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ABSTRACT
Gorgonian corals are the dominant benthic fauna on Caribbean reefs. Unlike scleractinian
corals, gorgonian abundance on these reefs has remained stable or has increased. Therefore, to
predict how climate change will affect the reef community, it is essential to understand
gorgonian physiology under ambient and stressful situations. Under ambient conditions, eight
gorgonian species hosted different clade B Symbiodinium, and in two gorgonian species in which
the bacterial microbiomes were investigated, two distinct communities were found. In the eight
gorgonian species, skeletal content varied from 75-96%, with those having more tissue also
having more Symbiodinium density within their branches. The composition of organic matter
also varied with the greatest amounts of lipid and proteins in the Pseudoplexaura species, and
also large protein content in Pterogorgia anceps, carbohydrate in the Eunicea species and
Plexaurella dichotoma, and refractory material in the Eunicea species and Antillogorgia
americana. The biochemical differences explained how a subset of the gorgonian species coped
with injury and elevated temperature. Lesion recovery took 2x longer in Eunicea flexuosa than in
Pseudoplexaura porosa, and both species exhibited different immune responses. Lesion recovery
led to lower Symbiodinium density in injured branches of both species, but Symbiodinium
photochemistry, the prevalence of dominant bacterial groups and bacterial community structure
did not change. Although the prevalence of some bacteria varied post-injury, both gorgonian
species healed without signs of disease. When exposed to elevated temperature, the
Symbiodinium genotypes and density did not change in branches of Eunicea tourneforti, E.
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flexuosa and P. porosa. Conversely, at elevated temperatures, in the Eunicea species,
physiological modifications occurred in both the hosts and their symbionts (protein and
antioxidants), while in P. porosa, the changes primarily occurred in their symbionts (chlorophyll
content and photochemistry). Due to the low amounts of tissue resources, in the Eunicea species,
their acclimation may not include changes in Symbiodinium photosynthesis, while the larger
tissue content and hence resources in P. porosa may allow changes in Symbiodinium parameters.
The ability to successfully deal with stressors like injury and elevated temperature may partly
explain why gorgonian corals continue to thrive on Caribbean reefs.
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a*Chl a

The chlorophyll a specific absorption coefficient

CaCO3

Calcium carbonate

CAT
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Maximum excitation pressure over photosystem II

SOD

Superoxide dismutase

Sym
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CHAPTER I: INTRODUCTION
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Corals found on tropical shallow-water coral reefs belong to two different subclasses
within the class Anthozoa (Phylum Cnidaria): Hexacorallia and Octocorallia. Scleractinian corals
(Hexacorallia) build the reef framework, the habitat for various organisms (Spalding et al. 2001).
Although octocorals (Octocorallia) also provide food and shelter to various fish and invertebrate
species (Voss 1956; Birkeland & Neudecker 1981; Lasker et al. 1988; Vreeland & Lasker 1989),
the majority of reef research has focused on scleractinian corals and their symbioses with the
dinoflagellates Symbiodinium spp. In the Caribbean, octocorals, specifically gorgonian corals,
outnumber scleractinian corals and comprise the dominant benthic fauna (Cary 1915; JordánDahlgren 1989; Ruzicka et al. 2013; Villamizar et al. 2014). Furthermore, gorgonian abundance
has remained stable or has increased over the past few decades (Colvard & Edmunds 2011;
Ruzicka et al. 2013; Villamizar et al. 2014; Lenz et al. 2015), while scleractinian coral cover has
dramatically declined (Gardner et al. 2003; Alvarez-Filip et al. 2011; Jackson et al. 2014).
Therefore, to predict how climate change will shape Caribbean reef communities it is essential to
understand how gorgonian corals cope with ambient and unfavorable conditions.
Prior studies on Caribbean gorgonian corals investigated their ecology in terms of
distribution (Goldberg 1973; Kinzie III 1973; Opresko 1973; Jordán-Dahlgren 1989),
heterotrophic feeding (Lasker 1981; Lewis 1982; Lasker et al. 1983; Coffroth 1984; Ribes et al.
1998), growth (Cary 1914; Yoshioka & Yoshioka 1991; Lasker et al. 2003), tissue regeneration
(Lang da Silveira & Van't Hof 1977; Meszaros & Bigger 1999; Sánchez & Lasker 2004) and
reproduction (Lasker et al. 1996; Beiring & Lasker 2000; Fitzsimmons-Sosa et al. 2004). Due to
its commercial value, secondary metabolite production in gorgonian corals has also been
extensively studied (Fenical 1987; Berrue & Kerr 2009). In addition, predation on gorgonian
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corals by reef organisms has been documented (Birkeland & Neudecker 1981; Lasker et al.
1988; Vreeland & Lasker 1989).
On the other hand, few studies have investigated the biochemical composition of
Caribbean gorgonian corals. In scleractinian corals, tolerance to, and the capacity to recover
from, thermal stress is linked to the amounts of protein, lipid and carbohydrate available in
tissues (Anthony et al. 2009; Schoepf et al. 2015). Investigating the biochemical composition of
gorgonian corals will therefore enhance our understanding of these abundant Caribbean reef
fauna. Most Caribbean gorgonian corals build upright colonies that contain a central
proteinaceous axis surrounded by the cortex, which houses the polyps and coenenchyme, and is
embedded with minute calcareous structures called sclerites (Bayer 1961). The axis and sclerites,
which are skeletal elements, make up the largest component of gorgonian branches (Lewis &
Post 1982; Harvell & Suchanek 1987). For example, the axis and sclerites together comprised
80-91% of the branches in four gorgonian species (Lewis & Post 1982). Since skeletal elements
would restrict the amount of tissue contained within branches, gorgonian species in which the
axis and sclerites comprised 80% of the branch would contain twice as much tissue, and
therefore protein, lipid and carbohydrate, than the species in which they made up 91% of the
branch (Lewis & Post 1982). In addition, tissue composition, as seen in octocorals (e.g. Slattery
& McClintock 1995; Imbs et al. 2010a) and scleractinian corals (e.g. Rodrigues & Grottoli 2007;
Schoepf et al. 2015), may differ between species. The contribution of lipid, protein and
carbohydrate to gorgonian branches and tissues has not been examined.
The biochemical composition may in turn affect the number of Symbiodinium cells
hosted within branches. In the Caribbean, most gorgonian corals associate with Symbiodinium
spp. from clade B (LaJeunesse 2002; Banaszak et al. 2006; Goulet et al. 2008b). In scleractinian
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corals, Symbiodinium density is partly determined by the number of host cells available to harbor
these algae (Drew 1972; Jones & Yellowlees 1997). Since skeletal content within gorgonian
branches would limit the availability of host cells, species that have high skeletal content may
contain lower symbiont density in their branches than those that have low skeletal content. In
gorgonian corals, the rate of Symbiodinium photosynthesis often exceeds the rate of host and
symbiont combined (holobiont) respiration (Burkholder & Burkholder 1960; Kanwisher &
Wainwright 1967; Ramsby et al. 2014; Baker et al. 2015), and the ratios of gross photosynthesis
to respiration are comparable to values reported for other octocorals (Mergner & Svoboda 1977;
Fabricius & Klumpp 1995; Khalesi et al. 2011), scleractinian corals (Edmunds et al. 2011) and
anemones (Goulet et al. 2005). In scleractinian corals, Symbiodinium supply their hosts with
carbohydrates, lipids, and essential and mycosporine-like amino acids (Wang & Douglas 1999;
Shick & Dunlap 2002; Kopp et al. 2015), and satisfy a major portion of the corals’ daily carbon
requirement (Muscatine & Porter 1977). In addition, Symbiodinium photosynthesis can affect
nitrogen assimilation in Caribbean gorgonian corals (Baker et al. 2011), and enhance
calcification in the Mediterranean gorgonian Eunicella singularis (Ferrier-Pagès et al. 2009).
Thus Symbiodinium could influence the biochemical composition of gorgonian tissues.
In addition to the Symbiodinium spp., gorgonian corals harbor in their tissues other
protists (Burge et al. 2012), fungi (Toledo-Hernández et al. 2008), bacteria (Sunagawa et al.
2010; Tracy et al. 2015) and viruses (Hewson et al. 2011). Bacteria are important in cycling
sulfur and nitrogen in scleractinian corals, and some bacteria may limit the growth of
opportunistic taxa (reviewed in Thompson et al. 2015). Disturbances like changes in ambient
salinity (Röthig et al. 2016) and pH (Meron et al. 2010), or the incidence of disease (Sunagawa
et al. 2009; Cárdenas et al. 2012; Vezzulli et al. 2013; Roder et al. 2014), however, can trigger a
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change in the bacterial microbiome. Among Caribbean gorgonian corals, the bacterial
microbiome has been characterized in only four species (Sunagawa et al. 2010; Duque-Alarcón
et al. 2012; Correa et al. 2013; Tracy et al. 2015; McCauley et al. 2016; Robertson et al. 2016),
and in the gorgonian Gorgonia ventalina, an elevated thermal anomaly triggered a shift in its
bacterial microbiome that persisted for at least a year after the event (Tracy et al. 2015).
Sampling more gorgonian species will aid in identifying bacteria that are harbored in tissues, and
thus provide a baseline for future studies.
While the increase in gorgonian abundance on Caribbean reefs suggests that they have
coped with climate change thus far, gorgonian corals do face some challenges. Gorgonian corals
can be injured by wave action during storm surges (Cary 1914; Wahle 1985), predation by reef
organisms (Birkeland & Neudecker 1981; Lasker et al. 1988; Vreeland & Lasker 1989), and lost
fishing gear from human activities (Chiappone et al. 2005). The resulting injuries may expose
tissues and the underlying axis to pathogens like chlorophytes that lead to the formation of galls
and tumors along gorgonian branches (Morse et al. 1981; Goldberg et al. 1984; Rada & Losada
1998), or like Millepora spp., which can overgrow entire colonies (Wahle 1980; Gerhart 1990).
Efficient wound healing processes are therefore essential to minimize damage and ensure
survival of the colony.
Wound healing requires the supply of energy in the form of organic molecules. In
scleractinian corals, these molecules can be provided by uninjured tissue adjacent to the lesion
and those in distant parts of the colony (Oren et al. 2001; Henry & Hart 2005). In gorgonian
corals, organic molecules from food can be transported within branches (Murdock 1978a, b), but
if such transport occurs during healing, and how that may affect the biochemical composition of
tissue at, near and away from a lesion, has not been examined.
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The healing process may also affect Symbiodinium and the bacterial microbiome within
gorgonian tissues. In scleractinian corals, the host provides Symbiodinium with inorganic carbon,
nitrogen, and other nutrients (Hughes et al. 2010; Imbs et al. 2014; Tanaka et al. 2015). If
organic molecules are diverted from the symbiont towards the lesion, then Symbiodinium
photosynthesis could be altered during the healing process. In addition, Symbiodinium density at
and near a lesion may change due to regenerative processes like the influx of amoebocytes and
the building of sclerites and tissue (Lang da Silveira & Van't Hof 1977; Meszaros & Bigger
1999; Olano & Bigger 2000). Lastly, the lesion may provide an avenue for pathogenic or
opportunistic bacteria to invade tissues resulting in a shift in the bacterial microbiome or the
prevalence of certain bacterial taxa. It is therefore critical to investigate how lesion recovery
affects the symbioses of gorgonian corals.
Changes in the microbiome post-injury may trigger immune activity at the lesion.
Gorgonian corals produce a range of antimicrobial and antifungal compounds (Perkins &
Ciereszko 1973; Rodríguez 1995; Kim et al. 2000; Hunt et al. 2012), and possess various
immune mechanisms. At a lesion, the amoebocytes may phagocytize foreign particles (Olano &
Bigger 2000; Ruiz-Diaz et al. 2013), and prevent the entry or limit the spread of pathogens by
depositing melanin (Petes et al. 2003; Mydlarz et al. 2008). Changes in melanin content could
trigger an increase in the activity of prophenoloxidase, the key enzyme in melanin synthesis
(Cerenius & Söderhäll 2004), which in turn would produce intermediates like quinones and
reactive oxygen species (ROS) that are toxic to pathogens (Cerenius & Söderhäll 2004). In
addition, fungal pathogens may be inhibited by the antioxidant peroxidase (POX) and protease
inhibitors (Mydlarz & Harvell 2007; Mann et al. 2014), and the release of exochitinase into the
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surrounding water (Douglas et al. 2007). The immune response of gorgonian corals to tissue
injury has not been characterized.
Another potential stressor that gorgonian corals, and corals reefs in general, face is
thermal anomalies like the rise in overall temperature and short-term fluctuations in prevailing
seawater temperature (Hoegh-Guldberg 2011; Li & Reidenbach 2014; Magris et al. 2015). In
scleractinian corals, thermal stress lasting for even a few days can result in the loss of
Symbiodinium from tissues and/or a reduction in chlorophyll content of Symbiodinium (Fitt &
Warner 1995; Warner et al. 1996; Roth 2014). In addition, thermal stress can hinder
Symbiodinium photosynthesis (Jones et al. 1998; Tchernov et al. 2004; Takahashi et al. 2009),
and increase production of ROS and nitric oxide (NO), which in turn can trigger apoptosis in
both partners (Weis 2008; Lesser 2011). The resulting disruption of the nutrient exchange
between host and Symbiodinium (Wang & Douglas 1999; Shick & Dunlap 2002; Hughes et al.
2010; Imbs et al. 2014; Kopp et al. 2015; Tanaka et al. 2015), may increase the amount of
energy required to maintain homeostasis, drive the coral host and its Symbiodinium to utilize
their energy reserves (Hoadley et al. 2015), and thus lower the amounts of protein, lipid and
carbohydrate present in tissues (Michalek-Wagner & Willis 2001; Rodrigues & Grottoli 2007;
Slattery & Paul 2008; Imbs & Yakovleva 2012).
Both Symbiodinium and their cnidarian hosts, however, possess mechanisms to mitigate
detrimental effects of thermal stress (Weis 2008; Lesser 2011). For example, both partners
produce antioxidants like superoxide dismutase that converts superoxide to H2O2, and POX and
catalase that neutralize H2O2 to H2O (Weis 2008; Lesser 2011). In addition, protein damage is
reduced by production of heat shock proteins (Hsp) (Weis 2008; Lesser 2011). Sensitivity to
thermal stress and the capacity to regulate antioxidant activity, however, varies between
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Symbiodinium genotypes (McGinty et al. 2012; Krueger et al. 2014) and between coral species
(Fitt et al. 2009; Krueger et al. 2015).
To date, only a handful of studies have investigated how elevated seawater temperatures
affect Caribbean gorgonian corals. For example, previous studies measured the production of
ROS, NO and Hsp under thermal stress (Mydlarz & Jacobs 2006; Ross 2014), and the effects of
pathogens (Kirk et al. 2005; Ward et al. 2007; Mann et al. 2014) and ultraviolet radiation
(Drohan et al. 2005) in conjunction with elevated temperatures. But data on changes that may
occur in Symbiodinium photophysiology, the composition of holobiont tissues, and the activation
of antioxidant enzymes that neutralize ROS are lacking. To gain a comprehensive understanding
of how gorgonian-algal symbioses respond to elevated temperature, it is essential to
simultaneously monitor physiological changes that occur in both Symbiodinium and the
holobiont.
In the following studies, I describe the biochemical composition of the gorgonian corals
Eunicea flexuosa, Eunicea tourneforti, Plexaurella dichotoma, Pseudoplexaura porosa,
Pseudoplexaura flagellosa, Pseudoplexaura wagenaari, Pterogorgia anceps and Antillogorgia
americana and their resident Symbiodinium, and characterize the bacterial microbiome in
Eunicea flexuosa and Pseudoplexaura porosa, under ambient conditions. Then I report on lesion
recovery in Eunicea flexuosa and Pseudoplexaura porosa, and the responses of these two species
and Eunicea tourneforti to a short-term exposure to elevated temperature. Inter-species
differences in the biochemical composition of tissues appear to have influenced how each
species dealt with the two potential stressors.
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CHAPTER II: BIOCHEMICAL COMPOSITION OF CARIBBEAN GORGONIANS:
IMPLICATIONS FOR GORGONIAN – SYMBIODINIUM SYMBIOSIS AND ECOLOGY

This study was published in 2014, in Journal of Experimental Marine Biology and Ecology 461
275-285.
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ABSTRACT
Gorgonian corals are the dominant benthic fauna on many Caribbean reefs, and yet
studies on the makeup of the host, or their dinoflagellate symbionts, Symbiodinium spp., are
scarce. We investigated the biochemical composition and symbiont parameters in eight
gorgonian coral species. Skeletal material, comprised of sclerites and refractory material, was the
largest component of gorgonian branches. Relative amounts of sclerites and refractory material
varied between species and may explain species level differences in branch flexibility. In
gorgonian branches, proteins, present in refractory and cellular material, made up the largest
component of organic matter, followed by lipids, while carbohydrates were a minor component.
The lipid content in gorgonian organic matter was significantly correlated with Symbiodinium
density. In addition, symbiont density in gorgonian branches was probably influenced by the
availability of host cells. Knowledge about biochemical parameters of gorgonian corals at
ambient environmental conditions will assist in understanding the abundant benthic fauna of
many Caribbean coral reefs.
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INTRODUCTION
Scleractinian corals and gorgonian octocorals are the most conspicuous cnidarian taxa on
Caribbean reefs. In the past few decades, scleractinian coral cover has fallen to <25%, and the
projections for these corals are dire (Pandolfi et al. 2003; Pandolfi et al. 2005; Schutte et al.
2010; Alvarez-Filip et al. 2011). Conversely, gorgonian corals thus far have withstood the
detrimental effects of climate change (Lasker 2003; Colvard & Edmunds 2011; Ruzicka et al.
2013), and are one of the most abundant benthic fauna in the Caribbean (Goldberg 1973; Lasker
& Coffroth 1983; Chiappone & Sullivan 1994; Jordán-Dahlgren 2002; Miller et al. 2011).
Despite their dominance, basic information on gorgonian composition, of either the host or the
dinoflagellate symbionts, Symbiodinium spp., is sparse.
Previous studies on Caribbean gorgonian corals focused on their ecology, such as their
distribution (Kinzie III 1973; Jordán-Dahlgren 1989), heterotrophic feeding (Ribes et al. 1998),
growth (Cary 1914; Yoshioka & Yoshioka 1991; Lasker et al. 2003), tissue regeneration (Lang
da Silveira & Van't Hof 1977; Meszaros & Bigger 1999; Sánchez & Lasker 2004), and
reproduction (Beiring & Lasker 2000; Fitzsimmons-Sosa et al. 2004). Since many gorgonian
corals produce secondary metabolites that are of economic importance, these secondary
metabolites have been extensively studied (reviewed in Fenical 1987). Predation pressure by
other reef organisms such as polychaete worms, Hermodice sp. (Vreeland & Lasker 1989),
flamingo-tongue snails, Cyphoma sp. (Harvell & Suchanek 1987; Lasker & Coffroth 1988) and
butterflyfish, Chaetodon spp. (Birkeland & Neudecker 1981; Lasker 1985) have also been
investigated. On the other hand, few studies have researched the biochemical composition of
gorgonian corals and their dinoflagellate symbionts.
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Like scleractinian corals, gorgonian corals harbor photosynthetic dinoflagellates,
Symbiodinium spp. The majority of Caribbean gorgonians host clade B Symbiodinium,
particularly subcladal type B1 (LaJeunesse 2002; Banaszak et al. 2006; Goulet et al. 2008b). In
cnidarians, algal photosynthate contributes towards building tissue components like proteins,
lipids, and carbohydrates (Trench 1971; Fitt & Pardy 1981; Falkowski et al. 1984; Spencer
Davies 1984; Wang & Douglas 1999; Burriesci et al. 2012). Proteins and lipids make up the
majority of cellular energy reserves in cnidarians (Fitt & Pardy 1981; Fitt et al. 1993; Slattery &
McClintock 1995; Ben-David-Zaslow & Benayahu 1999). In gorgonian corals, the extent of the
contribution of Symbiodinium photosynthesis to host nutrition has been tested indirectly
(Kanwisher & Wainwright 1967; Ribes et al. 1998), and the effect of Symbiodinium on nitrogen
assimilation in host tissues has been investigated (Baker et al. 2011). In the Mediterranean
gorgonian Eunicella singularis, symbiont photosynthesis augments calcification (Ferrier-Pagès
et al. 2009). Therefore, Symbiodinium potentially affects the biochemical composition of
gorgonian tissues. The objectives of this study were to investigate baseline biochemical
parameters in eight Caribbean gorgonian species representing two families. Given the abundance
of gorgonians in the Caribbean, such data will allow a better understanding of the current, and
potentially the future, Caribbean coral reefs.

12

METHODS
Study site and sample collection
Colonies of eight gorgonian species were sampled in a single day in May, 2010, from 3–
5m at a patch reef (20°52'5.23"N 86°51'58.92"W) located adjacent to the pier of the Instituto de
Ciencas del Mar y Limnología (ICMyL), Universidad Nacional Autónoma de México (UNAM),
at Puerto Morelos, México. The eight gorgonian species, representing the two dominant families,
included: Family Plexauridae: Eunicea flexuosa (Plexaura flexuosa by Lamouroux 1821, moved
to genus Eunicea by Grajales et al. (2007)), E. tourneforti (Milne Edwards and Haime 1857),
Plexaurella dichotoma (Esper 1791), Pseudoplexaura porosa (Houttuyn 1772), P. flagellosa
(Houttuyn 1772) and P. wagenaari (Stiasny 1941), and Family Gorgoniidae: Pterogorgia anceps
(Pallas 1766) and Antillogorgia americana (Gmelin 1791, genus Pseudopterogorgia renamed as
Antillogorgia by Williams & Chen (2012)). Gorgonian species were identified based on colony
morphology (Sánchez & Wirshing 2005) and sclerite characteristics (Bayer 1961). Sampled
colonies of a given species were roughly of the same size, and at least 3m away from each other.
Two 14cm-long branch fragments were cut from each colony and transported to the lab in a
seawater-filled Whirlpak™ bag. Fragments were frozen in a −80°C freezer within 1h of
collection.
Biochemical composition of gorgonian tissues
Gorgonian branches are composed of a central proteinaceous axis surrounded by a cortex
(Bayer 1961). The cortex is embedded with sclerites, minute skeletal structures made of CaCO3,
and houses the polyps connected by the interspersed coenenchyme. Whole branch fragments
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(containing both the axis and cortex) were used to quantify the amount of sclerites, NaOHsoluble proteins, lipids, carbohydrates, and refractory material present. NaOH-insoluble proteins
constitute the majority of refractory material (Lawrence & Kafri 1979; Slattery & McClintock
1995), which in gorgonian corals comprises of connective tissues in axial gorgonin (Goldberg
1974) and the mesoglea. Thus sclerites and refractory material were considered to be skeletal
elements, and soluble proteins, lipids, and carbohydrates to be of cellular (gorgonian and
Symbiodinium) origin.
We determined the soluble protein, lipid, carbohydrate and refractory content of the
branch pieces and the organic matter present within them. To estimate the organic matter
content, the amount of dry weight represented by sclerites was subtracted from the dry weight of
the branch pieces used in each assay. Raw values of each biochemical component were then
standardized to total dry weight (DW) of the sample (for % g DW) and the estimated weight of
organic matter (OM) present in it (for % g OM). Our estimate of organic matter is comparable to
ash-free dry weight used in other studies, since gorgonian ash is mainly composed of sclerites
(Slattery & McClintock 1995), and sclerites contain negligible amounts of organic matter (Lewis
& Post 1982).
Sclerite (calcium carbonate: CaCO3) content
For determination of sclerite content, we modified the method outlined by Lewis & Post
(1982). Branch fragments, 0.2–0.5cm long, were dried overnight in an oven at 60°C. The dried
branches were placed in a 5% sodium hypochlorite solution (household bleach), with fresh
bleach added up to three times to ensure complete digestion of the organic material. The residue
was washed with distilled water, dried and weighed. Next, the residue, consisting mainly of
sclerites, was digested using three washes of 20% hydrochloric acid. Matter remaining following
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the hydrochloric acid washes was dried and weighed. Sclerite content was calculated as the
difference between the weight following the digestion with bleach and the weight following the
hydrochloric acid wash, and then standardized to total dry weight of the sample (% g DW).
Refractory material and insoluble protein content
For whole lyophilized tissue, we calculated the percent of refractory content by
subtracting the weight represented by sclerites, soluble proteins, lipids, and carbohydrates from
the total dry weight, and calculating the remaining fraction (% g DW). For the organic fraction
(% g OM), refractory content was calculated by subtracting the weight of soluble proteins, lipids,
and carbohydrates from total organic matter and calculating the remaining fraction (% g OM).
Soluble protein content
Proteins were extracted from 0.2–0.5cm long lyophilized branch pieces that were ground
and incubated in 5ml of 1M NaOH for 48h (Slattery & McClintock 1995). NaOH-soluble protein
content was determined using the Bio-Rad Protein Assay (Bio-Rad, USA). Samples were run in
triplicate, and the averages were compared to a standard curve generated using seven
concentrations of bovine serum albumin, ranging from 0–0.875 mg/ml. Raw values for NaOHsoluble protein content were standardized to the weight of the lyophilized sample (% g DW) and
the amount of organic matter present within it (% g OM).
Lipid content and lipid ratios
Lipids were extracted from 4–6cm long, ground, lyophilized gorgonian pieces using the
method of Folch et al. (1957). The solutions were sonicated for 30min and filtered through a
Whatman’s Grade 5 filter paper into pre-weighed vials. The filtrates were dried in a vacuum
centrifuge for 48h, followed by drying on a hot plate set at 40–50°C, under a constant stream of
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nitrogen gas. The lipid-rich residues were weighed and diluted to a concentration of 20µg/µl.
Although these crude extracts can contain some non-lipid constituents (Harland et al. 1992;
Harriott 1993), they are a good estimate of total lipid content (Hamoutene et al. 2008). Raw
values for lipid content were standardized to dry weight (% g DW) and weight of organic matter
(% g OM).
To investigate lipid metabolism and storage, we estimated the ratio of non-polar to polar
lipids by modifying the methods outlined by Yamashiro et al. (1999) and Saunders et al. (2005).
Crude lipid extract (50µg) was loaded onto a 9cm x 5cm thin-layer chromatography plate (EMD
chemicals, Merck Germany), using a 10µl glass microsyringe (Hamilton, USA). A 3µl mixture
of cholesteryl oleate (1µg/µl) and cholesterol (1µg/µl) in chloroform and methanol (2:1, v/v),
representing standards for non-polar storage and polar structural lipids respectively, were also
loaded onto each plate. Samples were run for a distance of 8cm using an eluent made of hexane:
ether: acetic acid (14ml: 6ml: 0.5ml). Air-dried plates were developed by incubating them in a
solution of phosphoric acid: 33% acetic acid: sulfuric acid: 0.5% copper sulfate (5: 5: 0.5: 90) for
30s. The plates were briefly dried under warm air using an air gun, and allowed to completely
air-dry at room temperature. Finally, the plates were developed in an oven at 110–115°C for
15min, and scanned (Canon MX700 set at 600dpi) immediately after removal. Peak gray scale
intensities of the polar and non-polar lipids were recorded from a digitally inverted image of the
scan (ImageJ software; Abràmoff et al. 2004). These values were then used to calculate the ratio
of non-polar (wax esters) storage to polar (sterols) structural lipids. The lipid ratio for each
sample was calculated from the average of three replicate runs.
Carbohydrate content
Carbohydrate content was determined using the phenol-sulfuric acid method (Dubois et
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al. 1956), with the modifications outlined by Masuko et al. (2005). Carbohydrates were extracted
for 2h using 5% tri-chloro acetic acid (Slattery & McClintock 1995), from 0.2–0.5cm long,
lyophilized and ground branch pieces. Samples were run in triplicate, and the average was
compared to a standard curve generated using five concentrations of glucose ranging from 0–0.2
mg/ml. Raw values for carbohydrate content were standardized to total dry weight (% g DW)
and weight of organic matter (% g OM).
Symbiodinium parameters
Symbiodinium isolation and determination of cell density in host tissues
A 4cm-long branch piece was excised from 2cm below the apical end of a gorgonian
branch. The frozen piece was ground using a mortar and pestle, with several aliquots of 0.2µm
filtered seawater (FSW). After each wash, the liquid extract containing the cellular material was
transferred into a tube to separate it from the sclerite-rich residue in the mortar. To further
remove sclerites, the extract was spun in an International Equipment Company clinical
centrifuge (IEC CL) at 17.5rcf for 1min. The supernatant was then filtered through a series of
150µm, 74µm and 20µm Nitex meshes. To pellet the Symbiodinium cells, the filtrate was
centrifuged at 1750rcf for 1min. The pellet was washed two more times with FSW, and resuspended in 20ml FSW.
From this suspension, 1ml was removed and fixed in Lugol’s solution for subsequent
determination of symbiont numbers. Cells were enumerated using an improved Neubauer
hemocytometer, and the number of Symbiodinium in the aliquot was calculated from the average
of six replicate counts. An additional 1ml aliquot was used for the determination of chlorophyll
concentrations. The remaining solution was centrifuged at 1750rcf for 1min, and the resulting
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Symbiodinium pellet was stored in 100% ethanol for subsequent DNA extraction. Unlike the
other gorgonian species in this study, A. americana produced copious amounts of mucus during
the grinding process, which interfered with Symbiodinium separation. Consequently, for A.
americana Symbiodinium cell densities could not be accurately assessed, and A. americana
samples were excluded from comparisons of Symbiodinium density and chlorophyll content.
Symbiodinium cell counts and chlorophyll concentrations were standardized to the
gorgonian surface area. Branches of most studied gorgonian species are cylindrical in shape and
thus surface area was calculated as that of an open cylinder (2π*radius*height). Conversely, P.
anceps has 3- or 4-sided blade-like branches that in cross-section look like the letters ‘Y’ or ‘X’,
respectively. Therefore, its surface area was calculated as the product of the length of the
fragment, the distance between two adjacent edges (breadth), and the total number of edges
present in the respective sample (either 3 or 4).
Symbiodinium chlorophyll content
For determination of chlorophyll content, we modified the method outlined by IglesiasPrieto et al. (1992) by incubating the sample in a mixture of acetone and dimethyl sulfoxide, 95:5
v/v for 24h. Chlorophyll a (Chl a) and c (Chl c2) contents were calculated using the equations of
Jeffrey and Humphery (1975). To determine pigment content within gorgonian tissues and
individual algal cells, Chl a and Chl c2 content were standardized to gorgonian surface area and
Symbiodinium cell density, respectively. The ratio of Chl a to Chl c2, an indicator of
photoacclimation in Symbiodinium, was also calculated for all species.
Genetic identification of Symbiodinium
DNA from Symbiodinium was isolated using the Wizard® genomic DNA purification kit
(Promega, USA), and the internal transcribed spacer 2 region (ITS2) of the ribosomal gene was
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amplified, using the procedure outlined by LaJeunesse et al. (2003). The amplified products were
run for 1560 volt-hours (120V, 13h), on a polyacrylamide gel having a denaturing gradient of
45-80% formamide and urea (denaturing gradient gel electrophoresis: DGGE), maintained at
60°C. Unique banding profiles were identified, and the brightest bands, which correspond to the
most abundant variants of the ITS2 sequences, were excised. DNA from these bands was reamplified using the procedure outlined in LaJeunesse (2002), and sequenced using the forward
primer ITSinfor2 at the DNASU Sequencing facility at Arizona State University.
Statistical analyses
Statistical analyses were performed using the R programming language (R Development
Core Team 2011). Most variables were tested with a one-way analysis of variance (ANOVA)
using species as the explanatory variable. When raw data violated the assumptions of
homoscedasticity and normality, log-transformed values were used. This occurred for protein,
lipid, carbohydrate, and chlorophyll. For ANOVA tests that yielded significant differences, the
Tukey’s honesty significant difference (Tukey’s HSD) test was used to perform post-hoc
pairwise testing. Chlorophyll ratios were heteroscedastic despite applying multiple
transformation methods. Thus a randomization test (n=10,000), using the F-value of the one-way
ANOVA as the test statistic, was performed.
Using the mean values for individual species, correlation analyses were performed
between: a) sclerite (% g DW) and refractory (% g DW) content; b) refractory content (% g OM)
and lipid, soluble protein and carbohydrate content (% g OM); c) symbiont density (cm-2) and
skeletal content (% g DW); d) symbiont density (cm-2) and lipid, soluble protein and
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carbohydrate content (% g OM); and e) symbiont density (cm-2) and chlorophyll a and c2 content
(cm-2 and cell-1).
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RESULTS
Biochemical composition of gorgonian tissues
Sclerite content
Eunicea flexuosa, E. tourneforti, and Plexaurella dichotoma had significantly higher
amounts of sclerites than the pseudoplexaurid gorgonians and Pterogorgia anceps, where the
latter group had half as much sclerites in their tissues (Fig. 1, Table 1). A. americana had the
least amount of sclerites, with a quarter of the amount found in the eunicids and in P. dichotoma.
Refractory content
Refractory content of dry tissues varied significantly between species. A. americana had
the highest refractory content followed by P. anceps and the three Pseudoplexaura species. E.
flexuosa, E. tourneforti and P. dichotoma had the lowest refractory content, which was up to five
times lower than that found in A. americana (Fig. 1, Table 1). Refractory content of organic
matter also varied significantly between species (Fig. 2A, Table 2). E. tourneforti and A.
americana had the highest refractory content while Pseudoplexaura porosa had the lowest.
Mean refractory and mean sclerite content of branches were negatively correlated with
each other (Fig. 3: r = -0.947, P < 0.001). We also observed a significantly negative correlation
between mean refractory content and protein (r = -0.749, P = 0.033) and lipid (r = -0.908, P =
0.002) contents of organic matter. No such relationship was found in the case of carbohydrate
content (r = -0.165, P = 0.696).
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Figure 1. Tissue composition in eight Caribbean gorgonian species.
Calcium carbonate (CaCO3), refractory material (insoluble protein), and other organic
constituents (soluble proteins, lipids and carbohydrates) are standardized to % g dry weight. EF =
E. flexuosa, ET = E. tourneforti, PD = P. dichotoma, PP = P. porosa, PF = P. flagellosa, PW =
P. wagenaari, PA = P. anceps, AA = A. americana.
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Figure 2. Biochemical composition of organic matter (OM) in eight gorgonian species.
Plots represent the content of (A) refractory, (B) NaOH-soluble protein, (C) lipid, and (D)
carbohydrate content. Parameters are standardized to weight of the organic matter (% g OM)
within branches. Data are displayed as mean ± standard error of the mean. Numbers in
parentheses represent sample sizes for a given species. Results of the Tukey’s Honestly
Significant test are given in the superscript (a–d); unique combinations of letters represent
statistically significant differences. EF = E. flexuosa, ET = E. tourneforti, PD = P. dichotoma, PP
= P. porosa, PF = P. flagellosa, PW = P. wagenaari, PA = P. anceps, AA = A. americana.
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Figure 3. The relationship between skeletal components (CaCO3 and refractory content) in
tissues of eight gorgonian species.
The least-squares regression line was generated using mean values of refractory and sclerite
content in dry tissue (y = 67.911 – 0.704x, R2 = 0.893). Individual points are raw values for each
study species, and are shown for display purposes only. Solid points represent mean ± standard
error for Clavularia frankliniana (CF), Alcyonium paessleri (AP) and Gersemia Antarctica (GA)
from Slattery and McClintock (1995). DW = Dry weight.
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Table 1. Biochemical composition of dry tissue in eight Caribbean gorgonian species.

Eunicea
flexuosa
tourneforti
81.00c ± 1.43
82.91c ± 1.39
(6)
(10)
13.08a ± 1.10
13.31a ± 1.47
(6)
(10)
1.52b ± 0.16
0.51a ± 0.04
(6)
(10)
3.15a ± 0.26
2.46a ± 0.21
(6)
(10)
1.25ab ± 0.08
0.82a ± 0.05
(6)
(10)

Plexaurella
dichotoma
75.48c ± 2.56
(7)
15.56a ± 2.43
(7)
1.86b ± 0.07
(7)
5.45b ± 0.32
(7)
1.65bc ± 0.09
(7)
1.97c ± 0.38
(3)

Octocoral Species
Pseudoplexaura
flagellosa
44.25b ± 3.08
(3)
32.00b ± 1.43
(3)
4.06c ± 0.58
(3)
17.72cd ± 3.42

porosa
46.15b ± 2.16
(11)
28.97b ± 1.43
(10)
5.73cd ± 0.25
(11)
17.03d ± 0.98
(10)
1.95c ± 0.13
(11)

wagenaari
39.88b ± 9.26
(2)
34.91b ± 3.81
(2)
5.27cd ± 1.03
(2)
17.67cd ± 4.50
(2)
2.27c ± 0.08
(2)

Pterogorgia
anceps
46.32b ± 3.08
(9)
36.35b± 3.31
(8)
6.69d ± 0.40
(9)
10.76c ± 0.81
(8)
0.96a ± 0.05
(9)

Antillogorgia
americana
19.31a ± 3.69
(6)
64.41c ± 3.40
(6)
1.65b ± 0.25
(6)
13.71cd ± 1.71
(6)
0.93a ± 0.10
(6)

1891.
5
6.76

3496

F7,44 = 76.19

F7,46 = 138.1

F7,44 = 49.88

F7,46 = 68.52

<0.001

<0.001#

<0.001#

<0.001

<0.001

P

4.46

F7,46 = 21.08

One-way ANOVA
F

1.83

MS

Values are reported as means ± standard error of the mean. Numbers in parentheses represent sample sizes for a given species, for that
analysis. Results of the one-way ANOVA using species as the factor are given as mean square error (MS), F-ratio (F), degrees of
freedom (subscripts of F) and probability of the null (P). (#) The log-transformed values were used to satisfy the assumptions of
ANOVA. Results of the Tukey’s Honestly Significant test are given in the superscript (a–d); unique combinations of letters represent
statistically significant differences. DW = Dry weight, Carb = carbohydrate.
Parameter
(% g DW)
Sclerite
Refractory
Protein
Lipid
Carb
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Table 2. Biochemical composition of organic matter (OM) present in lyophilized tissue of eight Caribbean gorgonian species.

Eunicea
flexuosa
tourneforti
68.70bc ± 1.40
76.45c ± 2.21
(6)
(10)
7.98c ± 0.43
3.03b ± 0.21
(6)
(10)
16.63ab ± 0.67
15.31a ± 1.64
(6)
(10)
0.48 ± 0.04 (6)
0.66 ± 0.04
(10)
5.20cd ± 0.60
(10)
6.69d ± 0.48
(6)

Plexaurella
dichotoma
61.78ab ± 3.04
(7)
8.10c ± 0.88
(7)
23.05bcd ± 1.68
0.50 ± 0.02 (7)
7.07d ± 0.65
(7)

3.55c ± 0.73
(3)

Octocoral Species
Pseudoplexaura
flagellosa
57.76ab ± 4.33
(3)
7.23c ± 0.74
(3)
31.45de ± 5.08
(3)
0.48 ± 0.05 (3)

porosa
54.05a ± 1.07
(10)
10.73cd ± 0.45
(11)
31.72e ± 0.81
(10)
0.59 ± 0.06
(10)
3.65c ± 0.23
(11)

3.90cd ± 0.74
(2)

wagenaari
58.47ab ± 2.67
(2)
8.71cd ± 0.37
(2)
28.92ce ± 3.04
(2)
0.73 ± 0.20 (2)

1.81b ± 0.11
(9)

Pterogorgia
anceps
65.81b± 2.88
(8)
12.85d ± 1.18
(9)
19.98ac ± 1.80
(8)
0.59 ± 0.04 (8)

1.16a ± 0.13
(6)

Antillogorgia
americana
79.81c ± 2.20
(6)
2.05a ± 0.30
(6)
16.98ab ± 1.92
(6)
0.52 ± 0.05 (6)

0.04

303

592.
3
3.15

MS

F7,46 = 34.39

F7,44 = 1.98

F7,44 = 14.86

F7,46 = 52.65

F7,44 = 15.09

0.080; 1-β
= 0.79
<0.001#

<0.001#

One-way ANOVA
F

<0.001

<0.001

P

2.65

Values are reported as mean ± standard error of the mean. Numbers in parentheses represent sample sizes for a given species, for that
analysis. Results of the one-way ANOVA using species as the factor are given as mean square error (MS), F-ratio (F), degrees of
freedom (subscripts of F) and probability of the null (P). The power (1-β) is reported for tests that yielded non-significant results. (#)
The log-transformed values were used to satisfy the assumptions of ANOVA. Results of the Tukey’s Honestly Significant test are
given in the superscript (a–e); unique combinations of letters represent statistically significant differences. Carb = carbohydrate.
Parameter
(% g OM)
Refractory
Protein
Lipid
Lipid Ratio
Carb
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Soluble protein content
The protein content in dried branches of P. anceps was significantly higher than the protein
content in Pseudoplexaura flagellosa, while the protein content in P. porosa and P. wagenaari
did not differ significantly from either species (Table 1). P. anceps and the pseudoplexaurid
gorgonians had two to four times higher protein content than E. flexuosa, P. dichotoma and A.
americana. These latter three species had roughly three times more protein content than E.
tourneforti. In turn, protein content of E. tourneforti was 13 times lower than that found in P.
anceps (Table 1). Soluble protein was one of the major components of organic matter and the
amount of soluble protein differed significantly between species (Fig. 2B, Table 2). Soluble
protein content of organic matter was the highest in P. anceps and the lowest in E. tourneforti
and A. americana. The protein content in E. tourneforti, however, was 32.5% higher than in A.
americana.
Lipid content
Lipid content of dry branches differed significantly between species (Table 1). P. porosa
had the highest lipid content, which was significantly higher than in P. anceps. Lipid content in
P. flagellosa, P. wagenaari and A. americana was similar to both aforementioned species. Lipid
content in P. dichotoma was almost two times lower than in P. anceps, but was significantly
higher than in E. flexuosa and E. tourneforti. Comparing the lipid content in the organic matter in
the sampled gorgonian species also demonstrated differences (Fig. 2C, Table 2). With the
exception of P. flagellosa and P. wagenaari, the lipid content in P. porosa was significantly
higher than in the other species. There were no significant differences in the ratios of non-polar
to polar lipids estimated for each species, where mean values ranged from 0.48 – 0.73 (Table 2).
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Carbohydrate content
Carbohydrates formed a minor constituent in gorgonian branches. P. dichotoma and the
Pseudoplexaura species had significantly higher carbohydrate content than the other gorgonians
in the study, with the exception of E. flexuosa (Table 1). The carbohydrate content in E. flexuosa
did not significantly differ from that in E. tourneforti, P. anceps and A. americana . When
looking just at organic matter, carbohydrates were still a minor component, representing roughly
1–7% of the organic matter, and varied significantly between species (Fig. 2D, Table 2).
Carbohydrate content in the organic matter was highest in E. flexuosa and P. dichotoma.
Carbohydrate content in A. americana was significantly lower than in P. anceps, and these two
species had two to six times lower levels of carbohydrates than the other study gorgonians.
Symbiodinium parameters
Symbiodinium density
Symbiodinium cell density was significantly higher in the three gorgonian species
sampled from the genus Pseudoplexaura than in the other four study species for which
Symbiodinium density was determined (Table 3). Mean symbiont density in the
Pseudoplexaurids was two to five times higher than the mean Symbiodinium density in both
Eunicids and P. dichotoma, and up to eight times higher than that for P. anceps. A significant
negative correlation existed between mean skeletal (total sclerite and refractory) content and
mean symbiont density (Fig. 4A: r = -0.769, P = 0.043). Conversely, a strong positive
correlation existed between mean symbiont density and mean lipid content of organic matter
(Fig. 4B: r = 0.844, P =0.017).
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Figure 4. The relationship between Symbiodinium density and total host content (A) and
lipid content of organic matter (B).
The least-squares regression line was generated using the mean values of (A) total skeletal
content (% g DW; y = 93.938 – 2.933x, R2 = 0.579) and (B) lipid content of organic matter (% g
OM; y = 16.373 + 2.208x, R2 = 0.673). Individual points are raw values and are shown for
display purposes only. DW = Dry weight, OM = Organic Matter.
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Table 3. Symbiodinium parameters in eight Caribbean gorgonian species.

Eunicea
flexuosa
tourneforti
1.57bc ± 0.18
1.33ab ± 0.15
(6)
(10)
6.49b ± 1.2
6.04b ± 0.63
(5)
(10)
2.00bc ± 0.37
1.61ab ± 0.24
(5)
(10)
4.02ab ± 0.79
4.94b ± 0.53
(5)
(9)
1.26 ± 0.26
1.35 ± 0.18 (9)
(5)
3.25 ± 0.13
3.83 ± 0.22 (9)
(5)
B1b
B1l

Plexaurella
dichotoma
2.26c ± 0.21
(7)
5.91b ± 0.84
(7)
1.70b ± 0.20
(7)
3.11ab ± 0.32
(6)
0.88 ± 0.12 (6)
3.65 ± 0.21 (6)
B1a

NA

NA

NA

Antillogorgia
americana
NA

0.26

2.93

2.49

3.51

MS

F6,37 = 2.52

F6,38 = 14.18

F6,38 = 19.54

F6,39 = 32.89

< 0.001#

< 0.001#

< 0.001#

One-way ANOVA
F

0.038#

P

Pterogorgia
anceps
0.87a ± 0.06
(9)
3.13a ± 0.29
(9)
0.87a ± 0.13
(9)
3.82ab ± 0.36

F6,37 = 1.40

Fcrit = 1.20

0.29
NA

NA
4.01 ± 0.41 (9)

B1

1.05 ± 0.17 (9)
3.90 ± 0.11 (2)

B1

wagenaari
5.83d ± 0.72
(2)
11.85bc ± 1.94
(2)
3.03bd ± 0.41
(2)
2.02a ± 0.08
(2)
0.52 ± 0.01 (2)
3.24 ± 0.08 (3)

B1

0.239; 1β = 0.56
0.315^
B1

Octocoral Species
Pseudoplexaura
flagellosa
7.16d ± 1.35
(2)
20.54c ± 3.05
(3)
6.33d ± 0.91
(3)
2.94ab ± 0.16
(2)
0.93 ± 0.03 (2)
porosa
4.81d ± 0.63
(10)
14.14c ± 1.39
(9)
4.23cd ± 0.46
(9)
3.50ab ± 0.29
(11)
1.06 ± 0.11
(11)
3.39 ± 0.13
(11)
B1 (3) B1i (8)

Values are reported as mean ± standard error of the mean. Numbers in parentheses represent sample sizes for a given species, for that
analysis. Results of the one-way ANOVA using species as the factor are given as mean square error (MS), F-ratio (F), degrees of
freedom (subscripts of F) and probability of the null (P). The power (1-β) is reported for tests that yielded non-significant results. (#)
The log-transformed values were used to satisfy the assumptions of ANOVA. (^) A one-way permutation test was used because raw
and transformed data did not satisfy the assumptions of ANOVA. Results of the Tukey’s Honestly Significant test are given in the
superscript (a–d); unique combinations of letters represent statistically significant differences. Chl = chlorophyll.
Parameter
106 cells cm-2
µg Chl a cm-2
µg Chl c2 cm-2
pg Chl a cell-1
pg Chl c2 cell-1
Chl ratio
ITS2 type
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There were no correlations between mean symbiont density in gorgonian tissues and mean
soluble protein (r = 0.080, P =0.865), and carbohydrate content (r = -0.199, P = 0.669).
Symbiodinium chlorophyll content
Significant differences existed in pigment density per gorgonian species surface area (Table 3).
P. porosa and P. flagellosa had two to four times more Chl a and c2 in their tissues than in
Eunicea and P. dichotoma. P. anceps had significantly lower Chl a and c2 per surface area than
all the other gorgonian species. Mean symbiont density within gorgonian tissues was
significantly correlated with mean Chl a and mean Chl c2 content of tissues (Chl a: r = 0.942, P
< 0.002, Chl c2: r = 0.903, P < 0.005). On the other hand, with the exception of Symbiodinium in
E. tourneforti that had significantly higher Chl a per cell than those in P. wagenaari, the Chl a
content per symbiont cell was not significantly different between the remaining gorgonian
species (Table 3). In addition, there were no significant differences in Chl c2 content per
symbiont cell between the gorgonian species (Table 3). Mean symbiont density within gorgonian
tissues was not significantly correlated with mean pigment content of individual cells (Chl a: r =
-0.700, P < 0.080, Chl c2: r = -0.620, P < 0.138). Pigment ratios of Chl a to Chl c2 were
statistically similar in all species (Table 3).
Symbiodinium genotypes
The Symbiodinium ITS2 types obtained from the studied gorgonians were identical to
previously identified Symbiodinium types. Hence, we refer to the original GenBank accession
numbers, and the respective citation, for these types. Colonies of E. flexuosa, E. tourneforti and
P. dichotoma had the closely related Symbiodinium types B1b (LaJeunesse 2002: GenBank
accession no. AF499780), B1l (Finney et al. 2010: GenBank accession no. GU907639), and B1a
(LaJeunesse 2002: GenBank accession no. AF99779), respectively. P. porosa colonies contained
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either type B1 or B1i Symbiodinium (Finney et al. 2010: GenBank accession no. GU907636). P.
flagellosa, P. wagenaari, P. anceps, and A. americana, hosted Symbiodinium type B1
(LaJeunesse 2001: Genbank accession no. AF333511).
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DISCUSSION
In studies published in the early 1900s, Cary wrote that, even then, gorgonian corals were
the abundant fauna on many shallow water Caribbean reefs (Cary 1915, 1918a). In recent
decades, scleractinian coral abundance in the Caribbean has dramatically declined, but gorgonian
corals persist and dominate Caribbean reefs. In spite of their dominance, physiological data on
healthy gorgonian corals and their algal symbionts (Symbiodinium spp.) are sparse. This baseline
information is critical to understand current Caribbean reefs and to project the future of coral
reefs in this geographic region. We therefore determined multiple biochemical parameters in the
symbioses of Symbiodinium with eight gorgonian species belonging to two gorgonian families.
Although scleractinian and gorgonian corals are both cnidarians, they belong to different
sub-classes. One aspect that differs between scleractinian and gorgonian corals is their skeletal
structure. Unlike scleractinian corals, that produce an external skeleton, gorgonian skeleton is
internal and comprised of a polyp-bearing cortex embedded with sclerites (Bayer 1961; Cairns
1977; Ruppert & Barnes 1994), and a central proteinaceous axis, the gorgonin (Goldberg 1974).
The insoluble protein, present in the axis, combined with the connective tissues, constitute the
refractory material (Goldberg 1974; Lawrence & Kafri 1979; Slattery & McClintock 1995). In
the eight studied species, the sclerites and refractory material (skeletal material) were major
components, constituting 74-96% of the gorgonian branches. Our data concur with those of
Lewis & Post (1982) who found that calcium carbonate was the major component in five
Caribbean gorgonians. In fact, the mean sclerite contents in Eunicea flexuosa (81%) and E.
tourneforti (82.91%) in our study are similar to the values of 86% in E. flexuosa and 83% in E.
tourneforti reported by Lewis & Post (1982). Cary (1915, 1918a) even suggested that gorgonian
coral sclerites constitute a major contribution to Caribbean reef limestone formation.
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A significant negative correlation existed between mean sclerite and mean refractory
content of tissues, and this negative correlation may explain branch flexibility or rigidity. Among
the study species, A. americana had the most flexible branches (pers. obs., also noted by
Sponaugle & LaBarbera 1991; Boller et al. 2002), and we documented that it had the highest
refractory and lowest sclerite content. Conversely, E. flexuosa, E. tourneforti and P. dichotoma
had rigid branches (pers. obs. also noted by Cairns (1977) for E. tourneforti; Sánchez &
Wirshing (2005) for P. dichotoma), and also had the highest sclerite content. Refractory content
may promote branch flexibility, while sclerite content may increase branch rigidity. This
correlation probably applies to the flexibility of gorgonian branch tips and not the whole colony
since axial properties change from the distal branches towards the base, where the branch gets
thicker (Esford & Lewis 1990), and more rigid, due to greater cross-linking and halogenation of
the gorgonin (Goldberg 1978). The inverse relationship between sclerite and refractory content
observed in our study also fits the data from other octocorals such as the asymbiotic Antarctic
soft corals Alcyonium paessleri, Clavularia frankliniana and Gersemia antarctica (Fig. 3;
Slattery & McClintock 1995), indicating the potential generality of this structural tradeoff in
multiple octocorals.
The contribution of sclerites to branch tissue composition was large, and varied between
gorgonian species, hindering between species comparison. We therefore subtracted the sclerites
and compared protein, lipid, and carbohydrate content in the organic fraction of the gorgonian
branches. Refractory material made up the largest component of the organic tissue fraction.
Mean refractory content of organic matter was negatively correlated with mean soluble protein
and mean lipid content, but not with mean carbohydrate content of organic matter. Given the
large contribution of refractory material to the organic content, proteins, which include both

34

	
  
refractory and soluble proteins, formed the largest tissue constituent (63.25–81.86%), followed
by lipids (16.17–33.11%), with carbohydrates comprising <8% of organic matter. A similar
pattern in biochemical composition has been observed in other octocorals (Slattery &
McClintock 1995; Ben-David-Zaslow & Benayahu 1999), scleractinian corals (Porter et al.
1989; Fitt et al. 1993; Rodrigues & Grottoli 2007; Levas et al. 2013; Schoepf et al. 2013), and
sea anemones (Fitt & Pardy 1981).
The soluble protein content of the three Pseudoplexaura species did not differ
significantly, perhaps due to their phylogenetic relatedness. A cladistic study by Gerhart (1983),
based on terpenoid content of several gorgonians, indicated minimal divergence between these
three Pseudoplexaura species. Like terpenoids, composition of the organic matter may be
conserved among these Pseudoplexaurids. On the other hand, in the two Eunicea species
sampled, E. flexuosa had more than twice the amount of soluble protein in the organic matter
than E. tourneforti. A similar pattern in protein content of these species was reported by O'Neal
& Pawlik (2002). Phylogenetic differences between the two eunicids may explain the observed
patterns in protein content. The genus Eunicea has two sub-genera, with a total of 15 known
species (Bayer 1961; Sánchez 2009) and is one of the most diverse genera of gorgonians in the
Caribbean (Bayer 1961; Sánchez & Wirshing 2005).
A. americana had the lowest carbohydrate content and among the lowest soluble protein
content in organic matter which could be due to its mucus production. Among the study species,
A. americana is the only species to produce copious amounts of mucus. This mucus may aid in
prey capture (Lasker 1981). Since mucus is primarily made of proteins and carbohydrates
(Brown & Bythell 2005), these tissue components are probably utilized to maintain the external
mucus layer, potentially leading to low retention of soluble protein in tissues.
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We compared biochemical parameters in multiple gorgonian species in one study. Very
few multi species comparisons exist; let alone comparisons of parameters at ambient conditions
(Slattery & McClintock 1995; Imbs et al. 2010a). In our study, all the samples originated from
the same patch reef, collected within a two-hour sampling window. Therefore, any observed
patterns should represent inherent differences between the gorgonian species, contributing to the
knowledge of the physiology of healthy Caribbean gorgonian corals. Understanding biochemical
parameters at ambient temperatures will aid in deciphering the potential effects of environmental
changes such as elevated seawater temperatures and increased exposure to ultraviolet radiation.
Between study comparison of biochemical parameters in multiple cnidarian species can
be hindered by several factors like seasonal variation in tissue composition (Ben-David-Zaslow
& Benayahu 1999; Rossi et al. 2006), and differences in environmental factors such as depth
(McCloskey & Muscatine 1984; Harland et al. 1992; Gori et al. 2011), light (Winters et al. 2009;
Lesser et al. 2010), temperature (Gori et al. 2011; Gori et al. 2012), sedimentation and turbidity
(Saunders et al. 2005; Anthony et al. 2007). To compare our findings with published data, we
focused on reports obtained during the same season. We looked in the literature for information
on Caribbean gorgonians that were processed soon after collection, thereby removing the
potentiality of an experimental aquaria effect. Our search for studies re-iterated the meager data
available for Caribbean gorgonians. Due to the lack of information on many of the parameters
that we report here, we compared our findings to Caribbean scleractinian corals in addition to
scleractinian corals and alcyonacean octocorals from other tropical locations. Mean soluble
protein content of branches in the eight gorgonian species (0.51–6.69% dry weight), for example,
was lower than the protein content (15.30%) in the Red Sea alcyonarian Heteroxenia fuscescens
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(Ben-David-Zaslow & Benayahu 1999). Alcyonarians probably utilize high amounts of tissue
protein to maintain their fleshy colony morphologies.
Lipids made up the second largest organic component in gorgonian tissues, and the
Pseudoplexaura species had the highest lipid content compared to the other study species. The
Pseudoplexaura species also had the highest Symbiodinium densities. We observed a strong
positive correlation between lipid content of organic matter and Symbiodinium density in the host
tissues. Symbiodinium supply cnidarians with their photosynthate (Muscatine & Hand 1958;
Burriesci et al. 2012; Davy et al. 2012), which cnidarians can use to build their lipid reserves
(Patton et al. 1977; Falkowski et al. 1984). In the Pseudoplexaura species, photosynthesis by the
high numbers of Symbiodinium may enable the Pseudoplexaurids to synthesize large quantities
of lipids compared to the other study species. Conversely, the high lipid content in the
Pseudoplexaura species could be a result of these species containing greater numbers of
symbiont cells in their tissues. In the alcyonarian Sinularia sp., for example, lipid content within
symbiont cells can constitute 36% of total lipids (Imbs et al. 2010b).
The high lipid content in the Pseudoplexaurids could also be due to host attributes. For
example, P. porosa is more efficient at particulate feeding than A. americana (Lasker 1981), and
captures more and larger prey than E. flexuosa (Ribes et al. 1998). Therefore, the higher lipid
reserves may be a consequence of host feeding. Lastly, lipid levels may be affected by host
reproductive state. Of the eight studied gorgonians, the reproduction in five of the species has
been investigated in different regions of the Caribbean. In both E. flexuosa (Beiring & Lasker
2000; Fitzsimmons-Sosa et al. 2004; Bastidas et al. 2005; Pakes & Woollacott 2008) and P.
porosa (Kapela & Lasker 1999; de Putron & Ryland 2009) spawning was documented during the
months of June to September. On the other hand, spawning was reported in September in E.
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tourneforti (Bastidas et al. 2005), in October in P. anceps (Ritson-Williams 2010), and in August
(Bastidas et al. 2005), and between August and November, (Fitzsimmons-Sosa et al. 2004) in A.
americana. Since we sampled the gorgonian colonies in May, lipid differences between species
could have occurred due to their reproductive state. P. porosa and E. flexuosa were the two
species closest to their spawning season when collected, yet, the lipid levels in P. porosa were
practically double those in E. flexuosa, while those in E. flexuosa were similar to the lipid levels
of the species that reproduce in September through November. Therefore, our findings suggest
that the reproductive state of colonies was not a large factor in the observed lipid levels. The
differences in lipid content between gorgonian species could be due to a combination of factors
due to the Symbiodinium such as accumulation of lipids via metabolism of algal photosynthate,
or lipids in algal cells, and host parameters such as differences in feeding capabilities and
reproductive phase. Further studies are required to determine the role of photosynthesis,
Symbiodinium density, host heterotrophy, and host reproductive state towards total lipid content
of Caribbean gorgonians.
The range of mean lipid content (2.46–17.72%) in the Caribbean gorgonian species in our
study included the lipid content (14.5%) of the alcyonarian H. fuscescens sampled in the Red Sea
(Ben-David-Zaslow & Benayahu 1999). On the other hand, the lipid contents in the eight
Caribbean gorgonian species were lower than the lipid content (27.94-29.53%) of the
alcyonarian Lobophytum compactum sampled in the Great Barrier Reef (Michalek-Wagner &
Willis 2001). Mean lipid content of organic matter in E. flexuosa, E. tourneforti, P. anceps and
A. americana (15.31-19.98%) in our study overlapped the lipid content (18.96-19.30%) in the
alcyonarian Sinularia capitalis sampled in the South China Sea (Imbs & Yakovleva 2012). The
mean lipid content of organic matter in P. dichotoma and the Pseudoplexaura species (23.05–
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31.72%) that we measured were similar to the lipid content in the scleractinian corals Orbicella
annularis (26.24–31.87%) and Siderastrea siderea (27.02%) (Harland et al. 1992; Harland et al.
1993). Conversely, all eight gorgonian species had higher mean lipid content of organic matter
than the scleractinian coral Porites porites (11.18-12.39%) (Harland et al. 1992; Harland et al.
1993).
In addition to total lipid content, we determined the ratio of non-polar (wax esters) to
polar (sterols) lipids. The mean lipid ratios in our study, ranging from 0.48 to 0.73, are close to
those found in shallow water scleractinian corals under ambient conditions. For example,
Seriatopora hystrix, sampled in Western Australia in shallow waters, had a mean lipid ratio of
0.42 (Cooper et al. 2011). Acropora digitifera and A. spicifera sampled in Northwest Australia
exhibited mean lipid ratios of 0.46 and 0.38, respectively (Hinrichs et al. 2013). Conversely, the
mean lipid ratios in A. nobilis collected in Northwest Australia were 0.55-0.59 (Saunders et al.
2005). Lipid ratios have been used as indicators of scleractinian coral health. Compared to A.
nobilis colonies from a site with clear waters mentioned above, colonies from a shallow turbid
site had lower lipid ratios of 0.06–0.2 (Saunders et al. 2005). Lipid ratios are also affected by
genotype of the symbiont and changes in depth (Cooper et al. 2011). We sampled the eight
gorgonian species in ambient, non-stressful conditions, at the same site, with the species hosting
closely related Symbiodinium B1 types. Therefore, it is not surprising that we did not find
differences in lipid ratios between the eight gorgonian species examined.
Carbohydrates formed the smallest component of the organic fraction, representing <8%
of organic matter. Of the eight gorgonian species studied, P. anceps and A. americana had the
lowest carbohydrate levels. These two species belong to the family Gorgoniidae, while the other,
relatively carbohydrate-rich study species are from the family Plexauridae. Future studies,
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targeting more representatives from each family may resolve whether the difference in
carbohydrate levels has a taxonomic basis. Mean carbohydrate content of branches of gorgonian
species in our study (0.93–2.27%) were higher than the 0.62% carbohydrate content reported in
H. fuscescens (Ben-David-Zaslow & Benayahu 1999).
The composition of gorgonian tissues may influence their interaction with other
organisms such as predators. Several reef organisms feed upon Caribbean gorgonians (Birkeland
& Neudecker 1981; Harvell & Suchanek 1987; Vreeland & Lasker 1989). Cyphoma, the
flamingo tongue snail, exhibits preferential feeding on specific gorgonian species. This
preference has been attributed to the large amount of organic matter and low sclerite content in
tissues of P. porosa and A. americana, and the large proportion of small sclerites in E. flexuosa
and Plexaura homomalla (Harvell & Suchanek 1987; Lasker et al. 1988). Indeed, in our study,
P. porosa and A. americana had large amounts of organic matter. Within organic matter, P.
porosa had the highest lipid content, P. porosa and E. flexuosa had intermediate amounts of
soluble protein, and E. flexuosa had one of the highest carbohydrate contents. Therefore, in
addition to the total amount of organic matter and sclerite characteristics, the nutritional quality
of tissues may influence the snail’s preference for these species.
The organic and skeletal composition of branch tissue may also affect their symbionts.
The strong negative correlation between Symbiodinium density and skeletal content of gorgonian
tissues in our study may indicate that Symbiodinium in gorgonians are limited by the availability
of host cells. In scleractinian coral species, a positive correlation between mean tissue biomass
and symbiont density has been observed (Thornhill et al. 2012), and Symbiodinium cell density is
partly dictated by the number of host cells available to house the algae (Drew 1972; Jones &
Yellowlees 1997). Since Symbiodinium cells are located within the endodermal cells of
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cnidarians (Chester 1913; Muller-Parker & D'Elia 1997; Wakefield & Kemp 2001; Yellowlees et
al. 2008), gorgonian corals may also exhibit the trend seen in scleractinian corals,. On the other
hand, despite the low skeletal content, Symbiodinium density in P. anceps was low. Unlike the
other study species, in which the polyps are uniformly distributed along a cylindrical branch, P.
anceps has blade-like branches with polyps only present along the elevated ridges (RitsonWilliams 2010). Since gorgonian polyps contain the majority of Symbiodinium (Chester 1913;
Meszaros & Bigger 1999), the low symbiont density in P. anceps may be due to the
comparatively low number of polyps in this species. Thus, in addition to skeletal content, branch
morphology and abundance of polyps may also affect Symbiodinium density within gorgonian
tissues.
In the eight gorgonian species, Symbiodinium densities ranged from 0.87 to 7.16 million
cells per cm-2 in P. anceps and P. flagellosa, respectively. The Caribbean gorgonian Plexaura
kuna has Symbiodinium densities within this range of 2.78-2.97 million cells cm-2 (Goulet &
Coffroth 2003). The range of mean symbiont densities in the eight study gorgonian species was
comparable to the range of 0.3–8.7 million cells cm-2 reported for Caribbean scleractinian corals
such as the branching corals Acropora cervicornis (0.6–2.01), and A. palmata (1.18–3.63 million
cells cm-2), the encrusting corals M. pharensis (3–3.4), M. senaria (2.8-3.6 million cells cm-2),
and the massive corals Orbicella annularis (0.57–5.01), O. faveolata (1.92–7.37), Porites
asteroides (1.17-4.17), Siderastrea radians (2.54), and S. siderea (0.3–1.9 million cells cm-2)
(Warner et al. 1996; Fitt et al. 2000; Frade et al. 2008; Thornhill et al. 2012).
The three Pseudoplexaura species in our study had the highest Chl a content (11.85–
20.54 µg Chl a cm-2). Their Chl a content values were within the range of 8.5–17.2 µg Chl a cm-2
reported for the encrusting corals M. pharensis and M. senaria (Frade et al. 2008). P. anceps,
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both the Eunicea species, and P. dichotoma contained Chl a contents similar to the range of 1.4–
8.2 µg Chl a cm-2 in the branching corals M. miriabilis, A. palmata, and the massive corals O.
annularis and O. faveolata (Fitt et al. 2000; Frade et al. 2008). The Chl a content in the tissues
of the gorgonian coral species in our study were higher than the 1.3-1.85 µg Chl a cm-2 reported
for A. cervicornis and S. radians (Warner et al. 1996; Fitt et al. 2000).
The range of Chl a content per Symbiodinium cells in the study gorgonian species was
similar to the 1.5–5.1 pg Chl a cell-1 range in the aforementioned Orbicella and Madracis species
(Fitt et al. 2000; Frade et al. 2008) and was higher than the 0.85-1.46 pg Chl a cell-1 in A.
cervicornis and A. palmata. Lastly, the ratio of chlorophyll a to c2 was similar in all the
gorgonian species in our study and similar to the 3.85–4 found in Madracis species (Frade et al.
2008) but higher than the 1.69–2.68 reported for O. annularis and O. faveolata (Warner et al.
2002).
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CONCLUSION
Many Caribbean gorgonians share an obligatory mutualism with Symbiodinium. Host
characteristics can affect the symbiont that in turn can influence tissue characteristics. For
example, skeletal material, which is primarily of host origin, affects branch flexibility and limits
symbiont density in gorgonian branches. Symbiont density, in turn, is strongly correlated with
lipid content (of organic matter), a characteristic of the symbiosis. Thus both partners affect the
tissue composition of the symbiosis. In recent years, a drastic reduction in scleractinian coral
abundance in the Caribbean has occurred, but gorgonians continue to persist and are now the
dominant benthic fauna on several reefs in this region. Our study provides data on the
biochemical properties of common gorgonian species and advances our knowledge of the
abundant fauna in the changing Caribbean reefs.
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CHAPTER III: LESION RECOVERY AND THE BACTERIAL MICROBIOME IN TWO
CARIBBEAN GORGONIAN CORALS

This study was published in 2016, in Marine Biology 163 Article 238.
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ABSTRACT
In the Caribbean, gorgonian corals dominate many coral reefs while scleractinian coral
cover has declined. Gorgonian corals deal with stressors such as lesions caused by wave action,
predation or human activities. In June 2012, artificial wounds were inflicted on branches of the
gorgonians Eunicea flexuosa and Pseudoplexaura porosa found at 3-5 m depth on a patch reef
(20°52’5.23’’N, 86°51’58.92’’W) near Puerto Morelos, Mexico. Following healing, injured and
uninjured branches were collected to determine the effect of lesions on gorgonian biochemistry,
symbiosis, microbiome and immune response. Lesion recovery in E. flexuosa took twice as long
as in P. porosa. In both species, tissues at and surrounding the lesions contained significantly
higher sclerite content per dry weight but lower protein per surface area. In and around the lesion
area the density of symbiotic dinoflagellates, Symbiodinium spp., was lower than in uninjured
branches, although Symbiodinium photochemical efficiency in tissues surrounding the lesion was
not affected. The gorgonian species differed in their bacterial microbiome, but the overall
bacterial community and dominant bacterial taxa did not differ between injured and uninjured
branches, although the prevalence of some less common bacterial groups did vary. The two
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species exhibited distinct immune responses whereby different components of the melanization
cascade were activated, and exochitinase was mobilized only in E. flexuosa. While the gorgonian
species differed in their lesion recovery response, both healed without signs of disease or
colonization by fouling organisms. The capacity to recover successfully from injuries may partly
explain why gorgonian corals dominate Caribbean coral reefs.
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INTRODUCTION
In contrast to scleractinian corals whose abundance on Caribbean reefs has dramatically
declined over the past few decades (Gardner et al. 2003; Alvarez-Filip et al. 2011; Jackson et al.
2014), gorgonian corals dominate many Caribbean reefs (Goldberg 1973; Kinzie III 1973;
Jordán-Dahlgren 1989; Ruzicka et al. 2013; Villamizar et al. 2014; Lenz et al. 2015). They often
serve as shelter and a food source for coral reef organisms (Voss 1956; Birkeland & Neudecker
1981; Lasker et al. 1988; Vreeland & Lasker 1989). Despite their dominance, knowledge about
gorgonian physiology (e.g. Cary 1918b; Kanwisher & Wainwright 1967; Lewis & Post 1982;
Ramsby et al. 2014; Shirur et al. 2014), and their microbial consortia (Toledo-Hernández et al.
2008; Sunagawa et al. 2010; Hewson et al. 2011; Duque-Alarcón et al. 2012; Correa et al. 2013;
Tracy et al. 2015; McCauley et al. 2016; Robertson et al. 2016) is scant. This paucity of data
applies both to ambient and adverse conditions, such as injury, that may compromise gorgonian
colonies. Investigating lesion healing in gorgonian corals is one-step towards understanding
gorgonian abundance on Caribbean reefs.
Due to the upright arborescent morphology of many gorgonian species and their soft
tissue, they can be damaged by wave action such as during storm surges (Cary 1914; Wahle
1985) or entanglement with fishing gear (Chiappone et al. 2005). Injuries can range from mild
abrasion to uprooting of a colony and result in partial or whole colony mortality. Predation by
butterflyfish, Chaetodon spp. (Birkeland & Neudecker 1981; Lasker 1985), the polychaete,
Hermodice sp. (Vreeland & Lasker 1989), and snails, Cyphoma spp. (Lasker et al. 1988; Ruesink
& Harvell 1990) also leads to lesions in gorgonian corals. While the butterflyfish feed
exclusively on polyps, the worms and snails feed on multiple gorgonian tissues. In turn,
pathogens may colonize the wound. The injury site may also serve as a substrate for other
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species, as in the case of the fire coral Millepora sp., which can overgrow parts or entire colonies
of the gorgonian Plexaura homomalla (Wahle 1980; Gerhart 1990).
Growth of new tissue at a lesion site requires organic molecules. In scleractinian corals,
these molecules may migrate from adjacent uninjured tissues or other parts of the colony (Oren
et al. 2001; Henry & Hart 2005). In gorgonian corals, food particles and organic molecules can
be transported within branches (Murdock 1978a, b), but the effects of lesions on the biochemical
composition of injured and uninjured branches have not been assessed. Since in gorgonian
species the amount of non-skeletal material (soluble protein, lipids and carbohydrates) per dry
weight varies from 4% to 25% (Shirur et al. 2014), lesion recovery may differ between species if
recovery is correlated to tissue content. Furthermore, similar to scleractinian corals, many
gorgonian species host endosymbiotic dinoflagellates, Symbiodinium spp. Lesions may affect
Symbiodinium photosynthesis or density in gorgonian cells around the lesion site.
Lesions on gorgonian branches may enable pathogens to colonize the injury site. Under
ambient, non-stressful conditions, various bacteria, viruses, fungi and protists inhabit tissues of
scleractinian and gorgonian corals (Knowlton & Rohwer 2003; Toledo-Hernández et al. 2008;
Sunagawa et al. 2010; Hewson et al. 2011; Burge et al. 2012; Duque-Alarcón et al. 2012; Correa
et al. 2013; McCauley et al. 2016; Robertson et al. 2016). In scleractinian corals, bacteria are
important in cycling sulfur and nitrogen, and some bacteria may limit the growth of opportunistic
taxa (reviewed in Thompson et al. 2015). Diseased tissues of scleractinian corals exhibit a
different bacterial community than healthy tissues (Sunagawa et al. 2009; Cárdenas et al. 2012;
Vezzulli et al. 2013; Meyer et al. 2014; Roder et al. 2014).
Any biological changes at the injury site may trigger an immune response. Gorgonian
corals produce a suite of compounds with antimicrobial and antifungal activity (Perkins &

48

	
  
Ciereszko 1973; Rodríguez 1995; Jensen et al. 1996; Kim et al. 2000; Hunt et al. 2012). In
addition, amoebocytes in gorgonian corals can phagocytize foreign particles (Olano & Bigger
2000; Ruiz-Diaz et al. 2013) and prevent the entry, or limit proliferation of, pathogens by
depositing melanin (Petes et al. 2003; Mydlarz et al. 2008). During lesion recovery in several
scleractinian corals (D'Angelo et al. 2012; van de Water et al. 2015), and when the gorgonian
coral G. ventalina was exposed to fungal pathogens (Mydlarz et al. 2008), the activity of
phenoloxidase (PO), the key enzyme of the melanization cascade (Cerenius & Söderhäll 2004),
increased. Invading organisms may also be killed by cytotoxic intermediates of the pathway like
quinones and reactive oxygen species (Cerenius & Söderhäll 2004). In addition to these general
immune responses, fungal pathogens are inhibited by the antioxidant peroxidase (POX) and
protease inhibitors (Mydlarz & Harvell 2007; Mann et al. 2014), and the release of exochitinase
(EXOC) into the surrounding water (Douglas et al. 2007). In gorgonian corals it is unknown how
the immune defenses react to the occurrence of a lesion. The current study tested the hypothesis
whether Caribbean gorgonian branches inflicted with lesions differed from uninjured branches in
their biochemical composition, Symbiodinium parameters, microbiome, and immune response.
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METHODS
Study site and experimental design
This study occurred in June 2012 on a patch reef (20°52’5.23’’N, 86°51’58.92’’W) near
the Instituto Ciencas del Mar y Limnologia in Puerto Morelos, Mexico. At 3–5 m depth, eight
colonies each of the gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa were tagged.
A branch in each colony was chosen and, to simulate injury, 2 cm below the apical tip, the cortex
(the outer tissue region housing the polyps and embedded with sclerites) was removed from one
side, exposing the underlying proteinaceous axial rod (Fig. 5A, E). The resulting lesion was 10
cm long and approximately half the width of the branch. A branch in a different area of the same
colony was chosen as an uninjured control.
Photochemistry of photosystem II (PSII)
Using a fluorometer (Diving-PAM, Walz, Germany), the maximum (at local dusk:
Fv/Fm) and effective (at local noon: ΔF/Fm`) photochemical efficiency of PSII were recorded
every two days. Photochemical efficiency was measured on the injured branch in tissue adjacent
to the top, middle and lower area of the lesion, and in corresponding regions of the uninjured
control branch. From the effective and maximum photochemical efficiencies the maximum
excitation pressure over PSII (Qm) was calculated (Iglesias-Prieto et al. 2004).
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Figure 5. Lesion recovery in photographs of representative branches of the gorgonian
corals Eunicea flexuosa (A-D) and Pseudoplexaura porosa (E-F) following artificial injury.
The lesion on day 1 (A, E), 4 (B), 7 (C, F) and 14 (D) days post injury. Black arrows in (B) and
(C) point to sclerites visible along the lesion perimeter of E. flexuosa.
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Sample collection and processing
Gorgonian branches were collected when, at the lesion site, tissues were flush with surrounding
uninjured tissues, and newly regenerated polyps emerged along the perimeter (Fig. 5D, F). This
occurred after seven days in P. porosa and 14 days in E. flexuosa. Measuring from the branch
tip, 20 cm-long fragments were cut from both the injured and uninjured branches. These
fragments were sub-partitioned and 2 cm pieces, located 6-8 cm from the branch tips, were
removed. The length, diameter and wet weight of the 2 cm pieces were recorded, and both the 2
cm pieces and the remaining branch segments were frozen in liquid nitrogen and stored at -80°C
until further processing.
Symbiodinium parameters and host protein were quantified from the 2 cm-long pieces.
The remaining branch segments were processed for the other assays by separating the cortex
from the inner axial rod and discarding the rod. For the injured branch, sub-samples were taken
from regenerated tissue at the lesion and uninjured tissue on the other side of the branch (8-11
cm from the branch tip), and from tissue at least 2 cm below the lesion (14-15.5 cm from the
branch tip). For the uninjured branch, sub-samples were taken from 8-9.5 cm from the branch
tip. Sub-samples were freeze-dried prior to analysis of sclerite, protein, carbohydrate and
melanin content.
Determination of Symbiodinium cell density and chlorophyll a (Chl a) and c2 (Chl c2)
content followed described protocols (Shirur et al. 2014), standardizing the values per surface
area, per mg host protein or per symbiont cell. Symbiodinium cells were enumerated using a
FlowCAM particle analyzer (Fluid Imaging Technologies Inc., USA). Host protein was
quantified from the supernatant in the Symbiodinium isolation protocol (Dove et al. 2006).
Sclerite, protein, and carbohydrate content determination followed the protocols described in
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Shirur et al. (2014), with the contents standardized to dry weight of the cortex (%g DW) (Shirur
et al. 2014).
Genetic identification of Symbiodinium and Bacteria
DNA was extracted from regenerated tissue at the lesion and the uninjured tissue adjacent
to it (on the other side of the branch), and in the uninjured branch from tissues located roughly 4
cm away from the branch tip, following standard protocols (Shirur et al. 2014). The internal
transcribed spacer 2 region (ITS2) of the ribosomal DNA was used for Symbiodinium
identification (Shirur et al. 2014).
The bacterial microbiome of gorgonian tissues was characterized based on a 250 bp
portion of the bacterial 16S rRNA gene using Illumina MiSeq sequencing (Kozich et al. 2013).
Samples were pooled, spiked with 5% PhiX (Jackson et al. 2015), and sequenced at the
University of Mississippi Medical Center Molecular and Genomics Core Facility. Raw
sequences were processed using the bioinformatics software mothur 1.35.1 (Schloss et al. 2009;
Schloss et al. 2011) according to the protocol of Kozich et al. (2013). Sequences were aligned
against the SILVA 16S rRNA database (Quast et al. 2013), and chimeras detected using
UCHIME (Edgar et al. 2011). Valid sequences were classified using the Greengenes 16S rRNA
classification scheme (DeSantis et al. 2006). Archaeal and eukaryotic sequences were removed,
and the bacterial sequences were grouped into operational taxonomic units (OTUs) based on
97% sequence similarity.
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Melanin content and enzyme activity
Melanin was extracted from the freeze-dried tissues following the Palmer et al. (2011a)
protocol and standardized to the amount of organic matter within the sample (Shirur et al. 2014).
For the injured branch, enzyme activities were quantified from regenerated tissue at the lesion
and uninjured tissue adjacent to the lesion (on the other side of the branch, both 3-6 cm from the
branch tip) and from tissues at least 2 cm below the lesion (17-18.5 cm from the branch tip). To
quantify enzyme activity, proteins were extracted in 100 mM phosphate buffer pH 7.8 using the
Mydlarz & Harvell (2007) protocol.
Total potential phenoloxidase (PO) activity was quantified using the Palmer et al.
(2011a) protocol. Peroxidase (POX) activity was obtained by modifying the Mydlarz & Harvell
(2007) protocol whereby 20 µl of the extract was diluted with 20 µl of 0.01 mM PBS pH 6.0, and
25 µl of 25 mM guaiacol was added to the dilution. The reaction was initiated with 60 µl of 25
mM H2O2. For PO and POX, the change in absorbance per minute was calculated from the linear
portion of the curve. Exochitinase (EXOC) activity was estimated by modifying the Couch et al.
(2008) protocol using 60µl of the diluted extract in the assay. Background fluorescence was
quantified in wells containing either the sample or substrate and aliquots of sodium acetate buffer
and 0.5 M Na2CO3, and it was subtracted from fluorescence detected in the samples. Enzyme
activity assays were run in duplicate and normalized to mg protein present in the aliquot of
extract used. Protein content (mg ml-1) of the enzyme extract was determined using the
RED660TM Protein Assay Kit (G-Biosciences, USA). PO and EXOC activity were quantified in
both species, but POX activity was only estimated in E. flexuosa because the mucus in P. porosa
interfered with the assay.
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Statistical analyses
With the exception of the bacterial community analyses, the two gorgonian species were
analyzed individually since the time to lesion closure differed between them. For most
comparisons, linear mixed effects models using the restricted maximum likelihood method were
run with the lme4 (Bates et al. 2013) and lmerTest (Kuznetsova et al. 2014) packages within R
3.2.2 (R Core Team 2015). Photochemistry was analyzed with a linear mixed effects model
where treatment (tissue adjacent to the lesion and uninjured branches) and time (days) were the
fixed effects and parent colonies were the random effect. A paired Student’s t test was used to
test differences in host protein and the Symbiodinium parameters between tissues from the
wounded region of the injured branch (which included regenerated tissues at the lesion and
uninjured tissue on the other side of the branch) and those from the uninjured branch.
In the linear mixed model to assess the lesion effect on tissue biochemical composition,
melanin content, and enzyme activities, the fixed effect was the experimental treatment (four
levels: regenerated tissue at the lesion, uninjured tissue adjacent to it on the other side of the
branch, and at least 2cm below the lesion, and tissue from the uninjured branch), and the parent
colony was the random effect. Results of the mixed model analyses were further explored using
post-hoc planned contrasts with the multcomp package (Hothorn et al. 2008). For each
parameter, values at the lesion were compared to those adjacent to it. When significant
differences occurred, the tissues adjacent to the lesion were compared to those below it (i.e.
uninjured at the lesion area vs. uninjured below lesion area). If the injured and adjacent tissues
were not statistically different, they were pooled and compared to tissues sampled from below
the lesion. If the three regions in the injured branches did not significantly differ from each other,
they were pooled and compared to tissues of the uninjured branch. If tissues at and adjacent to
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the lesion significantly differed from tissues below it, then the latter was separately compared to
tissues from the uninjured branch. The P-values for all comparisons were corrected using the
Bonferroni method (Westfall 1997).
Bacterial community structure was explored with theta index of dissimilarity (Yue &
Clayton 2005), using mothur 1.35.1. To standardize for different sequence depth between
samples, data were randomly subsampled to 425 sequences per sample (the lowest number of
valid reads from any sample), and the mean of 1000 subsampling iterations was used for all
analyses (Schloss et al. 2011). Analysis of molecular variance (AMOVA) was run on the whole
dataset to test if the bacterial community differed between E. flexuosa and P. porosa, and again
for each gorgonian species separately to test if the community differed between injured and
uninjured tissues. Indicator analysis identified bacterial OTUs responsible for the detected
differences. Linear mixed effects models tested the effect of injury on the relative abundance of
bacterial taxa (phyla, families and individual OTUs) in tissues of each gorgonian species, where
treatment (three levels: regenerated tissue at the lesion, uninjured tissue adjacent to it on the
other side of the branch, and tissue from the uninjured branch) was the fixed effect, and parent
colonies were the random effect. To test the effect of injury on the number of OTUs found in
tissues, a generalized linear model (using a Poisson distribution) was used.
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RESULTS
Lesion recovery
The artificial injury exposed the axial rod to the environment (Fig. 5A, E). In both
gorgonian species, four days post injury the axial rod was no longer visible, and tissues at the
lesion were violet in contrast to the beige coloration of adjacent uninjured tissues and the rest of
the colony. The healing process, however, differed between the two gorgonian species. In E.
flexuosa, large violet and white spindle-shaped sclerites were visible in the wound (Fig. 5B, C).
These sclerites were subsequently overgrown by tissues (Fig. 5C, D). A week post injury in E.
flexuosa, the deep gash in the center of the lesion still remained, and tissue along its perimeter
was devoid of polyps (Fig. 5C). The gradual advance of opposing fronts until they fused with
each other, and the formation of polyps along the lesion perimeter, took an additional seven days
(Fig. 5D). Conversely, in P. porosa, surface tissues and polyps occurred at the lesion site a week
post injury (Fig. 5F), and small dark pigmented sclerites were visible underneath the tissues.
Biochemical composition of tissues
In E. flexuosa, the sclerite content of the cortex in tissues at and surrounding the lesions
was significantly greater than in tissues below the lesions and in the uninjured branches (Fig. 6A,
ANOVA, F(3, 15) = 4.0, P = 0.029). In contrast, sclerite content in P. porosa did not differ
between the three regions of the injured branches, but was significantly higher in the injured than
in the uninjured branches (Fig. 6A, ANOVA, F(3, 14) = 24.9, P < 0.001).

57

	
  

Figure 6. Mean (A) sclerite and (B) protein contents per dry weight (%g DW), and
activities of the enzymes (C) total potential prophenoloxidase (PO) and (D) exochitinase
(EXOC) in tissues of the gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa.
Samples (see inset) were taken from uninjured branches (Uninjured) and three regions of the
injured branches (Injured): branch tissue away from the lesion (Away), uninjured tissue adjacent
to the lesion (Near), and regenerated tissue at the lesion (Lesion). Data are mean ± SE with n=6
for most data and n=5 for P. porosa-Uninjured. Letters (e, f for E. flexuosa and r, s for P.
porosa) above the bars denote significant differences (P < 0.05) in the planned contrasts.
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The mean protein content of the cortex did not differ between the four sampled regions (injured
branch: injured, adjacent uninjured and below uninjured, and the uninjured branch) in E. flexuosa
(ANOVA, F(3, 15) = 3.1, P = 0.060) and P. porosa (ANOVA, F(3, 14.1) = 2.7, P = 0.089),
although a trend existed whereby the protein content was lower in the injured than the uninjured
branches (Fig. 6B). For both species the areal content of host protein was significantly lower in
tissues at and adjacent to the lesion than in the uninjured branches (Table 4). Conversely,
carbohydrate content of the cortex in both species did not differ between the injured and
uninjured branch regions (Table 4).
Melanin content and enzyme activity
Since sclerite, and thus organic content, significantly differed between the injured and
uninjured branches, the effect of tissue injury on melanin content was only tested within sampled
regions of the injured branches. In E. flexuosa, tissues at the lesion contained significantly less
melanin in organic matter (%g OM) than the tissues surrounding and those located below the
lesion (Table 4). Conversely, in P. porosa melanin content did not significantly differ between
the three regions of the injured branches (Table 4). The two species also exhibited contrasting
trends in enzyme activity. PO and POX activities in E. flexuosa were significantly higher (PO:
Fig. 6C, ANOVA, F(3, 15) = 16.3, P < 0.001; POX: Table 4), while in P. porosa PO activity
was significantly lower in tissues at and surrounding the lesion compared to tissues from below
the lesion or from uninjured branches (Fig. 6C, ANOVA, F(3, 14) = 12, P < 0.001). In E.
flexuosa EXOC activity was significantly lower in tissues at and surrounding the lesions
compared to in tissues from below the lesions and from the uninjured branches (Fig. 6D,
ANOVA, F(3, 15) = 5.4, P = 0.010).
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Table 4. The effect of injury on parameters in the gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa.

Injured
Away

0.84 ± 0.14
1.19e ± 0.11
0.34f ± 0.06

Near

1.96 ± 0.23
2.53# ± 0.31
1.07 ± 0.12

0.23! ± 0.02
0.66 ± 0.07
0.95f ± 0.09
0.57f ± 0.15

t5 = 3.25, P = 0.023
F(3, 11.3) = 1.6
0.249
F(2, 10) = 1.3
0.319

t6 = 3.56, P = 0.012
F(3,15) = 1.3
0.305
F(2, 10) = 7.4
0.011
F(3,14.2) = 3.8
0.034

Samples were processed from the uninjured branch (Uninjured) and three regions in the injured branch (Injured): tissue at least 2cm
below the lesion (Away), tissue adjacent to the lesion on the other side of the branch (Near), and regenerated tissue at the lesion
(Lesion). Host protein content was not obtained from the Away area. Melanin content was only tested within sampled regions of the
injured branches. Values are mean ± SE, with n=6, while other sample sizes are denoted n=7 (!), n=5 (#), and n=4 ($). DW = dry
weight, OM = organic matter, Carb = carbohydrate, POX = peroxidase, F(µ, ν) = F-ratio and degrees of freedom, P = probability of
the null, < 0.05 in bold. Differences in host protein were tested using paired t tests, where t= test statistic. To meet normality and
heteroscedasticity assumptions, some parameters were log transformed (^). Superscript letters (e, f for E. flexuosa, r, s for P. porosa)
denote significant differences (P < 0.05) in the planned contrasts.
Uninjured

NA
0.79 ± 0.06
1.29e ± 0.07
0.23#e ± 0.05

2.44# ± 0.21
1.17 ± 0.05

P

0.42! ± 0.06
0.73 ± 0.06
1.37# ± 0.12
0.24e ± 0.07
NA
2.10# ± 0.10
1.26 ± 0.13

F(µ, ν)

Parameter

3.24 ± 0.36
2.83$ ± 0.25
1.02# ± 0.03

Lesion

E. flexuosa
Host protein (mg cm2)
Carb %g DW
Melanin %g OM
POX^ activity
P. porosa
Host protein (mg cm2)
Carb %g DW
Melanin %g OM
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In contrast, in P. porosa, EXOC activity did not significantly differ between injured and
uninjured branches (Fig. 6D, ANOVA, F(3, 14.1) = 1.4, P = 0.291).
Symbiodinium parameters
Several of the Symbiodinium in this study were novel and ascribed to the new types B41a
(GenBank accession no. KX344964), B41b (GenBank accession no. KX344965) and B42
(GenBank accession no. KX344981). Of the eight sampled E. flexuosa colonies, one hosted
Symbiodinium type B41a while seven contained B41b. In P. porosa, six colonies contained
Symbiodinium type B1i (Finney et al. 2010; GenBank accession no. GU907636) and two
colonies contained type B42. Since different Symbiodinium exhibit different physiologies
(Goulet et al. 2005; Ramsby et al. 2014), we excluded from the statistical analyses the one and
two colonies containing other Symbiodinium types. In both gorgonian species, the Symbiodinium
type found in the healed tissues, the tissues surrounding the lesion site, and in the uninjured
branches was the same.
In both E. flexuosa and P. porosa, Symbiodinium density (Fig. 7A, Paired t test, E.
flexuosa: t6 = 10.7, P < 0.001; P. porosa: t5 = 3.4, P = 0.020) and Chl a (Fig. 7C, Paired t test, E.
flexuosa: t6 = 7.0, P < 0.001; P. porosa: t5 = 3.9, P = 0.012) and c2 (Table 5) per surface area
were significantly less in tissues at and those surrounding the lesion than in the uninjured
branches. Similar patterns occurred when symbiont density (Fig. 7B, Paired t test, E. flexuosa: t6
= 4.0, P = 0.007; P. porosa: t5 = 2.0, P = 0.105) and Chl a and c2 contents (Table 5) were
expressed per host protein, although in P. porosa the difference was not statistically significant.
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Figure 7. Mean Symbiodinium density (A) per surface area and (B) per mg host protein,
and chlorophyll a content (C) per surface area and (D) per Symbiodinium cell, in the
gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa.
Samples were taken from uninjured branches (Uninjured) and from areas in the injured branch
containing the lesion on one side and uninjured tissue on the other (Injured). Data are mean ±
SE, with n=7 for E. flexuosa and n=6 for P. porosa. Statistically significant results (P < 0.05)
detected by paired t tests are denoted with (*).
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Table 5. The effect of injury on Symbiodinium parameters in the gorgonian corals Eunicea flexuosa and Pseudoplexaura
porosa.

Parameter
Uninjured
11.10 ± 1.42
1.30 ± 0.10
3.44 ± 0.48
0.84 ± 0.05
3.31 ± 0.15

E. flexuosa
Injured
8.33 ± 1.16
0.62 ± 0.09
2.69 ± 0.35
0.92 ± 0.07
3.09 ± 0.11

t6
4.7
7.9
4.9
-1.3
1.2

P
0.003
<0.001
0.003
0.245
0.276

P. porosa
Uninjured
3.11 ± 0.29
3.01 ± 0.34
0.93 ± 0.07
1.08 ± 0.07
3.32 ± 0.12

Injured
2.41 ± 0.30
1.44 ± 0.22
0.74 ± 0.08
1.23 ± 0.09
3.23 ± 0.09

t5
2.5
3.6
2.2
-1.4
1.4

P
0.058
0.016
0.084
0.213
0.227

Samples were processed from the uninjured branch (Uninjured) and the wounded region of the injured branch (Injured), which
included tissue at the lesion and uninjured tissue on the other side of the branch. Values are mean ± SE (n= 7 for E. flexuosa, 6 for P.
porosa) compared with paired t tests, where t= test statistic, P = probability of the null, < 0.05 in bold. Chl = chlorophyll.

Chl a content (µg mg-1 protein)
Chl c2 content (µg cm-2)
Chl c2 content (µg mg-1 protein)
Chl c2 content (pg cell-1)
Chl a: c2 ratio
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In both species, the Chl a (Fig. 7D, Paired t test, E. flexuosa: t6 = -0.4, P = 0.740; P. porosa: t5 =
-0.9, P = 0.423) and c2 content per Symbiodinium cell and the ratio of Chl a: c2 did not
significantly differ between the lesion site, surrounding tissues, and the uninjured branches
(Table 5).
Fv/Fm, ΔF/Fm`, and Qm did not significantly differ between the lower, middle and upper
regions of branches for either species. Therefore, the values from the three regions were pooled.
During lesion recovery, Fv/Fm, ΔF/Fm` and Qm in both gorgonian species did not significantly
differ between tissues surrounding the lesion and those from the uninjured branches (Fig. 8A-C,
Table 6).
Bacterial community
The two gorgonian species harbored distinct bacterial communities, with 160,736 (mean:
8,113, median: 7,789) and 137,924 (mean: 9,455, median: 5,063) bacterial sequences isolated
from E. flexuosa and P. porosa, respectively. Bacterial sequence data is available in the NCBI
Sequence Reads Archive under accession SRP076113. In uninjured branches of E. flexuosa the
majority (73%) of bacterial sequences could not be classified, while Proteobacteria comprised
21% of the sequences (Fig. 9a, Table 7). In P. porosa, the phyla Tenericutes (77%) and
Proteobacteria (15%) accounted for most of the bacterial community in uninjured branches (Fig.
9A, Table 7). In both gorgonian species other phyla individually comprised <2% of the bacterial
community (Table 8).
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Figure 8. Mean (A) maximum and (B) effective photochemical efficiencies of photosystem
II (PSII), and the (C) maximum excitation pressure over PSII, in the gorgonian corals
(square) Eunicea flexuosa and (triangle) Pseudoplexaura porosa.
Measurements were recorded in the uninjured branches (filled symbols), and from areas adjacent
to the lesion on the injured branches (open symbols). Data are mean ± SE, where n = 7 for E.
flexuosa and n = 6 for P. porosa.
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Figure 9. Prevalence (%) of major bacterial phyla within the microbiome (A); bacterial
families Hahellaceae (B) and Enterobacteriaceae (C) within Gammaproteobacteria; and
the family Bradyrhizobiaceae (D) within Alphaproteobacteria, in tissues of the gorgonian
corals Eunicea flexuosa and Pseudoplexaura porosa.
Samples were taken from uninjured branches (Uninjured) and two regions of injured branches
(Injured): uninjured tissue adjoining the lesion (Near), and regenerated tissue at the lesion
(Lesion). Data are presented as mean ± SE, with n=5 for most parameters and n=6 for E.
flexuosa-Lesion and P. porosa-Near and Lesion in (c), and E. flexuosa-Near and P. porosaLesion in (d). Letters (e-g for E. flexuosa and r, s for P. porosa) above the bars denote significant
differences (P < 0.05) in the planned contrasts.
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Table 6. The effect of injury on maximum (Fv/Fm) and effective (ΔF/Fm`) photochemical efficiencies of photosystem II (PSII),
and the maximum excitation pressure (Qm) over PSII, in the gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa.

Treatment
Day
Treatment * Day
Treatment
Day
Treatment * Day
Treatment
Day
Treatment * Day

Factor

F(1, 5) = 0.6
F(3, 15) = 4.0
F(3, 15) = 0.4
F(1, 5) = 0.09
F(2, 10) = 11.3
F(2, 10) = 0.2
F(1, 5) = 0.4
F(2, 10) = 6.2
F(2, 10) = 0.2

F(1, 5.8) = 1.8
F(6, 33.6) = 3.7
F(6, 36.8) = 0.5
F(1, 6) = 0.5
F(5, 30) = 5.5
F(5, 30) = 1.6
F(1, 6) = 0.1
F(5, 30) = 4.7
F(5, 30) = 2.0

F(µ, ν)

0.477
0.027
0.787
0.778
0.003
0.859
0.562
0.017
0.829

0.234
0.007
0.784
0.518
0.001
0.200
0.806
0.003
0.102

P

Measurements were recorded every two days in the uninjured branches, and from areas adjacent to the lesion on the injured branches.
F(µ, ν) = F-ratio and degrees of freedom, P = probability of the null, < 0.05 in bold.
Parameter
E. flexuosa
Fv/Fm
ΔF/Fm`
Qm
P. porosa
Fv/Fm
ΔF/Fm`
Qm

Treatment
Day
Treatment * Day
Treatment
Day
Treatment * Day
Treatment
Day
Treatment * Day
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Table 7. The effect of injury on the prevalence (%) of major bacterial phyla and Proteobacteria sub-classes in the gorgonian
corals Eunicea flexuosa and Pseudoplexaura porosa.

The prevalence of families is presented as the relative abundance within Gammaproteobacteria and Alphaproteobacteria. The
prevalence of sequences that could not be classified into a phylum was not analyzed. Bacteria were identified from the uninjured
branch (Uninjured) and two regions in the injured branch (Injured): tissue adjacent to the lesion on the other side of the branch (Near),
and regenerated tissue at the lesion (Lesion). Only those phyla that individually accounted for ≥3% of the total bacterial community
are shown. Values are mean ± SE with n=5, n=6 (¥) or n=4 ($). F(µ, ν) = F-ratio and degrees of freedom, P = probability of the null, <
0.05 in bold. To meet normality and heteroscedasticity assumptions, some parameters were log (^) or arcsine square root (+)
transformed. Superscript letters (e, f for E. flexuosa, r, s for P. porosa) denote significant differences (P < 0.05) in the planned
contrasts.
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Bacterial taxa
E. flexuosa
Tenericutes
Proteobacteria
Gammaproteobacteria
Pseudomonadaceae^
Alphaproteobacteria^
Rhodobacteraceae+
Methylobacteriaceae
Hyphomicrobiaceae
Unclassified
P. porosa
Tenericutes+
Proteobacteria+
Gammaproteobacteria^
Pseudomonadaceae
Alphaproteobacteria^
Rhodobacteraceae
Methylobacteriaceae^
Hyphomicrobiaceae^
Unclassified
0±0
21.06 ± 4.28
19.11e ± 4.10
3.45e ± 1.14
1.12e ± 0.19
14.68 ± 6.50
8.26 ± 4.87
6.73 ± 3.24
72.69 ± 5.23

Uninjured

70.48¥ ± 9.07
6.63$s ± 0.91
2.13s ± 0.18
22.82¥s ± 7.81
3.70 ± 0.53
2.86¥ ± 1.16
18.46 ± 6.72
4.93¥ ± 2.40
7.61¥ ± 3.11

0.006¥ ± 0.009
22.78¥ ± 7.97
6.34f ± 2.35
8.77¥e ± 2.39
2.03e ± 0.72
3.92 ± 1.22
13.72¥ ± 3.98
9.91 ± 3.25
66.45¥ ± 10.20

Injured
Near

72.85¥ ± 6.78
7.60s ± 1.53
2.31s ± 0.60
22.31¥s ± 7.60
4.57¥ ± 0.72
2.33¥ ± 0.73
19.27¥ ± 8.61
2.09¥ ± 0.91
9.88¥ ± 4.04

0.004 ± 0.004
35.20¥ ± 6.86
6.11f ± 2.01
17.08¥f ± 7.11
21.14¥f ± 5.99
36.15¥ ± 14.20
7.16 ± 3.62
7.16 ± 2.08
53.52¥ ± 7.85

Lesion

F(2, 9.3) = 0.1
F(2, 7.2) = 5.7
F(2, 8.0) = 7.3
F(2, 9.1) = 6.6
F(2, 8.2) = 1.5
F(2, 9.2) = 0.2
F(2, 9.2) = 2.7
F(2, 9.5) = 0.6
NA

NA
F(2, 9.2) = 2.0
F(2, 8.0) = 5.2
F(2, 9.1) = 4.8
F(2, 8.7) = 29.5
F(2, 8.9) = 2.7
F(2, 8.8) = 0.9
F(2, 8.3) = 0.3
NA

F(µ, ν)

0.185
0.023
0.038
<0.001
0.123
0.455
0.727

P

0.878
0.032
0.016
0.017
0.275
0.847
0.117
0.563

76.91 ± 5.60
14.51r ± 3.51
6.71r ± 1.80
5.13r ± 1.22
5.13 ± 1.76
2.62 ± 0.59
3.71 ± 1.96
2.19 ± 1.76
3.90 ± 1.69
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Table 8. The effect of injury on the prevalence (%) of bacterial phyla that individually comprised 0.1-2% of the bacterial
community, in the gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa.

Phyla that individually accounted for <0.1% of the total bacterial community were grouped under “Other”. Bacteria were identified
from the uninjured branch (Uninjured) and two regions in the injured branch (Injured): tissue adjacent to the lesion on the other side of
the branch (Near), and regenerated tissue at the lesion (Lesion). Values are mean ± SE with n=6 or n=5 (#). F(µ,ν) = F-ratio and
degrees of freedom, P = probability of the null, < 0.05 in bold. To meet normality and heteroscedasticity assumptions, some
parameters were arcsine square root (+) transformed. Superscript letters (r, s for P. porosa) denote significant differences (P < 0.05) in
the planned contrasts.
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E. flexuosa
Bacteroidetes+
Actinobacteria+
Planctomycetes+
Acidobacteria
Cyanobacteria
Verrucomicrobia+
Chloroflexi
Firmicutes
Gemmatimonadetes+
Nitrospirae
Other
P. porosa
Bacteroidetes+
Actinobacteria+
Planctomycetes+
Acidobacteria+
Cyanobacteria+
Verrucomicrobia
Chloroflexi
Firmicutes+
Gemmatimonadetes+
Nitrospirae
Other

Phylum

0.68# ± 0.20
0.77# ± 0.12
0.82# ± 0.14
0.49#r ± 0.11
0.53# ± 0.08
0.40# ± 0.15
0.21# ± 0.08
0.16# ± 0.06
0.10# ± 0.05
0.03# ± 0.02
0.47# ± 0.14

0.98# ± 0.63
0.99# ± 0.17
1.03# ± 0.23
1.18# ± 0.26
0.70# ± 0.23
0.40# ± 0.15
0.41# ± 0.07
0.13# ± 0.06
0.05# ± 0.03
0.12# ± 0.09
0.26# ± 0.08

Uninjured

0.82 ± 0.22
1.28 ± 0.32
0.83 ± 0.16
1.12s ± 0.25
0.60 ± 0.15
0.70 ± 0.13
0.45 ± 0.11
0.23# ± 0.12
0.16# ± 0.09
0.10 ± 0.04
0.60 ± 0.15

0.71# ± 0.31
1.48 ± 0.55
0.76# ± 0.28
0.84# ± 0.25
0.71 ± 0.28
0.70 ± 0.13
0.28# ± 0.09
0.09# ± 0.04
0.07 ± 0.05
0.11 ± 0.07
3.89 ± 3.5

Injured
Near

0.58 ± 0.12
1.54 ± 0.49
0.91 ± 0.21
0.87s ± 0.12
0.44 ± 0.06
0.53 ± 0.16
0.33 ± 0.09
0.41 ± 0.18
0.11 ± 0.06
0.06# ± 0.04
0.57 ± 0.16

1.36# ± 0.39
1.52 ± 0.40
1.79# ± 0.55
0.76# ± 0.13
0.64# ± 0.14
0.53 ± 0.16
0.49# ± 0.17
0.04 ± 0.02
0.14 ± 0.04
0.16# ± 0.10
2.78 ± 1.54

Lesion

F(2, 9.1) = 9.1
F(2, 8.3) = 1.4
F(2, 9.2) = 0.08
F(2, 9.2) = 6.4
F(2, 9.4) = 0.4
F(2, 9.4) = 0.07
F(2, 9.5) = 1.6
F(2, 8.4) = 1.3
F(2, 8.5) = 0.3
F(2, 8.9) = 1.3
NA

F(2, 8.2) = 0.9
F(2, 8.9) = 0.4
F(2, 8.5) = 1.7
F(2, 8.4) = 1.0
F(2, 8.4) = 0.04
F(2, 9.3) = 1.4
F(2, 8.4) = 0.8
F(2, 8.9) = 1.1
F(2, 8.9) = 2.8
F(2, 8.9) = 0.1
NA

F(µ, ν)

0.178
0.297
0.924
0.018
0.657
0.935
0.258
0.318
0.787
0.322

0.456
0.689
0.247
0.419
0.960
0.286
0.497
0.366
0.112
0.883

P
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The prevalence of Tenericutes in P. porosa, and Proteobacteria in E. flexuosa, did not
differ between injured and uninjured branches (Fig. 9A, Table 7). In contrast, Proteobacteria in
P. porosa were significantly less prevalent at the lesion and adjacent tissues than in the uninjured
branch (Fig. 9A, Table 7). Within Proteobacteria, in both gorgonian species, the class
Gammaproteobacteria (Table 7), specifically the family Hahellaceae (which in the literature
sometimes appears as Endozoicimonaceae, Neave et al. 2016), were significantly less prevalent
in tissues at and surrounding the lesion, than in uninjured branches (Fig. 9B, ANOVA, E.
flexuosa: F(2, 8) = 20, P < 0.001; P. porosa: F(2, 9) = 18.2, P < 0.001). Furthermore,
Hahellaceae in E. flexuosa were significantly less prevalent in tissues at than in those
surrounding the lesion (Fig. 9B). In contrast, the family Enterobacteriaceae in both gorgonian
species (Fig. 9C, ANOVA, E. flexuosa: F(2, 8.3) = 11.1, P = 0.005; P. porosa: F(2, 9.1) = 8.5, P
= 0.008), and Pseudomonadaceae in P. porosa (Table 7) were significantly more prevalent in
injured than in uninjured branches. Pseudomonadaceae and the class Alphaproteobacteria in E.
flexuosa were significantly more prevalent in tissues at than in tissues surrounding the lesion and
from uninjured branches (Table 7). Within the Alphaproteobacteria, in both gorgonian corals, the
prevalence of families Rhodobacteraceae, Methylobacteriaceae and Hyphomicrobiaceae did not
significantly differ between injured and uninjured branches (Table 7). In P. porosa, the family
Bradyrhizobiaceae was significantly more prevalent in injured than in uninjured branches (Fig.
9D, ANOVA, E. flexuosa: F(2, 9.2) = 0.1, P = 0.895; P. porosa: F(2, 8.9) = 4.4, P = 0.047).
At a finer taxonomic resolution 1,818 OTUs were identified and a significantly different
bacterial consortium was found associated with each species (Fig. 10, AMOVA, F(1, 33) = 82, P
< 0.001). Certain OTUs occurred in one gorgonian species and not the other (Fig. 10) while
others were found in both species (Table 9).
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Figure 10. Non-metric multidimensional scaling ordination plot generated using the
operational taxonomic units (OTUs) identified in the gorgonian corals Eunicea flexuosa
(filled symbols) and Pseudoplexaura porosa (open symbols).
Samples were taken from uninjured branches (squares) and two regions of injured branches:
uninjured tissue adjoining the lesion (circles), and regenerated tissue at the lesion (triangles).
Dotted arrows indicate OTUs that primarily associated with one or the other gorgonian species.
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Table 9. The effect of injury on the total number, and prevalence (% total community), of operational taxonomic units (OTUs)
in the bacterial microbiome of the gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa.

Uninjured

35.09e ± 6.79
0.006 ± 0.004
39.68 ± 7.88
26.18 ± 10.63

Injured
Near

35.93 ± 4.67
73.00 ± 6.79
0±0
9.68 ± 4.08

54.99f ± 7.35
0±0
36.94 ± 7.96
15.90 ± 7.99

Lesion

X2= 1.28, P < 0.526
F(2, 9.3) = 0.1
0.877
NA
F(2, 9.1) = 3.7
0.067

X2 = 40.92, P < 0.001
NA
F(2, 9.5) = 0.4
0.697
F(2, 9.1) = 1.2
0.335

Bacteria were identified from the uninjured branch (Uninjured) and two regions in the injured branch (Injured): tissue adjacent to the
lesion on the other side of the branch (Near), and regenerated tissue at the lesion (Lesion). The three most abundant OTUs in the
bacterial community are listed. Sequence reads were normalized to 425 OTUs per sample. Values are mean ± SE, with n=6 or n=5 (#).
F(µ, ν) = F-ratio and degrees of freedom, P = probability of the null, < 0.05 in bold. Differences in total number of OTUs were tested
using a generalized linear model, where X= Chi-square test statistic and P = probability of the null, < 0.05 in bold. To meet normality
and heteroscedasticity assumptions, some parameters were arcsine square root (+) transformed. Superscripts (e, f for E. flexuosa)
denote significant differences (P < 0.05) in the planned contrasts. Prefixes denote p = phylum, g = genus.

32.58#e ± 4.05
0# ± 0
46.34# ± 6.12
25.81# ± 7.93

39.37 ± 4.97
70.69 ± 9.10
0±0
7.30 ± 3.17

P

OTU

35.65# ± 3.97
77.15# ± 5.58
0# ± 0
2.12# ± 1.32

F(µ, ν)

E. flexuosa
Total OTUs
1: g_Mycoplasma sp.
2: p_Unclassified
3: p_Unclassified
P. porosa
Total OTUs
1+: g_Mycoplasma sp.
2: p_Unclassified
3+: p_Unclassified
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In both gorgonian species, the bacterial community structure (AMOVA, E. flexuosa: F(2, 16) =
0.4, P = 0.813; P. porosa: F(2, 16) = 0.4, P = 0.760), and the prevalence of dominant OTUs 2
and 3 (Unclassified bacteria) in E. flexuosa, and OTU 1 (Mycoplasma sp.) and OTU 3 in P.
porosa, did not significantly differ between injured and uninjured branches (Table 9). In E.
flexuosa, tissues at the lesion site contained significantly more OTUs than tissues surrounding
the lesion and in the uninjured branches, while in P. porosa the number of OTUs did not
significantly vary between sampled tissues (Table 9).
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DISCUSSION
Gorgonian corals dominate many Caribbean coral reefs (Goldberg 1973; Kinzie III 1973;
Jordán-Dahlgren 1989; Ruzicka et al. 2013), and how these corals respond to injury may help
explain their abundance. Wound healing can vary based on lesion characteristics (Cary 1914;
Lang da Silveira & Van't Hof 1977; Meesters et al. 1997; Oren et al. 1997; van Woesik 1998)
and environmental conditions (Wahle 1983; Henry & Hart 2005; Denis et al. 2011; Sabine et al.
2015). Since in our study these variables were similar for both Eunicea flexuosa and
Pseudoplexaura porosa, the different recovery rates likely reflect inter-species variability in
recovery similar to the observed ranges of 6-8 days in E. mammosa, 7-9 days in Plexaura
homomalla, and 7-11 days in Plexaurella dichotoma (Wahle 1983). Furthermore, although E.
flexuosa and P. porosa both belong to the family Plexauridae (Wirshing et al. 2005; Daly et al.
2007), they may be quite different from one another. In chemotaxonomic and phylogenetic
studies, Eunicea spp. clustered separately from Pseudoplexaura spp., but since the techniques
used could only resolve clade level differences, the clusters were not significantly different
(Gerhart 1983; Sánchez et al. 2003; Wirshing et al. 2005). In another study, on the phylogenetic
relationships between Eunicea species, where finer resolution was possible with the ITS2
marker, Pseudoplexaura crucis, which is in the same genus as P. porosa (Wirshing et al. 2005),
was used as an outgroup, demonstrating the differences between Eunicea spp.
and Pseudoplexaura spp. (Grajales et al. 2007). Therefore, taxonomic separation may contribute
to the differences between E. flexuosa and P. porosa including why lesion recovery in E.
flexuosa took twice as long as in P. porosa, although recovery in E. flexuosa was comparable to
an earlier study on that species (Lang da Silveira & Van't Hof 1977).
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Energetic sources for lesion recovery
E. flexuosa and P. porosa also differ in their biochemical composition. The combined
sclerite and refractory content in E. flexuosa (81% and 13% of dry weight) is higher than that in
P. porosa (46% sclerite and 29% refractory content per dry weight) (Shirur et al. 2014).
Consequently, protein, lipid and carbohydrate content together average just 6% of the dry weight
of E. flexuosa compared to over four times as much (25%) in P. porosa (Shirur et al. 2014).
Using the mean protein, lipid and carbohydrate content per organic matter (Shirur et al. 2014),
and their enthalpies of combustion (Gnaiger & Bitterlich 1984), we estimate that tissues in E.
flexuosa contain almost 40% less energy than those in P. porosa (9650 J g-1 OM vs. 15730 J g-1
OM). Furthermore, E. flexuosa polyps capture fewer and smaller prey than P. porosa polyps
(Ribes et al. 1998).
In addition, Symbiodinium photosynthesis in E. flexuosa may be lower than that in P.
porosa. The net photosynthetic rate of Symbiodinium in E. tourneforti, a species with a
biochemical composition similar to E. flexuosa (Shirur et al. 2014), is almost three times lower
than in P. porosa (Ramsby et al. 2014). This could be due to genetic differences between the
gorgonians (Gerhart 1983; Wirshing et al. 2005; Grajales et al. 2007) as well as different
Symbiodinium types (Ramsby et al. 2014). Besides photosynthetic differences at ambient
conditions, biochemical changes in branches during lesion recovery could affect Symbiodinium
in surrounding tissues. Diversion of organic molecules by the host towards lesion recovery could
reduce the host’s regular translocation of inorganic carbon, fatty acids and nitrogenous
compounds to the Symbiodinium (Hughes et al. 2010; Imbs et al. 2014; Tanaka et al. 2015),
subsequently affecting photosynthesis and the routine transfer of photosynthetic products to the
host (Kopp et al. 2015). Symbiodinium in tissues near the lesion, however, did not seem to be
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affected since their photochemical parameters, chlorophyll content of their cells, and the Chl a:c2
ratio did not differ from those in the uninjured branches. Similarly, in the scleractinian corals
Pocillipora verrucosa and Acropora muricata, the maximum quantum yield of photosystem II
did not differ between tissues surrounding a lesion and those in uninjured branches (Lenihan &
Edmunds 2010; Denis et al. 2013).
Conversely, Symbiodinium density was lower in tissues near the lesion than in uninjured
branches. In scleractinian corals, Symbiodinium density depends on the host biomass available to
harbor the algae (Drew 1972; Jones & Yellowlees 1997; Thornhill et al. 2012). In our study, in
both gorgonian corals, sclerite content was significantly higher and host protein content per
surface area was significantly lower at the lesion and in surrounding tissues than in uninjured
branches, indicating that the regions near the lesion contained less host biomass. Therefore,
fewer Symbiodinium-containing host cells in the injured gorgonian branches may have led to the
lower Symbiodinium density. Alternatively, lower Symbiodinium density could occur because the
remaining host cells each contained fewer Symbiodinium. Symbiodinium density per host protein
was lower in injured branches of E. flexuosa and P. porosa, although this difference was
significant only in E. flexuosa. Thus, the longer recovery time in E. flexuosa compared to P.
porosa may reflect a combination of less protein, lipids, and carbohydrates and hence existing
energy reserves, and lower amounts of heterotrophically and photosynthetically acquired
nutrients.
The process of lesion recovery and its implications
Although the rate of recovery differed between the two species, sclerites were visible at
the lesion sites in E. flexuosa and P. porosa, and sclerite content in both species was significantly
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higher at the lesion and in surrounding tissues than in uninjured branches. This suggests that
sclerites are integral to lesion recovery. Consequently, conditions that detrimentally affect
sclerites may adversely affect wound healing. For example, in scleractinian corals, low pH
hinders calcification (Hoegh-Guldberg et al. 2007; Anthony et al. 2011; Dove et al. 2013).
Potentially because sclerites are embedded within tissues, low pH conditions did not affect
sclerites in the gorgonian corals E. flexuosa (Enochs et al. 2016), E. fusca (Gómez et al. 2015)
and in the octocoral Ovabunda macrospiculata (Gabay et al. 2014). The lack of effect on
sclerites could be one of the reasons for a transition from scleractinian coral to octocoral
dominated benthos closer to naturally occurring volcanically acidified water (Inoue et al. 2013).
On the other hand, when sclerites were removed from tissues of the octocoral O. macrospiculata,
thereby directly exposing them to lower pH, partial sclerite dissolution did occur (Gabay et al.
2014). Ocean acidification could therefore detrimentally affect exposed sclerites at lesion sites
and hinder wound healing in gorgonian corals, potentially similar to the effect of lower pH on
wound healing in scleractinian corals (Horwitz & Fine 2014; Hall et al. 2015).
The bacterial community in injured and uninjured tissues
In addition to hosting Symbiodinium spp. (zooxanthellae), scleractinian corals and
octocorals contain a consortium of organisms, their microbiome (Knowlton & Rohwer 2003;
Toledo-Hernández et al. 2008; Sunagawa et al. 2010; Hewson et al. 2011; Thompson et al.
2015). Since the bacterial portion of this microbiome was unknown for E. flexuosa and P.
porosa, we characterized these communities. In E. flexuosa, the majority of bacteria were
identified as two OTUs (OTU 2, 3) that could be classified only to Bacteria, while in P. porosa
the majority of bacteria belonged to Tenericutes (OTU 1: Mycoplasma spp.). Tenericutes are
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host-specific commensals or parasites (Razin et al. 1998) which can be major components of the
bacterial microbome in azooxanthellate octocorals (Gray et al. 2011; Porporato et al. 2013;
Holm & Heidelberg 2016) and the azooxanthellate scleractinian coral Lophelia pertusa (Kellogg
et al. 2009). They are rare or absent in zooxanthellate gorgonian and scleractinian corals in
which Proteobacteria dominate the bacterial community (Sunagawa et al. 2010; Cárdenas et al.
2012; Duque-Alarcón et al. 2012; Lee et al. 2012; Correa et al. 2013; Tracy et al. 2015;
McCauley et al. 2016; Robertson et al. 2016).
Proteobacteria was the second most abundant phylum in both E. flexuosa and P. porosa,
represented predominantly by the Gammaproteobacteria and Alphaproteobacteria classes.
Among Gammaproteobacteria, most were Hahellaceae, a group that may be part of the core
microbiome of scleractinian corals and octocorals (Bayer et al. 2013; Correa et al. 2013; La
Rivière et al. 2013; La Rivière et al. 2015; McCauley et al. 2016; Neave et al. 2016; Robertson
et al. 2016). The Hahellaceae in our samples were most closely related to Endozoicomonas
euniceicola and E. gorgoniicola identified from the Caribbean gorgonian corals Eunicea fusca
and Plexaura sp., respectively (Pike et al. 2013), E. montiporae and E. elysicola isolated from
the scleractinian coral Montipora aequituberculata (Yang et al. 2010) and the slug Elysia ornata
(Kurahashi & Yokota 2007) respectively, from the Indo-Pacific.
Other Gammaproteobacteria were identified as Pseudomonadaceae, which have been
previously found in octocorals and scleractinian corals (Penn et al. 2006; Duque-Alarcón et al.
2012; Lee et al. 2012; Morrow et al. 2012; Bourne et al. 2013; Correa et al. 2013). Lastly, 1.5%
of Gammaproteobacteria in E. flexuosa and 4.2% in P. porosa were Enterobacteriaceae,
including Escherichia coli. The E. coli source could be runoff from housing along the coastline,
or from contaminated groundwater (Baker et al. 2010; Leal-Bautista et al. 2011), which around
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the town Puerto Morelos may reach the ocean through underwater springs (Carruthers et al.
2005). Among the Alphaproteobacteria, two orders, Rhodobacterales (primarily
Rhodobacteraceae) and Rhizobiales (Methylobacteriaceae, Hyphomicrobiaceae and
Bradyrhizobiaceae) were the most prevalent, both of which have been reported in octocorals and
scleractinian corals (Penn et al. 2006; Kellogg et al. 2009; Mouchka et al. 2010; Gray et al.
2011; Duque-Alarcón et al. 2012; Morrow et al. 2012; Bourne et al. 2013; Lema et al. 2014;
Ainsworth et al. 2015; Robertson et al. 2016). In E. flexuosa and P. porosa 9% and 73% of the
Alphaproteobacteria could not be classified further (Table 10).
Injury did not cause a change in the overall structure of the bacterial microbiome of E.
flexuosa and P. porosa, a finding similar to that in the scleractinian coral Acropora aspera (van
de Water et al. 2015). The prevalence of some individual bacterial taxa did differ between
injured and uninjured branches. Hahellaceae were 2.4x and 1.6x less prevalent in tissues at and
adjacent to the lesion in E. flexuosa than in uninjured branches, and in injured branches of P.
porosa, they were 3x less prevalent. A reduction in the prevalence of Hahellaceae also occurred
in corals sampled from sites exposed to human impacts (Vezzulli et al. 2013; Roder et al. 2015;
Ziegler et al. 2016), acidified conditions (Morrow et al. 2015), and in corals exhibiting bleaching
(Bourne et al. 2008) or tissue lesions (Meyer et al. 2014).
In contrast, the proportion of E. coli was significantly higher (9.8x for E. flexuosa, 4.8x
for P. porosa) at sites at and surrounding the lesion. A similar pattern presented itself for
Pseudomonadaceae in E. flexuosa at the lesion site (2.8x) and in P. porosa (4.4x) in tissues at
and surrounding the lesion.
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Table 10. The effect of injury on the prevalence (%) of orders of Alphaprotobacteria that individually comprised ≤1% of the
whole bacterial community, in the gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa.

19.57# ± 10.19
15.19# ± 6.58
0.87# ± 0.87
0.0# ± 0.0
0.0# ± 0.0
0.0# ± 0.0
8.76# ± 3.76

Uninjured

5.34#s ± 0.89
1.37# ± 0.50
0.76 ± 0.40
0.49s ± 0.37
0.0 ± 0.0
0.0 ± 0.0
44.54 ± 15.18

13.35 ± 2.36
11.04 ± 4.09
1.55 ± 0.99
0.0 ± 0.0
0.0 ± 0.0
0.58 ± 0.58
6.97 ± 3.60

Injured
Near

4.95s ± 0.80
3.56 ± 0.51
1.12 ± 0.54
0.04s ± 0.04
0.0# ± 0.0
0.0 ± 0.0
54.22 ± 12.18

4.88 ± 1.08
2.20 ± 0.53
1.57 ± 0.52
0.21 ± 0.12
0.48 ± 0.30
0.57 ± 0.46
2.12# ± 0.61

Lesion

F(2, 8.9) = 5.8
F(2, 8.6) = 3.7
NA
F(2, 8.9) = 4.6
NA
NA
NA

F(2, 9.5) = 1.4
F(2, 9.5) = 1.7
NA
NA
NA
NA
NA

F(µ, ν)

0.282
0.234

P

0.042

0.025
0.069

2.20#r ± 0.53
4.64# ± 1.62
0.50# ± 0.43
2.22$r ± 0.95
0.0$ ± 0.0
0.0# ± 0.0
73.33# ± 6.04

The prevalence of these orders is presented as the relative abundance within Alphaproteobacteria. The prevalence of sequences that
were absent in multiple samples, and of those that could not be classified into an order, was not analyzed. Bacteria were identified
from the uninjured branch (Uninjured) and two regions in the injured branch (Injured): tissue adjacent to the lesion on the other side of
the branch (Near), and regenerated tissue at the lesion (Lesion). Values are mean ± SE with n=6, or n=5 (#), or n=4 ($). F(µ, ν) = Fratio and degrees of freedom, P = probability of the null, < 0.05 in bold. To meet normality and heteroscedasticity assumptions, some
parameters were log (^) or arcsine square root (+) transformed. Superscript letters (r, s for P. porosa) denote significant differences (P
< 0.05) in the planned contrasts.
Order
E. flexuosa
Sphingomonadales^
Rhodospirillales^
Caulobacterales
Rickettsiales
Kiloniellales
Kordimonadales
Unclassified
P. porosa
Sphingomonadales+
Rhodospirillales+
Caulobacterales
Rickettsiales
Kiloniellales
Kordimonadales
Unclassified
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Increases in the prevalence of Pseudomonadaceae and Rhizobiales also occurred in white plague
diseased tissues of scleractinian corals, but these bacteria may be opportunistic rather than the
disease-causing pathogens (Sunagawa et al. 2009; Mouchka et al. 2010; Cárdenas et al. 2012;
Roder et al. 2014). In addition, in E. flexuosa the injured sites had a more diverse range of
bacterial OTUs (1.6x). In P. porosa Bradyrhizobiaceae were more prevalent (5.4x) near and at
the lesion site, and injury induced shifts also occurred in some less prevalent (≤1% of the
bacterial community) Gammaproteobacteria and Alphaproteobacteria taxa (Tables 10, 11).
Never the less, given that tissue recovery proceeded in both E. flexuosa and P. porosa without
symptoms of disease, the two species coped with the lesions and the bacteria present in the
injured area, although their coping mechanisms may differ.
Defense mechanisms against pathogens
In E. flexuosa, even though some bacterial groups were more abundant at the lesion than
in surrounding tissues, the lack of a major bacterial community shift could have been due to
immune activity. Defensive mechanisms such as the non-specific immune responses melanin and
PO may protect corals against pathogens (Toledo-Hernández & Ruiz-Diaz 2014). In E. flexuosa,
the lesion site and the surrounding tissues had lower melanin content and higher PO and POX
activity compared to levels and activity away from the lesion, indicating that the melanization
cascade was activated. Melanin may have been released from cells to aid in clot formation as
seen in the scleractinian coral Porites cylindrica (Palmer et al. 2011b), or to coat pathogens to
limit their proliferation at the lesion as in the gorgonian G. ventalina (Petes et al. 2003; Mydlarz
et al. 2008).
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Table 11. The effect of injury on the prevalence (%) of orders of Gammaprotobacteria that individually comprised ≤1% of the
whole bacterial community in the gorgonian corals Eunicea flexuosa and Pseudoplexaura porosa.

The prevalence of these orders is presented as the relative abundance within Gammaproteobacteria. The prevalence of sequences that
were absent in multiple samples, and of those that could not be classified into an order, was not analyzed. Bacteria were identified
from the uninjured branch (Uninjured) and two regions in the injured branch (Injured): tissue adjacent to the lesion on the other side of
the branch (Near), and regenerated tissue at the lesion (Lesion). Values are mean ± SE with n=6, or n=5 (#), or n=4 ($). F(u, v) = Fratio and degrees of freedom, P = probability of the null, < 0.05 in bold. To meet normality and heteroscedasticity assumptions, some
parameters were log (^), arcsine square root (+), or (*) reciprocal transformed. Superscript letters (r, s for P. porosa) denote significant
differences (P < 0.05) in the planned contrasts.
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Order
E. flexuosa
Xanthomonadales^
Alteromonadales*
Legionellales
Thiotrichales
Methylococcales
Aeromonadales
Vibrionales
Salinisphaerales
Pasteruallales
Unclassified
P. porosa
Xanthomonadales
Alteromonadales
Legionellales+
Thiotrichales+
Methylococcales+
Aeromonadales
Vibrionales+
Salinisphaerales
Pasteruallales
Unclassified
1.12# ± 0.27
1.77# ± 0.91
0.21# ± 0.15
0.0# ± 0.0
0.06# ± 0.06
0.07# ± 0.08
0.01# ± 0.01
0.0# ± 0.0
0.0# ± 0.0
0.79# ± 0.34

Uninjured

4.41#s ± 1.71
3.55 ± 1.53
1.22s ± 0.31
0.12# ± 0.08
0.80 ± 0.46
0.0 ± 0.0
0.06 ± 0.06
0.0 ± 0.0
0.06 ± 0.06
4.09 ± 1.12

1.92# ± 1.25
0.34 ± 0.23
0.09 ± 0.07
0.01# ± 0.01
0.01# ± 0.01
0.0 ± 0.0
0.007# ± 0.007
0.0 ± 0.0
0.0 ± 0.0
0.96 ± 0.37

Injured
Near

6.64s ± 2.23
2.14# ± 1.64
0.82s ± 0.67
0.50 ± 0.38
0.20# ± 0.16
0.0 ± 0.0
0.20 ± 0.13
0.43 ± 0.23
0.0 ± 0.0
7.28 ± 2.20

4.36 ± 1.52
5.91 ± 2.41
0.32# ± 0.32
0.0# ± 0.0
0.27# ± 0.18
0.03 ± 0.03
0.0# ± 0.0
0.0 ± 0.0
0.0 ± 0.0
3.05# ± 0.99

Lesion

F(2, 7.5) = 6.9
F(2, 8.9) = 0.4
F(2, 9.4) = 6.6
F(2, 8.7) = 2.3
F(2, 8.9) = 0.5
NA
F(2, 9.5) = 1.6
NA
NA
NA

F(2, 8.9) = 1.7
F(2, 9.5) = 3.9
NA
NA
NA
NA
NA
NA
NA
NA

F(µ, ν)

0.245
0.057

P

0.261

0.019
0.658
0.016
0.161
0.644

0.31$r ± 0.19
1.71# ± 1.13
4.99#r ± 1.52
1.13# ± 0.55
0.33# ± 0.18
0.0# ± 0.0
0.58# ± 0.33
0.24# ± 0.24
0.0# ± 0.0
2.66# ± 0.37
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In addition, high PO activity may produce additional melanin, and intermediate reactive oxygen
species (ROS) and quinones that are cytotoxic to pathogens (Cerenius & Söderhäll 2004;
Cerenius et al. 2008). High POX activity may protect tissues from ROS produced by the action
of PO (Mydlarz & Palmer 2011), and aid in preventing fungal infection at the lesion site
(Mydlarz & Harvell 2007). While melanin and PO are non-specific immune responses against
pathogens in general, EXOC specifically breaks down fungal cell walls. In E. flexuosa, EXOC
activity was significantly lower at the lesion and in surrounding tissues than in tissues away from
the lesion, and therefore as in G. ventalina, EXOC may have been released from tissues to attack
fungi in the water surrounding the lesion (Douglas et al. 2007).
Similar to E. flexuosa, even though in P. porosa the proportion of some minor
components of the bacterial microbiome were different in injured versus uninjured branches, the
overall bacterial community did not change. In contrast to E. flexuosa, P. porosa did not exhibit
activation of many parameters associated with an immune response. Melanin content did not
vary, and PO activity was significantly lower in tissues at and surrounding the lesion than further
away, suggesting that fewer components of the melanization cascade were activated.
Furthermore, EXOC activity did not differ between sampled tissues. Therefore, P. porosa may
employ alternate defense mechanisms (Perkins & Ciereszko 1973; Rodríguez 1995; Jensen et al.
1996; Hunt et al. 2012). Tissue extracts of gorgonian species, including E. flexuosa and P.
porosa, contain substances with antimicrobial activity (Jensen et al. 1996). In addition,
gorgonian compounds may alter quorum sensing between bacteria (Hunt et al. 2012) which
could affect bacterial virulence (Waters & Bassler 2005; Rutherford & Bassler 2012), although
in gorgonian corals the mechanism of these defenses is unknown. The composition of such
substances may be different and/or the amount may be higher in P. porosa than in E. flexuosa.
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For example, P. porosa tissue extracts are significantly more potent against the fungal pathogen
Aspergillus sydowii than those from E. flexuosa (Kim et al. 2000), and P. porosa tissues contain
crassin acetate, which is toxic to ciliates (Perkins & Ciereszko 1973).
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CONCLUSION
The Caribbean gorgonian corals E. flexuosa and P. porosa dealt with artificially induced
lesions, and the wounds healed with no visible signs of infection or necrosis. The two gorgonian
species, however, differed in how they coped with the lesions, probably due to the structural,
biochemical, and symbiotic differences between the two. E. flexuosa and P. porosa also differed
in their ambient bacterial consortia and in their immune response. These multiple distinctions
illustrate the importance of investigating numerous gorgonian species. Despite their differences,
both P. porosa and E. flexuosa handled the potential stress brought about by injury. The capacity
to recover from this stressor may in part explain why gorgonian corals are maintaining and/or
increasing in abundance on Caribbean reefs.
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CHAPTER IV: THE EFFECTS OF ELEVATED TEMPERATURE ON CARIBBEAN
GORGONIAN CORALS AND THEIR ALGAL SYMBIONTS, SYMBIODINIUM SPP.

This study is currently under revision at PLoS ONE.
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ABSTRACT
Global climate change not only leads to elevated seawater temperatures but also to
episodic anomalously high or low temperatures lasting for several hours to days. Scleractinian
corals are detrimentally affected by thermal fluctuations, which often lead to an uncoupling of
their mutualism with Symbiodinium spp. (coral bleaching) and potentially coral death.
Consequently, on many Caribbean reefs scleractinian coral cover has plummeted. Conversely,
gorgonian corals persist, with their abundance even increasing. How gorgonians react to thermal
anomalies has been investigated utilizing limited parameters of either the gorgonian,
Symbiodinium or the combined symbiosis (holobiont). We employed a holistic approach to
examine the effect of an experimental five-day elevated temperature episode on parameters of
the host, symbiont, and the holobiont in Eunicea tourneforti, E. flexuosa and Pseudoplexaura
porosa. These gorgonian corals reacted and coped with 32°C seawater temperatures. Neither
Symbiodinium genotypes nor densities differed between the ambient 29.5°C and 32°C.
Chlorophyll a and c2 per Symbiodinium cell, however, were lower at 32°C leading to a reduction
in chlorophyll content in the branches and an associated reduction in estimated absorbance and
increase in the chlorophyll a specific absorption coefficient. The adjustments in the
photochemical parameters led to changes in photochemical efficiencies, although these too
showed that the gorgonians were coping. For example, the maximum excitation pressure, Qm
was significantly lower at 32°C than at 29.5°C. In addition, although per dry weight the amount
of protein and lipids were lower at 32°C, the overall energy content in the tissues did not differ
between the temperatures. Antioxidant activity either remained the same or increased following
exposure to 32°C further reiterating a response that dealt with the stressor. Taken together, the

90

	
  
capability of Caribbean gorgonian corals to modify symbiont, host and consequently holobiont
parameters may partially explain their persistence on reefs faced with climate change.
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INTRODUCTION
Global climate change affects many ecosystems, including coral reefs (Hoegh-Guldberg
2011). One aspect of climate change is the rise of seawater temperatures that is anticipated to
continue into the future (McWilliams et al. 2005; Hoegh-Guldberg 2011). In addition, short-term
fluctuations in prevailing temperatures over several hours or days are also projected to occur
more frequently (Hoegh-Guldberg 1999; Li & Reidenbach 2014; Magris et al. 2015). Exposure
to seawater temperatures even 2°C above the mean summer maximum can adversely affect
corals and their mutualistic endosymbiotic dinoflagellate algae, Symbiodinium spp. (HoeghGuldberg 1999). Numerous studies have investigated the predominantly detrimental effects of
elevated seawater temperatures on scleractinian coral - Symbiodinium symbioses (reviewed in
Douglas 2003; Baker et al. 2008; Ban et al. 2014), but such data on other abundant coral reef
cnidarians, such as octocorals, lag behind.
In the Caribbean, for example, over the past few decades, scleractinian coral cover has
dramatically declined (Gardner et al. 2003; Alvarez-Filip et al. 2011) concurrent with a rise in
seawater temperatures by 0.2-0.4°C/decade between 1985 and 2006 (Strong et al. 2008). On the
other hand, the abundance of Caribbean octocorals, predominantly gorgonian corals, has
remained the same or even increased (Colvard & Edmunds 2011; Ruzicka et al. 2013; Villamizar
et al. 2014; Lenz et al. 2015). In fact, gorgonian corals constitute the dominant benthic fauna on
many Caribbean reefs (Cary 1915; Jordán-Dahlgren 1989; Ruzicka et al. 2013; Villamizar et al.),
where they provide food and shelter to a variety of invertebrates and fish (Voss 1956; Birkeland
& Neudecker 1981; Lasker et al. 1988; Vreeland & Lasker 1989). Therefore, in order to
understand the future of Caribbean reefs, it is imperative to determine the effects of potential
stressors, such as elevated seawater temperatures, on gorgonian corals.
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In corals, thermal stress often leads to a reduction in Symbiodinium numbers and/or the
amount of chlorophyll within the remaining Symbiodinium, which is commonly referred to as
coral bleaching (Glynn 1993). The elevated temperatures can disrupt Symbiodinium
photosynthesis by hindering the repair of damaged photosystems (Takahashi et al. 2009),
increasing the production of reactive oxygen species (ROS) that impair the thylakoid membranes
(Tchernov et al. 2004), and inhibiting enzymes responsible for carbon fixation (Jones et al.
1998). In addition, the production of high levels of nitric oxide (NO) in thermally stressed
Symbiodinium can result in apoptosis (Weis 2008). Sensitivity to thermal stress can vary between
different Symbiodinium clades and sub-cladal types (Goulet et al. 2005; McGinty et al. 2012).
Detrimental effects on the Symbiodinium may alter the nutrient exchange between the
partners. Symbiodinium supply their host with carbohydrates, lipids, and essential and
mycosporine-like amino acids (Wang & Douglas 1999; Shick & Dunlap 2002; Kopp et al. 2015),
while the host provides Symbiodinium with carbon, nitrogen, nutrients, and an environment for
photosynthesis (Salih et al. 2000; Hughes et al. 2010; Imbs et al. 2014; Tanaka et al. 2015).
Disruption of the symbiosis may alter nutrient exchange between the partners, the amount of
energy required to maintain homeostasis, and drive the coral host and its symbionts to utilize
their energy reserves (Hoadley et al. 2015). For example, thermally stressed scleractinian corals
and octocorals in the Indo-Pacific exhibit a drop in tissue reserves like lipids, proteins and
carbohydrates (Michalek-Wagner & Willis 2001; Rodrigues & Grottoli 2007; Slattery & Paul
2008; Imbs & Yakovleva 2012). In scleractinian corals, tolerance to, and the capacity to recover
from, thermal stress is linked to the amounts of tissue reserves available (Anthony et al. 2009;
Schoepf et al. 2015).
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Faced with stressors, Symbiodinium and corals can utilize several mechanisms to mitigate
dysfunction in their cells. By increasing the activities of antioxidant enzymes like superoxide
dismutase (SOD) they can convert superoxide to H2O2, and then further break H2O2 down with
peroxidase (POX) and catalase (CAT) to water and O2 (Fitt et al. 2009; Lesser 2011; McGinty et
al. 2012). Corals can also reduce damage to proteins by increasing the production of heat shock
proteins (Hsp) (Downs et al. 2002; Fitt et al. 2009; Lesser 2011). As in Symbiodinium, the ability
of corals to cope with thermal stress can vary between different host taxa (Fitt et al. 2009;
Hawkins et al. 2014). For example, Porites cylindrica, which possessed higher levels of SOD
and Hsp than Stylophora pistillata, was better able to cope with, and recover from, thermal stress
(Fitt et al. 2009).
In contrast to the plethora of studies on the effects of elevated temperatures on
scleractinian corals, only a handful of studies investigated the potential consequences of elevated
seawater temperatures on Caribbean gorgonians. These studies focused only on a few parameters
such as on the production of ROS, NO and Hsp90 (Mydlarz & Jacobs 2006; Ross 2014), the
effects of pathogens on gorgonian corals at ambient and elevated temperatures (Kirk et al. 2005;
Ward et al. 2007; Mann et al. 2014) and the effects of ultraviolet radiation in conjunction with
elevated temperatures (Drohan et al. 2005). We decided to employ a holistic approach to
determine the effects of elevated temperature on multiple parameters of the gorgonian host, the
Symbiodinium and the subsequent holobiont in representative species of these important
Caribbean reef taxa.

94

	
  
METHODS
Experimental setup
We assessed the effect of experimental short-term exposure to elevated temperature on
the gorgonian species Eunicea tourneforti, E. flexuosa, and Pseudoplexaura porosa. From each
species, 12 colonies located at a depth of 3–4m on a patch reef adjacent to the pier of the
Instituto de Ciencas del Mar y Limnología (ICMyL), Universidad Nacional Autónoma de
México (UNAM), at Puerto Morelos, México (20°52'5.23"N, 86°51'58.92"W) were sampled.
Two branches, 12–14cm long, were excised, attached vertically onto PVC stands, and separated
into two outdoor flow-through aquaria. For a 14-day acclimation period, the temperature in both
aquaria was held at 29.5°C, similar to the ambient summer (May-August) seawater temperature
on local shallow reefs (Rodríguez-Martinez et al. 2010). After 14 days, the temperature in the
treatment aquarium was raised 1°C/day over three days to 32°C, which represents a 2-3°C
increase above typical summer temperatures and the predicted average sea surface temperature
by 2099 (Donner 2009). The other aquarium, the control aquarium, was maintained at the
ambient 29.5°C throughout the experiment. The temperature in both aquaria was controlled
using an aquarium chiller (0.5hp Delta Star, Aqua Logic, USA) and two heaters (1000W and
1800W EasyPlug heater, Process Technologies, USA). To mimic light levels on the patch reef,
garden shade cloth was placed over the tanks to reduce the incident irradiance by about 50%.
The gorgonian branches were kept in the ambient and elevated temperature treatments for five
days following which the branches were processed.
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Photochemical efficiency of photosystem II
Throughout the experiment, the maximum (at dusk, Fv/Fm) and effective (at local noon,
ΔF/Fm`) photochemical yields were measured daily using a Diving PAM (Walz, Germany).
Plastic tubing attached to the distal end of the probe ensured a fixed distance between it and the
gorgonian tissue. For each branch, the photochemical yields were measured at three locations, in
the upper one-third, middle, and lower one-third of the branch. The maximum excitation pressure
over photosystem II (Qm) was determined by modifying the formula in Iglesias-Prieto et al.
(2004) to Qm = 1 – [(ΔF/Fm` at noon) / (Fv/Fm at dusk on the preceding day)].
Estimated absorbance
After the five experimental days, while each gorgonian branch was immersed in seawater
maintained at its respective experimental temperature (29.5°C or 32°C), the reflectance spectrum
of a region located 2-4cm from the branch tip was recorded using the protocol described in
Ramsby et al. (2014). Reflectance was converted to estimated absorbance (De), and De at 675nm
was used to calculate light absorbed by Chl a, and the Chl a specific absorption coefficient (a*Chl
a)

(Rodríguez-Román et al. 2006).

Sample processing
Following absorbance determination, a 2cm fragment, 2-4cm from the branch tip, was
excised, and its length and diameter were recorded. Both this fragment and the remaining branch
were flash-frozen in liquid nitrogen and stored at -80°C until further processing. To isolate
Symbiodinium cells, the 2cm fragment was ground, and the cells were separated by filtration and
a series of washes with 0.2µm-filtered seawater (FSW) (Shirur et al. 2014). The Symbiodinium
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cells were re-suspended in FSW and aliquots were taken for determination of density,
chlorophyll content and genetic identification.
Symbiodinium cell density and chlorophyll content
From one Symbiodinium aliquot, in a minimum of three 100µl subsamples, Symbiodinium
cells were counted using the FlowCAM Imaging Particle Analyzer (Fluid Imaging Technologies,
Maine, USA), which pumps a liquid sample through a flow cell and captures images of the
microscopic particles suspended in it (Brown 2011). Symbiodinium were distinguished from
other particles (like cellular and sclerite debris) using a value filter based on their diameter, circle
fit, and red:blue color ratio. Symbiodinium cell counts were standardized to surface area of the
excised 2cm-long branch fragment. The Symbiodinium in a second aliquot were pelleted, the
FSW removed, and a mixture of acetone and dimethyl sulfoxide 95:5 v/v (Shirur et al. 2014) was
added for 24h to extract Chlorophylls a (Chl a) and c2 (Chl c2), and their concentrations
determined using the equations of Jeffrey & Humphrey (1975). The total amount of Chl a and c2
extracted was standardized to either the surface area of the excised 2cm-long fragment (Chl cm-2)
or the number of Symbiodinium cells isolated from that branch fragment (Chl cell-1).
Genetic identification of Symbiodinium
The Symbiodinium in a third aliquot were also pelleted, their DNA extracted, and the
internal transcribed spacer 2 region (ITS2) of the ribosomal DNA was PCR amplified using the
protocol of LaJeunesse et al. (2003), with an addition of a final extension step of 30min at 72°C
to reduce the formation of heteroduplexes (Janse et al. 2004). The amplified product was
separated with Denaturing Gradient Gel Electrophoresis (DGGE) on a polyacrylamide gel
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containing a 45-80% gradient of urea (LaJeunesse et al. 2003), with modifications described in
Shirur et al. (2014). Banding profiles were compared between samples, and prominent bands
from unique profiles were excised, re-amplified, and sequenced (LaJeunesse 2002). Some DGGE
profiles contained multiple prominent bands, and in E. flexuosa, with the exception of the lowest
band the others were heteroduplexes (Fig. 11). These bands were re-amplified (LaJeunesse et al.
2003; Janse et al. 2004), and their constituents were separated on a polyacrylamide gel with a 5575% denaturant gradient. The resulting bands were then excised, re-amplified and sequenced. In
addition to the ITS2, the microsatellite locus Sym15 was amplified (Pettay & LaJeunesse 2007),
and its flanker regions were used for Symbiodinium lineage identification (Finney et al. 2010;
LaJeunesse et al. 2012; Prada et al. 2014; Parkinson et al. 2015). Both the ITS2 and Sym15 loci
were sequenced at the DNA Lab at Arizona State University. DNA sequences were compared to
those in GenBank, and novel sequences deposited to GenBank.
Biochemical composition
Using the protocols described in Shirur et al. (2014), from ground lyophilized gorgonian
branch pieces the amount of sclerites, protein, lipid, carbohydrate and refractory content per dry
weight (%g DW) and the amount of protein, lipid, carbohydrate and refractory content per
organic matter (%g OM) were determined. The protein, lipid and carbohydrate content within the
organic matter and their specific enthalpies of combustion (Gnaiger & Bitterlich 1984) were then
used to calculate the total energy content of tissue reserves (Lesser 2013).
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Figure 11. DGGE gel of Symbiodinium types hosted by the Caribbean gorgonian corals
Eunicea tourneforti, E. flexuosa and Pseudoplexaura porosa.
Bands characteristic of a particular Symbiodinium type are marked with white arrows. Black
arrow heads denote heteroduplexes formed during the PCR process.
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Enzyme activity
To quantify enzyme activity, proteins were extracted from 5cm-long frozen branch
fragments using the protocol of Mydlarz & Harvell (2007). The activities of SOD, POX, and
CAT in the final supernatant (crude protein extract) were measured using a Synergy HT
microplate reader (Biotek, USA). To determine SOD activity, 5µl of the extract was diluted in
15ul of PBS (pH 7.8) and the activity was quantified using the SOD assay kit (Sigma-Aldrich,
USA). To measure POX activity, the protocol described in Shirur et al. (2016) was modified,
such that the reaction was initiated by adding 20mM H2O2 to E. tourneforti samples, and 25mM
H2O2 to E. flexuosa samples. The optical density at 470nm was recorded every minute for 30min.
To measure CAT activity, a 5µl aliquot of the crude extract was diluted in 150µl of 50mM H2O2
(in 50mM PBS, pH 7.0), and the breakdown of H2O2 was tracked at 240nm every 30s for 20min.
From the linear portion of the curves, POX and CAT activity were calculated as the change in
optical density per minute over an 8min and 10min interval, respectively. CAT activity was
further converted to mM H2O2 scavenged during the assay from a standard curve generated using
different concentrations of H2O2 (Palmer et al. 2011a). Enzyme activity was normalized to
protein content of the aliquot used in each assay (Mydlarz & Harvell 2007; Couch et al. 2008;
Palmer et al. 2011a). Protein content (mg/ml) of the extract was quantified using the RED660TM
Protein Assay Kit (G-Biosciences). Enzyme activity in P. porosa branches could not be
determined because the high mucus and lipid content interfered with the assays. Similarly, we
could not obtain reliable values for CAT activity in E. tourneforti. Therefore, the activities of
SOD and POX were determined for both Eunicea species, but CAT activity was only obtained
for E. flexuosa.
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Statistical analyses
We used linear mixed effects models fit by the restricted maximum likelihood method to
analyze the data. For the majority of the data, the two fixed effects in the model were the
gorgonian species (E. tourneforti, E. flexuosa and P. porosa) and temperature (ambient and
elevated). Data on photochemistry was analyzed with a similar mixed effects model, with the
time of sampling as the third fixed effect. Since branches from the same colony were placed in
each treatment, in the mixed effects models the parent colony, nested within its respective
gorgonian species, was the random effect. For some parameters, samples from one of the two
branches from the same colony were not measured (e.g. sample loss), therefore data from that
particular colony were excluded from the statistical analysis of that parameter.
For all data, residuals were examined for normality and homogeneity of variances, and
data were square, square root, log or reciprocal transformed when these assumptions were
violated. When significant species by temperature interactions were detected, they were explored
using six non-orthogonal planned contrasts. The first three contrasts tested the effect of elevated
temperature on each species separately. The other three contrasts were pairwise comparisons
testing whether the magnitude of the effect of temperature differed between the three gorgonian
species. For the photochemical efficiency of photosystem II parameters, ΔF/Fm` and Qm had
significant temperature by time interactions and they were explored with five orthogonal planned
contrasts that tested the effect of elevated temperature on each day separately. For Fv/Fm,
significant species by temperature by time interaction were explored with 27 non-orthogonal
planned contrasts. The first 15 contrasts tested the effect of elevated temperature on each species
on each experimental day. Then for each species, subsequent contrasts tested whether the
magnitude of the effect of temperature differed between each consecutive day (day 1 versus 2, 2
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versus 3, 3 versus 4, and 4 versus 5). P-values for all non-orthogonal planned contrasts were
corrected using the method of Holm (1979). All analyses were performed using the packages
“lme4” (Bates et al. 2013), “lmerTest” (Kuznetsova et al. 2014) and “multcomp” (Hothorn et al.
2008) with the R software version 3.0.2 (R Core Team 2015).
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RESULTS
Symbiodinium parameters
Exposure to five days at the elevated temperature of 32°C did not lead to a significant
change in Symbiodinium density (Fig. 12A, Tables 12-14). On the other hand, Chl a and c2
contents per Symbiodinium cell were significantly lower after five days at elevated temperature
than their levels in branches held at ambient temperature (Fig. 12B, Tables 12, 14). This
significant difference in Chl a per cell was primarily driven by P. porosa since the Chl a content
per Symbiodinium cell in branches of the Eunicea species exposed to the elevated temperature
did not significantly differ from levels in branches maintained at ambient temperature (Table 13).
In conjunction with no significant change in Symbiodinium density but a decrease in chlorophyll
per Symbiodinium cell, the amounts of Chl a and c2 per surface area of gorgonian branches were
significantly lower after five days at elevated temperature compared to their content in branches
held at ambient temperature (Fig. 12C, Table 12, 14). The effect of temperature on Chl a and c2
content was significantly less in the Eunicea species than in P. porosa (Table 13). Consequently,
the Chl a:c2 ratio in the Eunicea species did not differ between ambient and elevated
temperatures while it did in P. porosa (Tables 12-14).
Fv/Fm, ΔF/Fm` and Qm did not significantly differ between the upper, middle and lower
regions of each branch, and therefore the values from these regions were pooled. In the three
gorgonian species, Fv/Fm in branches exposed to elevated temperature were significantly lower
than in those maintained at ambient temperature (Fig. 13A-C, Table 14). In P. porosa, Fv/Fm at
elevated temperature declined over time, such that there was a larger reduction in Fv/Fm after
four and five days than during the first three days of exposure to elevated temperature (Fig. 13C).
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Figure 12. Symbiodinium parameters in branches of the Caribbean gorgonian corals
Eunicea tourneforti, E. flexuosa and Pseudoplexaura porosa exposed to ambient and
elevated temperatures.
Symbiodinium (Sym) density (A), and chlorophyll a (Chl a) content per Symbiodinium cell (B),
and per surface area (C) after five days at ambient, 29.5°C (gray) or elevated, 32°C (white)
temperatures. Data are mean ± SE. Mixed model analyses that yielded significant species
(species), temperature (temp) and/or interaction (int) effects are noted in the panels, (*) denotes
comparisons in which the interaction term was significant and the planned contrast analyses
detected significant temperature effects.
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Figure 13. Symbiodinium photochemical parameters in branches of the Caribbean
gorgonian corals Eunicea tourneforti, E. flexuosa and Pseudoplexaura porosa exposed to
ambient and elevated temperatures.
The maximum (A-C) and effective (D-F) photochemical yields, and the maximum pressure over
photosystem II (G-I) of Symbiodinium in branches exposed to ambient, 29.5°C (solid line, gray
circles) and elevated, 32°C (dashed line, open circles) temperatures for five days. Data are mean
± SE, (*) indicate significant temperature effects detected in the planned contrast analyses of the
three-way interaction for Fv/Fm.
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Table 12. Symbiodinium and holobiont parameters in branches of the Caribbean gorgonian corals Eunicea tourneforti, E.
flexuosa and Pseudoplexaura porosa after exposure to ambient (29.5°C) or elevated (32°C) temperatures for five days.

E. tourneforti (10)
Ambient
1.73 ± 0.23 (%)
2.88 ± 0.24 (#)
0.78 ± 0.06 (#)
4.77 ± 0.53
1.30 ± 0.15
3.69 ± 0.08
0.44 ± 0.04 (^)
0.02 ± 0.004
782.91 ± 33.46 (%)
0.23 ± 0.03 (!)
NA
84.12 ± 1.18 (^)
12.13 ± 1.25
0.65 ± 0.06 (^)
2.44 ± 0.21
0.95 ± 0.10 (^)
73.94 ± 2.25
4.14 ± 0.26 (^)
15.64 ± 1.44
6.15 ± 0.65 (^)
8.26 ± 0.72
Elevated
1.70 ± 0.28
3.31 ± 0.98
0.82 ± 0.21
3.49 ± 0.37
0.93 ± 0.11
3.86 ± 0.13
0.38 ± 0.04
0.03 ± 0.002
787.84 ± 43.97
0.52 ± 0.10
NA
85.62 ± 1.40
11.47 ± 1.57
0.48 ± 0.04
2.15 ± 0.21
0.93 ± 0.05
74.81 ± 2.32
3.55 ± 0.33
15.33 ± 1.77
7.04 ± 0.65
8.00 ± 0.80

E. flexuosa (11)
Ambient
1.35 ± 0.25 (^)
4.85 ± 1.29
1.55 ± 0.44
3.84 ± 0.46
1.15 ± 0.11
3.29 ± 0.13
0.56 ± 0.03 (^)
0.04 ± 0.003
485.19 ± 26.27 (^)
0.56 ± 0.15 ($)
196.47 ± 33.86 (^)
80.88 ± 1.22 (^)
13.10 ± 1.14
1.84 ± 0.16 (^)
2.96 ± 0.25
1.60 ± 0.12 (^)
66.33 ± 2.43
9.95 ± 0.89 (^)
15.57 ± 1.23
8.65 ± 0.73 (^)
9.94 ± 0.74

Elevated
1.34 ± 0.30
2.69 ± 0.59
0.82 ± 0.17
2.53 ± 0.37
0.78 ± 0.11
3.24 ± 0.06
0.43 ± 0.04
0.04 ± 0.003
423.57 ± 15.55
0.36 ± 0.06 ($)
173.61 ± 19.77
81.71 ± 1.25
12.62 ± 1.38
1.53 ± 0.14
2.71 ± 0.26
1.48 ± 0.07
67.26 ± 3.10
8.75 ± 0.89
15.53 ± 1.82
8.38 ± 0.58
9.70 ± 0.99

P. porosa (10)
Ambient
4.22 ± 0.68
4.77 ± 1.71
1.25 ± 0.44
12.92 ± 0.60
3.43 ± 0.15
3.78 ± 0.06
0.74 ± 0.04
0.01 ± 0.001
NA
NA
NA
50.97 ± 1.81
21.09 ± 0.71
9.97 ± 0.56
14.81 ± 0.98
3.16 ± 0.21
43.27 ± 1.31
20.28 ± 0.78
29.94 ± 1.07
6.51 ± 0.42
17.81 ± 0.45

Elevated
6.48 ± 1.01
1.20 ± 0.11
0.35 ± 0.03
6.87 ± 0.47
2.03 ± 0.14
3.39 ± 0.09
0.56 ± 0.03
0.02 ± 0.001
NA
NA
NA
56.18 ± 2.31
19.44 ± 1.24
8.37 ± 0.59
12.89 ± 0.92
3.12 ± 0.31
44.47 ± 1.59
19.15 ± 0.60
29.30 ± 1.40
7.31 ± 0.78
17.38 ± 0.58

Values are mean ± SE. (n) = number of different colonies with branches both at ambient and elevated temperatures and n=8 (!), n=9
(#), n=10 ($), n=11 (%), n=12(^) designating other sample sizes. a*Chl a = Chlorophyll (Chl) a specific absorption coefficient, SOD =
Superoxide dismutase (ΔAbs450 mg protein-1), CAT = Catalase (mM H2O2 scavenged min-1 mg protein-1), POX = Peroxidase (ΔAbs470
mg protein-1), DW = Dry weight, OM = Weight of organic matter, NA = Not available and pertains to assays that could not be
conducted.
Parameter
Symbiodinium density (106 cells cm-2)
Chlorophyll a content (pg cell-1)
Chlorophyll c2 content (pg cell-1)
Chlorophyll a content (µg cm-2)
Chlorophyll c2 content (µg cm-2)
Chlorophyll a:c2 ratio
De, estimated absorbance of Chl a
a*Chl a (m2 mg-1 Chl a)
SOD activity
POX activity
CAT activity
Sclerite content (%g DW)
Refractory content (%g DW)
Protein content (%g DW)
Lipid content (%g DW)
Carbohydrate content (%g DW)
Refractory content (%g OM)
Protein content (%g OM)
Lipid content (%g OM)
Carbohydrate content (%g OM)
Energy content (kJ g-1 OM)
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Table 13. Summary of the results of a linear mixed effects model analyses testing the effect of elevated temperature on
Symbiodinium parameters in the Caribbean gorgonian corals Eunicea tourneforti (ET), E. flexuosa (EF) and Pseudoplexaura
porosa (PP).

Species
(P<0.05)
(ET-EF)<PP
(ET-EF)<PP
(ET-EF)<PP
(ET-PP)>EF
ET<EF<PP
EF>ET>PP

Temp
(P<0.05)
A vs E
>
>
>
>
>
<
-

ET
A vs E

-

EF
A vs E

>

-

<

-

<

<
<
-

-

<
<
<
-

<

>
>
>
-

>
>
-

>
>
-

Species * Temp (P<0.05)
PP
Magnitude of the effect
A vs E
ET vs EF
ET vs PP
EF vs PP

Comparisons where P < 0.05 are further delineated with ‘<’ or ‘>’ to denote the trend in the differences, and those where P > 0.05 are
indicated with ‘-’. In case of a significant interaction, planned contrast analyses were run to test the effect of temperature (A =
Ambient, 29.5°C, E = Elevated, 32°C) on each species, and the magnitude of the effect on each possible species pair combinations. P
values were adjusted using the Holm’s method (Holm 1979). Chl = Chlorophyll, Temp = Temperature, a*Chl a = Chl a specific
absorption coefficient.
Parameter
Symbiodinium density (106 cells cm-2)
Chlorophyll a content (pg cell-1)
Chlorophyll c2 content (pg cell-1)
Chlorophyll a content (µg cm-2)
Chlorophyll c2 content (µg cm-2)
Chlorophyll a:c2 ratio
De, estimated absorbance of Chl a
a*Chl a (m2 mg-1 Chl a)
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Table 14. Results of the mixed effects model analyses testing the effect of elevated
temperature (32°C) on Symbiodinium (Sym) and holobiont parameters in the Caribbean
gorgonian corals Eunicea tourneforti, E. flexuosa and Pseudoplexaura porosa.
For most parameters, gorgonian species and temperature were the two fixed effects in the model.
In the antioxidant activity analysis, the fixed effect species had only two levels because SOD and
POX activities were only measured in the Eunicea species. Models used to analyze the
photochemical parameters had an additional fixed effect: time (days 1-5). In all models, parent
colony nested within its respective species was the random effect. MS = mean square error, Fµ,ν =
F-ratio and degrees of freedom, P = probability of the null, <0.05 in bold. To satisfy the
assumptions of normality and homoscedasticity, some data were (#) square root, ($) log, (†)
reciprocal, or (œ) square transformed. Chl = Chlorophyll, De = Estimated absorbance of Chl a,
a*Chl a = Chl a specific absorption coefficient, SOD = Superoxide dismutase (ΔAbs450 mg
protein-1), POX = Peroxidase (ΔAbs470 mg protein-1), Carb = Carbohydrate, DW = Dry weight,
OM = Weight of organic matter.
Parameter
Sym density# (106 cells cm-2)
Chl a content$ (pg cell-1)
Ch c2 content$ (pg cell-1)
Chl a content (µg cm-2)
Chl c2 content (µg a cm-2)
Chl a:c2 ratio
De
a*Chl a† (m2 mg-1 Chl a)
Maximum yield (Fv/Fm)

Effective yield (ΔF/Fm`)

Factor
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Time
Species*Temperature
Species*Time
Temperature*Time
Species*Temperature*Time
Species
Temperature
Time
Species*Temperature
Species*Time
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MS
6.35
0.37
0.49
0.29
2.58
0.80
0.17
0.85
0.22
119.76
128.38
38.35
10.64
7.84
1.80
0.80
0.12
0.38
0.41
0.26
0.04
6103.5
2378.1
579.1
0.0002
0.03
0.02
0.002
0.001
0.009
0.002
0.0007
0.002
0.19
0.004
0.002

F
F2,20 = 35.43
F1,30 = 2.07
F2,30 = 2.73
F2,31.4 = 1.10
F1,31.4 = 11.76
F2,31.4 = 3.43
F2,31.4 = 1.91
F1,31.4 = 9.51
F2,31.4 = 2.38
F2,28 = 85.60
F1,28 = 91.75
F2,28 = 27.41
F2,28 = 86.37
F1,28 = 63.61
F2,28 = 14.57
F2,28 = 11.41
F1,28 = 1.78
F2,28 = 5.43
F2,31 = 17.92
F1,31 = 22.71
F2,31 = 1.64
F2,28 = 45.68
F1,28 = 17.80
F2,28 = 4.33
F2,19 = 1.46
F1,19 = 185.08
F4,76 = 110.79
F2,19 = 11.42
F8,76 = 8.86
F4,76 = 56.78
F8,76 = 14.72
F2,19 = 1.46
F1,19 = 185.08
F4,75.7 = 110.79
F2,19 = 11.42
F8,75.6 = 8.86

P
<0.001
0.1161
0.081
0.227
<0.001
0.025
0.165
0.004
0.109
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.192
0.010
<0.001
<0.001
0.210
<0.001
<0.001
0.023
0.257
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.404
0.132
<0.001
0.021
0.034

!

Maximum pressure (Qm)

SOD activity#
POX activity#
Sclerite contentœ (%g DW)
Refractory content (%g DW)
Protein content$ (%g DW)
Lipid content# (%g DW)
Carb content# (%g DW)
Refractory content (%g OM)
Protein content# (%g OM)
Lipid content (%g OM)
Carb content (%g OM)
Energy content (kJ g-1 OM)

Temperature*Time
Species*Temperature*Time
Species
Temperature
Time
Species*Temperature
Species*Time
Temperature*Time
Species*Temperature*Time
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
Species
Temperature
Species*Temperature
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0.02
0.0008
0.01
0.04
0.54
0.009
0.003
0.104
0.0009
279.38
5.30
5.86
0.01
0.02
0.26
17410897
1778126
276442
79.28
13.86
2.30
4.06
0.28
0.006
5.20
0.33
0.05
2.39
0.008
0.003
932.52
11.12
0.02
7.46
0.51
0.006
305.25
1.67
0.48
10.13
3.73
2.45
99.12
1.51
0.06

F4,75.6 = 56.78
F8,75.6 = 14.72
F2,19 = 5.11
F1,19 = 14.01
F4,75.8 = 188.22
F2,19 = 3.12
F8,75.8 = 1.03
F4,75.6= 36.42
F8,75.6 = 0.31
F1,21 = 93.85
F1,21 = 1.78
F1,21 = 1.97
F1,16 = 0.49
F1,16 = 0.93
F1,16 = 9.80
F2,31 = 127.05
F1,31 = 12.98
F2,31 = 2.02
F2,27 = 15.28
F1,27 = 2.67
F2,27 = 0.44
F2,31 = 433.07
F1,31 = 30.32
F2,31 = 0.59
F2,28 = 189.84
F1,28 = 12.04
F2,28 = 1.92
F2,31 = 98.25
F1,31 = 0.33
F2,31 = 0.12
F2,27 = 54.35
F1,27 = 0.648
F2,27 = 0.001
F2,31 = 150.05
F1,31 = 10.35
F2,31 = 0.11
F2,28 = 36.19
F1,28 = 0.20
F2,28 = 0.10
F2,31 = 3.69
F1,31 = 1.36
F2,31 = 0.89
F2,28 = 53.37
F1,28 = 0.81
F2,28 = 0.03

<0.001
0.523
0.017
0.001
<0.001
0.067
0.424
<0.001
0.960
<0.001
0.196
0.175
0.493
0.349
0.006
<0.001
0.001
0.150
<0.001
0.114
0.647
<0.001
<0.001
0.560
<0.001
0.002
0.166
<0.001
0.571
0.885
<0.001
0.428
0.999
<0.001
<0.001
0.895
<0.001
0.660
0.945
0.036
0.253
0.419
<0.001
0.375
0.967
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In contrast to Fv/Fm, ΔF/Fm` in the Eunicea species did not differ between the two temperatures,
while in P. porosa a 10% reduction in ΔF/Fm` at the elevated temperature was significant
compared to the control (Fig. 13D-F, Table 14). This significant difference was probably driven
by the first days at the elevated temperature. Examining ΔF/Fm` of the three gorgonian species
throughout the experiment showed that on days 1, 3, and 4 there were no differences in ΔF/Fm`
between branches at ambient and elevated temperatures, on day 2 there was a reduction in
ΔF/Fm` at elevated temperature, but on day 5 ΔF/Fm` was actually significantly higher at the
elevated compared to the ambient temperature (Fig. 13D-F, Table 14). Mirroring the changes in
photochemical efficiency, Qm after two and three days at elevated temperature was significantly
higher than the Qm in branches held at ambient temperature (Fig. 13G-I, Table 14). But after four
and five days, Qm in branches exposed to the elevated temperature was actually significantly
lower than Qm in branches maintained at ambient temperature (Fig. 13G-I).
Gorgonian branches exposed to elevated temperature exhibited significantly lower
estimated absorbance, De, and greater a*Chl a compared to branches maintained at ambient
temperature (Tables 12-14). The pattern in a*Chl a was driven by the significant differences in P.
porosa a*Chl a since the a*Chl a in branches of the Eunicea species did not significantly differ
between branches at ambient or elevated temperatures (Table 13).
Symbiodinium genotypes
Based on the ITS2 region of the ribosomal DNA, five different Symbiodinium types
within clade B resided in the three gorgonian species (Fig. 11). All 12 E. tourneforti colonies
hosted a Symbiodinium type named B41 (Fig. 11, Genbank accession no. KX344963). E.
flexuosa also hosted new Symbiodinium types, with four colonies containing Symbiodinium type
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B41a (Fig. 11, Genbank accession no. KX344964), and the remaining eight colonies associating
with Symbiodinium type B41b (Fig. 11, Genbank accession no. KX344965). Among P. porosa
colonies, nine colonies harbored Symbiodinium type B1i (Fig. 11, Finney et al. 2010: Genbank
accession no. GU907636), one colony hosted the new Symbiodinium, type B42 (Fig. 11,
Genbank accession no. KX344981), while the remaining two colonies simultaneously associated
with types B1i and B42 (Fig. 11). Hosting different types within a gorgonian species did not
affect the parameters measured and therefore all branch pairs (ambient and elevated) were used
in the analyses. Regardless of the Symbiodinium type hosted, in all three gorgonian species, the
elevated temperature did not cause a change in Symbiodinium type.
In addition to the three gorgonian species hosting different Symbiodinium types, these
Symbiodinium belonged to three different lineages. Symbiodinium type B41 in E. tourneforti
belonged to one Symbiodinium lineage (Genbank accession no. KX344969). Although E.
flexuosa hosted both Symbiodinium types B41a and B41b, the Sym15 flanker sequences, and
hence the lineage, were identical for both types (Genbank accession no. KX344973). Similarly,
even though P. porosa hosted Symbiodinium type B1i, B42, or a mixture of both, the Sym15
flanker sequences of both types were identical (Genbank accession no. KX344977). As with the
ITS2 types, elevated temperature did not alter the microsatellite Sym15 flanker regions in the
respective colonies and species.
Biochemical composition of tissues
Per dry weight (%g DW), sclerite content was significantly higher, while protein and
lipid contents were significantly lower, in gorgonian branches exposed to 32°C than in those
maintained at ambient temperature (Fig. 14A-C, Tables 12, 14).
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Figure 14. Biochemical parameters in branches of the Caribbean gorgonian corals Eunicea
tourneforti, E. flexuosa and Pseudoplexaura porosa exposed to ambient and elevated
temperatures.
Sclerite (A), protein (B) and lipid (C) contents per dry weight (%g DW) after five days at
ambient, 29.5°C (gray) and elevated, 32°C (white) temperatures. Data are mean ± SE. Mixed
model analyses that yielded significant species (species) and/or temperature (temp) effects are
noted in the panels.
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Protein content per organic matter (%g OM) was also significantly lower in gorgonian branches
exposed to elevated temperature than in those held at the ambient temperature (Tables 12, 14).
On the other hand, the carbohydrate content per dry weight and per organic matter, the lipid
content per organic matter, and the total energy content of the tissues did not significantly differ
between branches held at ambient and elevated temperatures (Tables 12, 14).
Enzyme activity
Compared to ambient levels, exposure to 32°C for five days did not cause a significant
change in the SOD activity in branches of both Eunicea species (Tables 12, 14), and CAT and
POX activity in E. flexuosa branches (Tables 12, 14, CAT: Paired t test, t11 = 0.74, P = 0.475). In
contrast, five days at 32°C significantly increased POX activity in branches of E. tourneforti
compared to the branches held at the ambient temperature (Tables 12, 14).
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DISCUSSION
Thermal fluctuations that expose coral reefs to anomalously high or low seawater
temperatures for several hours or days are projected to occur more frequently in the future
(Hoegh-Guldberg 1999; Li & Reidenbach 2014; Magris et al. 2015). In scleractinian corals
subjected to experimental conditions simulating such events, a 50-80% reduction in
Symbiodinium density often occurs (Fitt & Warner 1995; Warner et al. 1996; Dove 2004;
Rodrigues & Grottoli 2007; Fitt et al. 2009; Kemp et al. 2011; Downs et al. 2013; Lutz et al.
2015). Subsequently, scleractinian corals may recover from the bleaching event, or the loss of
Symbiodinium, compounded with the other stress responses, may lead to the demise of the host
(Dove 2004; Rodrigues & Grottoli 2007; Fitt et al. 2009; Downs et al. 2013; Lutz et al. 2015).
Although we mimicked a short term thermal event by exposing branches of three gorgonian
species, Eunicea tourneforti, E. flexuosa, and Pseudoplexaura porosa, to an elevated 32°C
seawater temperature, the Symbiodinium densities in these gorgonians did not significantly differ
from Symbiodinium densities at the ambient temperature of 29.5°C. Furthermore, in P. porosa,
Symbiodinium densities at the elevated temperature were actually higher, not lower, compared to
those at the ambient temperature, although not significantly so (Fig. 12). The ability to continue
hosting the same Symbiodinium density at elevated temperatures may be one reason why
Caribbean gorgonians are maintaining or increasing their abundance on Caribbean coral reefs
while scleractinian coral cover is declining (Gardner et al. 2003; Alvarez-Filip et al. 2011;
Colvard & Edmunds 2011; Ruzicka et al. 2013; Villamizar et al. 2014; Lenz et al. 2015).
Although the elevated temperature did not significantly alter the Symbiodinium density in
the three gorgonian species, the Symbiodinium in branches of the gorgonian corals did react to
the change in environmental conditions by modifying other Symbiodinium parameters. For
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example, at 32°C there was less Chl a and Chl c2 per Symbiodinium cell which, in turn, affected
the amount of chlorophyll per surface area (Fig. 12). Absorbance was less and, concomitantly, a*
was more at the elevated temperature. Chlorophyll content can be altered over short timescales in
response to changes in the environment (reviewed in Roth 2014), and is a quicker response than
Symbiodinium re-population, following symbiont loss, which can take from six weeks (Grottoli
et al. 2014) to over two years (Fitt et al. 1993).
The adjustments in pigments and subsequent light capture could in turn affect
photochemical efficiency. In scleractinian corals, thermal stress can hamper symbiont
photochemistry and photosynthesis (Fitt & Warner 1995; Warner et al. 1996; DeSalvo et al.
2010), resulting in reductions in both Fv/Fm and ΔF/Fm` (Fitt et al. 2009; Roth et al. 2012;
Hawkins et al. 2015), leading to Qm values of 0.8 or above (Fisher et al. 2012; Roth et al. 2012;
Pontasch et al. 2014). In the three gorgonian species, Fv/Fm at the elevated temperature was
reduced (Fig. 13), but Fv/Fm can also be lower due to activation of photoprotective processes
(Warner et al. 2010). In the Eunicea species, ΔF/Fm` did not mirror the reduction in Fv/Fm and
was not affected by the elevated temperatures (Fig. 13). In P. porosa a 10% significant reduction
in ΔF/Fm` occurred, but this reduction was much smaller than the >50% reduction in ΔF/Fm`
recorded in thermally stressed scleractinian corals (Fitt et al. 2009; Roth et al. 2012; Hawkins et
al. 2015). Furthermore, looking at daily changes in ΔF/Fm` in all three gorgonian species
demonstrated that by day 5, ΔF/Fm` was actually higher at the elevated than at the ambient
temperature. Lastly, in all three gorgonian species, the Qm in branches exposed to 32°C was
either similar to or lower than the Qm in branches held at the 29.5°C ambient temperature, with
Qm values being lower than 0.5 (Fig. 13). Given the numerous parameters related to
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photosynthesis, in addition to the maintenance of symbiont densities, the Symbiodinium appeared
to not be photosynthetically compromised.
Concomitantly, the elevated temperature did not lead to a change in the Symbiodinium
genotypes in any of the three gorgonian symbioses. Lack of symbiont turnover either over time
(Goulet & Coffroth 2003; Baker et al. 2013) or following environmental perturbation or disease
in gorgonian corals (Kirk et al. 2005, Ramsby et al. unpubl., McCauley et al. unpubl.; Shirur et
al. 2016), other octocorals (Goulet et al. 2008a) and in numerous studies on scleractinian coral
species (Thornhill et al. 2005; Thornhill et al. 2006; Stat et al. 2009; Thornhill et al. 2009;
LaJeunesse et al. 2010) and sea anemones (Goulet et al. 2005) has been demonstrated
repeatedly. Although the gorgonians did not change their symbiont complement, the three
gorgonian species did host different Symbiodinium types, and analysis of the microsatellite
Sym15 flanker region indicated that these Symbiodinium belonged to three distinct lineages of
the “B1” radiation (LaJeunesse 2005; Finney et al. 2010). Symbiodinium type B41 in E.
tourneforti in our study (previously referred to as B1l in Shirur et al. 2014) fell within the same
Symbiodinium lineage as the Symbiodinium hosted by E. flexuosa at >20m depth (Prada et al.
2014) and Symbiodinium endomacracis that associate with the scleractinian coral Madracis sp.
(Parkinson et al. 2015), in the Caribbean. Symbiodinium types B41a and B41b (previously
referred to as B1b in Shirur et al. 2014) which we found in E. flexuosa, belong to a separate
lineage that includes the Symbiodinium inhabiting E. flexuosa found at <5m depth (Prada et al.
2014). Symbiodinium types B1i and B42 found in P. porosa belong to a novel lineage. Given the
lack of a change in Symbiodinium, any response and potential acclimation to the stressor was
accomplished by modifying parameters within the existing host/symbiont genotypic
combination. The gorgonian species hosting different Symbiodinium, with these symbionts
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exhibiting different physiologies (Ramsby et al. 2014), may have contributed to the differences
between the response of the gorgonian species to the elevated temperature.
In addition to elevated temperature potentially affecting Symbiodinium, the entire
symbiosis, including the host may be detrimentally affected (Baird et al. 2008). Activation of
cellular mechanisms to deal with stressors could increase the amount of energy required to
maintain homeostasis (Gates & Edmunds 1999; Downs et al. 2002), and thereby alter
metabolism, and consequently the biochemical composition of tissues. In our study, compared to
branches maintained at the ambient temperature, gorgonian branches exposed to elevated
temperature exhibited higher sclerite content and lower protein and lipid contents per dry weight
(Fig. 14), and also lower protein content when protein was assessed per organic matter. Thus, as
seen in scleractinian corals (Grottoli et al. 2006; Rodrigues & Grottoli 2007), exposure to
elevated temperature led to a reduction in the amount of tissue biomass present within gorgonian
branches. Compared to scleractinian corals, however, this reduction was relatively small. For
example, in bleached scleractinian corals, total biomass, mean protein, lipid and carbohydrate
contents can be 40-70% lower (Porter et al. 1989; Fitt et al. 1993), and mean energy content can
be 22-37% lower (Grottoli et al. 2006) compared to tissues of unbleached corals. In our study, in
the branches of the Eunicea species and P. porosa, protein per organic matter at the elevated
temperature was only 6.5-14.3% lower compared to branches at ambient temperature.
Furthermore, lipid, carbohydrate, and total energy content in tissues did not significantly differ
between the gorgonian branches at ambient and elevated temperatures. Thus, despite some
changes in biomass and protein content, exposure to elevated temperature did not affect the
amount of energy available to these gorgonian species.
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An integral part of maintaining the symbiosis under thermal stress involves managing the
levels of ROS produced in the chloroplasts of Symbiodinium and the mitochondria of the host
(Weis 2008; Lesser 2011; Dunn et al. 2012). Oxidative outbursts after exposure to elevated
temperature have been recorded in Caribbean gorgonian corals, and their magnitude can vary
between species (Mydlarz & Jacobs 2006). Both Symbiodinium and their host cnidarian possess
antioxidant enzymes that neutralize ROS (Weis 2008; Fitt et al. 2009; Lesser 2011; McGinty et
al. 2012). In this study, SOD activity did not significantly vary between branches of the Eunicea
species at ambient and elevated temperatures. Therefore, despite the nearly two-fold difference
in SOD activity between the Eunicea species, basal levels of SOD in both species were sufficient
to convert any excess O2- to H2O2 (Downs et al. ; Lesser 2011). H2O2 itself is damaging because
it can readily diffuse across membranes from one partner to the other, affect distant cell
organelles, and trigger apoptosis (Weis 2008; Lesser 2011). The enzymes POX and CAT
neutralize H2O2. POX activity in E. tourneforti was two times higher in branches exposed to
elevated temperature than in those maintained at ambient temperature while in E. flexuosa
branches, POX and CAT activity did not differ between the two temperatures. Therefore, the
Eunicea species maintained or increased the activities of antioxidant enzymes when exposed to
elevated temperature indicating that they managed oxidative stress.
Looking at Symbiodinium, holobiont and enzymatic parameters, the three gorgonianSymbiodinium symbioses examined dealt with the potential stress of elevated temperature,
although the way in which they did so differed. In P. porosa many Symbiodinium parameters
were modified in response to the elevated temperature. Not only did the largest reduction in
Fv/Fm occur in P. porosa but Fv/Fm also progressively declined with the duration of exposure to
elevated temperature. A reduction in chlorophyll content of symbiont cells also only occurred in
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P. porosa. Among the three species P. porosa has the highest symbiont density and pigment
content in tissues, and the lowest a*Chl a (this study, Ramsby et al. 2014; Shirur et al. 2014).
These parameters along with attributes of the photosynthesis-irradiance curves, led Ramsby et al.
(2014) to hypothesize that the symbionts in P. porosa were comparatively less efficient at
absorbing and utilizing light than those in E. tourneforti. Since high light levels can exacerbate
thermal stress, the inefficient utilization of light may alleviate the negative effects of elevated
temperature, and promote photoacclimation through adjusting photochemistry over losing
symbiont cells from tissues. Furthermore, net photosynthesis in P. porosa is two to three times
higher than in E. tourneforti (Ramsby et al. 2014), and P. porosa possess significantly greater
amounts of tissue reserves than the Eunicea species (this study, Shirur et al. 2014). Thus, the low
efficiency of photosynthesis per symbiont cell coupled with high net photosynthesis and tissue
resources may enable P. porosa to tolerate disruptions in symbiont photosynthesis that may
occur when exposed to elevated temperature.
In the Eunicea species, the modifications that occurred in the symbioses were
predominantly at the holobiont rather than the symbiont level. Exposure to elevated temperature
led to greater reductions in mean protein content per organic matter in tissues of E. tourneforti
(14.30%) and E. flexuosa (12.11%) than in those of P. porosa (6.51%) and to a doubling of POX
activity in E. tourneforti. Even under ambient conditions, the Eunicea species had lower
Symbiodinium density, pigment content, and energy reserves than P. porosa (this study, Shirur et
al. 2014). Due to the lower tissue resources at their disposal, the Eunicea species may attenuate
changes in symbiont parameters by maintaining or increasing antioxidant activity to survive
unfavorable conditions.
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In the literature, bleaching of Caribbean gorgonian corals is seldom reported (Lasker et
al. 1984; Lasker 2003; Hannes et al. 2009; Prada et al. 2010) and the three gorgonian species in
our study did not exhibit a decline in Symbiodinium density although a reduction in the amount
of chlorophyll per gorgonian surface area did occur, with P. porosa having a larger drop than
within the Eunicea species. The varied responses of the gorgonian corals in our study match the
inter-species differences in a visual assessment of bleaching on the reef (Prada et al. 2010). In a
2005 bleaching event in Puerto Rico, 22% of Pseudoplexaura spp. colonies bleached (Prada et
al. 2010). In contrast, bleaching was observed in only a few E. flexuosa colonies and none of the
other Eunicea species bleached (Prada et al. 2010). Our study, however, suggests that even with
a reduction in chlorophyll at 32°C, Symbiodinium photosynthesis in P. porosa was not
compromised, and therefore the changes in pigment content were potentially part of an
acclimatory response. This may explain why, with the exception of Muricea sp., the gorgonian
species that were observed bleached in 2005 survived the thermal event (Prada et al. 2010).
Furthermore, in the 2005 bleaching event, bleaching in the Caribbean gorgonian species occurred
much after most scleractinian corals, hydrocorals and zoanthids had bleached (Prada et al. 2010).
Taken together, the response of the gorgonian symbioses to elevated temperature in this study,
and the few reports on bleaching in gorgonian corals (Lasker et al. 1984; Lasker 2003; Hannes et
al. 2009; Prada et al. 2010), suggest that in the Caribbean, gorgonian corals may be
comparatively more tolerant to thermal stress than many scleractinian coral species.
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CHAPTER V: CONCLUSION
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Gorgonian corals are the dominant benthic fauna on Caribbean reefs (Cary 1915; JordánDahlgren 1989; Ruzicka et al. 2013; Villamizar et al. 2014). While climate change and factors
like diseases, pollution etc. have led to a dramatic decline in scleractinian coral abundance on
Caribbean reefs (Gardner et al. 2003; Alvarez-Filip et al. 2011; Jackson et al. 2014), gorgonian
abundance has remained stable, or has increased (Colvard & Edmunds 2011; Ruzicka et al.
2013; Villamizar et al. 2014; Lenz et al. 2015). Yet few studies have investigated the physiology
of Caribbean gorgonian corals and their algal symbionts Symbiodinium spp., or characterized
their bacterial microbiome, under ambient (Cary 1918b; Burkholder & Burkholder 1960;
Kanwisher & Wainwright 1967; Lewis & Post 1982; Sunagawa et al. 2010; Duque-Alarcón et al.
2012; Correa et al. 2013; Ramsby et al. 2014; Baker et al. 2015; McCauley et al. 2016;
Robertson et al. 2016) or stressful conditions (Drohan et al. 2005; Kirk et al. 2005; Mydlarz &
Jacobs 2006; Mann et al. 2014; Ross 2014; Tracy et al. 2015). I therefore investigated eight
Caribbean gorgonian species: Eunicea flexuosa, E. tourneforti, Plexaurella dichotoma,
Pseudoplexaura porosa, P. flagellosa, P. wagenaari, Pterogorgia anceps and Antillogorgia
americana. The three studies presented here demonstrate that based on their biochemical
composition of tissues under ambient and stressful conditions, and the Symbiodinium genotypes
and bacteria they harbor, gorgonian species employ different strategies to cope with unfavorable
conditions like injury and elevated temperature.
Under ambient conditions, the eight gorgonian species varied in their biochemical
composition. Skeletal material made up the largest component of gorgonian branches, with
variations between species in total skeletal content (75-96%), and the proportion of sclerites (1983%) and refractory material (13-64%).

122

!
Due to the variation in skeletal content, tissues comprised only 4-25% of gorgonian branches, i.e.
some species contained almost 6x more tissue in their branches compared to others. The
Pseudoplexaura species contained the greatest amount of lipid, the Pseudoplexaura species and
Pterogorgia anceps contained the greatest amount of cellular protein, the Eunicea species and
Plexaurella dichotoma contained the greatest amount of carbohydrate, and the Eunicea species
and A. americana contained the greatest amount of refractory material, within organic matter.
Lipids contain 1.7x and 2.3x more energy than proteins and carbohydrates respectively (Gnaiger
& Bitterlich 1984), and the protein in refractory material, which is part of skeletal material, is
most likely not metabolized. Therefore, branches and tissues of the Pseudoplexaura species and
Pterogorgia anceps contained substantially more energy than those of the Eunicea species,
Plexaurella dichotoma and A. americana.
In addition to the biochemical differences, the eight gorgonian species associated with
different Symbiodinium ITS2 types within clade B. Furthermore, some gorgonian species
associated with more than one Symbiodinium type. For example, E. flexuosa colonies harbored
one of the two newly described Symbiodinium types B41a or B41b, and P. porosa colonies
hosted type B1i (Finney et al. 2010), the newly described type B42, or types B1i and B42
simultaneously. Analysis of the microsatellite Sym15 flanker region indicated that these two
gorgonian species hosted Symbiodinium from two distinct lineages of the “B1” radiation
(LaJeunesse 2005; Finney et al. 2010), and that in each species, the multiple ITS2 types
belonged to the same lineage. Thus markers in addition to the ITS2 are required to identify
independent lineages of clade B Symbiodinium (Santos et al. 2004; Finney et al. 2010;
LaJeunesse et al. 2014; Parkinson et al. 2015). Symbiodinium density within branches was
related to skeletal content, such that the Eunicea species and Plexaurella dichotoma that
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contained high skeletal content had almost 2x fewer symbionts than the Pseudoplexaura species
that contained low skeletal content within branches. The differences in gorgonian host and
symbiont genotypes, along with the variation in Symbiodinium density, suggest that there are
physiological differences between separate gorgonian host-Symbiodinium combinations
(holobionts).
In addition to Symbiodinium spp., the bacterial microbiomes of E. flexuosa and P. porosa
were characterized. In E. flexuosa, the majority of bacteria (72%) were identified as two
operational taxonomic units (OTUs 2 and 3) that could only be classified as Bacteria, while in P.
porosa, the majority of bacteria (77%) belonged to Tenericutes (OTU 1: Mycoplasma spp.).
Proteobacteria were the second most prevalent bacterial taxa in both E. flexuosa (19.1%) and P.
porosa (14.5%), and they were mainly comprised of gammaproteobacteria belonging to the
families Hahellaceae and Pseudomonadaceae, and alphaproteobacteria belonging to the orders
Rhodobacterales and Rhizobiales. Thus like Symbiodinium, the two gorgonian corals harbored
different bacterial communities.
After examining the biochemical composition of gorgonian tissues and the
microorganisms (Symbiodinium and bacteria) present in them under ambient conditions, multiple
gorgonian species were exposed to the two potential stressors tissue injury and elevated
temperature. Lesion recovery in E. flexuosa and P. porosa proceeded without affecting
Symbiodinium photosynthesis in adjacent tissues, and was accomplished without incidence of
infection or disease. In addition, E. flexuosa, E. tourneforti, and P. porosa, and their resident
Symbiodinium acclimated to elevated temperature. But the gorgonian species coped with the two
potential stressors in different ways.
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Post injury, E. flexuosa took twice as long to heal from injury than P. porosa, and the two
species exhibited different immune responses. Under ambient conditions, E. flexuosa contain 4x
less tissue in branches and 40% less energy in organic matter than P. porosa. Therefore recovery
in E. flexuosa may have taken longer because the lesion was surrounded by a lesser amount of
tissue and the amount of energy in these tissues was lower than in tissues of P. porosa. In terms
of the immune response, both the melanization cascade (Cerenius & Söderhäll 2004; Cerenius et
al. 2008; Mydlarz et al. 2008; Palmer et al. 2011b) and exochitinase (Douglas et al. 2007)
mechanisms were triggered in E. flexuosa, while they were not activated in P. porosa. Under
ambient conditions, P. porosa contain more potent antimicrobial compounds in their tissue than
E. flexuosa (Perkins & Ciereszko 1973; Rodríguez 1995; Jensen et al. 1996; Kim et al. 2000;
Hunt et al. 2012). Thus, physiological differences between E. flexuosa and P. porosa explain
their varied responses to tissue injury.
While the healing rates and immune responses differed between E. flexuosa and P.
porosa, the healing process did not affect their symbioses. In both species, changes in tissue
composition during lesion recovery resulted in lower Symbiodinium density at the lesion and in
surrounding tissues than in uninjured branches. But the same Symbiodinium genotype was found
in injured and uninjured branches, and their chlorophyll content and photochemistry did not
change. Thus the healing process did not affect Symbiodinium photosynthesis in both gorgonian
species. In addition, the prevalence of dominant bacterial taxa and the overall structure of the
bacterial community did not differ between injured and uninjured branches of both gorgonian
species. Although the prevalence of some individual bacterial taxa did vary, both E. flexuosa and
P. porosa recovered from injury without exhibiting symptoms of disease.
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As in the case of injury, the gorgonian species E. tourneforti, E. flexuosa and P. porosa
coped with elevated temperature. Scleractinian corals can lose large amounts of Symbiodinium
from tissues after a short-term exposure to elevated temperature (Fitt & Warner 1995; Warner et
al. 1996; Dove 2004; Rodrigues & Grottoli 2007; Fitt et al. 2009; Downs et al. 2013; Lutz et al.
2015). In contrast, elevated temperature did not affect Symbiodinium density and symbiont
genotypes in all three gorgonian species. But the three species responded differently to elevated
temperature. Physiological modifications in response to elevated temperature occurred primarily
at the holobiont level of the symbiosis in the Eunicea species, and at the symbiont level in P.
porosa. The Eunicea species exhibited a larger reduction in mean protein per organic matter than
P. porosa, and they maintained or increased antioxidant activity when exposed to elevated
temperature. In contrast, P. porosa exhibited larger reductions in the chlorophyll content of
Symbiodinium cells and the maximum photochemical yield of photosystem II than the Eunicea
species. Trends in the other photochemical parameters, however, suggested that the symbionts in
all three gorgonian species acclimated to the elevated thermal exposure.
Physiological differences between the three gorgonian species under ambient conditions
may yet again explain their varied responses to elevated temperature. Since the Eunicea species
contain lower amounts of tissue resources and fewer symbiont cells in tissues than P. porosa,
these species may limit changes in symbiont parameters by maintaining high levels of
antioxidants, or increasing their activity, to survive unfavorable conditions. On the other hand, P.
porosa may be able to endure potential disruptions in symbiont photosynthesis due to the high
net photosynthesis in its branches (Ramsby et al. 2014), and its abundant tissue resources.
Regardless of the nature of the response, all gorgonian species acclimated to and were not
detrimentally affected by the short-term exposure to elevated temperature.
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In conclusion, there were substantial inter-species differences in the biochemical
composition of gorgonian corals, and the Symbiodinium genotypes and bacteria they harbored,
under ambient conditions. In addition, gorgonian species that differed in their biochemical
composition and their symbiont associations employed different strategies to deal with
unfavorable conditions. Therefore to understand how Caribbean gorgonian communities may
respond to other stressors, future studies must simultaneously investigate multiple gorgonian
species. In this study, lesion recovery was successfully accomplished in E. flexuosa and P.
porosa, and E. flexuosa, E. tourneforti, P. porosa and their resident Symbiodinium acclimated to
elevated temperature. The ability to successfully cope with such stressors may partly explain
why gorgonian corals continue to flourish on Caribbean reefs.
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