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 Disease in natural populations depends on the interaction between a host and a 

parasite, but the environment may also modify this interaction. In this dissertation, I 

explore how abiotic and biotic components of a host’s environment alter health and 

disease in the sea fan octocoral, Gorgonia ventalina. As ectotherms, corals are 

particularly sensitive to the environment and thus a priority for studying broader 

questions about environmental drivers of disease.  

 The microbiome is an essential component of the holobiont that can shift under 

stressful conditions and alter host susceptibility. In Chapter 1, I compare sea fan and 

scleractinian bacterial communities across the warm thermal anomaly of 2010. Bacterial 

communities shifted in sea fans, but not in the more bleaching-susceptible, reef-building 

scleractinian, Orbicella faveolata.  

 In Chapter 2, I further explore the role of organisms infecting sea fans by 

studying co-infecting macroparasites. Co-infection is common in nature and has 

ecological and evolutionary consequences for disease outbreaks. I surveyed 10 sites in 

Puerto Rico and determined that one parasite suppressed host immunity, yet did not 

facilitate a second parasite due to the overriding influence of the environment and host 

demography.  

 A primary goal at the intersection of eco-immunology and disease ecology is to 

understand how the environment influences host immunity in multi-parasite systems. I 



 

investigate this interplay in Chapter 3 by measuring both cellular immunity and immune 

gene expression. Laboratory experiments reveal distinct immune responses to two 

parasites, but immune responses in field populations are dominated by the influence of 

environment and demography. There were no signs that the parasites influence each 

other in nature. 

 While disease outbreaks occur even in healthy populations, anthropogenic 

change may alter disease risk. In Chapter 4, I use field surveys and a laboratory 

experiment to test how warming and copper pollution influence sea fan immunity and 

disease. Higher copper and temperature increased disease risk, while also driving 

nonlinear immune responses to a damaging parasite.  

 This dissertation provides insight into the mechanisms through which biotic and 

abiotic factors structure disease. Understanding sea fan health is also a look to the future, 

as octocorals are critical for reef habitat in a changing ocean.  
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CHAPTER 1 

PERSISTENT SHIFTS IN CARIBBEAN CORAL MICROBIOTA ARE LINKED TO 

THE 2010 WARM THERMAL ANOMALY 

Abstract  

 The response of corals to warm temperature anomalies includes changes in 

coral bacterial assemblages. There are clear differences between the microbiota of 

bleached and healthy corals. However, few studies have tracked the microbiota of 

individual colonies throughout a warming event. We used 454 pyrosequencing and 

repeated measures to characterize bacterial assemblages in 15 tagged Gorgonia 

ventalina colonies before, during, 4 months after, and 1 year after the 2010 Caribbean 

warm thermal anomaly. In the latter three sampling times, the G. ventalina microbiota 

differed significantly from the microbiota in colonies of the scleractinian Orbicella 

faveolata, which were sampled only at these three times. O. faveolata microbiota did 

not exhibit coordinated shifts through time. Notably, the microbiota of the repeatedly 

sampled G. ventalina colonies shifted persistently from before to during, after, and 

long after the warming event. The same pattern emerges from the norm of reaction for 

the individual G. ventalina colonies. This is the first study to show persistent shifts in 

octocoral microbiota in association with a warm thermal anomaly. Whether shifting 

microbiota is adaptive or maladaptive, the lasting change in bacterial assemblages 

following this warming event identifies a new way that coral microbiota shape the 

response of coral colonies under thermal stress.  

 

 

 

 

 



 

 2 

Introduction  

 The coral holobiont includes the coral host and its diverse microbial partners, 

i.e. photosynthetic dinoflagellates (Symbiodinium), other protists, associated bacteria, 

archaea, fungi, and viruses (Bentis et al., 2000; Rosenberg et al., 2007). While the 

coral colony is the predominate, visible structure, the colony’s health and response to 

environmental stress likely incorporate these partnerships. As one element of the 

holobiont, bacterial assemblages have the potential to influence processes at the polyp 

and colony levels, and even the well-being of entire coral populations.  

 Advances in coral microbiology have led to an enhanced understanding of 

coral–microbial associations. Certain bacterial taxa are consistently found in colonies 

of particular coral species, though bacterial variability can also be high within coral 

species and even within a colony (Bourne and Webster, 2013). The uncertainty sur- 

rounding species specificity may result from low biological replication in some studies 

(Koren and Rosenberg, 2006; Littman et al., 2009). Alternatively, variability within 

species may be driven by environmental factors. Changes in coral bacteria have been 

associated with macroalgae contact (Morrow et al., 2011; 2012), altered pH (Vega 

Thurber et al., 2009; Meron et al., 2011), fish farm effluent exposure (Garren et al., 

2009), light changes (Koren and Rosenberg, 2008) and seasons (Kimes et al., 2013).  

 Warming events and the resulting loss of symbiotic algae, or bleaching, 

constitute one of the most devastating environmental disturbances on coral reefs. 

Corals that lack their symbiotic algae lose an important energy source (Rosenberg et 

al., 2007). Warming events may also lead to the increase or decline of certain bacteria 

(Lins-de-Barros et al., 2013). Bourne and colleagues (2008) detected a shift away 

from the original bacterial assemblage during a warming event, which reversed once 

temperatures subsided. Warm temperatures have been linked with declines in 

antibiotic-producing bacteria as well as increases in coral disease and expression of 
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bacterial virulence genes (Ritchie, 2006; Bourne and Webster, 2013). However, some 

bacteria may facilitate resilience and reduced tissue loss in corals during warm 

temperature anomalies (Reshef et al., 2006; Gilbert et al., 2012).  

 In this study, we examined two anthozoan species, the gorgonian octocoral, 

Gorgonia ventalina, and the scleractinian coral, Orbicella faveolata. Gorgonia 

ventalina is dominant on shallow, exposed Caribbean reefs. Orbicella faveolata is an 

abundant, sub-massive and massive coral that helps build most Caribbean reefs. Both 

species have experienced drastic declines in the last 20 years, due in part to significant 

thermal anomalies and associated bleaching and disease outbreaks in 2005 and 2010 

(McClanahan et al., 2009; Weil et al., 2009; Bastidas et al., 2012). Bleaching can 

occur in both scleractinians and gorgonians (Goulet et al., 2008; Weil et al., 2009). 

Although thermal stress can compromise health in gorgonians, they seem to be more 

thermally resistant than other anthozoans (Kirk et al., 2005; Linares et al., 2013). Past 

studies show that O. faveolata and G. ventalina have distinct bacterial assemblages 

relative to seawater and diseased colonies of the same species (Gil-Agudelo et al., 

2006; Sunagawa et al., 2009; 2010). There is also evidence of associated viral and 

fungal communities in G. ventalina (Toledo-Hernández et al., 2007; Hewson et al., 

2012).  

 The objective of the present study was to assess how host species and the 

warming event of 2010 affected the bacterial communities. We hypothesized that the 

two host species would have distinct microbiota and that the warming event would 

prompt a shift in the coral microbiota followed by recovery, as reported by Bourne and 

colleagues (2008). Given that O. faveolata colonies bleached extensively, we 

anticipated more pronounced changes in their microbiota relative to G. ventalina, 

which only showed mild paling in a few colonies.  
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Methods (See Appendix)  

 

Results and discussion  

Species-specific microbiota  

 The G. ventalina and O. faveolata colonies differed in their overall bacterial 

assemblages as well as by phyla and individual OTUs (operational taxonomic units, 

97% similarity). First, at the level of the bacterial assemblages, the principal 

coordinate analysis (PCoA) plot illustrates the distinct microbiota of the two species 

(Fig. 1.1A). PC1 broadly corresponds to host identity. Further analysis of the 

unweighted UniFrac distance matrices confirmed that the host coral species was a 

significant predictor of the microbiota (adonis, P < 0.001). In contrast to Sunagawa  

(2010), alpha diversity, the diversity within samples, was not significantly different 

between species (Fig. 1.1).  

Figure 1.1 (A) A principal coordinates analysis (PCoA) plot and (B) phylum-level taxa 
summaries illustrate distinct bacterial assemblages in G. ventalina (blue) and O. faveolata 
(red). Plots were constructed using sequences from 15 large, healthy colonies of G. ventalina 
(from four sampling times, 10 × 5 cm2 of tissue each) and 10 tagged and 10 bleached colonies 
of O. faveolata (from the three latter sampling times, 5×5 cm2 each) collected in La Parguera, 
Puerto Rico. DNA was extracted, 16S sequences amplified by PCR, and samples were sent to 
Engencore for 454 pyrosequencing. Sequences that passed the quality filters were analysed 

A.

G. ventalina
O. faveolata

O. faveolata G. ventalina

B. Unclassified
Acidobacteria
Actinobacteria
Bacteroidetes
Chlorobi
Chloroflexi
Cyanobacteria
Deferribacteres
Firmicutes
Fusobacteria
GN02
Marine group A
Nitrospirae
OP11
Planctomycetes
Proteobacteria
Spirochaetes
TM6
TM7
Tenericutes
Thermi
Verrucomicrobia      
ZB2
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with PCoA using unweighted UniFrac discrete distance analyses for phylogenetic distance in 
the QIIME software package, version 1.5.0 (Lozupone and Knight, 2005; Caporaso et al., 
2010). Sequences are available in NCBI’s Sequence Read Archive (Submission SRP052076). 
The confidence bounds around each data point derive from jackknifing analyses, resampling 
non-rarefied sequences 1490 times. There is variation in both species along principal 
coordinate (PC) 2, but this axis does not align with the metadata. All analyses in QIIME and R 
were conducted using an alpha of 0.05 and an OTU table rarefied at 518 sequences (for G. 
ventalina analyses alone) or 1490 sequences (for analyses including O. faveolata). Bleaching 
status was surmised from visual evidence and confirmed with Symbiodinium cell counts 
(Pinzon, J.H., Weil, E., and Mydlarz, L.D., unpublished; Burge, C.A., Mann, W.T., Mydlarz, 
L.D., Yoshioka, R., Weil, E., and Harvell, C.D., unpublished). 
 
 
 

 At the phylum level, the high abundance of sequences affiliated to 

Cyanobacteria and Proteobacteria in G. ventalina is consistent with past work, but the 

high abundance of Firmicutes and unclassified bacteria is not (Sunagawa et al., 2010; 

Fig. 1.1B). In the case of Cyanobacteria, the high abundance is likely an artifact as 

79.1% of the G. ventalina and 71.2% of the O. faveolata Cyanobacteria sequences 

were annotated as being chloroplast-affiliated. Overall, chloroplast-affiliated 

sequences made up 13.7% of the G. ventalina and 3.4% of the O. faveolata sequences, 

which agrees with previous studies (Frias-Lopez et al., 2002). The two coral species 

also differed in that O. faveolata colonies had higher abundances of sequences 

affiliated to Bacteroidetes, as in past studies (Sunagawa et al., 2010). Bacteroidetes 

have been repeatedly associated with diseased corals and sponges (Pantos and Bythell, 

2006; Webster et al., 2008). Sequences affiliated to Acidobacteria were also more 

prevalent in O. faveolata and have been previously associated with bleaching in this 

species (Mouchka et al., 2010). However, the functions of Bacteroidetes and 

Acidobacteria in O. faveolata are still unknown. Finally, there were high proportions 

of unclassified sequences in O. faveolata (16.9%) and G. ventalina (35.5%), which is 

typical of environmental samples given the limitations of reference databases (Werner 

et al., 2012). Indeed, previous studies have suggested that corals and octocorals are 



 

 6 

sources of novel bacteria (Koren and Rosenberg, 2006; Sunagawa et al., 2010; Chen et 

al., 2011).  

 Finer scale differences between the two coral species are evident from 

comparisons of OTU abundances. Of the 1711 OTUs, 1026 occurred in and 691 were 

exclusive to G. ventalina, while 1020 occurred in and 685 were exclusive to O. 

faveolata. The total number of OTUs was similar across species and consistent with 

previous studies using 97% similarity (Sunagawa et al., 2010). Analysis with the R 

package indicspecies by De Cáceres and Legendre (2009) showed that 28 OTUs 

associate significantly with G. ventalina and 26 with O. faveolata (Table S1.2). The 10 

OTUs most strongly associated with G. ventalina (P ≤ 0.01) included one unclassified 

OTU, one in the Proteobacteria phylum, one in the Bacteroidetes phylum and three in 

the Clostridia class. The six OTUs most strongly associated with O. faveolata (P ≤ 

0.01) included one in the Alphaproteobacteria class, two in the Rhodobacteraceae 

family and one each in Vibrionaceae, Flammeovirgaceae, and Verrucomicrobiaceae. 

The OTU in the Vibrionaceae family was associated with O. faveolata independent of 

health status. This is not unusual because, although some Vibrios are linked to 

bleaching (Bourne et al., 2008; Vega Thurber et al., 2009) and disease (Kushmaro et 

al., 2001; Ben-Haim et al., 2003), they have also been found in healthy corals (Koren 

and Rosenberg, 2008; Littman et al., 2011; Kellogg et al., 2013).  

 The differences in higher taxa and OTUs in the two host species are consistent 

with their distinct bacterial assemblages in the PCoA plot (Fig. 1.1A). Given that the 

G. ventalina and O. faveolata colonies inhabit the same reef environment, their 

distinct microbiota may result from different physiological responses to stress and/or 

different biochemical environments of the coral host species (Bythell and Wild, 2011). 

The 2010 warm thermal anomaly was certainly one important stressor for these 

colonies. While the O. faveolata colonies bleached in response to the heat stress 
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(Pinzon, J.H., Weil, E., and Mydlarz, L.D., unpublished), the G. ventalina colonies did 

not show any clear signs of severe bleaching (some colonies were paler than others) 

and, in fact, showed seasonal fluctuations of Symbiodinium abundance (Burge, C.A., 

Mann, W.T., Mydlarz, L.D., Yoshioka, R., Weil, E., and Harvell, C.D., unpublished).  

Gorgonia ventalina microbiota shift persistently  

 The microbiota of the G. ventalina colonies varied over the four sampling 

times, progressing to a disparate, less diverse assemblage over the 16-month period 

(Fig. 1.2A). We designated the four sampling times as before (July 2010), during 

(November 2010), recovery 1 (March 2011) and recovery 2 (October 2011), relative to 

the 2010 warm thermal anomaly. Alpha diversity was significantly higher before the 

warming event relative to during (P < 0.01), recovery 1 (P < 0.05) and recovery 2 (P < 

0.05) (Fig. S1.2). Analysis of the unweighted UniFrac distance matrices indicated that 

the sampling time was a significant predictor of the microbiota (adonis, P < 0.001), 

supporting the disparate groups in the PCoA plot (Fig. 1.2A). Pairwise comparisons 

illustrate that the microbiota differ significantly with each successive sampling time 

(adonis; before versus during, q < 0.005; during versus recovery 1, q < 0.05; recovery 

1 versus recovery 2, q < 0.005). The microbiota also differed between the warming 

event and the same season the next year (during versus recovery 2, q < 0.005). The 

repeated, well-replicated sampling of individual colonies of G. ventalina through time 

led to the detection of a consistent trajectory of the microbiota of most colonies (Fig. 

1.2B). The agreement across colonies is compelling because there is a consistent 

response by the bacterial assemblages despite the high diversity of G. ventalina 

populations (Andras et al., 2013), which has likely accounted for diverse responses of 

this species in previous research (Couch et al., 2013).  

 The persistent shift contrasts with results from a temperate octocoral species 

and a scleractinian coral in which the assemblages shifted, yet subsequently recovered 
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in less than 6 months (Bourne et al., 2008; La Riviere et al., 2013). However, this 

finding does align with previously observed decreases in the abundance of certain, 

antibiotic-producing bacteria during warming events that persist after high 

temperatures subside (Ritchie, 2006).  

 
Figure 1.2 (A) A principal coordinates analysis (PCoA) plot of G. ventalina samples over 
time; (B) A PCoA plot delineating the trajectories of 12 colonies; and (C) phylum-level 
changes over time. In (A) and (B), PC1 corresponds to sampling time while no axes align with 
colony identity, the dominant bacterial phylum (Bacteroidetes versus Proteobacteria), or the 
sequencing run. The confidence bounds around each data point derive from jackknifing 
analyses, resampling non-rarefied sequences 518 times. In (A), ellipses were drawn to 
incorporate 80% of the points for the corresponding group to serve as a visual guide. In (B), 
lines were drawn to connect sequential points. Points without connections did not have 
sequential samples of sufficient sampling depth to be included in the PCoA plot. 

Before
During
Recovery 1
Recovery 2

A.

6 1
7

12

9
2 5

3

8
11

13

14

15

B.PCoA with Ellipses Enclosing >80% of Points per Sampling Time PCoA Connecting Sequential Samples of Individual Colonies 

C.

DuringBefore Recovery 1 Recovery 2

Unclassified
Acidobacteria
Actinobacteria
Bacteroidetes
Chlorobi
Chloroflexi
Cyanobacteria
Deferribacteres
Firmicutes
GN02
Proteobacteria
Spirochaetes
TM6
TM7
Tenericutes
Verrucomicrobia



 

 9 

 Shifts in higher bacterial taxa over time and the association of certain OTUs 

with each sampling time illustrate finer changes contributing to the shifts seen in the 

PCoA plot for the G. ventalina colonies. Figure 1.2C depicts the shifts in phyla over 

time. We assessed changes in certain, higher bacterial taxa across the time series using 

generalized linear models with the negative binomial distribution (Table S1.5). These 

taxa were chosen based on their abundance and their presence in corals as documented 

in the existing literature (Table S1.1). A model with sampling time alone was the best 

model for the abundances of sequences affiliated to Clostridia, Oceanospirillales, and 

Pseudomonadaceae. Pairwise comparisons indicated that sequences affiliated to 

Clostridia decreased significantly from before to during the warming event (P < 

0.0001). Pseudomonadaceae-affiliated sequences decreased significantly from during 

to recovery 1 (P < 0.01) and further still to recovery 2 (P = 0.01), aligning with the 

persistent shifts in Fig. 1.2. Sequences affiliated to Clostridia, Oceanospirillales, and 

Pseudomonadaceae may figure prominently in the response of G. ventalina to the 

warming event. Interestingly, previous studies detected both positive and negative 

associations between Pseudomonadaceae and heat stress (Ritchie et al., 1994), as well 

as both positive and negative effects of Clostridia on host corals (Kimes et al., 2010; 

Mouchka et al., 2010; Bourne and Webster, 2013). Oceanospirillales sequences have 

been detected in many coral species, including temperate gorgonians, and their high 

abundance in several studies suggests they are important players in coral bacterial 

assemblages (Sunagawa et al., 2009; La Riviere et al., 2013; Lema et al., 2014). At 

the level of OTUs, 62 were associated with before, 7 with during, 33 with recovery 1, 

and 43 with recovery 2 (indicspecies, P ≤ 0.05). Twenty-one OTUs strongly 

associated with before, one with during, one with recovery 1, and nine with recovery 2 

(P ≤ 0.001, Table S1.3). The functional relevance of temporal shifts in the OTUs, 
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higher taxa, and the bacterial assemblages is unknown, but these shifts likely 

contribute to the response of the coral holobiont.  

 

Orbicella faveolata microbiota do not vary with sampling time or bleaching status  

 In contrast to G. ventalina, O. faveolata colonies did not show a consistent 

shift in microbiota over the three sampling times for which samples of both species 

were collected. The PCoA plot illustrates the high variability in the microbiota of O. 

faveolata colonies within each sampling time (Fig. 1.3A). A linear model indicated 

that alpha diversity was significantly higher during the warming event (P < 0.05) and 

in recovery 2 (P = 0.0001) relative to recovery 1 (Fig. S1.3). Analysis of the 

unweighted UniFrac distance matrices confirmed that the sampling time was not a 

significant predictor of the microbiota (adonis, P = 0.25; Fig. 1.3A). Neither the 

dominant bacterial phylum (Bacteroidetes versus Proteobacteria) nor the sequencing 

run aligned with PC1, PC2, or PC3. The Symbiodinium density, which corresponds to 

bleaching status, was also not a significant predictor of the microbiota (adonis, P = 

0.29), confirming the lack of clustering by bleaching status in Fig. 1.3B.  

 The lack of significant shifts in the bacterial assemblages of O. faveolata 

colonies does not preclude significant shifts in certain taxa and OTUs. For O. 

faveolata, a model including sampling time was the best model for the Clostridia 

class. Clostridia-affiliated sequences increased significantly from during the warming 

event to recovery 2 (P = 0.001). At the level of OTUs, 11 associated with bleached 

and 2 with unbleached O. faveolata (indicspecies, P ≤ 0.05) (Table S1.4). These shifts 

occurred despite the absence of a temporal pattern in the PCoA plots (Fig. 1.3A).  

 Orbicella faveolata bacterial assemblages as a whole did not change as a 

function of sampling time or Symbiodinium density (Fig. 1.3). We conclude that there 

is not a consistent shift in the microbiota during, after, or long after the bleaching 
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event in O. faveolata. We cannot rule out the possibility that the bacterial assemblages 

of individual colonies respond to the warming event because we did not follow 

individual colonies and there is high intercolony variability within each sampling time. 

This study also did not include samples of O. faveolata colonies before the warming 

event. Therefore, the O. faveolata bacterial assemblages as a whole either (i) did not 

shift in response to the bleaching event or (ii) shifted in response to the bleaching 

event, but did not recover or continue to shift during the sampling time. In either case, 

the temporal pattern for O. faveolata microbiota does not match past observations of 

warming-induced shifts and subsequent recovery (Bourne et al., 2008; La Riviere et 

al., 2013). The results also contrast with previous studies showing different microbiota 

in bleached and healthy scleractinians (Lins-de-Barros et al., 2013).  
 

 
Figure 1.3 Principal coordinates analysis (PCoA) plots of bacterial assemblages in O. 
faveolata (A) across sampling times and (B) across Symbiodinium densities. The confidence 
bounds around each data point derive from jackknifing analyses, resampling non-rarefied 
sequences 1490 times. Ellipses were drawn to incorporate 80% of the points for the 
corresponding group to serve as a visual guide. 
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 The absence of a consistent response by the O. faveolata microbiota may 

denote plasticity in bacterial or coral physiology, such that the colonies respond 

without microbial shifts (Bellantuono et al., 2012). Alternatively, an inability to 

change bacterial associates may increase bleaching susceptibility (Reshef et al., 2006). 

It is also possible that minor shifts, such as the significant decrease in Clostridia from 

during the warming event to recovery 2, are physiologically and/or ecologically 

important. The significantly lower alpha diversity in recovery 1 may also be indicative 

of a microbial response. Orbicella faveolata colonies do respond to temperature by 

bleaching, exhibiting significantly lower Symbiodinium densities during the warming 

event (Pinzon, J.H., Weil, E., and Mydlarz, L.D., unpublished).  

 

Temporal shifts differ across species  

 The absence of a consistent shift in the O. faveolata microbiota across the three 

sampling times for which both coral species were sampled clearly differs from the 

significant, persistent changes in G. ventalina microbiota during this same time period. 

In addition, the G. ventalina microbiota changed significantly from before to during 

the warming event. Interestingly, the two coral species differ in both their temporal 

microbial shifts and bleaching statuses.  

 The persistent shift in the G. ventalina microbiota may be adaptive or 

maladaptive, but it is a previously unobserved pattern in research on coral bacterial 

assemblages. This pattern may have important implications for corals experiencing 

increasingly frequent and severe warming events under global climate change. The 

persistent shifts alter the coral holobiont’s physiology for an undefined, extended 

period of time following heat stress. Considering the evidence for protective effects of 

bacteria in thermally stressed corals (Gilbert et al., 2012), it is possible that the lack of 

bleaching in G. ventalina is a benefit conferred by the persistent shifts in the 



 

 13 

microbiota. The bleaching status could also relate to differences in Symbiodinium 

clades or the relationships between the microbiota and symbiotic algae (Sampayo et 

al., 2008; Bourne and Webster, 2013). Given evidence for nutrient cycling (Kimes et 

al., 2010; Lema et al., 2012) and the inhibition of pathogens (Kelman et al., 2006; 

Rypien et al., 2010; Krediet et al., 2013; Frydenborg et al., 2014) by coral-associated 

bacteria, negative shifts in bacteria (dysbiosis) from temperature stress could 

compromise vital processes (Reshef et al., 2006; Rosenberg et al., 2007). The impact 

on coral physiology and the survival of reefs would be even more pronounced in the 

event that these shifts become permanent.  

 

Conclusions  

 As ocean warming intensifies, threats to coral reefs (van Hooidonk et al., 

2014) and temperature-mediated microbial shifts in corals will likely become 

increasingly common. We monitored changes in coral bacterial assemblages for a 

dominant scleractinian and a gorgonian species over the course of the 2010 warm 

thermal anomaly in Puerto Rico. Our findings strengthen past research by 

demonstrating that O. faveolata colonies have different microbiota than G. ventalina 

colonies. However, the lack of a response in the O. faveolata microbiota as a function 

of sampling time or Symbiodinium density contrasts with previous studies. Most 

importantly, the response of the G. ventalina microbiota differs from both the O. 

faveolata microbiota and the expected pattern of warming-induced shifts and 

subsequent recovery. The persistent and consistent shift in the microbiota of G. 

ventalina colonies is a previously unobserved trend among studies of coral bacteria 

and temperature stress.  
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CHAPTER 2 

OCTOCORAL CO-INFECTION AS A BALANCE BETWEEN HOST IMMUNITY 

AND HOST ENVIRONMENT 

Abstract  

 Co-infection is the reality in natural populations, but few studies incorporate 

the players that matter in the wild. We integrate the environment, host demography, 

two parasites, and host immunity in a study of co-infection to determine the drivers of 

parasite interactions. Here, we use an ecologically important Caribbean sea fan 

octocoral, Gorgonia ventalina, that is co-infected by a copepod and a labyrinthulid 

protist. We first expanded upon laboratory studies by showing that immune 

suppression is associated with the labyrinthulid in a natural setting. Histological 

analyses revealed that immune cells (amoebocytes) were significantly suppressed in 

both labyrinthulid infections and co-infections relative to healthy sea fans, but 

remained unchanged in copepod infections. However, surveys of natural coral 

populations demonstrated a critical role for the environment and host demography in 

this co-infection: the prevalence of copepod infections increased with sea fan size 

while labyrinthulid prevalence increased with water depth. Although we predicted that 

immune suppression by the labyrinthulid would facilitate copepod infection, the two 

parasites did not co-occur in the sea fans more often than expected by chance. These 

results suggest that the distinct ecological drivers for each parasite overwhelm the role 

of host immune suppression in determining the distribution of parasites among hosts. 

This interplay of the environment and parasite-mediated immune suppression in sea 

fan co-infection provides insights into the factors underlying co-occurrence patterns in 

wild co-infections. Moving forward, simultaneous consideration of co-occurring 

parasites, host traits, and the environmental context will improve the understanding of 

host-parasite interactions and their consequences.  
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Introduction  

 Hosts in wild populations are usually infected with more than one parasite at 

the same time (Rigaud et al. 2010; Tollenaere et al. 2016). These co-infecting parasites 

can influence each other through facilitative or antagonistic interactions (Graham 

2008; Telfer et al. 2010; Hellard et al. 2015). Depending on the nature of this 

interaction, co-infection can benefit or impair the success of each parasite. Co-

infection can also influence the host population differently than in single infections 

with each parasite. For example, the presence of multiple parasites compromised host 

health when cassava plants were infected with different viral strains (Zinga et al. 

2013) and led to elevated host mortality when African buffalo were infected with both 

worms and bovine tuberculosis (Jolles et al. 2008). 

 Given the importance of parasite interactions for the outcome of co-infection, 

laboratory studies have sought to determine what factors lead to facilitation and 

antagonism in co-infections. The results highlight central roles for resource 

competition and immune-mediated interactions between parasites (Hellard et al. 

2015). However, field studies are necessary to understand how the environment and 

host characteristics influence co-infecting parasites in a natural setting. Although co-

infection is the reality in natural populations, there are few studies on parasite 

interactions in the field that incorporate the environment or host characteristics, such 

as immunity, host density, or demography. Moreover, the studies that take this 

approach are limited to just a few systems, including helminths and bovine 

tuberculosis in buffalo (Jolles et al. 2008; Henrichs et al. 2016), microparasites in 

voles (Telfer et al. 2010), helminths in rabbits (Hernandez et al. 2013), and helminths 

and anthrax in zebras (Cizauskas et al. 2014). There are fewer examples in 

invertebrates and plants compared to mammals (Honkavaara et al. 2009; Ezenwa 

2016; Hajek and van Nouhuys 2016; Tollenaere et al. 2016), and no studies in the 
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ocean. Given the paucity of field studies and the narrow taxonomic focus thus far, it is 

unclear how ecological factors work in concert with parasite resource competition and 

host immunity to determine the consequences of co-infection for hosts and parasites in 

wild populations.  

 Early research on wild co-infections has identified a suite of factors that affect 

parasite interactions in a natural setting. Consistent with laboratory studies, indirect 

parasite interactions via the host immune system and resource competition are 

paramount. Studying within-host mechanisms is critical for understanding wild co-

infections because it provides insight beyond correlations. Correlations alone provide 

incomplete or even misleading information about parasite relationships and the 

consequences for host health (Fenton et al. 2014). For example, helminths and bovine 

tuberculosis are negatively correlated in African buffalo. However, this negative 

correlation results not from an antagonistic interaction, but rather from facilitation. 

The immune response of African buffalo to helminths constrains the host’s defenses 

against bovine tuberculosis, facilitating the invasion of this microparasite (Jolles et al. 

2008; Ezenwa et al. 2010). The parasites negatively co-occur in spite of immune-

mediated parasite facilitation due to elevated mortality of the hosts during co-infection 

(Jolles et al. 2008). Likewise, Henrichs et al. (2016) highlight the importance of 

resource use through a study of haemoparasite co-infections of African buffalo. In this 

case, two parasites are negatively correlated. Because they are known to overlap in 

their use of blood cells, these parasites could be segregating due to competition or 

niche partitioning (Henrichs et al. 2016).  

 While immunity and resource competition matter in both the lab and the wild, 

field studies indicate that environment and demography play a role, and may even 

reverse expected outcomes for parasite co-occurrence. For example, the 

aforementioned trade-off in immune defenses against helminths and bovine 
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tuberculosis in African buffalo occurs only during the dry season, suggesting that it is 

environmentally mediated. Demographic factors, specifically age, may also modify 

co-infection dynamics in this system because helminth infection is higher in younger 

animals while tuberculosis prevalence is higher in older animals (Jolles et al. 2008). 

For zebras in Etosha National Park, immune-mediated parasite interactions and 

environmental factors together lead to unexpectedly high levels of anthrax infections 

in the wet season, a departure from the typical dry season outbreaks (Cizauskas et al. 

2014). Cizauskas et al. (2014) hypothesize that increases in helminth infections in the 

wet season drive the unusual increases in anthrax through immune trade-offs between 

type 1 T-helper and type 2 T-helper cells during co-infections (Cizauskas et al. 2014). 

Further study in other natural ecosystems and host taxa are bound to uncover 

additional ways that environmental factors modify interactions between co-infecting 

parasites. 

 The clear importance of temperature, host density, and host immunity for coral 

disease suggests that multiple factors are likely to influence wild co-infections in these 

marine invertebrates (Harvell et al. 2007; Altizer et al. 2013; Lafferty and Harvell 

2014). In this study, we untangle the drivers of parasite interactions in a wild 

population of the Caribbean sea fan octocoral, Gorgonia ventalina. To our knowledge, 

this is the first study of host immunity in co- infected hosts of a wild marine system. 

Sea fans are a tractable system for studying the importance of multiple factors in co-

infection because there are more than 20 years of research on their wild pathogens and 

immune capabilities (Kim and Harvell 2004; Burge et al. 2012, 2013a, b; Ivanenko et 

al. 2015; Weil et al. 2016). Studies have shown that sea fans can respond to infection 

using amoebocytes (a type of immune cell), melanization, and other immune 

responses (Mydlarz et al. 2008; Couch et al. 2013). Amoebocyte density is one of the 

best immune metrics in sea fans because it is significantly higher in sea fans with 
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fungal infections, attenuates with increasing distance from a lesion (Mydlarz et al. 

2008), and peaks in response to infection (Couch et al. 2013). The melanization 

associated with amoebocytes is thought to function as a physical–chemical barrier to 

infection (Mydlarz et al. 2008). In addition to the advances in disease ecology in sea 

fans, they are also important organisms on an ecosystem level. Sea fans and other 

octocorals may be especially critical for the future of reefs because they have greater 

resilience than scleractinian corals in the face of environmental stressors (Aronson and 

Precht 2001; Raymundo et al. 2008; Miller et al. 2009; Weil and Rogers 2011; 

Tsounis and Edmunds 2017). 

 The sea fans in La Parguera, Puerto Rico, are infected with a labyrinthulid 

protist (Fig. 2.1A) and a copepod (Fig. 2.1B). The copepod is linked to an emerging 

disease, multifocal purple spots (MFPS), which was first observed in 2005 in Mexico 

and later appeared in many Caribbean localities (Fig. 2.1C; Ivanenko et al. 2015; Weil 

and Rogers 2011; Weil et al. 2016). The copepod is found encysting in the host’s 

mesoglea, or connective tissue, with evidence of infection by multiple life stages at 

once (Fig. 2.1B; Ivanenko et al. 2015). On the outside of the sea fan, the characteristic 

signs of MFPS are small purple spots of 1–3 mm in size that can be present in small 

numbers or peppering the entire colony (Weil and Hooten 2008). The purpling is 

evidence of a generalized defensive response in sea fans, which they use against 

threats from macroalgae to fungal infection (Alker et al. 2004). The labyrinthulid 

parasite is related to the thraustochytrid parasite of hard clams, quahog parasite 

unknown (QPX) (Burge et al. 2012), as well as a seagrass labyrinthulid (Sullivan et al. 

2018). In sea fans, labyrinthulid infections occur first in the gorgonin, or skeletal 

matrix, and can progress to severe lesions that destroy sea fan polyps (Burge et al. 

2013a). Exposure to the labyrinthulid is known to alter immune gene expression in G. 

ventalina (Burge et al. 2013b). In a functional study of labyrinthulid infection and sea 
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fan immunity, Mann (2014) found that the labyrinthulid parasite suppressed 

antibacterial activity, antifungal activity, and other defenses of the sea fan host (Mann 

2014). In contrast to fungal infections, where amoebocytes are induced and 

melanization serves as a physical–chemical barrier, the labyrinthulid suppressed key 

steps in the melanization cascade (Mann 2014).  

 

 
Figure 2.1 Gorgonia ventalina, the Caribbean sea fan octocoral, can be infected with multiple 
parasites. (A) The labyrinthulid parasite is a protist that infects the gorgonin skeleton. The 
higher magnification inset shows the mucus net around the ovoid parasites. (B) The copepod 
parasite has characteristics clusters of what appear to be different stages of eggs (“e”) and 
nauplius larvae (“n”) (hematoxylin and eosin stain, scale bars = 50 um). Arrows point to the 
respective parasites. (C) Multifocal purple spots (MFPS), examples of which are identified by 
arrows, is an emerging disease linked to copepod infection (photo: E. Weil). 
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 Given this evidence for immune suppression by the labyrinthulid, labyrinthulid 

infections could be partly responsible for the emergence of MFPS in sea fans through 

parasite–parasite facilitation. We measured amoebocytes as a metric of host immunity 

to assess labyrinthulid-mediated immune suppression in a natural field setting and to 

evaluate the consequences for co-infection in G. ventalina. We hypothesized that 

labyrinthulid infections would be associated with suppressed immunity, and a higher 

incidence of copepod infections. Recognizing that environment and demography can 

lead to unexpected patterns in co-infection, we also investigated the role for depth, 

temperature, coral cover, host density and host size in driving prevalence and severity 

for both parasites. To address immune-mediated parasite interactions, we asked 

whether amoebocyte density varied with infection status, the environment, and host 

demography. This approach integrates important information about the context of co-

infection to understand patterns of parasite co-occurrence and the outcome of co-

infection in a wild host.  

 

Materials and methods  

Study sites and Gorgonia ventalina surveys  

 G. ventalina colonies (N = 1056) were surveyed at 10 different reef sites in La 

Parguera Natural Reserve off the south-west coast of Puerto Rico from 19 June 2013 

to 5 July 2013 to test the association of the environment, host demography, and 

infection status with parasite prevalence, severity, and host immunity (Table S2.1 and 

Fig. S2.1). Site selection was haphazard with respect to sea fan health, but contingent 

on the presence of G. ventalina colonies. At each site, we marked three permanent 10 

× 2 m belt transects beginning with a haphazard endpoint. Depth was measured at the 

center of each transect using calibrated depth gauges. 1 m long PVC sticks were used 

on each side of the transect tape to survey a standard width of 2 m along the 10 m long 
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tape (a 20 m2 band transect). Three sea fans with external signs of MPFS and three 

apparently healthy sea fans were tagged on each transect using non-invasive numbered 

tags with thin cable ties (N = 60).  

 We first estimated the area of every sea fan on each transect (N = 1056) as the 

product of the height and the perpendicular width. This metric was used for sea fan 

size. Live coral cover was assessed as the proportion of live coral and octocoral cover 

using the line-intercept method (Loya 1972). In short, coral cover is the proportion of 

the midline of the transect that consisted of octocorals and scleractinians. Sea fan 

density was calculated as the total number of sea fans in the 20 m2 band transect. The 

health status of each sea fan on each transect was checked using the guidelines in the 

Coral Disease Handbook (Raymundo et al. 2008) and the Under- water Cards for 

Assessing Coral Health on Caribbean Reefs (Weil and Hooten 2008). We 

distinguished between diseases and other compromised health signs involving tissue 

loss, injuries, and discolorations using a key and a decision tree. MFPS was identified 

using the characteristic signs of the disease, conspicuous oblong purple lesions of 1–3 

mm on the outside of a sea fan (Fig. 2.1; Weil and Hooten 2008; Burge et al. 2012). In 

each affected sea fan, the number of spots was counted to assess MFPS severity. We 

counted spots individually up to 50 spots per sea fan, above which we categorized 

MFPS severity as “between 50 and 100 spots” due to time constraints underwater.  

 Temperature loggers recorded data at each site every 30 min from June 19 to 

July 31 2013. We used two kinds of temperature loggers, both of which are commonly 

used in ecological studies and have been shown to be comparable (Angilletta and 

Krochmal 2003). We fastened Thermochron iButton loggers (Embedded Data 

Systems, Lawrenceburg, KY, USA; DS1921G-F5#; Table S2.1) 0.5–1 m above the 

substrate at six of the sites. HOBO® temperature loggers (Bourne, MA, USA) have 
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been recording temperatures every 2 h for several years at the other four sites. We 

averaged the data for each site for statistical analyses.  

 

Sample collection and histology  

 We collected cross-sectional data on the population by taking one sample of 

each of the 60, tagged sea fans to diagnose disease and quantify amoebocyte density. 

The following three samples were collected from each of the three transects at a given 

site: one 4 × 4 cm sample from an apparently healthy sea fan and two 4 × 4 cm 

samples (one with disease signs of MFPS, one asymptomatic) from a sea fan with 

MFPS (General Collection Permit of the Department of Marine Sciences, University 

of Puerto Rico). In total, we collected 9 samples across 6 sea fan colonies at each of 

the 10 sites (N = 90 samples, N = 60 sea fan colonies).  

 We collected samples for disease diagnosis because we can only verify the 

presence of the labyrinthulid and the copepod in sea fan tissue using histology. While 

external signs of MFPS are indicative of copepod infection (Fig. 2.1C), histology 

provides a more robust diagnosis. For the labyrinthulid, histological evidence is the 

only reliable method for diagnosis as this parasite does not produce any external signs 

of disease on the colonies.  

 Samples were cut from the sea fans using titanium scissors to minimize 

damage and transported them to the laboratory in sealable plastic bags (Ziploc) with 

seawater to stabilize temperature until processing at the University of Puerto Rico at 

Mayagüez’s marine station on Isla Magueyes. We photographed and preserved 4 cm2 

of each sample in 10% seawater-buffered formalin for histology. After 24 h, the 

samples were switched to 70% ethanol and then shipped to Cornell University in 

ethanol-dampened paper towels. Samples were decalcified in a 50/50 mix of 10% 

citric acid and 30% formic acid followed by a 6-h water rinse. The Cornell University 
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Veterinary Histology Laboratory embedded the samples in paraffin wax, sectioned 

them into 5 µm sections, mounted them on slides, and stained them with hematoxylin 

and eosin. Colonies were checked a year after the collections and all showed signs of 

regrowth in the cut areas.  

 Prior to analysis of the histology slides, the identity of each sample was 

confirmed using the photographs and the location of the purple spots on the tissue 

sample was noted. Diagnosis of labyrinthulid infection relied on previous histological 

classification linked to molecular identification (Burge et al. 2012; Fig. 2.1A). We 

identified the copepod using characteristic structures described in Ivanenko et al. 

(2015; Fig. 2.1B).  

 Amoebocyte density was analyzed in healthy samples by photographing 12, 

random coordinates at 40 × with an Olympus BH-2 compound light microscope 

system. For diseased samples, we photographed coordinates in four directions within 1 

mm of 1–3 lesions because the response attenuates after this distance (Mydlarz et al. 

2008). Amoebocyte density was then quantified by calculating the amoebocyte area as 

a percentage of the total image surface area in ImageJ, as described in Couch et al. 

(2013).  

 

Data analyses  

 All analyses were conducted in R (version 3.1.2, R Development Core Team 

2014). We analyzed several predictor variables for disease prevalence, disease 

severity, and amoebocyte density. Five variables are shared among these models: the 

environmental variables temperature, depth, and coral cover; and the demographic 

variables sea fan density (hereafter “density”) and sea fan area (hereafter “size”). For 

the sixth variable, we analyzed labyrinthulid prevalence as a predictor of copepod 

prevalence, copepod prevalence as a predictor of labyrinthulid prevalence, and 
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infection status (zero, one, or two parasites) as a predictor of amoebocyte density. We 

used the survey data for MFPS prevalence (N = 1056 sea fans) given the external 

signs, but a subset of 60 sea fans with histology data for labyrinthulid prevalence, 

copepod prevalence, and amoebocyte density (N = 978 photos). In a separate analysis 

excluding sea fans with labyrinthulid infections, we tested whether MFPS tis- sue 

status predicted amoebocyte density better than the null model using the likelihood 

ratio test (LRT) to evaluate the relevance of the amoebocyte response for MFPS.  

In each analysis, we confirmed a lack of co-variation of the predictor variables, re-

scaled numeric variables (Gelman 2008), and used step-wise model selection. We 

included only additive terms for labyrinthulid prevalence and amoebocyte density due 

to the low number of labyrinthulid infections. For all other linear models, we included 

additive, interactive, and quadratic terms. Models of MFPS, copepod, and 

labyrinthulid prevalence were fit using binomial generalized linear mixed-effect 

models (GLMM) with maximum likelihood estimation and site as a random effect 

(Bates et al. 2014). Transect was further nested within site for MFPS prevalence. For 

MFPS severity, we log-transformed the response variable to address overdispersion 

and then used the censReg package for censored data, with site as a random effect, to 

address the bias introduced by counting a maximum of 50 spots (Henningsen 2013). 

For analyses of the immune cells, amoebocyte density was square-root transformed to 

meet linear mixed model (LMM) assumptions of normality and homogeneity of 

variance. Sea fan colony nested within transect nested within site was used as a 

random effect (Bates et al. 2014). In each case, the best model was selected with 

Akaike’s information criterion (ΔAIC) and parsimony (Bolker 2008). We used a 

significance level of alpha = 0.05 in GLMMs, FDR-adjusted p values in multiple 

comparisons (R package multcomp), and 95% confidence intervals for LMMs and 

censReg (Hothorn et al. 2008). PiecewiseSEM allowed us to calculate the marginal R2, 
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the variance explained by the fixed effects in the best model (Lefcheck 2016). We 

calculated confidence intervals and odds ratios for logistic regressions (GLMM) in 

lme4. For LMM and censReg, we used the confint function to calculate confidence 

intervals for the best model and pairwise comparisons. Effect sizes are reported as raw 

estimates due to non-normality.  

 We conducted Chi-square analyses to determine whether co-infection with the 

copepod and the labyrinthulid was more or less frequent than expected by random 

chance. We considered MFPS and the copepod to be linked due to previous studies, 

and because we confirm that the presence of MFPS significantly predicts the presence 

of the copepod in sea fans (estimate = 4.39, CI 2.62, 7.37; P = 6.2 E-05; OR 81.0; 

Table S2.11). In histology samples, the copepod was detected at the same spot on the 

sea fan tissue as the 1–3 mm purple lesions characteristic of MFPS in 80% of the 

samples with MFPS (Fig. 2.1). These observations support a causal relationship 

between MFPS and the copepod, as suggested in Ivanenko et al. (2015).  

 

Results  

Environment and demography predict parasite prevalence  

 All the metrics of disease and immunity depended on environmental factors, 

demographic factors, or both. Overall, copepod prevalence was predicted by the size 

of the sea fan (Fig. 2.2B) while labyrinthulid prevalence was predicted by the depth of 

the transect (Fig. 2.2C). However, the correlates segregated for the two parasites as 

copepod prevalence was not predicted by depth (Fig. 2.2D) and labyrinthulid 

prevalence was not predicted by sea fan size (Fig. 2.2A). The best model of 

labyrinthulid prevalence includes depth alone, explains 68.6% of the variance, and 

shows that prevalence increases significantly with increasing depth (N = 60, Fig. 2.2C; 

GLMM; P = 0.0027; estimate = 5.37, CI 2.35, 10.1; OR = 214; Table S2.2 and S2.3). 



 

 33 

The best model of copepod prevalence includes size, explains 25.1% of the variance, 

and shows that prevalence increases with sea fan size (N = 60, GLMM; P = 0.0091; 

estimate = 2.84, CI 0.827, 5.13; OR = 17.1; Table S2.4 and S2.5). Larger sea fans are 

more likely to be infected. The best model also includes the quadratic term, size2, but 

while there is indeed a significant decrease in copepod prevalence in the very largest 

sea fans (GLMM; P = 0.044; estimate = − 2.25, CI − 4.89, − 0.539; OR = 0.105; Table 

S2.5), this decrease disappears when the two largest sea fans are omitted with a best 

model that explains 50.0% of the variance (N = 58, Table S2.6). Thus, the most robust 

result is that copepod prevalence increases with size (Fig. 2.2B; GLMM; P = 0.0026, 

estimate = 3.11, CI 1.31–5.42; OR = 22.4; Table S2.6). As further confirmation, the 

best model of MFPS includes size and depth and explains 15.3% of the variance (N = 

1056, Table S2.7). Just as in the models of copepod prevalence, MFPS prevalence 

increases with increasing sea fan size (GLMM; P < 2.0 E-16; estimate = 2.10, CI 1.65, 

2.56; OR = 8.14), except for the largest sea fans in approximately the top 20% 

(GLMM; P = 1.3 E-06; estimate = − 0.826, CI − 1.18, − 0.519; OR = 0.438; Table 

S2.8). In addition to changing with size, MFPS prevalence decreases in sea fans at 

greater depths (GLMM; P = 0.00099, OR = 0.424). In analyses of MFPS severity, the 

best model also includes both size and depth, but only size is significant with an 

increase in MFPS severity in larger sea fans (censReg; P = 3.3 E-04; estimate = 0.527, 

CI 0.239, 0.815; Table S2.9 and S2.10). Temperature was not a significant predictor 

for disease or immunity. The temperature values for all sites spanned a range of 1.02 

°C and did not separate by logger type.  

 

Infection status and the environment predict immune cell density  

 The best model of amoebocyte density includes coral cover, depth, and 

infection status (labyrinthulid, copepod, neither, or co-infected; N = 60, Table S2.12). 
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This model explains 10.6% of the variance in amoebocyte density. Amoebocyte 

density increases significantly with depth (estimate = 0.414, CI 0.0389, 0.789) and 

decreases significantly with coral cover (estimate = − 0.370, CI − 0.667, − 0.0720; 

Table S2.13).  

 

 
 
Figure 2.2 (A) Size is not a significant predictor of labyrinthulid prevalence; (B) however, 
size is a significant predictor of copepod prevalence (GLMM; P = 0.0091; estimate = 2.84, 
CI 0.827, 5.13; OR = 17.1; Table S2.6). Depth is a significant predictor of (C) labyrinthulid 
prevalence (GLMM; P = 0.0027; estimate = 5.37, CI 2.35, 10.1; OR = 214; Table S2.2 and 
S2.3); (D) but not copepod prevalence. 
 

 In all cases, amoebocyte density is suppressed in infected tissue, but the 

magnitude depends on the parasite. In pair- wise comparisons, amoebocyte density is 

18.7% lower in sea fans infected with the labyrinthulid, which have a mean density of 

14.8%, relative to uninfected sea fans with a mean density of 18.2% (General linear 

hypothesis test; P = 0.026; estimate = − 0.662, CI − 1.34, 0.0126; Fig. 2.3A; Table 
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S2.14). Amoebocyte density is 6.6% lower in copepod-infected sea fans than in 

uninfected sea fans, with a mean density of 17.0% compared to 18.2%, respectively, 

but this is not significant. Amoebocyte density is the lowest in co-infected sea fans 

with a mean density of 11.8%, which is 35.2% lower than in uninfected sea fans (P = 

0.00058, estimate = − 0.994, CI − 1.64, − 0.348) and in sea fans with single copepod 

infections (P = 0.0074, estimate = 0.797, CI − 1.46, − 0.130; Table S2.14). In a 

separate analysis of amoebocyte density excluding all labyrinthulid infections, MFPS 

status was a better predictor than the null model (LRT, P = 0.023) but explained only 

2.6% of the variance (Table S2.15). Amoebocyte density was higher in healthy tissue 

than in asymptomatic tissue (P = 0.020, CI − 0.582, − 0.0460), while diseased tissue 

with the characteristic spots of MFPS was intermediate between the two (Fig. 2.3B; 

Table S2.16).  

 

The copepod and the labyrinthulid infect different tissues  

 In addition to identifying a role for ecological, demographic, and immune 

variation in coral co-infection, we also observed differential use of coral tissues by the 

two parasites (Fig. 2.1). The labyrinthulid and the copepod both damage sea fan 

polyps, but the labyrinthulid infects the gorgonin skeleton while the copepod invades 

the mesoglea and polyps.  

 

Parasite co-occurrence  

 Histological analysis for the 60 tagged sea fans revealed 25 (41.7%) that had 

only the copepod, 8 (13.3%) with only the labyrinthulid, and 31 (50.2%) with neither. 

Four sea fans (6.67%) were co-infected with both parasites (Fig. 2.4). These infection 

and co-infection levels are comparable to other coral and wildlife surveys (Hersh et al. 

2014; Lamb et al. 2015). The Chi-square analysis indicates that the copepod and 
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labyrinthulid do not co-occur more, or less, often than expected by chance (Pearson’s 

Chi-squared test, Yates’ continuity correction; X-squared = 0.0165; P = 0.90).  

 
Figure 2.3 (A) Percent change in amoebocyte density (% area) in infected and co-infected sea 
fans relative to the baseline, sea fans with neither parasite. Mean amoebocyte density is 18.2% 
in uninfected sea fans (N = 31), 17.0% in copepod infections (N = 21), 14.8% for labyrinthulid 
infections (N = 4), and 11.8% in co-infected sea fans (N = 4). Letters denote significance: 
“Labyrinthulid” vs. “Neither” (General linear hypothesis test; P = 0.026; estimate = − 0.662, 
CI − 1.34, 0.0126; Table S2.14); “Co-infected” vs. “Neither” (P = 0.00058, estimate = − 
0.994, CI − 1.64, − 0.348; Table S2.14); and “Co-infected” vs. “Copepod” (P = 0.0074, 
estimate = 0.797, CI − 1.46, − 0.130; Table S2.14). Error bars are 2SE. Each sea fan has 
multiple photos for replication. (B) Percent change in amoebocyte density (% area) in healthy, 
diseased, and asymptomatic sea fan tissue relative to the baseline, sea fans without MFPS 
(“healthy”). “Diseased” tissue is diseased tissue from a MFPS- affected colony and 
“asymptomatic” tissue is healthy tissue from a MFPS-affected colony. The mean amoebocyte 
densities are 19.1% in healthy sea fans, 17.4% in diseased tissue, and 16.2% in asymptomatic 
tissue. MFPS status was a better predictor than the null model (LRT, P = 0.023). Letters 
denote significance: “Healthy” vs. “Asymptomatic” (P = 0.020, CI − 0.582, − 0.0460; Table 
S2.16). Error bars are 2SE. Each sea fan has multiple photos for replication.  
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Figure 2.4 Histology diagnoses for the 60 tagged sea fans revealed 25 (41.7%) sea fans 
infected with the copepod, 8 (13.3%) infected with the labyrinthulid, and 31 (50.2%) with 
neither. Four sea fans (6.67%) were co-infected with both parasites. The two parasites occur 
neither more nor less often than expected by chance.   

 

Discussion  

 This study highlights the roles of the environment, host demography, and 

immune suppression in wild co-infections of the Caribbean sea fan, Gorgonia 

ventalina. The environment and host demography influenced the prevalence of the sea 

fan parasites. Specifically, copepod prevalence increased with the size of the sea fan 

colony while labyrinthulid prevalence increased with water depth. Additionally, host 

immunity varied with parasite infection status: amoebocyte density was significantly 

suppressed in both single labyrinthulid infections and co-infections relative to sea fans 

infected with neither parasite. This supports our hypothesis that suppressed immunity 

is associated with the labyrinthulid. However, the results do not support our 
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hypothesis that increases in copepod infections are linked with the labyrinthulid, via 

suppressed immunity. Despite the immune suppression in labyrinthulid infections, 

which could facilitate the invasion or persistence of the copepod, the two parasites did 

not co-occur more often than expected by chance in the host population. These 

findings provide new insights for wild co-infections because it appears in this case that 

environmental and demographic drivers overwhelm immune-mediated parasite 

interactions to determine parasite co-occurrence patterns.  

 As in many other instances of co-infection in wild hosts, we find that infection 

alters immunity in sea fans. Overall, there is a trend towards immune suppression in 

all infections relative to healthy sea fans (Fig. 2.3). The consistent reduction in 

amoebocyte density during labyrinthulid infections supports our hypothesis. While 

this finding alone does not establish that the labyrinthulid causes immune suppression, 

as the data are from a single time point for each sea fan, the evidence of labyrinthulid-

mediated immune suppression in Mann (2014) strengthens this interpretation. Mann 

(2014) found that the labyrinthulid suppressed antibacterial activity and antifungal 

activity at both 18 h and 18 days after exposure. There was also evidence of 

labyrinthulid-mediated suppression of the sea fan prophenoloxidase cascade, which 

controls barriers to infection through melanization; protease inhibitors, which impede 

parasite invasion; and superoxide dismutase, which is involved in scavenging free 

radicals to minimize host damage during infection (Mann 2014). We have now shown 

that immune suppression is associated with the labyrinthulid not only in the lab, but 

also in a natural field setting, thus highlighting its ecological relevance. The best 

model of amoebocyte density predicted only 10.6% of the variation, but this is a 

notable finding in sea fans because the amoebocyte response can vary greatly among 

colonies, likely accounting for this low R2 value (Couch et al. 2013).  
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 Given the evidence for immune suppression by the labyrinthulid, we 

hypothesized that labyrinthulid infection would benefit the copepod. We detected a 

random pattern of para- site co-occurrence, showing that copepod infections are not 

more frequent during labyrinthulid infections. However, it is also clear from research 

in other systems that the pattern of parasite co-occurrence may be decoupled from 

immune interactions due to the combined importance of several factors (Jolles et al. 

2008; Honkavaara et al. 2009; Fenton et al. 2014). For example, trematode parasites of 

amphibians co-occur frequently in hosts due to similar resource requirements in spite 

of their antagonistic interaction through the host immune system (Johnson and Buller 

2011). In the sea fans here, the non-overlapping resource use by the copepod and the 

labyrinthulid in both single and co-infections suggests that they do not have an 

antagonistic relationship mediated by resource competition (Fig. 2.1). Thus, they 

might still be expected to co-occur frequently due to immune facilitation. Having 

considered immunity and resource use, we then assessed the nature of the parasite 

interaction in the context of the natural environment.  

 The importance of both environment and host demography for parasite 

interactions and host immunity in G. ventalina confirms past studies while introducing 

a novel perspective. As in other studies in a variety of organisms, disease prevalence 

increases with host size (Rohde et al. 1995; Dube et al. 2002; Lafferty and Harvell 

2014; Groner et al. 2014; Yoshioka et al. 2016). Larger sea fans are more likely to 

have copepod infections (Fig. 2.2B), signs of MFPS, and more severe MFPS (Tables 

S2.5–10). Given the correlational nature of the data, causality is not clear. Size may be 

important because larger hosts present a larger target for parasites, accumulate 

infection for longer, or mount a weaker immune response (Ellner et al. 2007; Lafferty 

and Harvell 2014). In this case, the best model of amoebocyte density did not include 

size, allowing us to reject the hypothesis of size-based immune compromise. Whatever 
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the mechanism for the copepod’s size-dependent prevalence, size did not significantly 

affect labyrinthulid prevalence (Fig. 2.2A). Labyrinthulid prevalence increased with 

water depth (Fig. 2.2C), yet copepod prevalence did not change and MFPS prevalence 

(based on a larger sample size) decreased only slightly with depth (Table S2.8). Just as 

size is important for the copepod but not the labyrinthulid, the two parasites show 

different relationships with depth. This is illuminating because studies have not 

identified a role for depth in wild co-infections. 

 The role for depth is interesting whether or not depth itself is the causal factor. 

Aside from the change in pressure, depth could influence disease through changes in 

abiotic conditions, such as temperature or light. Temperature did not predict copepod 

or labyrinthulid prevalence, but light could be important. Interestingly, increased light 

supersedes temperature in driving black band disease of corals (Sato et al. 2011). Sea 

fans at different depths may also experience differential exposure to the labyrinthulid 

or the copepod due to changes in the biotic community.  

 The R2 values for the model of labyrinthulid prevalence (68.6%) and copepod 

prevalence (50.0%) indicate that depth and size, respectively, explain much of the 

variation for these parasites. However, the low R2 value for MFPS prevalence (15.3%) 

suggests that there are other factors structuring dis- ease prevalence that we did not 

measure. For example, sites with higher water motion may have lower disease 

prevalence due to decreased residence times of the parasite (Couch et al. 2014). 

Nutrient concentrations are also known to influence disease in corals, including G. 

ventalina (Baker et al. 2007, Vega Thurber et al. 2014). Although these are avenues 

for further research, the high explanatory power in the models of labyrinthulid and 

copepod prevalence establishes a clear separation for the parasites across the sea fan 

population.  
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 The distinct role of host size and water depth for the two sea fan parasites 

expands the present understanding of wild co-infections. There are other studies of co-

infection where the two parasites are separated in the population, as in African buffalo 

where one parasite increases with age while the other decreases. Yet in that case host 

immunity still drove the parasite co-occurrence patterns (Jolles et al. 2008). In the sea 

fans, distinct ecological requirements for each para- site seem to prevent them from 

interacting directly within the host. The different environmental and demographic 

correlates of the parasites provide a sensible explanation for random parasite co-

occurrence at the population level in light of the minimal resource overlap and the 

potential for immune-mediated facilitation (Fig. 2.2).  

 Immune suppression may not result in positive co-occurrence when one 

parasite experiences minimal benefits from immune suppression. For example, the 

immunosuppressive myxoma virus in rabbits does not affect the occurrence of 

Graphidium strigosum, a co-infecting parasite, because G. strigosum is not regulated 

by host immunity and therefore does not benefit from immune suppression (Cattadori 

et al. 2008). Accordingly, it is possible that the suppression of the sea fan amoebocyte 

response during labyrinthulid infections is not relevant for the copepod or is too 

spatially localized. We lack information to evaluate the spatial scale of immune 

influence, but it is likely that amoebocytes play a role in the response to the copepod, 

since copepod infections are usually surrounded by purpling that marks one of the sea 

fan’s defensive responses (Alker et al. 2004). We also found that immunity varies 

between healthy tissue and asymptomatic tissue from sea fans with MFPS, though 

with low explanatory power (Fig. 2.3).  

 The insights from studying this sea fan co-infection in the wild provide a more 

nuanced view of host immune suppression and the ecological factors that can 

determine the outcome of co-infection. Immune suppression in the sea fan host was 
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marked in both labyrinthulid and co-infections. However, it was not linked to changes 

in parasite co-occurrence, likely due to the distinct ecological drivers of each parasite 

in the wild. The natural setting of the host-parasite interaction is of clear importance 

for sea fan disease. Parasites that could facilitate each other, at great expense to the 

host, appear to be driven instead by the environment and host demography. It is 

possible that these ecological drivers reversed the expected outcome of immune-

mediated facilitation, i.e., positive parasite co-occurrence. Finally, the results suggest 

that labyrinthulid-mediated immune suppression is not responsible for the emergence 

of MFPS in this system.  

 Our results highlight how the environment and host demography are critical in 

infections of wild populations and may determine the outcome of co-infection. 

Without considering these realistic drivers of wild co-infections, studies may make 

incorrect conclusions about parasite interactions and co-infection in important host 

populations like octocorals. Careful consideration of the environment, host 

demography, parasite resource use, and host immunity in wild co-infections will help 

future studies uncover the effects of co-infection on parasites and hosts.  
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CHAPTER 3 

ENVIRONMENT AND DEMOGRAPHY MODULATE HOST IMMUNITY AND 

CO-INFECTION IN A WILD SEA FAN POPULATION 

Abstract 

 In the face of warming oceans and increasing disease outbreaks, coral immune 

responses span a diversity of innate immune pathways. However, the interplay among 

environment, demography and multiple parasitic infections is a challenging frontier. 

Our work investigates this interplay using multiple metrics of the innate immune 

response: levels of cellular immunity and the expression of candidate immune genes. 

We used existing copepod infections and live pathogen inoculation with the 

Aspergillus fungus to test the effect of sequential co-infections in a laboratory 

experiment. We uncover significant increases in the expression of the immune 

recognition gene Tachylectin 5A in response to both of these naturally occurring 

parasites of the Caribbean sea fan, Gorgonia ventalina. The expression of an NF-κB 

inhibitor (or IκB), representing the Toll pathway, showed a trend towards increasing 

expression with parasite exposure in the early time point. The expression of MMP, a 

gene involved in wound healing, did not change significantly with parasite exposure or 

time. The sea fan immune response also demonstrated specificity: cellular immunity 

increased significantly by 8.2% in copepod infections compared to controls and single 

Aspergillus infections. We evaluated immunity in reef populations and again detected 

activation of cellular immunity, with a 6.6% increase in copepod infections and no 

detectable increase in fungal infections. Thus, cellular immunity in the field and lab 

behaved similarly, increasing with copepod infections and not Aspergillus. We tested 

the hypothesis that increased immunity in copepod infections reduces the probability 

of co-infection by fungal hyphae in the field by surveying 15 reef sites in Puerto Rico. 

Contrary to our hypothesis, co-occurrence was random, suggesting other factors 
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prevail in structuring parasite infection. The size of the sea fan colony strongly 

predicted the prevalence and severity of infection by the copepod parasite. Moreover, 

the effect of parasitic infection on immunity was small relative to the explanatory 

power of site differences and coral cover, and roughly equivalent to the effect of 

reproductive status. We suggest that host size, reproductive status, coral cover and 

site-specific factors have such a large effect on infection risk and host immunity that 

they overwhelm any effect of the parasites on each other. Thus, host size and site-

specific features, such as host genetic structure or environmental conditions, emerge as 

critical drivers in this multi-parasite system. Their overwhelming influence highlights 

the vital role of field studies in understanding infection risk and co-infection 

dynamics.  
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Introduction:  

 Rapid and widespread shifts in the environment have altered the impact of 

disease on wildlife populations at a global scale. Change in environment, such as 

increased warming, can increase disease risk by altering parasite physiology and 

compromising host immune defenses (Harvell et al. 2002; Altizer et al. 2013). At the 

same time, host demography and life history traits also govern levels of immunity and 

disease risk in the wild (Hawley et al. 2011; Johnson et al. 2012). Despite the 

catastrophic consequences of shifting disease risk, the interaction between the 

environment, demography, and host-parasite interactions is poorly understood. Further 

synthesis of eco-immunology and disease ecology is necessary to elucidate how host 

immunity functions in nature and scales up to affect disease in a multi-parasite system.   

  The role of ecological factors in modulating immunity is especially critical for 

environmentally sensitive organisms. In many of these organisms, including 

amphibians, shellfish and corals, compromised immunity is a critical facilitator of 

environmentally-mediated disease outbreaks (Parry and Pipe 2004; Dang et al. 2012; 

Rollins-Smith 2017; Muller 2018). The uptick in coral disease with warming is one of 

the clearest and best-known examples of environmentally-mediated disease outbreaks 

(Harvell et al. 2004; Burge et al. 2014; Tracy, Pielmeier et al., in review). Temperature 

is the most prominent environmental driver, but nutrient pollution, copper pollution, 

plastic pollution and other conditions also alter coral disease risk (Harvell et al. 2007; 

Vega Thurber et al. 2014; Lamb et al. 2018; Tracy et al. in review).  

 The functioning of the coral immune repertoire in a changing environment is 

of special interest because cnidarians are among the most ancient invertebrates. Key 

components of these innate immune systems include recognition, signaling, effector 

responses and wound healing that are mediated by both cellular and humoral factors 

and lead to active engulfment, melanin barriers, antimicrobial peptides and other 
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defenses (Mydlarz et al. 2016). Transcriptome studies at the vanguard of research on 

the coral immune system have identified genes that shift with artificial pathogen 

elicitors (Weiss et al. 2013; Fuess et al. 2017), ecologically relevant pathogens (Burge 

et al. 2013), preexisting disease lesions (Libro et al. 2013; Closek et al. 2014; Fuess et 

al. 2018), and bleaching events (Pinzon et al. 2015; Anderson et al. 2016). Gene 

expression studies reveal the pathways that corals activate to deal with pathogenic 

attacks and identify candidate genes for future research. They also confirm that 

environmental conditions alone can alter coral immunity (Pinzon et al. 2015; Seneca 

and Palumbi 2015; Traylor-Knowles et al. 2018), which is common in invertebrates 

and has also been observed for cellular immune metrics (Mydlarz et al. 2008; Adamo 

et al. 2012; Tracy et al. in review). Despite many recent advances in coral 

immunology, no studies have explored coral immune profiles with more than one 

parasite. There is rising interest in incorporating co-infection into studies of eco-

immunology to understand patterns of disease in nature (Hellard et al. 2015; Ezenwa 

et al. 2015).  

 Recent studies on terrestrial vertebrates have greatly advanced research on the 

complex interplay between host- and population-level factors during co-infection 

(Ezenwa et al. 2016). They have elucidated underlying mechanisms, such as resource 

use and host immunity, and demonstrated how these mechanisms scale up to affect 

disease dynamics at the population level (Ezenwa et al. 2015; Hellard et al. 2015; 

Abolins et al. 2018). However, the lack of taxonomic diversity in these studies 

precludes a broader understanding of co-infection (but see Ulrich and Schmid-Hempel 

2012; Lange et al. 2014; Hajek and van Nouhuys 2016; Tracy et al. 2018). Studying 

co-infection in corals contributes an important perspective on innate immunity, which 

is shared by all metazoans, and expands the scope of co-infection research to marine 

organisms. The colonial life history of corals also adds an interesting twist to co-
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infection theory because there are no clear expectations for interactions between 

parasites inhabiting different tissues or polyps (i.e., individuals) within a colony. Our 

nascent investigation of immunity, disease, environment and demography in corals is a 

pioneering effort to address pressing questions on co-infection in an underexplored 

branch of the tree of life (Tracy et al. 2018).     

 Disentangling the role of co-infection in coral disease outbreaks is critical, as 

infections with multiple parasites are common and can exacerbate the toll of 

epizootics (Rigaud et al. 2010; Alizon et al. 2013; Hellard et al. 2015). Disease-

induced declines in corals threaten not only the hosts, but also the extensive marine 

biodiversity that relies on these ecosystem engineers. The Caribbean sea fan coral, 

Gorgonia ventalina, is a tractable host in which to explore the mechanisms and 

consequences of coral coinfection because sea fans have three clearly defined 

parasites, whereas disease etiology is lacking for most other coral diseases (Pollock et 

al. 2011; Work and Meteyer 2014). The immune capabilities of G. ventalina are also 

unusually well characterized due to a fungal outbreak in the early 2000s (Kim and 

Harvell 2004), which revealed the central role of cellular immunity, in the form of 

granular amoebocytes, and biochemical effector responses (Mydlarz et al. 2007, 2008; 

Mann et al. 2014). More recently, a sea fan transcriptome study highlighted immune 

recognition and effector genes that respond to a labyrinthulid parasite (Burge et al. 

2013), which allowed us to target candidate immune genes in this study. Previous 

studies have also shown that temperature, pollutants and sea fan colony size influence 

immunity, providing a tractable system to study the interplay of immunity with 

environment and demography (Mydlarz et al. 2008; Bruno et al. 2011; Tracy et al. in 

review). 

 This study explores drivers of variation in coral immunity in the context of co-

infection, focusing on two of the major parasites in G. ventalina. The first, the 



 

 53 

Aspergillus fungus, was identified as the causal agent for the fungal outbreaks in the 

early 2000s (Kim and Harvell 2004). Since then, studies have shown that multiple 

fungal species can cause disease, that A. sydowii can be present without external signs 

of disease, and that Aspergillus suppresses reproduction (Petes et al. 2003; Toledo-

Hernandez 2008). Irrespective of their identity, fungal infections damage the gorgonin 

skeletal axis of G. ventalina (Fig. 3.1A). Thus, we treat fungal hyphae visualized in 

histology as a general category for the purposes of this study. The second parasite is a 

copepod that infects the sea fan mesoglea, or connective tissue, and elicits small 

purple spots of 1-3 mm, earning the disease the name “multi-focal purple spots”, or 

MFPS (Ivanenko et al. 2015; Weil and Rogers 2011; Weil et al. 2016). Copepod 

infections also compromise reproduction in sea fans, but do not induce a cellular 

immune response in a previous field survey (Tracy et al. 2018; Tracy et al., 

unpublished data; Fig. 3.1B).  

 By uniting laboratory experimentation and field surveys, we determine how 

ecological factors and co-infection influence immunity in a wild population of the 

Caribbean sea fan, G. ventalina. The laboratory experiment uses preexisting copepod 

infections and live pathogen inoculations with Aspergillus cultures at two time points 

in a 2x2x2 factorial design to explore multiple metrics of immunity in single and co-

infections. We hypothesized that sea fan immune profiles from amoebocyte levels and 

immune gene expression would vary with different parasites and in single vs. co-

infection. We conducted field surveys to evaluate the rate of co-occurrence of the 

copepod and fungal parasites and determine how levels of cellular immunity varied 

with parasite presence and habitat. Given the use of distinct host resources by the 

parasites, we hypothesized that immune induction in the laboratory experiment would 

translate to immune-mediated antagonism, and thus negative co-occurrence in the 

field. Based on the fundamental principles of eco-immunology, we hypothesized that 
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host immunity in the field would be consistent with immune inductions observed in 

the laboratory, but that environment and host demography would modify immunity in 

a natural field setting. Our results indicate how immunity contributes to co-infection 

dynamics in nature in light of environmental conditions and demographics of natural 

host populations.    

 

 
 
Figure 3.1: Two of the major sea fan parasites are (A) fungal hyphae that infect the 
gorgonin skeleton and (B) the copepod parasite infecting the mesoglea. Arrows point 
to the respective parasites. Scale bars = 0.50 mm.  
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Methods 

Laboratory design 

 The immune profiles of the Aspergillus fungus and the copepod were 

characterized using a factorial laboratory experiment at the Isla Magueyes Marine Lab 

of the University of Puerto Rico in La Parguera. We collected sea fan samples for the 

experiment on 29 June 2015 from Laurel Patch (17° 56.480 N and 67° 04.484 W) 

because this site has sufficiently high disease prevalence of MFPS. For each colony 

(n=10 colonies), we used gloves and titanium scissors to collect 4 samples with MFPS 

and 4 asymptomatic samples (n=8 samples/colony), after which all samples were 

stored in seawater in Ziplocs at ambient temperature for transport to the lab. They 

were trimmed to 5x5 cm, suspended on fishing wire on a ziptie and acclimated for 48 

hours in the final treatment aquaria (Burge et al. 2013). Temperature (27-29°C) and 

salinity (38 ppt) in the aquaria represented ambient conditions in the field. 

 The 20 plastic aquaria were randomly assigned to 20 positions across 2 tables. 

Then, 4 sea fan samples per treatment were randomly selected for each aquarium 

(n=80). Each side of each table was lit by one of 4, 120 volt lights (Aquatic Life LLC 

Model #LF4-48), set to a daily cycle of actinic light from 7:00-19:00 and white light 

from 8:00-18:00 to replicate natural conditions. We filled each aquarium daily with 22 

L of seawater pumped into the marine station from a nearby fringing reef (sand-

filtered for purity) with aeration.  

 The laboratory design included four parasite treatments (existing copepod 

infections, Aspergillus inoculations, both, or neither), each with 20 samples for 10 

colonies for sampling at 6 hours (n=10 by 4 treatments) and 48 hours (n=10 by 4 

treatments). The experiment was clonally replicated with a sample from each of the 10 

colonies for every treatment and time point (N=8 samples per colony). We used 

preexisting copepod infections (i.e. signs of MFPS) because the copepod parasite is 
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not in culture. Additionally, sequential co-infections are often the reality in nature and 

can greatly influence infection outcomes (Hoverman et al. 2013; Tollenaere et al. 

2016). Successive years of field surveys also indicate that copepod infections are long-

lived (Tracy et al., in review), suggesting they may often be the earlier infection. We 

selected the 6-hour time point to compare our results to previous studies of immune 

responses to pathogens and environmental stress in corals and other invertebrates 

(Kveneffors et al. 2010; Wang et al. 2009; Brown et al. 2013; Seneca and Palumbi 

2015). Previous studies in sea fans did not have sufficiently early time points to 

measure this critical, early immune response. We chose the 48-hour time point based 

on previous studies of sea fan cellular immunity and gene expression that have 

measured responses to pathogens at 24- and 48-hours post infection (Couch et al. 

2013; Burge et al. 2013).  

 

Laboratory inoculations 

 The experiment used live pathogen inoculations with Aspergillus strain 

GSS7A. This strain was collected from San Salvador, Bahamas in 2005 and has been 

used in previous studies of sea fan disease and immunity (Mann et al. 2014). We 

cultured 20 µL of thawed freezer cultures of the Aspergillus in peptone-yeast-glucose 

(PYG) media (1.25 g peptone, 1.25 g yeast, 3.0 g glucose, 30 g Instant Ocean salt 

mix/L; with 1.5% agar) on plates to establish viability. To grow hyphae for the 

experiment, we counted spores with a haemocytometer, diluted the solution to 100,000 

spores/ mL, pipetted 120 µL of spore solution into a 96-well plate in a sterile hood, 

and incubated the solution shaking at 48 hours at 30°C, at the end of which hyphae 

were visible at the bottom of the wells (Mann et. al. 2014; W. Mann personal 

communication). We then pipetted off 100 µL of PYG media and replaced it with 100 

µL sterile seawater (SSW). We inoculated sea fans on 1 July 2015 in the center of the 
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5x5 cm piece with 100 µL of the hyphae in SSW or SSW control. Half of the samples 

were processed at 6 hours post-injection on 1 July 2015 and the other half were 

processed at 48 hours on 3 July 2019. Each 5x5cm piece was divided into 4 pieces 

such that each piece had a quarter of the surrounding area of the injection point. 

Samples for use in real time quantitative-PCR (RT-qPCR) were immediately flash 

frozen in liquid nitrogen and stored at -80°C. The 4th piece was preserved in 10% 

formalin for 24 hours, then switched into 70% ethanol for histology.  

 

Selection of candidate genes 

 We selected three candidate immune genes to represent three distinct arms of 

the coral immune response in the laboratory experiment: recognition, effector 

mechanisms, and wound healing. The first candidate gene, tachylectin 5A (T5A), is a 

lectin used in pathogen recognition that was differentially expressed in response to the 

labyrinthulid parasite in G. ventalina (Burge et al. 2013; Mydlarz et al. 2016). Other 

tachylectin forms are present in other coral species (Mydlarz et al. 2016), and lectins 

of various kinds have also been differentially expressed in studies of disease lesions 

and gene expression (Libro et al. 2013) and artificial pathogen elicitors and protein 

expression (Kvennefors et al. 2010) in other coral species. The second candidate gene, 

inhibitor of NF-κB (IκB) cactus, was selected from a contig in the sea fan 

transcriptome based on its annotated function (from Drosophila melanogaster) as a 

gene that inhibits the NF-κB transcription factor, an important activator in the Toll 

pathway (Naumann, 2000). Previous studies have established that acidification, 

thermal stress and nutrient pollution alter NF-κB expression in corals, including 

changes in the expression of an IκB with increasing acidity (Kaniewska et al. 2012; 

Kenkel et al. 2017; Lin et al. 2017; Traylor-Knowles et al. 2018). We designed 

primers to target this regulatory component of the Toll pathway given its role in 
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activating melanin synthesis and other classic innate immune defenses (Mydlarz et al. 

2016). The presence of NF-κB homologs has been established in Acropora corals 

(Miller et al. 2007) and differential expression was observed in response to an 

artificial pathogen elicitor in Orbicella faveolata (Fuess et al. 2017), and bacterial 

challenge in Pseudodiploria strigosa (Ocampo et al. 2015). In O. faveolata, NF-κB 

shows structural and regulatory similarities to mammals and invertebrates (Williams et 

al. 2018). NF-κB homologs are also active in several anemone species (Mydlarz et al. 

2016, Traylor-Knowles et al. 2018), and exhibit similar binding affinity as NF-κB in 

humans that suggests conserved function (Mansfield et al. 2017). Notably, anemones 

have suppressed NF-κB expression during symbiosis, supporting a role in the immune 

response to foreign invaders (Mansfield et al. 2017). The third candidate gene, matrix 

metalloproteinase (MMP), was differentially expressed in the G. ventalina response to 

the labyrinthulid (Burge et al. 2013). Matrix metalloproteinases have several 

functions, including in melanosomes, metal binding, cytoskeleton structure, and 

wound healing in other cnidarians (Massova et al. 1998; Bosch 2007). We used 

elongation factor 1 (EF1) as a reference gene based on its stability in previous RT-

qPCR and RNA-seq analyses of sea fan gene expression (Burge et al. 2013). 

 

Gene expression with RT-qPCR  

 We extracted RNA from a 2x2cm tissue sample for each of the 80 samples 

from the laboratory experiment. Samples were frozen for 22-28 months before 

extraction and RT-qPCR. We homogenized the frozen samples using a mortar and 

pestle and liquid nitrogen, added 1000 µL of Trizol and vortexed for 30 seconds, then 

added 0.2 ml of chloroform before shaking for 30 seconds and resting for 3 minutes. 

These samples were then spun at 12,000x g for 15 min at 4°C, after which the aqueous 

phase was removed and matched with an equal volume of 70% molecular grade EtOH, 
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then extracted with the Qiagen RNEasy kit. We measured the RNA concentration 

using a nanodrop to ensure sufficient quantity and quality, applied the Turbo DNA-

freeTM procedure, and checked quantity and quality again for the DNAsed RNA to 

verify there was no contamination (Thermoscientific Nanodrop ND1000, Table S3.1). 

cDNA was created using 1 µg RNA using the GoScript Reverse Transcription System 

by Promega with the manufacturer’s protocol, including OligoT primers and a 2.4mM 

concentration of MgCl2, and stored at -20C.  

 Primers were adapted from Burge et al. (2013) and ordered from Integrated 

DNA Technologies. Samples were quantified using RT-qPCR using 2 µL of cDNA 

and 18 µL of a master mix. The master mix included the 0.8 µL of a 10uM solution of 

the respective forward and reverse primers for EF1, T5A, MMP and the NF-κB 

inhibitor cactus, hereafter IκB (see Table S3.2), 5.9 µL of molecular grade water, 0.5 

µL of bovine serum albumin (10mg/mL), and 10 µL of SYBR® Green Master Mix 

(Applied Biosystems, The Life Technologies CorporationTM, Grand Island, NY). 

cDNA samples, DNAsed RNA samples, and no-template controls with water were run 

in duplicate on all 96-well plates (Bio-Rad Hard-Shell® 96-Well PCR Plates). All 

genes were run with duplicate DNAsed RNA in several initial runs, and subsequently 

for the reference gene only when we confirmed little to no amplification from 

DNAsed samples. All RT-qPCR reactions were run on a Bio-Rad CFX Connect 96 

Real-Time PCR Detection system with the following reaction cycle: 95°C for 20 s, 

followed by 40 cycles of 95°C for 3 seconds 60°C for 30 seconds, and finally a melt 

curve analysis at 65°C for 5 seconds and 94°C for 5 seconds to confirm specificity. 

 We calculated fold change in gene expression relative to the reference gene, 

EF1. Primer efficiencies were first calculated in PCR Miner using cycle threshold 

values (Table S3.3), then incorporated into the following equation to calculate relative 

expression: 1/(1 + Efficiency)^Cq (Zhao and Fernald, 2005).  
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Field survey 

 Field surveys were conducted from 10 June to 3 July 2015 at 15 field sites in 

the La Parguera Natural Reserve and Guánica, Puerto Rico (Fig. S3.1, Table S3.4), as 

described in Tracy et al. (2018). In brief, we surveyed all sea fan colonies at 3 

haphazardly selected transects at each site for visual signs of disease and damage 

using the standardized method from the World Bank Coral Disease Working Group 

(Weil et al. 2008). MFPS was diagnosed as purple spots of approximately 1-3 mm 

(Weil and Hooten 2008). We also calculated MFPS severity using the number of 

purple spots per colony, capped at 50 into a “50-100” category due to time constraints 

underwater. We also collected 1x2 cm tissue samples from 3 healthy and 3 MFPS-

diseased colonies on each transect for use in histology. We collected a single sample 

from the healthy colonies and two samples from each diseased colony, one with signs 

of MFPS and one asymptomatic for a total of N=9 samples and N=6 colonies per 

transect (Permit # O-VS-PVS15-SJ-00671-24042014). The following environmental 

and demographic variables were measured: sea fan density, water depth, temperature, 

and colony size. Sea fan density was measured as the total number of sea fans on a 

transect, which were a standard size. We measured depth with depth gauges on dive 

gear. Comparable iButton and HOBO loggers collected temperature readings every 2 

hours from 11 June to 28 November 2015 (Angilletta and Krochmal 2003; Table 

S3.4). Colony size was the product of height and width, both measured with a PVC 

guide in the field to the nearest 1 cm. We also incorporated sediment copper 

concentrations from Pait et al. (2007) due to past evidence that metal pollution can 

influence coral disease and immunity (Tracy et al., in review). Coral cover 

measurements for all sites were completed in 2013 and 2014. 
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Amoebocyte density and diagnosis of infections 

 Histology samples from both the field and laboratory were decalcified in a 

50/50 mix of 10% citric acid and 30% formic acid, rinsed for 6 hours, and embedded, 

sectioned (5 µm sections), and stained with hematoxylin and eosin by the Cornell 

University Veterinary Histology Laboratory. For the field samples, infection status 

was determined using light microscopy based on the presence of fungal hyphae and 

copepods with characteristic structures (Ivanenko et al. 2015, Tracy et al. 2018). 

Copepod disease severity for the field and laboratory samples was determined from 

the number of copepods in the sea fan tissue.  

 We calculated amoebocyte density as a metric of cellular immunity using 

pictures of sea fan tissue taken at 40x with an Olympus BH-2 compound light 

microscope system. For the laboratory experiment, pictures were taken within 3 mm 

of the point of injection marked by the right angle of the triangular sample (Fig. S3.2), 

as there was insufficient tissue at 1 mm. For field samples, photos were taken at 

randomized locations for healthy samples and within 1 mm of parasitic infections in 

diseased samples (Mydlarz et al. 2008). Amoebocyte density was measured as a 

percentage of the total area of mesoglea using ImageJ, as in Couch et al. (2013). 

 

Statistical Analyses  

 All statistical analyses were conducted in R version 3.1.2 (R Core Team 2014) 

using linear models in lme4 (Bates et al. 2015). Model selection was performed using 

drop1 to sequentially drop terms that did not improve the model and the best model 

was selected using Akaike Information Criteria (AIC), the Likelihood Ratio Test 

(LRT) and parsimony. Model fit was assessed using piecewiseSEM when possible 

(Lefcheck 2015). We assessed homogeneity of variance and re-scaled numeric 

variables (rescale in the arm package, Gelman and Su 2015). Variance inflation factors 
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were used to check collinearity in all best models with more than one predictor using 

the rms package in R (Harrell et al. 2016).  Model averaging was performed using 

MuMin for models within 6AIC and 95% weight (Harrison et al. 2018, Bartoń 2015). 

We plotted the fitted vs. residual values, checked for overdispersion, and confirmed 

normality of residuals where appropriate.  

 

(a) Laboratory data 

 We omitted one of the 10 colonies from laboratory analyses based on heavy, 

pre-existing infections. For amoebocyte density and gene expression, we tested the 

effect of each treatment (Aspergillus inoculation, existing copepod infection, both or 

neither). We tested models with all combinations of treatments, as well with additive 

and interactive effects of time. We tested a competing set of models that grouped the 

single Aspergillus infections, single copepod infections, and co-infections into one 

group. These models tested the hypothesis that immunity was best predicted by the 

presence of any type or number of parasites (i.e. the general parasite term, “parasite”). 

We also tested the hypothesis that amoebocyte density and candidate immune gene 

expression were predicted by the presence of 0, 1 or 2 parasites with a model grouping 

the single Aspergillus and single copepod infections together (i.e. “parasite_single”) 

(Table 3.1).  
 
Table 3.1: Models tested for immune-related metrics: Only models with the “parasite” 
term were tested for IκB because random slope analyses supported the use of the 
“parasite” term as a random slope. 
Metric Treatment models Parasite models Parasite single 

models 
Amoebocyte 
density  

• Aspergillus 
• Aspergillus + time 
• Aspergillus * time 
• Copepod 
• Copepod + time 
• Copepod * time 

• Parasite 
• Parasite + time 
• Parasite * time 

• Parasite_single 
• Parasite_single + 

time 
• Parasite_single * 

time 

MMP (no 
random 
slope) 
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• Aspergillus * 
Copepod 

• Aspergillus * 
Copepod + time 

• Aspergillus * 
Copepod * time 

• Aspergillus + 
Copepod 

• Aspergillus + 
Copepod + time 

• Aspergillus * time + 
Copepod 

• Copepod * time + 
Aspergillus 

IκB 
(random 
slope = 
parasite) 

None 

T5A 
(random 
slope = 
time) 

• Aspergillus + time 
• Aspergillus * time 
• Copepod + time 
• Copepod * time 
• Aspergillus * 

Copepod + time 
• Aspergillus * 

Copepod * time 
• Aspergillus + 

Copepod + time 
• Aspergillus * time + 

Copepod 
• Copepod * time + 

Aspergillus 

• Parasite + time 
• Parasite * time 

• Parasite_single + 
time 

• Parasite_single * 
time 

  Amoebocyte density was square-root transformed to meet the linear model’s 

assumptions of normality and analyzed using a linear mixed model (LMM) with 

sample nested within colony as random effects. Candidate gene expression and 

reference gene expression was also analyzed with LMMs. For each gene set, we first 

determined the best fit random effects structure including random slopes for all 

predictors and colony as a random effect (Table S3.5). T5A, IκB, and MMP 

expression were square-root transformed to meet the LMM’s assumptions of 

normality.  
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 Copepod severity was analyzed with colony as a random effect and a negative 

binomial distribution due to overdispersion (glmer.nb in lme4, Bates et al. 2015). We 

tested co-infection, time, and their interaction as predictors. 

 

(b) Field data 

 We analyzed whether the co-occurrence of the copepod and fungal hyphae was 

greater or less than expected by chance using a Chi Square analysis and the histology 

diagnoses from the 90 colonies (6 colonies x 15 sites). We then tested the 

environmental and demographic predictors of the copepod and the fungal parasite 

using generalized linear models (GLMs) with a binomial distribution and a logit link 

function. For fungal prevalence, we tested an additive model with copepod infection, 

site, mean temperature or temperature variability (standard deviation), coral cover, sea 

fan density, copper sediment concentration (Pait et al. 2007), depth, sea fan colony 

size, and reproductive status (i.e. the presence of ovaries, spermaries, or neither). We 

did not test predictors of copepod prevalence from histology samples, but rather from 

the visual signs of disease (MFPS) using the larger dataset of all colonies surveyed at 

the 15 sites (N=1636). Our previous studies have established the link between 

copepod infection and MFPS (Tracy et al. 2018, Tracy et al. in review). For MFPS 

prevalence, we used generalized linear mixed models (GLMMs) with site as a random 

effect. We also analyzed copepod/MFPS severity, i.e. the number of purple spots on 

the entire sea fan colony, using censReg models due to the cap at counting 50 spots 

from time constraints while diving (Henningsen 2013). For MFPS prevalence and 

severity, we tested the following predictors: mean temperature or temperature 

variability, coral cover, sea fan density, copper sediment concentration (Pait et al. 

2007), depth and sea fan colony size.  
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 Amoebocyte density in the field samples was analyzed as a function of 

infection status (fungal and copepod infection) and environmental and demographic 

predictors: mean temperature or temperature variability (standard deviation), coral 

cover, sea fan density, copper sediment concentration (Pait et al. 2007), depth, sea fan 

colony size, site, and reproductive status. We tested an additive model with all 

predictors followed by sequential model selection using drop1, as well as a model 

including all predictors and an interaction between copepod infection and fungal 

infection to test the effect of co-infection. We analyzed amoebocyte density using 

GLMs with a negative binomial distribution to account for overdispersion. 

 

Results  

Laboratory experiment 

 Both the Aspergillus and the copepod induced sea fan responses in the 

laboratory experiment, but copepod infection best predicted the amoebocyte response. 

The best model of amoebocyte density in the lab experiment included only the 

presence of the copepod as a predictor, the only model that was significantly better 

than the null by the LRT and supported by model averaging (estimate= 0.0105, P= 

0.049, CI 0.00242-0.208; Table S3.6, S3.7, Fig. S3.2; Fig. 3.2). Amoebocyte density 

increased by 8.4% with copepod infection, but did not vary as a function of the time 

point or Aspergillus infection. To evaluate gene expression, we first confirmed there 

were no significant predictors of the reference gene, EF1, for any of the sample 

subsets for the three candidate genes (Table S3.8). This enabled us to test all models 

for each candidate immune gene. The best model of T5A included the “parasite” term 

(i.e. combining the single parasite treatments and co-infections) and time as predictors, 

with time as a random slope (estimate= 0.0369, P= 4.4E-04, CI 0.0176-0.0562; Table 

S3.9, S3.10; Fig. 3.3A). The best model of IκB gene expression was the null in models 
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with “parasite_single” as a random slope, but the model with an interaction between 

the “parasite” term and time was the best by AIC in models with “parasite” as a 

random slope (Table S3.11, S3.12; parasite:time estimate= 0.0135, P= 0.0583; Fig. 

3.3B). For MMP, the best model was the null model (Table S3.13). Copepod severity 

was not predicted by time, co-infection, or their interaction (Table S3.14).   

 

 
Figure 3.2: Amoebocyte density increases during copepod infections in the lab, but 
not did not increase significantly with Aspergillus inoculations (6- and 48-hour time 
points combined). Error bars are +/- 1 standard error (SE).  
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 (A)
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Figure 3.3: (A) The presence of a parasite is the best predictor of T5A expression in 
the lab. Colors indicate groupings in the best fit model. (B) The best model by AIC 
supports an increase in IκB gene expression in the presence of a parasite in the early 
time point, but the null model is better by the LRT (Table S3.11, S3.12). Error bars are 
+/- 1SE. 
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Field survey 

 The copepod parasite did not co-occur with fungal hyphae more or less often 

than expected by chance (Chi squared= 1.39, P= 0.238, Fig. 3.4). Based on the 

histology samples (N= 90), fungal hyphae were present in 13.3% of sea fan colonies. 

The prevalence of MFPS in the dataset of 1636 colonies was 31.1%. There were no 

significant predictors of fungal infection among the suite of environmental, 

demographic, and parasite predictors we analyzed, as the null model was better than 

the best additive model (Chi Sq.= 2.24, P= 0.134). The best model of MFPS 

prevalence included size, temperature and coral cover as predictors. MFPS increased 

in larger fans (estimate= 2.47, P<2.00E-16, CI 2.06-2.88), decreased with temperature 

(estimate= -0.647, P=0.0267, CI -1.21, -0.0747), and decreased non-significantly with 

coral cover (estimate= -0.396, P=0.0911, CI -0.856, 0.0634). The presence of a 

quadratic term for size (size2) in the best model also indicates the relationship is a 

curve, with MFPS prevalence first increasing with size, then decreasing in the very 

largest sea fans (estimate= -1.14, P= 1.04E-13, CI -1.44, -0.84; Table S3.15, S3.16, 

Fig. 3.5). MFPS severity was also best predicted by a quadratic size term (size: 

estimate= 0.834, P= 1.83E-08, CI 0.543-1.12; size2: estimate= -0.256, P= 0.0346, CI -

0.493, -0.0185), in addition to site (Table S3.17, S3.18). Amoebocyte density in the 

field samples (N=90) increased with copepod infections (estimate= 0.0870, P= 3.47E-

10, CI 0.0597, 0.114), but was not predicted by the presence of fungal hyphae. The 

best model also included increasing amoebocyte density in reproductive sea fans 

(those with ovaries or spermaries) relative to sea fans lacking these structures 

(estimate= 0.0106, P= 1.84E-06, CI 0.0298, 0.0715), increasing amoebocyte density 

with coral cover (estimate= 0.178, P= 7.18E-05, CI 0.0891, 0.267), as well as 

differences across sites (Table S3.19, S3.20 Fig. 3.6). 
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Figure 3.4: The copepod and fungal hyphae randomly co-occur in the field. Colored 
bars represent observed parasite frequencies, whereas black bars represent expected 
frequencies under the null model for the Chi square test.  
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Figure 3.5: MFPS prevalence (A) first increases with size, but (B) then decreases in 
the very largest colonies (predicted probabilities) for (C) a quadratic relationship (sites 
not shown). The groups in the legend, i.e. the random effect in the GLMM, are the 15 
reef sites and size is in arbitrary units because it is re-scaled in the arm package 
(Gelman and Su 2015) for use in the GLMMs (Table S3.2). 
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Figure 3.6: Amoebocyte density in the field is best predicted by a model including 
site, reproductive status, coral cover, and copepod infection. (A) Site is the most 
influential predictor of amoebocyte density. (B) Reproductive sea fans have elevated 
amoebocyte density relative to sea fans lacking ovaries or spermaries. (C) 
Amoebocyte density increases with copepod infection, but (D) is unchanged in fungal 
infections. Error bars are +/- 1SE.  
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pathogen recognition gene (T5A) increased 38.9% in response to both Aspergillus and 

copepod infections. There is also evidence for a general parasite response by IκB, an 

immune system regulator that shows similar activity in cnidarians (Mansfield et al. 

2017; Williams et al. 2018) and is a representative of the well-known Toll pathway in 

invertebrate immunity. Interestingly, immune activation during copepod infections in 

both the field and the lab does not lead to negative co-occurrence of the two parasites 

in nature. We attribute this disconnect between immunity and patterns of disease to the 

contribution of the environment and demography in structuring both immunity and 

parasite distributions in the wild.  

 The controlled laboratory experiment revealed the sea fan immune profile, in 

terms of amoebocyte density and candidate immune genes, for two distinct parasites 

and single vs. co-infection with the existing copepod infection and live Aspergillus 

inoculation. The results confirm the hypothesis that the parasites activate distinct 

immune profiles, with amoebocyte density activated during existing copepod 

infections and no change during fungal inoculation (Fig. 3.2). The results also support 

the hypothesis that sea fan immunity differs in single vs. co-infections, but only for the 

Aspergillus: the amoebocyte response was significantly induced when Aspergillus was 

inoculated in co-infections with the existing copepod infection, but not in single 

infections (Fig. 3.2). The immune genes T5A and IκB showed increased expression 

during infections with both parasites and during co-infections (Fig. 3.3).  

 The response profiles of the candidate immune genes further our understanding 

of coral immune pathways. We confirm the importance of T5A and extend its 

relevance beyond the labyrinthulid to the two other sea fan parasites (Burge et al. 

2013; Mydlarz et al. 2016). Notably, we cannot yet conclude that T5A is functioning 

as a lectin involved in pathogen recognition in G. ventalina. Regardless, this gene 

appears to have a non-specific response since it was induced by all parasites. If it is 



 

 73 

indeed involved in pathogen recognition in G. ventalina, it is possible that differential 

responses by sea fans to these parasites may only appear after this recognition stage. 

Alternatively, distinguishing between parasites may be accomplished by multiple 

lectins and not just T5A, several of which occur in cnidarians (Mydlarz et al. 2016). 

Similar to the pattern of T5A activation, IκB showed a trend of increasing expression 

in the presence of all the parasite treatments (single and co-infections). Although the 

function of IκB in G. ventalina is also unknown, the increasing trend in IκB indicates 

a potential role for the Toll pathway in the sea fan response to these macroparasites. 

The increased expression of this NF-κB inhibitor may reflect decreased host 

investment in the Toll pathway, which typically targets microbes, in favor of the 

cellular response (i.e. amoebocytes), which primarily targets macroparasites 

(Naumann et al. 2000). Such trade-offs between microparasite and macroparasite 

defenses are well-known in vertebrates, with some evidence in invertebrates, as well 

(Graham et al. 2008; Lazzaro and Little 2009). For MMP, the lack of immune 

activation with the two parasites herein contrasts with the differential expression 

detected in response to the labyrinthulid (Burge et al. 2013), though the time point of 

expression in this previous study was 24 hours. We chose the 48-hour time point 

because amoebocyte density peaks at 48 hours in a previous laboratory study of G. 

ventalina (Couch et al. 2013), but the different time point may account for the 

discrepancy in MMP gene expression. In general, gene expression and amoebocyte 

density are temporally dynamic and two time points are unlikely to fully capture the 

response in these metrics. The lack of a response from MMP suggests that wound 

healing or the other immune-related functions of this gene in sea fans are not at play 

for these parasites at these time points.   

 We hypothesized that immune induction by the copepod could inhibit 

Aspergillus colonization and would then translate to negative co-occurrence in the 
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field due to immune-mediated antagonism and a lack of overlap in resource use by the 

copepod and fungal hyphae (Hellard et al. 2015). From field surveys, we found that 

co-occurrence was random (Fig. 3.4). Amoebocyte density in the field samples was 

best predicted by a combination of infection status, reproductive status, site and coral 

cover. The potential for immune antagonism between the two parasites detected in the 

lab was supported by the pattern of amoebocyte density in the field, which was 

elevated during copepod infections but not in fungal infections. However, the 

reproductive status had a commensurate effect and the influence of site-specific 

factors and coral cover on immunity was more pronounced. In light of these multiple 

drivers of immunity, reproductive status and site-specific factors likely overwhelm 

immune-mediated interactions between parasites in the field. Coral cover may 

correspond to increased amoebocyte density in the event that improved site quality in 

terms of water quality, food and light leads to both increased coral cover and an 

increase in constitutive immunity in healthier colonies. Site differences in immunity 

could result from host genetic differences across a metapopulation, which is 

compelling given high variability between sea fan colonies within a site and genetic 

differentiation across short distances (Couch et al. 2013; Andras et al. 2013). The 

differences among sites may also be caused by additional environmental factors not 

measured herein. Differences in immunity across sites has previously been identified 

using multiple metrics of immunity in wild sticklebacks (Robertson et al. 2015). A 

recent study of mice also found that demographic factors can supersede the effects of 

macroparasite infections on immune function in the field. Interestingly, site variation 

was not attributable to genetic factors, but rather body condition and age, suggesting 

that different food resources at different sites may also control immune variation in the 

wild (Abolins et al. 2018). Reproductive status influences immunity in a variety of 

organisms, from fish to mice and rabbits (Hawley et al. 2011; Robertson et al. 2015; 
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Abolins et al. 2018). One of the basic tenets of ecological immunology is that 

physiological constraints prevent organisms from maximizing reproduction and 

defenses against all parasites (Hawley et al. 2011). There is evidence for such trade-

offs in corals, as hermaphrodites have lower constitutive immunity and corals with 

fast-paced life histories appear to invest in less costly immune pathways (Pinzon et al. 

2014). Our data show a positive relationship between reproductive status and 

immunity in sea fans that does not reflect a trade-off, or negative relationship, between 

reproduction and immunity, as is expected for these two costly physiological 

processes (Hawley et al. 2011). A likely explanation is that there is an unmeasured 

cost along another axis, such as survival. Overall, the importance of site-specific and 

demographic factors supports the hypothesis that environment and demography 

contribute to host immunity and parasite prevalence. Indeed, their relatively greater 

influence may overwhelm any effects of parasites on each other. 

 An alternate hypothesis for the disconnect between immune profiles and 

parasite co-occurrence is that, despite their distinct resource use within a sea fan 

colony, the parasites both target high quality or highly susceptible hosts (Johnson and 

Buller 2011). In this case, the negative pattern expected from immune-mediated 

antagonism combined with the positive force of common resource use could 

equilibrate as random co-occurrence. There are several systems where competing 

forces have created such unexpected co-occurrence patterns (Johnson & Buller 2011; 

Ezenwa 2015; Fenton et al. 2014; Cizauskas et al. 2014; Tracy et al. 2018). For 

example, Johnson and Buller (2011) illustrate how two trematode parasites positively 

co-occur in amphibian hosts even while interacting antagonistically through the host 

immune system, likely due to their shared resource requirements. In the present study, 

it is possible that the two parasites do not interact through host immunity or resource 

use because they use different host tissues within a colonial organism. In this case, 
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their random co-occurrence would support a parallel existence. We evaluated fitness 

consequences of co-infection for the copepod in the laboratory, but co-infection had 

no impact on copepod severity. A similar investigation for Aspergillus is necessary to 

evaluate the parasite interaction, but this analysis was not feasible as we could not 

distinguish between new and existing infections for the inoculated parasite. 

 The dominant role of sea fan colony size in predicting MFPS prevalence and 

severity illustrates that demography is critical for disease patterns. It also aligns with 

our previous work on sea fan copepod infections (Tracy et al. 2018; Tracy et al. in 

review), and widespread findings of increases in disease prevalence with host age or 

size in fish, corals, seagrass, and mammals (Rohde et al. 1995; Dube et al. 2002; 

Groner et al. 2014; Abolins et al. 2018; Caldwell et al. 2018). In the present study, this 

pattern is not due to immune senescence given size is not a predictor of sea fan 

immunity in the field. Taken together, the drivers of immunity and disease in the field 

illustrate how environment and demography affect the scaling of within-host 

mechanisms to population-level disease processes.  

  Our study is the first investigation of coral immune profiles with live pathogen 

inoculations in a multi-parasite system. By uniting field surveys with laboratory 

experimentation, we uncover how sea fan immunity operates in a natural population. 

Ultimately, site-specific factors and sea fan demography jointly affect host immunity 

and disease. While we hypothesized that increased immunity in response to one 

parasite would translate to negative parasite co-occurrence via immune-mediated 

antagonism, the effects of environment and demography on sea fan immunity and 

parasite prevalence likely override this expected pattern. This detailed exploration of 

sea fan immunity in a multi-parasite system advances the understanding of the factors 

that structure co-infection, while providing urgently needed information on the 

conditions that influence disease epizootics in an ecologically important host species.   
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CHAPTER 4 

WARMING AND POLLUTANTS INTERACT TO MODULATE CORAL 

IMMUNITY AND SHAPE DISEASE OUTCOMES 

 
Abstract   

Warming environments can alter the outcome of host-parasite relationships 

with important consequences for host populations and biodiversity. Warming often 

increases disease risk, but interactions with other environmental factors can lead to 

cascading impacts by modifying the underlying mechanisms, such as host immunity. 

In coastal ecosystems, metal pollution is a pervasive stressor that influences disease 

and immunity in many organisms. Despite the crisis facing coral reefs, which stems in 

part from increases in warming-associated disease outbreaks, the impacts of metal 

pollutants on coral disease are largely unknown. We investigated how warming oceans 

and copper pollution affect host immunity and disease risk for two diseases of the 

abundant Caribbean octocoral, the sea fan Gorgonia ventalina. Field surveys across a 

copper concentration gradient in southwest Puerto Rico revealed that sea fan cellular 

immunity increased by 12.6% with higher sediment copper concentrations, while 

recovery from multifocal purple spots disease (MFPS) tended to decrease. Warmer 

temperatures increased MFPS severity in the field. In a controlled laboratory 

experiment, we inoculated sea fans with a labyrinthulid parasite to test the interactive 

effects of temperature and copper on immune activation. As in the field, higher copper 

induced greater immunity. However, the factorial design of the experiment pointed to 

the interdependence of environmental drivers. Copper and temperature interacted to 
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modulate the immune response to the parasite: immune cell densities increased with 

elevated temperature at lower copper concentrations, but not with high copper 

concentrations. Tissue damage was also greater in treatments with higher copper and 

warmer temperatures. Taken together, this confirms that elevated copper hinders sea 

fan immune defenses against damaging parasites. We show that temperature and 

copper interact to influence coral disease, in part by modulating immunity. This is the 

first evidence that metal pollution affects coral disease and highlights the importance 

of immune mechanisms in environmentally-mediated disease outbreaks. Although 

coral conservation efforts must include reducing the catastrophic effects of global 

warming, our findings on the effects of copper pollution identify a new target for local 

management of coral disease. Reducing copper concentrations and other pollutants 

that compromise coral health on a local scale may help corals fight disease in a 

warming ocean. 
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Introduction  

Environmental conditions can tip the balance for disease outcomes in natural 

populations and determine whether the host or the parasite prevails. Temperature is the 

most widespread environmental mediator of disease, modifying anything from host 

immunity to pathogen growth rates, and is a priority metric in a warming climate 

(Harvell et al. 2002, Altizer et al. 2013, McClanahan et al. 2018). There is an urgent 

need to understand how interactions between temperature and other environmental 

factors contribute to disease outcomes, especially when these interactions lead to 

physiological or ecosystem tipping points.  

Scleractinian corals are among the species most impacted by warming oceans 

and suffer from bleaching and biotic disease outbreaks mediated by temperature 

increases (Weil 2004, Bruno et al. 2007, Muller et al. 2008, 2018, Ruiz-Moreno et al. 

2012). Increasing levels of coral disease are linked to warm temperature anomalies 

and experiments have uncovered several mechanisms driving these outbreaks. 

Warming can impede coral immunity and increase coral disease progression, pathogen 

growth rates, and the detection of coral hosts by pathogens (Boyett et a. 2007, Ward et 

al. 2007, Ruiz-Moreno et al. 2012, Garren et al. 2015, Pinzón et al. 2015). Beyond the 

established conservation relevance of corals given their role as foundation species on 

coral reefs, corals are a good model for studying warming as a disease driver because 

they share their temperature sensitivity with many ectothermic organisms, including 

both invertebrates and vertebrates.  

Despite the preeminence of temperature in driving coral mortality, the reef 

environment includes many different factors that affect coral disease and immunity. It 
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is widely acknowledged that interactions between these factors could mediate disease 

outbreaks on coral reefs (Ban et al. 2014). Field surveys of corals have shown that 

disease prevalence depends on interactions between biotic and abiotic features of a 

coral population’s environment, such as the interaction of temperature with nutrient 

pollution and coral cover (Bruno et al. 2007, Zaneveld et al. 2016). However, 

interactions between temperature and other factors are incompletely characterized. 

From a management perspective, information on interactions between climate 

warming and local environmental factors could be useful in bolstering host immunity 

and ameliorating disease because local factors are more easily managed. 

Unfortunately, research on local factors has fallen behind demand from conservation 

practitioners (Brown et al. 2013, Shaver et al. 2018). Expanding research on the 

interactions between temperature and local environmental factors will augment 

management actions that combat global warming directly (Brown et al. 2013, McLeod 

et al. 2019).  

Metal pollution is a prevalent stressor in coastal marine environments that acts 

primarily on a local scale. It is also a well-known driver of immunity and disease in 

both marine and terrestrial hosts. Copper pollution has been particularly well studied 

because it is widespread, in part due to the intensive use of copper in marine 

antifouling paints (Srinivasan et al. 2007). From a mechanistic standpoint, copper can 

benefit hosts by acting as a biocide against parasites and aiding host immune defenses, 

as observed in hosts as diverse as plants, lab mice, and wild salmon (Pietrzak et al. 

2004, Blanar et al. 2010, Djoko et al. 2015). Alternatively, copper can cause 

physiological stress in hosts and hinder their ability to combat infection through 
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immune suppression or immune exhaustion, as is the case in white shrimp (Yeh et al. 

2004, Guo et al. 2017). Copper negatively affects corals by reducing fertilization 

success and altering immune gene expression (Reichelt-Brushett and Michalek-

Wagner 2005, Morgan et al. 2017). It is even known to interact with temperature, as 

thermal stress makes corals less tolerant of copper pollution (Hédouin et al. 2016). 

Likewise, copper pollution can impair thermal tolerance in corals (Banc-Prandi and 

Fine, 2019). However, there are no studies on the effects of copper or other metal 

pollutants on coral disease risk and immune function, either with live pathogen 

inoculations or in a natural setting. The gradient of copper concentrations at our reef 

sites in Puerto Rico presents a tractable setting to study the role of copper in coral 

disease in the field, supported by lab experiments. The uses of copper in marine 

antifouling paints, agricultural anti-microbial biocides, and industrial applications may 

all contribute to copper pollution in this region. Terrestrial run-off has also recently 

been exacerbated by shifting land use (Whitall et al. 2013). As part of an effort to 

establish baselines to evaluate improvements and declines in water quality, NOAA 

surveys have detected copper in marine sediments throughout Puerto Rico, as well as 

in coral tissue (Pait et al. 2009, Whitall et al. 2013). In addition to the clear relevance 

of copper pollution for coral reefs in Puerto Rico, the Caribbean is a global hotspot of 

coral disease where outbreaks have tracked increasing thermal anomalies for decades 

(Weil 2004, Harvell et al. 2007, Weil and Rogers 2011, Weil et al. 2016, Tracy et al. 

in review). 

The goal of this study was to investigate the utility of local pollution 

management in reducing coral disease in the Caribbean. To address this goal, we 
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studied how temperature and copper interact to affect host immunity and disease risk 

for two diseases of the Caribbean sea fan, Gorgonia ventalina. The two diseases are 

caused by two taxonomically distinct parasites. Studying both diseases can clarify how 

multi-parasitism affects this system, which is critical for a realistic understanding of 

disease dynamics given that wild organisms are typically infected by multiple 

parasites (Rigaud et al. 2010). The labyrinthulid parasite is a stramenopile protist that 

is associated with immune suppression in sea fans. It causes severe lesions at the 

microscopic level in the skeletal axis and polyps, but does not produce external signs 

of disease visible to the naked eye (Burge et al. 2012, 2013). The copepod parasite 

infects sea fan connective tissue and is associated with multifocal purple spots 

(MFPS), a disease that has been emerging in the Caribbean since 2005 and manifests 

as 1-3 mm purple spots (Weil and Hooten 2008, Ivanenko et al. 2015, Weil et al. 2016, 

Tracy et al. 2018). These two parasites are well-suited for assessing the complex 

effects of metal pollution because copper is toxic to other species of marine 

labyrinthulids and copepods, yet may be beneficial at low concentrations (Arnott et al. 

1979, Pang et al. 2015).  

We first surveyed immunity and disease in a natural population of sea fans to 

determine the ecological relevance of temperature and copper pollution in the field. 

Warming alone is known to increase pathogen growth in G. ventalina, but it also 

induces antifungal compounds and amoebocytes, a type of immune cell (Mydlarz et al. 

2008, Garren et al. 2015). Amoebocyte density was measured as a metric of immunity 

because amoebocyte density increases in response to infection by fungal hyphae, 

amoebocytes cluster at the site of infection, and these cells are also associated with a 
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melanization defense (Mydlarz et al. 2008, Couch et al. 2013). We incorporated the 

ecological context by measuring factors other than copper and temperature that can 

influence disease, including sea fan density and colony size, coral cover, colony sex, 

water depth, and co-infection (Nagelkerken et al. 1997, Dube et al. 2002, Rigaud et al. 

2010, Aeby et al. 2011, McDonald et al. 2014, Tracy et al. 2018). We built on field 

surveys with a clonally-replicated laboratory experiment to investigate the separate 

and combined effects of warming temperatures and copper on the amoebocyte 

response. The clonally-replicated design, enabled by the modular nature of sea fans, 

allowed us to control for effects of host identity and genotype. We hypothesized that 

temperature and copper would act both separately and synergistically (i.e. more than 

additively), to negatively impact sea fans by interfering with host immunity and 

increasing disease risk. We assess this hypothesis by employing multiple disease 

endpoints in field surveys and consistently measuring amoebocyte density as the 

metric of host immunity in both field surveys and a laboratory experiment with a live 

pathogen inoculation. This is the first investigation of the role of copper in octocoral 

disease, which could have cascading effects on biodiversity and ecological function.  

 

Methods  

Field surveys 

Field surveys were conducted at 15 sites from 23 May to 13 June 2014 in the 

La Parguera Natural Reserve and Guánica, Puerto Rico (Fig. S4.1, Table S4.1). We 

used our pre-existing permanent transects at 10 sites (each with three 10x2 m band 

transects), and laid three new 10m long transects at similar depths at each of five new 
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sites (as in Tracy et al. 2018), for a total of 15 sites distributed along a natural gradient 

of copper concentrations. These were based on a previous NOAA survey of sediment 

copper concentrations with four ranges: 0-0.9 µg/g, 1.0-1.9 µg/g, 2.0-4.1 µg/g, and 

4.2-80.6 µg/g (Table S4.1, Fig. S4.2; Pait et al. 2007).  

Disease prevalence and severity was assessed along the 45 permanent band 

transects (10x2m 20 m2 each, total 900 m2) using the standardized method from the 

World Bank Coral Disease Working Group, which entailed checking each sea fan 

colony for signs of disease and damage (Weil et al. 2008). MFPS was diagnosed as 

purple spots of approximately 1-3 mm (Weil and Hooten 2008). The number of purple 

spots per colony was used as the metric of MFPS severity. We counted up to 50 spots, 

after which the number was grouped as “50-100 spots” due to time constraints 

underwater. We collected a 1x2 cm (2 cm2) tissue sample from three healthy colonies 

from each transect using gloves and titanium scissors and stored samples in resealable 

plastic bags in ambient-temperature seawater until processing into histology cassettes. 

We also sampled three colonies with MFPS, from which we collected a 2 cm2 sample 

from apparently healthy tissue (“healthy-diseased” tissue), as well as a 2 cm2 sample 

with a purple spot to account for both tissue types per colony (“diseased” tissue; 

Permit #O-VS-PVS15-SJ-00671-24042014). In total, we collected 135 samples from 

90 colonies from 15 sites.  

To assess potential disease drivers beyond the sediment copper concentration 

from Pait et al. (2007), we measured coral cover, sea fan density and colony size, 

water depth, and temperature. Coral cover measurements from 2013 were used for the 

10 preexisting sites, while new measurements were collected for Buoy, Romero, San 
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Cristobal, Guánica1 and Guánica 2. The method entails using the line-intercept 

method to measure the proportion of live coral and octocoral cover (Loya 1972). The 

diver swims the midline of the transect and uses the transect measuring tape to map 

the proportion of the line that crosses live octocoral and scleractinian colonies. For sea 

fan density, we calculated the total number of sea fans in each 20 m2 band transect. 

Colony size was the product of height and width, both measured with a PVC guide in 

the field to the nearest 1 cm.Temperature data were collected every 2 hours from 29 

May to 12 November at each site using comparable iButton and HOBO loggers 

(Angilletta and Krochmal 2003).  

 

Experimental set-up 

Sea fan tissue samples for the clonally-replicated laboratory experiment were 

collected from 10 sea fan colonies at Media Luna on 17 June 2014. Media Luna was 

selected as a suitable site for sourcing the experiment because of the low prevalence of 

MFPS and low sediment copper concentrations (Pait et al. 2007). We collected 13 

samples from each of the 10 colonies (N= 130 total), which included a baseline 

sample plus 12 samples for the clonally-replicated treatments (N= 10 per treatment, 

Fig. S4.3). The samples were trimmed to 10x10 cm and acclimated in the final 

treatment aquaria at ambient temperature (28°C) for 24 hours (17 to 18 June). 

The experiment was run using aquaria in indoor water tables at the Isla 

Magueyes Marine Lab of the University of Puerto Rico in La Parguera. The treatments 

were randomized spatially under two tables with four 120 volt lights (Aquatic Life 

LLC Model #LF4-48). The lights replicated natural conditions with a daily cycle of 
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actinic light from 7:00-19:00 and white light from 8:00-18:00. All aquaria contained 

22 L of seawater pumped in from the reef system, sand-filtered for purity, and aerated. 

Water in each aquarium was changed daily using water that had already been 

acclimated to the appropriate temperature (28°C or 30°C) in separate 54 gallon drums. 

Water was changed more frequently in the event that a colony showed tissue damage 

so that the exudates did not affect the healthy corals. Samples were strung along 

fishing line using a ziptie in the sea fans to keep them suspended without touching 

each other. We set temperatures using water heaters, increased gradually at 0.2 °C/hr, 

and monitored them with thermometers at least three times daily. 

 

Interaction experiment 

The experiment was initiated on 18 June 2014. We tested ambient and elevated 

temperature (28°C and 30°C); three copper sulfate concentrations (none added, 3.1 

µg/L added, and 90 µg/L added); and exposure to the labyrinthulid pathogen using a 

2x3x2 factorial design (Fig. S4.3). Ambient temperature (28°C) approximated summer 

field temperatures. Copper and temperature treatments were maintained continuously 

from 18 to 23 June. The intermediate copper concentration, 3.1 µg/L, is the U.S. EPA 

dissolved copper Criterion Continuous Concentration for seawater, the highest 

acceptable level for chronic (4 days or longer) exposure (USEPA). We used 90 µg/L 

as the highest concentration because fertilization toxicity has been shown at 117 µg/L 

in Lobophytum compactum, another soft coral species (Reichelt-Brushett and 

Michalek-Wagner 2005).  
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We designed the timing of the copper, temperature and labyrinthulid exposures 

based on previous research. Studies of copper exposure in corals have detected effects 

using a variety of concentrations and exposure lengths, from several hours to more 

than a month (Bielmyer et al. 2010, Morgan et al. 2017). A previous study that 

detected interactions between temperature, copper and Vibrio in mussels exposed the 

hosts for seven days (Parry 2004). In the absence of studies that could directly inform 

the timeline for testing the effects of copper on coral disease, we combined these 

information sources. We conducted preliminary trials and confirmed that Gorgonia 

ventalina samples survived for at least seven days with 100 µg/L of copper. We 

ultimately selected a 5-day exposure period to slightly exceed the 4-day minimum for 

chronic exposure at 3.1 µg/L, the EPA Criterion Continuous Concentration (USEPA). 

We injected sea fans with the labyrinthulid with 48 hours remaining because peaks in 

immune cells have been observed after 48 hours of exposure to a parasite in G. 

ventalina (Couch et al. 2013). Thus, we expected that this would allow for sufficient 

time to observe immune activation following pathogen exposure. We recorded tissue 

damage, i.e. the presence or absence of necrosis or tissue loss, daily from 19 to 23 

June.  

Samples were injected with 100 µL of media or a 6-day labyrinthulid culture in 

liquid media. The media is used for growing G. ventalina cultures and consists of a 0.2 

µm filter-sterilized mixture of HEPES buffer solution, dextrose, instant ocean, DI 

water, fetal bovine serum, and a penicillin/ streptomycin solution. Samples were 

injected with the labyrinthulid culture or the media at four locations, the center of each 

of the four quadrants of a square. We used this approach to collect sufficient tissue for 
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later analyses, keeping a quarter of one quadrat for histology analyses. This approach 

also helped to identify the injection point, i.e. the corner of the right triangle.  

Samples were processed into histology cassettes on 23 June at 48 hours post-

injection. All samples were preserved in 10% formalin, switched into 70% ethanol 

after 24 hours and shipped overnight in ethanol-soaked paper towels. The tissue was 

decalcified in a 50/50 mix of 10% citric acid and 30% formic acid. After a 6-hr water 

rinse, the samples were embedded, sectioned into 5 µm sections, and stained with 

hematoxylin and eosin by the Cornell University Veterinary Histology Laboratory.  

 

Histology analyses 

The histology slides from the field surveys and the laboratory experiment were 

visually diagnosed for infection. We diagnosed labyrinthulid infection using visible 

physical signs linked to a molecular diagnosis (Burge et al. 2012). Copepod 

identification relied on characteristic structures, consistent with our previous work 

(Ivanenko et al. 2017, Tracy et al. 2018), and the number of copepods was used as a 

metric of severity. Amoebocyte density for field samples was analyzed at randomized 

locations for healthy samples, and within 1mm of disease lesions when a parasite was 

present given the attenuation of this response with distance (Mydlarz et al. 2008). For 

samples from the laboratory experiment, amoebocyte density was analyzed at 3mm 

from the point of injection in order to collect replicate photographs from each sample, 

as it was not possible to photograph a sufficient amount of the appropriate tissue 

within a 1 mm radius. Replicate photos were taken at 40x with an Olympus BH-2 
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compound light microscope system and analyzed in ImageJ, after which amoebocyte 

density was calculated as a percentage of the total area (as in Couch et al. 2013).  

 

Statistical analyses: Field surveys 

All analyses for the field and laboratory data were conducted in R version 3.1.2 

(R Core Team 2014). Model selection was performed using drop1 in the stats package 

(R Core Team), Akaike’s information criterion (AIC), and parsimony. Confidence 

intervals were calculated using confint in the MuMIn package (Bartoń 2015), multiple 

comparisons were run with the lsmeans package (Lenth 2015), and all figures in the 

main text and supplement were made using ggplot2 (Wickham 2009). We used a 

significance level of alpha= 0.05 in linear models and FDR-adjusted p values in 

multiple comparisons. We checked for collinearity, homogeneity of variance and 

overdispersion, and re-scaled numeric variables for all models (rescale in the arm 

package, Gelman and Su 2015). Goodness of fit was calculated for generalized linear 

models using piecewiseSEM, which calculates a marginal R2 for fixed effects and a 

conditional R2 that includes the variance explained by both fixed and random effects, 

when applicable (Lefcheck 2016). Variance inflation factors were used to check 

collinearity in all best models with more than one predictor using the rms package in R 

(Harrell et al. 2016). R version 3.5.1 was used to calculate the R2 for models of class 

glmer.nb. 

The generalized linear mixed models (GLMMs) for amoebocyte density used 

the negative binomial distribution (glmer.nb in the lme4 package) to address 

overdispersion (Bates et al. 2015). We tested two additive models, one with the four 
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copper groups (as in Pait et al. 2007) and one with two categories based on the 

grouping in exploratory plots (Fig. S4.5). We also tested two interactive models to test 

the interaction between temperature and each of the copper predictors. Both the 

additive and interactive models also included all of the following predictors before 

model selection using drop1: labyrinthulid prevalence, copepod prevalence, mean 

temperature, colony size, sea fan density, coral cover, and depth. The individual sea 

fan colony was included as a random effect because both healthy-diseased and 

diseased tissue were collected from colonies with MFPS (N= 135) (Bates et al. 2015).  

To analyze predictors of labyrinthulid and copepod prevalence, we used the 

same 135 histology samples, but combined samples from the same colony for a total 

of N=90 because colony-wide disease prevalence is most biologically relevant. 

Labyrinthulid prevalence models did not use site as a random effect because 

labyrinthulid infections were not detected at all sites. Predictors include size, coral 

cover, sea fan density, mean temperature, depth, copper sediment level, copepod 

presence, and sex, which we tested using an additive model and a model with an 

interaction between temperature and copper. We also tested these same models 

excluding the Buoy site because it skewed depth patterns for this parasite in 

exploratory plots. Models of copepod disease prevalence used GLMMs with site as a 

random effect and tested additive, interactive, and quadratic models with the following 

predictors: labyrinthulid prevalence, mean temperature, copper (in the original 4 levels 

from Pait et al. 2007), colony size, sea fan density, coral cover, sex, and depth. We 

separately tested the presence of MFPS as a predictor of copepod infections to 
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evaluate the consistency of our past findings linking the parasite with these external 

signs of disease (Tracy et al. 2018). 

The GLMMs of MFPS prevalence included all colonies visually surveyed on 

the 10x2 m band transects, a total of 1379 colonies, and used transect nested within 

site as a random effect to account for the hierarchical structure of the data. For MFPS 

prevalence and severity, we tested additive models, all 2-way interactions, and 

quadratic factors for each predictor: colony size, temperature, copper (4 levels), coral 

cover, depth, and sea fan density. We used the first principal component (PC1) of the 

overall minimum, overall maximum and monthly averages from May to November for 

a temperature metric, as the raw temperature mean caused convergence errors with 

censReg, and the mean and PC1 were closely correlated (Spearman’s rho=0.983, P = < 

2.2e-16, Fig. S4.4). Given that we counted 50 spots maximum for MFPS severity, 

these data were truncated and required censReg models (Henningsen 2013). 

Exploratory models and diagnoses confirmed that censReg models with a log-

transformed response variable were the best choice for our data (R package censReg). 

We first detected overdispersion using GLMs. To address this, we log-transformed the 

response variable (number of MFPS spots on a colony). This produced similar 

standard errors to the quasipoisson distribution, which is not available in censReg, 

indicating that the log transformation could address overdispersion. We then ran 

censReg models with the log-transformed response variable. We use AIC to assess 

relative fit for censReg models as predicted values cannot be calculated, preventing R2 

calculations in R.   
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For MFPS recovery and incidence, we compared the 2014 field data in this 

study to our survey data from 2013 for a total of 175 colonies from the same 10 sites 

(Tracy et al. 2018). We defined recovery as the transition from having any MFPS 

signs (i.e. spots) to the absence of spots in the following year. We evaluated incidence, 

i.e. the appearance of spots in colonies that previously had no spots, in the 88 colonies 

that were healthy in 2013 and recovery in the 87 colonies that were diseased in 2013. 

Binomial GLMs were used to test incidence and recovery with a simple yes/ no 

categorization for each colony. We tested additive models with the following 

predictors: site, colony size, coral cover, sea fan density, mean temperature, depth, and 

copper. We tested models with four copper levels and models with the sediment 

copper concentration simplified to two categories because the groups in the NOAA 

study used intervals of different sizes and were not designed for studying disease and 

immunity in G. ventalina. Based on exploratory plots, we combined levels 2 through 4 

for incidence and 1 through 3 for recovery (Fig. S4.6). We also evaluated models with 

interactions between temperature and copper and the remaining predictors as 

covariates.  

 

Statistical analyses: Laboratory experiment 

For amoebocyte density and tissue damage in the laboratory experiment, we 

tested all additive and interactive models with copper exposure (3 levels), temperature 

(elevated vs. ambient), and labyrinthulid exposure (present or absent) to reflect the 

factorial experimental design.  
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We analyzed amoebocyte density with linear mixed models (LMMS, lme4, 

Bates et al. 2015). Amoebocyte density was normalized to the baseline sample for 

each colony to account for individual differences in amoebocyte densities. The 

normalized values were then square-root transformed to meet the LMM’s assumptions 

of normality. Colony was nested within table as a random effect to account for 

variation in these factors.  

Tissue damage was calculated by combining the number of colonies exhibiting 

tissue damage per treatment per day, which we measured for each colony as the 

presence/absence of apparent necrotic tissue or tissue loss. We used the cumulative 

damage metric as the response variable for a poisson GLM by adding the 0s and 1s 

from the presence/ absence metric for all colonies in a treatment. We used cld in the 

lsmeans package to calculate significant groupings, denoted with letters in the 

graphical representation (Lenth 2015).  

 

Results  

Field surveys  

Field amoebocyte densities were best predicted by a model including the 

copper sediment concentration in two groups, depth, sea fan density, and infection 

status (Table S4.2). There was a 12.6% increase in amoebocyte densities with 

increased sediment copper concentrations (15.8% to 17.8%; estimate= -0.214; CI -

0.350, -0.0789; P= 0.00191; Fig. 4.1). Amoebocyte density also increased in colonies 

with labyrinthulid infections and with depth (Table S4.3, S4.4).  
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Figure 4.1 Amoebocyte densities (mean +/-1SE) are significantly higher at higher 
copper sediment levels in the field for Gorgonia ventalina (P= 0.00191). The low 
level is 0.0-0.9 µg/g of copper. The high level combines the three higher levels, from 
1.0-80.6 µg/g (Pait et al. 2007). 
 

Copper was the best predictor of sea fan recovery from MFPS, i.e. the loss of 

all spots over one year (2013 to 2014). The model with copper in two groups was the 

best by AIC and significantly better than the null model by the likelihood ratio test 

(Chi-squared statistic = 5.3994, P = 0.02014, Table S4.5). There was a non-significant 

trend towards increased recovery at lower copper sites (N= 87, estimate= 2.02, CI 

0.274, 4.95; P= 0.0618, R2= 8.7%; Table S4.6). There was 17.6% recovery (9 out of 

51 recovered) at sites with the lowest copper sediment levels, while recovery was only 

2.78% (1 of 36 recovered) at the highest copper level (Fig. 4.2). There was also a non-

significant trend for reduced disease incidence of MFPS at lower copper sites. Copper 

was the best predictor of MFPS incidence over one year, with 28.6% of the sea fans 
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contracting new MFPS infections at higher copper sites and only 11% at the lowest 

copper site (N= 88, estimate= 1.16; CI = -0.212, 3.06; P= 0.144, Table S4.7, S4.8). 

 

Figure 4.2 MFPS-diseased sea fans showed a trend of increased recovery over one 
year if the colony was at a site with lower copper sediment concentrations (P= 
0.0618). The low category includes three levels, ranging from 0.0-4.1 µg/g of copper. 
The high level is 4.2-80.6 µg/g (Pait et al. 2007). 
 
 
 The best models of labyrinthulid and copepod prevalence did not support a role 

for copper in the prevalence of either disease at our field sites. When including all 

sites, the best model of labyrinthulid prevalence was the null model. Depth was the 

best predictor of labyrinthulid prevalence in models excluding the Buoy site, which 

skewed depth patterns. In these models, labyrinthulid prevalence increased at greater 

depths (estimate= 2.51; CI = 0.118, 0.807; P= 0.0154, R2= 17.8%; Table S4.9, S4.10, 

Fig. S4.7). Copepod prevalence was not predicted by any of the environmental or 
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demographic variables. We confirmed that it was still predicted by MFPS (estimate= 

3.45; CI= 2.12, 4.78; P= 3.56E-07, R2= 47.7%; Table S4.11, S4.12). As the external 

manifestation of copepod infection (Tracy et al. 2018), MFPS prevalence (using the 

larger subset of 1379 colonies) provides a broader perspective on drivers of copepod 

infection. MFPS was best predicted by size, with greater prevalence in larger sea fans 

(estimate= 2.08; CI= 1.67, 2.48; P<2.00E-16). The best model also included a 

quadratic term, signaling a decline in MFPS in the largest sea fans (estimate= -1.01; 

CI= -1.31, -0.713; P=2.94E-11; marginal R2= 12.7%, conditional R2= 19.6%; Table 

S4.13, S4.14, Fig. S4.8). Of the 1379 colonies surveyed across the 15 transects, 530 

had signs of MFPS. Thus, the overall prevalence of MFPS was 38%. Within these 530 

colonies with external signs of MFPS, MFPS severity was positively predicted by 

copper and the interaction of size and temperature. MFPS severity was exacerbated by 

increasing temperature. However, the interaction term indicates that this effect was 

limited to large colonies. In small colonies, increasing temperatures corresponded to 

reduced MFPS severity (estimate= 7.70E-05; CI 1.91E-05, 1.35E-04; P= 0.00912; 

Table S4.15, S4.16, Fig. S4.9).   

 

Laboratory experiment    

The best model of amoebocyte density was the 3-way interaction among copper, 

temperature, and labyrinthulid exposure (Table S4.17). Amoebocyte density was 

significantly induced relative to the control in three of the 12 treatments (Table S4.18). 

The labyrinthulid induced an amoebocyte response at elevated temperature with either 

baseline or low copper concentrations, with 49.3% and 38.2% inductions, respectively. 
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There was a 36.7% induction at the high copper concentration in the absence of 

elevated temperature or the labyrinthulid (Fig. 4.3). The best model explained 15.4% 

of the variance (conditional R2), with a marginal R2 of 7.1%. 

 

Figure 4.3 Amoebocyte density (mean +/-1SE) was significantly induced relative to 
the control (marked with +) in three treatments (marked with asterisks). The 
labyrinthulid only induced a response at 30°C with baseline or low copper 
concentrations, but not at high copper (bottom right quadrant). The high copper 
concentration only induced an amoebocyte response in isolation (top left quadrant). 
Shared letters denote a lack of a significant difference. 
 
 The best model of tissue damage included copper, temperature, and their 

interaction with an R2 of 53.9 % (Table S4.19-21). The interaction indicates that 

baseline copper concentrations only led to tissue damage at the elevated temperature 

(30°C). Likewise, only the highest copper concentration caused significant damage 

under ambient temperatures (Fig. 4.4). Accordingly, the combination of elevated 

temperature and the highest copper concentration also significantly increased tissue 

damage.  
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Figure 4.4 Elevated temperature and the highest copper concentration led to tissue 
damage (mean +/-1SE) separately and in combination.  

 

 

Discussion:  

Hosts and parasites interact in an ever-changing environment that can have 

dramatic effects on disease outcomes. However, few studies have explored the 

combined effects of multiple environmental drivers through a mechanistic 

investigation of host immunity. Using field surveys across an existing copper pollution 

gradient and a live pathogen inoculation experiment, we show that warming 

temperatures and copper act separately and interactively to modulate host immunity 

and increase disease risk in a natural population of the Caribbean sea fan, G. ventalina. 

This is the first evidence that copper affects host-parasite relationships in corals. 
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Findings from field surveys and laboratory experiments 

The field surveys of sea fan disease and immunity established that both copper 

and temperature influence host-parasite relationships in a natural population of G. 

ventalina. In evaluating the link between copper and host immunity, we show that 

higher densities of amoebocytes occurred in sea fans from sites with higher sediment 

copper concentrations. At the same time, MFPS recovery was lower at these higher 

copper sites. The association of higher copper concentrations with a trend towards 

lower disease recovery suggests the copper-mediated increase in host immunity did 

not reduce infection, and is therefore not beneficial. In the case of temperature, 

warmer sites had greater disease severity of MFPS, but no effect on prevalence or 

incidence. This pattern aligns with the role of temperature as an established driver of 

disease in corals (Muller et al. 2008, 2018, Ruiz-Moreno et al. 2012, Weil et al. 2016). 

Our results provide further detail on the potential complexity of temperature-driven 

disease in corals because MFPS severity only increased with temperature in larger sea 

fans.  

The association of greater MFPS prevalence with colony size and greater 

labyrinthulid prevalence with depth is consistent with our previous work in this system 

(Tracy et al. 2018). Size is a common driver of disease in the ocean, including in sea 

grass and fish (Rohde et al. 1995, Groner et al. 2014). The results are also consistent 

with previous research on Aspergillus outbreaks in sea fans, which shows that larger 

colonies have lower chemical defenses and greater lesion severity (Dube et al. 2002). 

While the mechanisms through which depth increases labyrinthulid prevalence are not 

clear, reduced light is a potential explanation given the dependence of sea fans on their 
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symbiotic, photosynthetic algae. Light stress in either direction could perturb this 

symbiosis and previous evidence shows that increased light drives disease progression 

in corals (Sato et al. 2011). Our results are also consistent with past studies of G. 

ventalina that identified increases in disease at greater depths. The authors hypothesize 

that reduced wave motion at greater depths could increase disease by facilitating 

pathogen attachment to the sea fan colonies (Nagelkerken et al. 1997). Depth has also 

been identified as a predictor of disease in other marine species, such as seagrass 

(Groner et al. 2014).  

Neither copper nor temperature levels were linked with increases in disease 

prevalence during this study. In light of the established ecological drivers of disease in 

sea fans, i.e. colony size and water depth, it is possible that smaller effects from 

copper and temperature are overwhelmed by factors with greater influence. 

Additionally, temperature stress may not have been severe enough to trigger disease, 

as temperatures were not at bleaching levels in the field during May-June 2014 and the 

duration of temperature stress in the lab was relatively short. The variability inherent 

in a field setting also likely accounts for the variance not explained by the best models 

of disease and immunity in the field, as indicated by relatively low R2 values. Overall, 

the field surveys speak to the importance of multiple environmental and ecological 

factors for understanding and predicting disease in nature. We also confirmed the link 

between copepod infection and MFPS from our previous work (Tracy et al. 2018). The 

unexplained variance in copepod prevalence is due to a number of samples with MFPS 

that lacked a detectable copepod infection. This could result from imperfect detection 
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by histology methods or our decision that evidence of previous infection, i.e. remnants 

suggestive of copepods, did not qualify as a copepod infection.   

In the laboratory experiment, temperature and copper had separate and 

interactive effects on sea fan tissue damage and immunity. Copper alone induced an 

amoebocyte response at the highest concentration. This laboratory induction by high 

copper concentrations aligns with the greater amoebocyte densities at higher copper 

sites in the field. The concordance between the field surveys and laboratory results 

links observations from the natural population with a causative relationship between 

copper and sea fan immunity. In addition, the factorial design of the laboratory 

experiment provides a more in-depth perspective by identifying interactive effects of 

temperature and copper on sea fan immunity. The interaction between copper, 

temperature, and exposure to the labyrinthulid parasite led to a tipping point for the 

host immune response, as the treatment with the highest level of each stressor led to a 

breakdown in host defenses. The labyrinthulid parasite induced an immune response 

in sea fans in treatments with elevated temperature at baseline or low copper 

concentrations. However, this response was suppressed in the treatment combining 

high copper and elevated temperature. A similar result occurred in a study on 

temperature-copper interactions in mussels challenged with a Vibrio pathogen. The 

hemocyte immune response to Vibrio occurred at high temperatures and lower copper 

concentrations, but was suppressed at the highest copper concentration (Parry and Pipe 

2004). In both the sea fans and the mussels, the combination of copper pollution, 

temperature stress, and pathogen challenge leads to a qualitative shift in immunity, a 

key mechanism behind the host-parasite relationship.  
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Mechanisms of environmentally-mediated host-parasite interactions 

Our study unveils how the host immune system could be playing a critical role 

as the mechanism through which temperature and copper influence the sea fan-

labyrinthulid relationship. This lays a foundation for future work and raises additional 

hypotheses about the underlying mechanisms through which environmental conditions 

mediate disease and immunity.  

Temperature strongly influences the host immune response to the labyrinthulid 

parasite in the laboratory experiment. Sea fans only launched an immune response to 

the labyrinthulid at 30°C, but not at 28°C. This temperature-mediated response may 

result from increased parasite virulence, as 30°C is the labyrinthulid’s growth 

optimum (Burge et al. 2012). Alternatively, warming may cause changes in sea fan 

physiology that increase their immune responsiveness (Ward et al. 2007, Mydlarz et 

al. 2008). These mechanisms merit additional investigation.  

In either case, the temperature dependence of the sea fan immune response to 

the labyrinthulid may explain inter-annual variation in the host-parasite relationship in 

the field setting. Differences in the temperature regime in southwest Puerto Rico from 

year to year may account for the increase in amoebocytes during labyrinthulid 

infections in 2014, compared to the immune suppression observed in 2013 (Tracy et 

al. 2018). In general, our findings complement previous studies of sea fans in building 

a strong case for the temperature-dependence of immunity in this species (Ward et al. 

2007, Mydlarz et al. 2008).  
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The role of temperature in the sea fan-labyrinthulid relationship is of 

paramount importance given warming of oceans around the world. However, the 

factorial design of the laboratory experiment reveals that the sea fan immune response 

to the labyrinthulid at 30°C does not persist at the highest copper concentration. This 

suppressive effect of high copper concentrations could occur because copper directly 

inhibits the sea fan’s immune response. On the other hand, we expect this same pattern 

if copper reduces labyrinthulid virulence, thus warranting a lower immune response. 

The tissue damage at 30°C and with high copper concentrations in the lab supports the 

hypothesis that these two stressors inhibit the sea fan immune response to the 

labyrinthulid. Further research is needed before we can conclude whether there is also 

a direct effect of copper on the labyrinthulid.  

The induction of sea fan immunity by copper occurs in both the field and the 

laboratory experiment and provides further evidence for the negative effect of copper 

on the sea fan host. In the absence of a parasite, this immune response to metal 

pollution is likely a stress response. Links between the stress response and the immune 

response are common in invertebrates, as stressors often initiate an alternate 

physiological strategy to cope with a new environment (Adamo et al. 2012). Studies 

have shown that thermal stress triggers an immune response in many invertebrates, 

including G. ventalina (Mydlarz et al. 2008). Likewise, elevated copper concentrations 

trigger an immune response in the absence of infection in corals, shrimp, sea stars, and 

other marine invertebrates (Matranga et al. 2012, Morgan et al. 2017, Guo et al. 2017). 

This immune activation is costly for hosts and may hamper their ability to invest in 

reproduction or defenses against parasites (Martin et al. 2010).  
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Conclusions and management implications 

Multi-factorial drivers of disease are likely widespread in nature, but they are 

understudied and the mechanisms are largely unknown. The field surveys and the 

laboratory experiment in this study support our hypothesis of the importance of 

interactions between multiple factors in disease dynamics, and highlight a role for 

immunity. Warming temperatures and copper acted separately and interactively to 

hamper sea fan immunity, damage sea fan tissue, and increase disease risk. We 

hypothesized that warming temperatures and copper would act as stressors and 

synergistically increase the amoebocyte response, thus hindering the host by inducing 

a costly immune response. Indeed, the immune response was induced with high 

copper alone. However, warmer temperatures did not induce immunity in this study 

and the combined effect of temperature and copper was antagonistic rather than 

synergistic in the controlled laboratory experiment. When inoculated with the 

labyrinthulid parasite, amoebocytes were induced with warming and low copper 

concentrations and suppressed with warming and high copper concentrations. The 

antagonistic effect of warming and copper pollution on sea fan immunity impairs the 

host response to a damaging parasite and is accompanied by tissue damage. 

Identifying the type of interaction at play is an important step in furthering research on 

multiple stressors because there is little understanding of when to expect synergistic 

and antagonistic interactions (Ban et al. 2014, Cote et al. 2015). Studying the 

combined effects of anthropogenic stressors is particularly important in understanding 

how sea fans are faring in a changing ocean.   
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From a management perspective, maintaining sea fan health may be especially 

critical for reefs in the future as octocorals are more resistant than scleractinians to 

temperature stress and may come to dominate reef communities (Weil et al. 2016, 

Tsounis et al. 2017). The combined negative effects of temperature and copper on host 

immunity identified herein suggest an approach to mitigating disease in sea fans by 

managing copper, the local driver. Sea fans could potentially fight disease more 

effectively as temperature increases if the additional stress of copper were mitigated. 

The primarily local distribution of copper pollution in the Caribbean is an added 

benefit to this approach because local management is more tractable than reducing 

greenhouse gas emissions in the short-term. Acting at the local scale is also an option 

that is more readily available for community management.  

 The findings in this study reinforce the idea that coral reef conservation 

depends on a suite of management strategies, including both local and global strategies 

(Brown et al. 2013, McLeod et al. 2019). Although warming oceans constitute the 

primary threat to corals by causing bleaching events and disease outbreaks (Muller 

2008, 2018, Weil and Rogers 2011, Hughes et al. 2018, Bruno et al. 2019), other 

factors may interact with temperature to influence coral health. Depending on the 

nature of the relationship between temperature and other biotic and abiotic 

components of the coral reef environment, local factors may provide new targets for 

ameliorating the impacts of warming oceans on octocorals, scleractinian corals, and 

other important reef invertebrates (Ban et al. 2014, Cote et al. 2015). Management 

strategies can leverage interactions between environmental factors as a tool to bolster 

host immunity and promote resilience in a rapidly changing ocean.     
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