018). Custom barcoded primers were designed with the ITS2 primers using the protocol from Kozich et al. (2013). After PCR amplification the samples were run on a 1.5% agarose gel to confirm the amplicon size. The concentration of Symbiodiniaceae DNA after PCR amplification was determined using Qubit 3.0® (Thermo Fisher Scientific, United States). All libraries were diluted to 5 ng/μL prior to pooling. After pooling samples were denatured and diluted according to the Illumina denature and dilute libraries guide.1



Symbiodiniaceae Illumina Sequencing, Sequence Analysis, and Taxonomic Classification

Symbiodiniaceae ITS2 amplicons were sequenced using a V2 500-cycle kit (250-basepair paired-end reads) on a MiSeq (Illumina, San Diego, CA). Demultiplexed paired-end reads were imported into QIIME 2 for sequence quality control and analysis (Bolyen et al., 2018). Removal of low-quality sequences, chimeric sequences, and clustering into amplicon sequence variants (ASVs) was completed using the DADA2 program in QIIME2 (Callahan et al., 2016). Taxonomic assignment of the Symbiodiniaceae spp. was completed using the RefSeq file from the SymPortal database developed by Hume et al. (2019). The RefSeq file was converted into a QIIME2 artifact and a custom QIIME2 database was made. The database was trained using the naive-Bayes machine-classifier in QIIME2 prior to taxonomic classification of reads.



Statistical Analyses

Bite rates were calculated as the number of bites taken on the different substrates divided by the length of the video recording. Bite rates were estimated for each individual video recording with the donor diseased corals (n = 56) and for the limited fish access (n = 6) and unlimited fish access (n = 7) treatments. Activity patterns were estimated by dividing the time spent swimming or resting by the total length of the video recording that the butterflyfish was present (in view of the camera). To estimate the foraging preferences of the butterflyfish, the Strauss’ linear resource selection index (L) was used. This index allowed us to assess an individual’s selection for diseased tissue in their proportion of total bites and whether they significantly preferred or avoided diseased tissue based on the frequency of bites relative to the available surface area of diseased tissue, healthy tissue, dead skeleton, dead overgrown skeleton, or another location in the tank. This index is calculated using the formula:
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where i is the focal substrate type (diseased tissue), ri is the proportion of bites taken on diseased tissue, and pi is the proportion of diseased tissue available on the diseased coral colony (Strauss, 1979). This index varies between –1 and 1 with a strong preference for diseased tissue being 1 and a strong preference for healthy tissue being –1. To calculate and compare the bite rates among treatments, t-tests and a single-factor ANOVA was used.

The QIIME2 pipeline (version 2021.4) was used to calculate alpha and beta diversity (Bolyen et al., 2018). The ITS2 reads were rarefied to an even sampling depth of 58,059 reads per sample. Alpha diversity was calculated in QIIME2 using the Shannon Index (Shannon, 1948). A nonparametric Kruskal-Wallis test was used to determine statistical significance. P-values were adjusted using Benjamini and Hochberg FDR correction (Benjamini and Hochberg, 1995). The Bray Curtis Index was used to calculate beta diversity using QIIME2 (Bray and Curtis, 1957). A PERMANOVA was performed to determine statistical differences in beta diversity. P-values were adjusted using Benjamini and Hochberg FDR correction. The Phyloseq package (version 1.26.1) was used to generate alpha diversity, beta diversity, and relative abundance plots (McMurdie and Holmes, 2013).

T-tests were used to assess differences in time-to-infection within fMCAV with the donor diseased corals in the contact-based experiments. A Mantel-Cox Proportion Hazards test was used to track disease transmission in the three treatments (control—no fish, limited fish access, unlimited fish assess). A Mantel-Cox test is a non-parametric test that compares the rate of transmission between treatments, the outcome of the treatments (no transmission or transmission to the “healthy” fMCAV), and the time to the outcome (Aeby et al., 2019). The butterflyfish impact on disease transmission data was analyzed using a logistic regression analysis, where the state of the fMCAV after 5 days of exposure (binomial: diseased or healthy) was the response variable, and the factors in the model were treatment (limited fish access vs. unlimited fish access) and an individual fish’s behavioral attributes (bite rate, Strauss’ index, stationary behavior). Infection status of each coral fragment (infected, uninfected) and end of experiment status of each coral fragment (diseased, healed, resistant) were compared by experimental treatment (control, limited, unlimited) for each Symbiodiniaceae genotype (Breviolum, Cladocopium spp., Durusdinium) using a log-linear (three-way) contingency table analysis. These analyses were completed using JMP software.




RESULTS


Disease Transmission by Direct Contact

Montastraea cavernosa fragments (fMCAV) were highly susceptible to contact-based transmission from the donor diseased Orbicella (ddOANN and ddOFAV) colonies with 3 of the fMCAV having disease lesions within the first 24 h in the summer of 2019. For the rest of the fMCAV in contact with ddOANN or ddOFAV, transmission took an average of 2.5 days. Donor diseased Montastraea cavernosa (ddMCAV) also transmitted disease to fMCAV but at a significantly slower rate than ddOANN or ddOFAV (t = 2.36, df = 1.7, p = 0.007) with an average rate to infection at 5.3 days. The overall rate of transmission in 2020 was 5.75 days slower than transmission in 2019, however, there were 3 fMCAV in 2020 that were showing signs of infection within the first 24 h. Similar to 2019, Orbicella in 2020 transferred disease significantly faster than ddMCAV (t = 2.26, df = 1.9, p = 0.022), with an average rate of infection 7.4 days sooner than ddMCAV. Additionally, there were 2 fMCAVs in contact with ddMCAV that never contracted the disease. For both years, there was a significant effect of donor diseased coral species on transmission rates with ddOANN and ddOFAV transferring disease 6.8 days faster than ddMCAV (t = 2.12, df = 1.16, p = 0.002). There was also a significant effect of year on the rate of transmission for the contact-based transmissions between our donor diseased colonies and fMCAV with quicker rates of transmission occurring in 2019 (t = 2.13, df = 1.15, p = 0.007).



Individual Variation in Butterflyfish Foraging Behavior

Observations of foureye butterflyfish feeding on donor diseased corals revealed consistent individual differences in their activity patterns, bite rates, and preferences for different coral tissue types. There was a significant effect of coral species on the number of bites taken by individuals (F = 9.11, df = 1.2, p < 0.001), with more bites occurring on ddOFAV than ddOANN or ddMCAV. Fish paired with ddOANN spent significantly more time stationary than when paired with ddOFAV or ddMCAV (F = 5.73, df = 1.2, p = 0.006). There was a significant difference between the number of bites taken on the different substrate and tissue types (F = 11.45, df = 4.28, p < 0.001), with more bites being taken off the tank than any coral tissue types (Supplementary Table 1). When evaluating bites on coral tissue types, there were significantly more bites being taken from healthy coral tissue than the other tissue types (F = 11.06, df = 3.22, p < 0.001). Bite rates from personality assessments ranged from 0.11 to 6.93 with an average rate of 3.85 bites/min. Strauss index ranged from –0.0025 to 0.4233 with an average index of 0.1426 showing no strong preference for diseased over healthy coral. The size of individual foureye butterflyfish (Chaetodontidae) ranged from 7.6 to 10.3 cm with a mean length of 9.22 cm. Size was not correlated with either bite rate or activity-stationary behavior but was positively correlated with the Strauss index (F = 12.45, df = 58, P = 0.0008).



Disease Transmission by Butterflyfish

During the butterflyfish disease transmission experiment, butterflyfish swam on average 60.34% of the total time, rested against the tank for 7.73% of the time, and were out of view for 31.92% of the time. The percent of time swimming ranged from 0.0 to 100%, time spent resting ranged from 0.0 to 87.0%, and out of view from 0.0 to 100%. For the limited treatment, there was an average of 46.57 bites on the healthy coral, 8.7 bites on the disease coral, and 145.13 bites elsewhere in the tank (other) (Figure 3). Bites on the healthy coral ranged from 0 to 266, bites on the diseased coral ranged from 0 to 90, and bites on other ranged from 0 to 436. In the limited treatment, 23.2% of all bites were taken on the healthy coral and 72.4% on other. For the unlimited treatment, there was an average of 17.23 bites on the healthy coral, 11.67 bites on the disease coral, and 67.83 bites on other. Bites on the healthy coral ranged from 0 to 114, bites on the diseased coral ranged from 0 to 85, and bites on other ranged from 0 to 332. In the unlimited treatment 17.8% of all bites were taken on the healthy coral, 12.1% on the diseased coral, and 70.1% on other.
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FIGURE 3. The number of bites taken by C. capistratus on the diseased coral (yellow), healthy coral (orange), and elsewhere in the tank (green) for the 5-day trial for the limited (top) and unlimited (bottom) treatments.


There was a significant difference between the total number of bites (t = 2.00, df = 57, p < 0.001) between the two treatments with the limited treatment having double the amount of bites than the unlimited treatment. There was also a significant difference between the bite rate (t = 2.00, df = 56, p < 0.001) between the limited and unlimited treatment. The number of bites on healthy (t = 2.03, df = 37, p = 0.052) or diseased (t = 2.00, df = 58, p = 0.54) coral between the two treatments was not significantly different. However, there was a significant difference between the number of bites taken elsewhere in the tank (t = 2.01, df = 54, p = 0.004) with the limited treatment having over two times the number of bites than the unlimited treatment.

Disease transmission increased over the 5 day transmission experiment and the rate of transmission was faster in the limited fish access treatments than in the control and unlimited fish access treatment (χ2 = 5.85, p = 0.054) (Figure 4). The control and unlimited treatments had similar rates of infection: the control treatment had 0% of the corals infected on day 3 but by day 5 50% of the corals were infected; the unlimited treatment had 14% of the corals infected by day 3 but held steady until day 5 where 43% of fragments became infected. Contrarily, by day 3 of the limited treatments, 50% of our healthy corals were infected and by day 5 84% of the coral fragments were diseased. Corals in the limited treatment were two and a half times more likely to pick up disease than in the control with a risk ratio of 0.4 (95% confidence interval, 0.16–1.03) or the unlimited treatment with a risk ratio of 2.5 (95% confidence interval, 1.02–6.13). There was an effect of year on the days to transmission (χ2 = 7.22, p = 0.007) but did not change the overall effect of treatment (χ2 = 5.34, p = 0.069) (Figure 4).
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FIGURE 4. Cox Proportional Hazards test to evaluate the effect of treatment (top) and by year (bottom) on the transmission of Stony coral tissue loss disease to healthy M. cavernosa fragments.


A week after the transmission trials, there was 0% mortality for the fMCAV in 2019 and 2020, however, we did see significant variation in the amount of fMCAV that remained diseased between the 2 years (t = 2.07, df = 1.23, p < 0.001) (Supplementary Table 2). In 2019, 66.7% remained diseased after a week while 33.3% showed no signs of active disease and were considered healed (Supplementary Table 3). In 2020, only 4.0% remained diseased a week after the trial and 56.0% were healed. The other 40.0% never showed signs of disease throughout the trials or for the week after and were classified as resistant.



Symbiodiniaceae ITS2 Analysis

A total of 14,313,403 reads were generated after Illumina sequencing. The minimum number of reads per sample was 125,500 and the maximum number of reads per samples was 512,974. The median number of reads per sample was 265,344. After sequence quality control, paired-end read joining, and chimera removal a total of 10,112,769 high-quality sequences remained. In 2019, healthy Montastraea cavernosa fragments (fMCAV) were composed almost entirely of Durusdinium with only two fragments (2019-MCAV-82 and 2019-MCAV-85) having small concentrations of Cladocopium spp. (Figure 5A). In 2020, fMCAV were composed entirely of Cladocopium spp. Significant differences in Shannon diversity were observed in the samples from different years (H = 22.25; p < 0.001) (Figure 5B). There were also significant differences in beta diversity of Symbiodiniaceae spp. collected from coral fragments in years 2019 and 2020 (p = 0.001) (Figure 5C). Donor diseased corals had variable compositions of Symbiodiniaceae ranging from fully Cladocopium spp. or Breviolum to a combination of Breviolum, Cladocopium spp., and Durusdinium (Figure 5A).
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FIGURE 5. Relative abundance of Symbiodiniaceae species across the donor diseased corals and the coral fragments used in the experimental trials in 2019 and 2020 (A). There were significant differences in the alpha diversity of Symbiodiniaceae using Shannon Diversity Index between the 2 years of the experimental trials (B). There were also significant differences between the community compositions of Symbiodiniaceae between the samples used in 2019 and 2020 (C).


Since the coral fragments used in 2019 and those used in 2020 differed in the species of Symbiodiniaceae present, we also conducted a log-linear (three-way) contingency table analysis to see if species of Symbiodiniaceae (or year) interacted with experimental treatment in either the initial (infected or uninfected) or end status of infection (diseased, healed, or resistant). Species was far more important in infection status and end status than experimental treatment (Figure 6 and Table 1). However, there was a significant interaction between Symbiodiniaceae species and experimental treatment. Those corals in treatments where butterflyfish were allowed to feed directly on the disease corals (unlimited) tended to show increased frequency of healing over those fragments in either control conditions (no butterflyfish) or limited conditions (butterflyfish present but unable to feed directly on diseased corals) (Figure 6 and Table 1).
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FIGURE 6. Coral fragment status at the end of the study as a function of experimental treatment (control, limited, unlimited) and presence of Cladocopium spp. vs. Durusdinium.



TABLE 1. Three way log-linear contingency table analysis of treatment (control, limited, unlimited) and species of Symbiodiniaceae (Cladocopium or Durusdinium present) on the infection status (infected, uninfected) or end of experiment status (diseased, healed, resistant).
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DISCUSSION

Our rate of contact-based transmission was quicker than has been observed previously (Aeby et al., 2019; Dobbelaere et al., 2020) with 27% of the M. cavernosa fragments (fMCAV) having disease lesions within the first 24 h. The remaining fMCAVs had variable rates to infection. M. cavernosa is known to be susceptible to SCLTD, but transmission rates have been widely variable (Aeby et al., 2019; Meiling et al., 2020). Previous transmission studies have found that donor diseased corals with acute lesions were more successful at transferring disease than corals with subacute lesions (Aeby et al., 2019). In our study, the M. cavernosa donor diseased corals (ddMCAV) had acute lesions and, therefore, were expected to transfer disease the quickest but the Orbicella donors with subacute lesions transferred disease 6.8 days faster. Although the lesion stage (subacute vs. acute) did not have the expected effect, previous studies have also found that interspecific transmission (MCAV to OFAV) is often quicker than intraspecific transmission (MCAV to MCAV) (Aeby et al., 2019) and offers support for our findings that Orbicella donor diseased corals transmitted the disease quickest to fMCAV than the ddMCAV to fMCAV. These results also build on the previous “diagnosis” that SCTLD is a generalist pathogen and can transfer between species easily (Walton et al., 2018; Muller and van Woesik, 2020).

Based on previous observations of butterflyfish foraging on diseased corals in the field (Aeby, 2002; Chong-Seng et al., 2011; Nicolet et al., 2018a; Noonan and Childress, 2020), we expected foureye butterflyfish to preferentially feed on the disease margins on the donor diseased corals and on the diseased corals used in the unlimited treatments. When observed with the donor diseased corals, there was a significant difference in the number of bites taken on the different tissue types, but most bites were taken from the healthy coral tissue instead of the diseased or coral skeleton. There could be more nutritional advantages to feeding on healthy coral tissue over other tissue types, but an analysis of nutritional content of the microbial community needs to be investigated further (Chong-Seng et al., 2011). There is also the possibility that the “healthy” tissues might have had disease present but were not showing visible lesions altering butterflyfishes selection of one coral tissue over another.

In the transmission experiment, butterflyfish showed no preference for either the healthy or diseased coral, and actually preferred to feed on the tank more than the coral. Foureye butterflyfish are facultative corallivores (Birkeland and Neudecker, 1981; Gore, 1984; Lasker, 1985; Neudecker, 1985; Pitts, 1991; Bellwood et al., 2010), however, we found it surprising how often the butterflyfish were feeding around the tank instead of on the corals themselves. We suspect that disease tissues sloughed off the corals, were no longer connected to the stinging defenses of the coral itself, making it the easiest food resource available. With this logic though, the sloughing diseased tissue that was barely attached to the coral should have been the next preferred food item, however, that was not what we observed. There is the potential that the bites around the tank could have been focused on other food types like algae or polychaetes but needs further investigation. Although the specific content around the tank has yet to be analyzed, this could be an important finding since there has been recent evidence that the bacteria, Rhodobacterales and Rhizobiales, present in SCTLD may be transmitting through the sediment (Rosales et al., 2020). If butterflyfish are selectively feeding on sloughed tissue that has settled on the substrate, they may be decreasing the number of free bacteria or pathogens available for the future infection of adjacent healthy hosts.

Time to infection was slower in the treatment trials than the contact-based transmission trials which follows previous observations that direct contact between corals is the quickest way for disease to be transmitted (Aeby et al., 2019; Muller and van Woesik, 2020). In general, there was no significant effect of treatment on the transmission of disease to the healthy fragments after 5 days, although we found that the limited treatment had the quickest rate of transmission compared to the unlimited or control treatments. These results suggest that the foureye butterflyfish is not serving as a primary vector for disease transmission, similar to the foureye butterflyfishes role with black band disease outbreaks (Aeby and Santavy, 2006).

Algal symbionts, like Symbiodiniaceae, have also been identified to be important in the functional responses of coral to environmental stressors (Baker et al., 2004; Iglesias-Prieto et al., 2004; Berkelmans and van Oppen, 2006; Jones et al., 2008), like coral disease (Correa and Baker, 2009; Rouzé et al., 2016). In our study, fMCAVs collected in 2019 were composed of mostly Durusdinium Symbiodiniaceae with only 2 fragments having a small composition of Cladocopium spp. as well. fMCAVs from 2020 were composed entirely of Cladocopium spp. These results may suggest that fragments in 2020 were fragmented from a different coral colony than fragments collected in 2019. There was a significant effect of year on the rate of transmission in both the contact-based transmission study and the butterflyfish treatments with disease transmitting significantly quicker in 2019 than in 2020. This may suggest that corals harboring Durusdinium may be more susceptible to disease than coral composed of Cladocopium spp., however, this study did not directly address this hypothesis. Although many studies support that the species of Symbiodiniaceae can have an effect on a coral’s fitness, there is variation in which species of Symbiodiniaceae is most beneficial to a coral based on the disease present (Correa and Baker, 2009; Rouzé et al., 2016). Our study suggests that corals that are harboring Durusdinium may be more susceptible to infection by SCTLD. Alternatively, the difference among years could be a result of inherent genetic resistance to SCTLD within the populations collected in 2020 that have been exposed to SCTLD in the field since 2014.

In addition to the differences in infection rates between the years, we also observed differences in recovery rates with corals from 2020 having quicker rates of recovery after initial SCTLD infection. We also observed an effect of treatment on the recovery rates of corals. For both Cladocopium spp. and Durusdinium, but especially for Durusdinium harboring corals, unlimited treatments showed more healing than for the other two treatments. Fifty percent of corals were healed in the unlimited treatment where 0% of the corals from the control treatment and 16% of corals from the limited treatment healed. This suggests that butterflyfish may be helping Durusdinium harboring corals to recover faster even though they are more susceptible to disease initially. This effect is not as significant for Cladocopium spp. corals because they are resistant to infection even without the presence of butterflyfish. Previous laboratory transmission studies have also found that many corals were able to ameliorate the disease in 2020 (Meiling et al., 2020) which was not consistently seen in studies conducted prior to 2020 (Aeby et al., 2019). Alternatively, it is possible that the pathogen infecting the corals collected in 2020 was less virulent than that experienced by the corals in 2019.

We believe there may be some underlying factors that could have contributed to the transmission of SCLTD that were outside of the parameters collected in this study. We do not know the genotypic history of our coral fragments that could have compromised our hosts (Lafferty and Holt, 2003; Lesser et al., 2007; Muller et al., 2008; Muller and van Woesik, 2012; Brandt et al., 2013) or increased resistance (Mullen et al., 2004; Gochfeld and Aeby, 2008; Shore-Maggio et al., 2015). The fecal excretion of corallivores has also been suggested to play a role in disease transmission (Ezzat et al., 2020; Grupstra et al., 2020). Sediment samples were collected in 2019 and will be used to estimate the composition of diseased or symbiotic materials that may be in foureye feces or free living in other biotic matter. In addition to the tests conducted, we wanted to run statistics to analyze whether butterflyfish or species of Symbiodiniaceae had a larger influence on the transmission of SCTLD in our laboratory experiment. Unfortunately, the lack of variation of Symbiodiniaceae species within a year and the small sample size limited our ability to run analyses that could determine rankings of importance/effect.

Symbiodiniaceae spp. may play a role in the susceptibility of corals to the transmission of SCTLD. However, while our sample sizes are small, we do also have some suggestive evidence that butterflyfish may not directly increase infection rates, but instead might be important in the process of disease recovery. This would be consistent with our original supposition that butterflyfish may be a net positive benefit to corals infected with SCTLD (Noonan and Childress, 2020). This study also identifies that behavioral differences among individuals plays an important role in foraging behavior and explains the range of results from butterflyfish increasing disease spread to ameliorating it (Aeby and Santavy, 2006; Cole et al., 2008; Chong-Seng et al., 2011; Raj et al., 2016; Nicolet et al., 2018a,b). We believe that butterflyfish may have had an influence on the recovery of some coral colonies from SCTLD across the middle Florida Keys and further studies involving coral diseases should consider corallivores as a significant contributor to coral recovery.
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