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Abstract : 
 
Dinoflagellate–cnidarian associations form both the trophic and structural foundation of coral-reef 
ecosystems. Previous studies have highlighted the role of host innate immunity in regulation of these 
partnerships. This study reveals the presence of a transforming growth factor beta (TGFβ) in the coral 
Fungia scutaria that clusters with TGFβ sensu stricto (ss) from other animals. In functional studies of F. 
scutaria larvae, we show that (1) TGFβ ss mRNA is expressed during early stages of development prior 
to the onset of symbiosis; (2) apparent interference of the TGFβ pathway impairs the onset of 
symbiosis; and (3) this effect is associated with an increase of cytotoxic nitric oxide secretion, an 
immune response. This work highlights the importance of the TGFβ pathway in early life-history stages 
of corals by suggesting that its inhibition impacts the onset of symbiosis.  
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Introduction 

Many cnidarians, including corals and sea anemones, engage in an endosymbiosis with 

photosynthetic dinoflagellates in the genus Symbiodinium. This partnership is based on 

nutritional exchange where symbionts donate large amounts of reduced organic carbon to their 

hosts (Muscatine et al. 1984). In return, the hosts provide shelter and inorganic nutrients to the 

symbionts (Yellowlees et al. 2008). These associations are of major significance because corals 

form the trophic and structural foundation of coral reefs. Coral-reef ecosystems are considered at 

risk globally, due to the effects of climate change and other anthropogenic impacts. For example, 

elevated temperature causes coral bleaching, a symbiosis dysfunction that leads to coral death 

and reef destruction (Douglas 2003). Worldwide mass bleaching events are increasing in 

frequency causing large-scale loss of reefs over vast geographic scales (Ainsworth et al. 2016; 

Normile 2016; Hughes et al. 2017).  

Under stable conditions, Symbiodinium sp. resides within host gastrodermal cells of 

corals, inside symbiosomes of phagosomal origin (Davy et al. 2012). The onset of symbiosis 

through phagocytosis is a selective process leading to the acceptance of homologous algae and 

destruction of heterologous algal types (Rodriguez-Lanetty et al. 2004). This mechanism of 

metazoan innate immune selection is common in invertebrate symbioses and functions to both 

eliminate negative invaders and promote beneficial partners (McFall-Ngai 2008). In addition to 

phagocytic selection, basal metazoans have numerous diverse and complex immune repertoires 

with homology to well-described vertebrate pathways (Miller et al. 2007). In some cases, these 

repertoires expand beyond those found in vertebrates (Messier-Solek et al. 2010; Buckley and 

Rast 2012; Hamada et al. 2013). Host innate immunity is now believed to play a central role in 

the establishment, maintenance, and breakdown of cnidarian–dinoflagellate symbioses (Fuess et 
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al. 2016), including symbiosis dysfunction that leads to coral bleaching (Weis 2008). 

Transforming growth factor beta (TGFβ) members comprise a large superfamily of 

cytokines with diverse signaling functions, ranging from developmental programming to tissue 

homeostasis and immunity (Massague 1998). TGFβ sensu stricto (ss) plays a role in promoting 

immune tolerance in vertebrates (Bogdan and Nathan 1993; Ruscetti et al. 1993). Homologs to 

TGFβ ss have now been identified in basal metazoans including ctenophores (Pang et al. 2011), 

sponges (Srivastava et al. 2010), and cnidarians (Detournay et al. 2012). In previous work, we 

explored the role of TGFβ in the symbiosis between the sea anemone Aiptasia pallida and 

Symbiodinium minutum (clade B1), a model system for the study of coral symbiosis. We found 

that the inhibition of TGFβ with anti-human TGFβ resulted in (1) immune stimulation, indicated 

by elevated levels of cytotoxic nitric oxide (NO); (2) a failure of S. minutum to successfully 

colonize aposymbiotic animals; and (3) a reduction in the bleaching response in heat-stressed 

animals with addition of exogenous TGFβ, suggesting that tolerogenic TGFβ attenuated an 

immune response that contributes to bleaching (Detournay et al. 2012).  

In the present study, we examined the role of TGFβ during the onset of symbiosis in 

larvae of the coral Fungia scutaria. While our previous work was performed during re-

colonization of an adult host rendered aposymbiotic by temperature stress, this study focused on 

onset of symbiosis in naturally occurring aposymbiotic coral larvae that acquire symbionts from 

the water column after development of a mouth (Schwarz et al. 1999). We characterized TGFβ ss 

in the transcriptome of F. scutaria and examined its expression in aposymbiotic larvae. We 

hypothesized that TGFβ contributes to an overall immune response that promotes tolerance of 

colonizing symbionts. We examined the effect of TGFβ inhibition on symbiont colonization 

success and on the strength of the larval host immune response after symbiont colonization.  
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Materials and methods 

Identification of a TGFβ pathway component homolog from F. scutaria 

The putative F. scutaria TGFβ ss (FsTGFβ ss) sequence was retrieved using the keyword 

“TGF beta” from the F. scutaria transcriptome available on the Meyer laboratory website 

(http://ib.oregonstate.edu/~meyere/DB/Fscu/search.php; sequenceID: comp38935_c0_seq1) 

(Kitchen et al. 2015). The identification method and phylogenetic analysis of the FsTGFβ ss are 

described in Electronic Supplementary Material (ESM) Method S1. 

Inhibition of the TGFβ in larvae by incubation in anti-human TGFβ 

To explore a role for TGFβ in onset of symbiosis, prior to inoculation with symbionts, 

larvae were pre-treated in anti-human TGFβ to putatively block coral TGFβ. Larvae (90 

mL,1000 larvae mL
-1

) were treated for 4 h with indicated concentrations of rabbit IgG-purified 

anti-TGFβ (anti-TGFβ; cat#T-9429, Sigma, St. Louis, MO, USA), or an IgG isotype control 

(purified IgG from non-immunized rabbit; cat# 31235, Thermo Fisher, Rockford, IL, USA). 

Antibodies were suspended in filtered seawater (FSW, 0.22 µm) at a concentration of 1 mg mL
-1

 

according to the manufacturer’s recommendations. Treatment concentrations of anti-TGFβ were 

0, 0.01, 0.1, 1.0 and 2.5 µg mL
-1

. Isotype IgG was added to each treatment such that there was a 

final concentration of IgG of 2.5 µg mL
-1

 in all treatments (ESM Table S1). Each experiment 

also included a no-treatment control (NTC). Following exposure to antibodies, larvae were 

rinsed and suspended in FSW before quantification of colonization success (ESM Method S2) 

and/or measurement of NO production (ESM Method S3).  
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RNA extraction and cDNA synthesis and quantitative PCR (qPCR) 

Gene expression experiments of TGFβ coding gene and PABP housekeeping gene were 

performed on aposymbiotic larvae from the 2014 spawning after development of a mouth (~3 d). 

RNA extraction and cDNA synthesis were performed as described previously (Schnitzler and 

Weis 2010). qPCR was performed with the same concentration of cDNA from 3-d post-

fertilization larvae (t = 0 h is 1800 hrs) and those collected 6, 12 and 24 h later. Larvae were 

maintained at 26 °C in a photo-incubator throughout a light/dark cycle (1800–0300 hrs at 

irradiance level of 100 µmol photons m
-2

 s
-1

 ; 0300–0900 hrs with light off ; 0900–1800 hrs at 

irradiance level of 50 µmol photons m
-2

 s
-1

). Thus, the light was on at t = 0 and t = 6 h. Then, the 

sampling was performed with light off at t = 12 h (using a red-light head torch). Finally, the light 

was on at t = 24 h. Further details on qPCR method and analyses are in ESM Method S4 and 

ESM Fig. S1. 

Results and discussion 

The FsTGFβ ss sequence was submitted to NCBI-BLASTx and resulted in a top hit with 

a TGFβ sequence from A. pallida (KXJ22261.1, e-value=10
-71

). The mature FsTGFβ ss shares 

64% amino acid identity with the mature TGFβ ss of A. pallida obtained previously (Detournay 

et al. 2012; AGE84010.1). Multiple alignment between the mature FsTGFβ ss and mature TGFβ 

ss sequences from other organisms, including human, indicated the presence of the nine 

conserved cysteine residues characteristic of TGFβ ss (ESM Fig. S2) (Herpin et al. 2005). Amino 

acid identity of the mature FsTGFβ ss with human TGFβ ss 1, 2 and 3 averaged 50%. Moreover, 

identification of FsTGFβ ss confirmed a pre-pro-protein structure and the presence of the RXXR 

cleavage site (ESM Fig. S3). 
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Phylogenetic analysis of mature sequences of TGFβ homologs from various organisms is 

displayed in Fig. 1. The TGFβ-like group includes TGFβ ss, activins/inhibins, myostatins, and 

lefty subgroups. BMP-like ligands branch ladder-like from the TGFβ-like group and include 

nodal, BMP3, ADMP, Dpp/BMP2/4, Vg1, BMP5-8 and GDF subgroups. With strong support, 

FsTGFβ ss groups with other TGFβ ss sequences, close to A. pallida, and between chordate 

sequences from Branchiostoma floridae and Ciona intestinalis and two ctenophore (Mnemiopsis 

leidyi) TGFβ ss sequences (Fig. 1). To our knowledge, this work and our previous study 

(Detournay et al. 2012) are the only studies that identify TGFβ ss in cnidarians. However, 

previous genomic and transcriptomic studies found indications of the existence of TGFβ-like 

group members in corals (Samuel et al. 2001; Miller et al. 2007; Shinzato et al. 2011; Karako-

Lampert et al. 2014).  

Expression of FsTGFβ ss in aposymbiotic larvae 3 d post-fertilization was detectable in 

all samples and changed through the day. Expression of FsTGFβ ss at 0 h (1800 hrs, light on) 

was high and significantly decreased throughout the day at 6 h (light on) and 12 h (light off) and 

then returned to the original expression level at 24 h (light on) (Fig. 2). In contrast, expression of 

PABP housekeeping gene was stable throughout the sampling period (ESM Fig. S1). The 

detection of TGFβ ss in aposymbiotic animals contrasts with our results in adult aposymbiotic A. 

pallida where expression was only detected in animals treated with Escherichia coli 

lipopolysaccharide (LPS), an immune elicitor (Detournay et al. 2012). 

This contrast in expression pattern between adults and larvae deserves future 

investigation. It could indicate specific differences in the two study systems or could reflect 

differing immunity states between formerly symbiotic (bleached) adults and aposymbiotic larvae 

that engage immunity as a part of the selection process during onset of symbiosis. 
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To explore involvement of TGFβ ss in the onset of symbiosis, aposymbiotic larvae of F. 

scutaria were incubated in anti-human TGFβ (anti-TGFβ) before being inoculated with 

Symbiodinium sp. clade C1f cells. Colonization success decreased in a dose-dependent manner 

with increased anti-TGFβ. This effect was measurable at 8 h (data not shown) and 20 h post-

colonization when larvae were treated with doses as low as 0.01 µg mL
-1

 of anti-TGFβ (Fig. 3a). 

Isotype IgG controls (CO) were similar to no-treatment controls (NTC). Furthermore, percentage 

colonization in controls was similar to those in previous studies (Rodriguez-Lanetty et al. 2006). 

Although colonization decreased in a dose-dependent manner, we have no direct evidence that 

the anti-TGFβ used in this study specifically binds to TGFβ ss of F. scutaria. However, the use 

of cross-taxa antibodies has been employed in other systems (Padgett et al. 1993; Sampath et al. 

1993; Franchini et al. 2006; Zoccola et al. 2009), and in our previous work with A. pallida, 

where we reported that inhibition of TGFβ and the subsequent elevation of NO production were 

only measurable during the symbiotic stage (Detournay et al. 2012).  

Larvae inoculated with symbionts and incubated in anti-TGFβ exhibited an increase in 

NO release compared to both types of controls (Fig. 3b). Based on motility and larval integrity 

over time, no mortality or apparent decline in health was observed (ESM Fig. S4). These data 

suggest that larval controls (NTO, CO; Fig. 3) have functional TGFβ and tolerate the presence of 

colonizing symbionts whereas larvae with TGFβ blocked by presence of the antibody mount an 

immune response, as indicated by the release of NO, against the symbionts. 

Colonization success by dinoflagellate symbionts of coral larvae with horizontal 

transmission is critical for surviving in nutrient-poor waters of coral reefs. This requires selective 

mechanisms whereby beneficial symbionts are recognized and maintained while inappropriate 

invaders are eliminated (Davy et al. 2012). We hypothesize that the TGFβ pathway plays an 
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important role in the host immune system, aimed at tolerating “friend” while fighting “foe”. How 

appropriate C1f symbionts elicit a tolerogenic response in the presence of active TGFβ and the 

role that TGFβ ss might play in coral stress and bleaching are topics for future investigation. 
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Figure legends 
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Fig. 1 A phylogenetic tree generated using Bayesian analysis of mature sequences of 

transforming growth factor beta (TGFβ) family members, including Fungia scutaria TGFβ sensu 

stricto (FsTGFβ ss), highlighted with an arrow. Posterior probabilities are displayed at the nodes. 

Taxon abbreviations and sequence accession numbers are listed in the Electronic Supplementary 

Materials Table S2 

 

Fig. 2 Fungia scutaria TGFβ sensu stricto (FsTGFβ ss) expression in aposymbiotic F. scutaria 

larvae at four time points of the experiment (0, 6, 12, 24 h) and relative to the gene expression at 

time 0 h (1800 hrs). Light was on at 0, 6, 24 h and off at 12 h. Bars are fold change relative to 

aposymbiotic larvae at time 0 ± SE, n = 3, t-test to control with * p < 0.05 
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Fig. 3 a Percentage of larvae colonized by symbionts as a function of increasing concentrations 

of anti-human transforming growth factor beta (TGFβ). Bars are percentage of total larval 

population that was colonized by symbiont (number of larvae counted > 100) ± SE, n = 4, 

ANOVA post hoc Bonferroni to CO (isotype IgG control), * p < 0.05 and ** p < 0.001. NTC: 

no-treatment control. b Mean fluorescence intensity (MFI) of DAF-FM DA, a probe for NO, a 

proxy for an immune response in colonized larvae. Bars represent means (number of larvae 

counted > 10) ± SE; n = 4, t-test to CO (isotype IgG control) * p < 0.05, ** p < 0.001. NTC: no-

treatment control 


