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Coral reef ecosystems worldwide are facing increasing degradation due to 

disease, anthropogenic damage, and climate change, particularly in the Tropical Western 

Atlantic. Mesophotic coral ecosystems (MCEs) have been recently gaining attention 

through increased characterization as continuations of shallow reefs below traditional 

SCUBA depths (>30 m). As MCEs appear to be sheltered from many stressors affecting 

shallow reefs, MCEs may act as a coral refuge and provide larvae to nearby shallow 

reefs. The Deep Reef Refugia Hypothesis (DRRH) posits that shallow and mesophotic 

reefs may be genetically connected and that some coral species are equally compatible in 

both habitats. The research presented here addresses key questions that underlie this 

theory and advances our knowledge of coral connectivity and MCE ecology using the 

depth-generalist coral Montastraea cavernosa. Chapter 1 presents an overview of the 

DRRH, a description of MCEs in the Gulf of Mexico (GOM), and the framework of 

research questions within existing reef management infrastructure in the GOM. Through



 

 viii 

microsatellite genotyping, Chapter 2 identifies high connectivity among shallow and 

mesophotic reefs in the northwest GOM and evidence for relative isolation between depth 

zones in Belize and the southeast GOM. Historical migration and vertical connectivity 

models estimate Gulf-wide population panmixia. Chapter 3 focuses on population 

structure within the northwest GOM, identifying a lack of significant population 

structure. Dominant migration patterns estimate population panmixia, suggesting 

mesophotic populations currently considered for National Marine Sanctuary protection 

benefit the Flower Garden Banks. Chapter 4 quantifies the level of morphological 

variation between shallow and mesophotic M. cavernosa, revealing two distinct 

morphotypes possibly representing adaptive tradeoffs. Chapter 5 examines the 

transcriptomic mechanisms behind coral plasticity between depth zones, discovering a 

consistent response to mesophotic conditions across regions. Additionally, variable 

plasticity of mesophotic corals resulting from transplantation to shallow depths and 

potential differences in bleaching resilience between shallow and mesophotic corals are 

identified. The dissertation concludes with a synthesis of the results as they pertain to 

connectivity of shallow and mesophotic corals in the Gulf of Mexico and suggests future 

research that will aid in further understanding of MCE ecology and connectivity. 
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CHAPTER 1 

Ecology and connectivity of mesophotic coral ecosystems 

Background 

Mesophotic coral ecosystems  

Coral reefs worldwide (Glynn 1996; De’ath et al. 2012), and especially in the 

Tropical Western Atlantic (TWA) (Gardner et al. 2003; Mumby 2006), are in decline. 

Identifying and characterizing undiscovered reef habitat is critical for understanding coral 

ecosystem dynamics in biologically diverse habitats. Mesophotic coral ecosystems 

(MCEs) are unique ecosystems that are deeper than traditional SCUBA depths, but are 

still within the photic zone where photosynthesis can occur (Lesser et al. 2009; Puglise et 

al. 2009; Kahng et al. 2014; Baker et al. 2016). Many MCEs have been discovered, 

particularly over the past three decades, throughout tropical and subtropical regions as 

continuations of fore reef slopes or as submerged reef platforms (Reed 2002; Jarrett et al. 

2005; Puglise et al. 2009; Sherman et al. 2010; Smith et al. 2010; Harris et al. 2013). 

Some MCEs in the TWA have been well-characterized in terms of biological 

communities and environmental conditions (Bak et al. 2005; Jarrett et al. 2005; Hine et 

al. 2008; Smith et al. 2010; Locker et al. 2010; Rooney et al. 2010; Lesser and Slattery 

2011; Slattery and Lesser 2012; Voss et al. 2014; Pyle et al. 2016; Sammarco et al. 2016; 

Reed et al. 2017), although research to address the connectivity and ecology of 

mesophotic corals across broad spatial scales is relatively understudied (Slattery et al. 

2011; Brazeau et al. 2013; Bongaerts et al. 2015b, 2017). Our limited knowledge of
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MCEs is due in part to the challenges associated with sampling at depth (Menza et al. 

2008; Hinderstein et al. 2010; Kahng et al. 2014), leaving large, potentially important 

stretches of ocean floor unknown or poorly characterized.  

While a common definition of MCEs includes their characterization as low light-

adapted coral reef communities found at depths between ~30–150 m (Lesser et al. 2009; 

Puglise et al. 2009; Kahng et al. 2014, 2017; Baker et al. 2016), this definition is an 

oversimplification of the complex processes behind reef geomorphology and community 

ecology. Instead, MCE distribution and depth zonation are driven largely by 

environmental gradients and shifts in biological communities that vary across geographic 

scales (Slattery and Lesser 2012). The transition from shallow reef communities to MCEs 

typically occurs between 30–40 m, which is associated with the depth limit for 

recreational SCUBA. Light availability is hypothesized to be a primary environmental 

parameter that affects the overall distribution of MCEs both spatially and vertically 

(Kahng et al. 2010). The lower depth limits for most photosynthetic species on MCEs 

typically coincides with the photosynthetic compensation point where ~1% of the surface 

light irradiance is available (Falkowski et al. 1990; Kirk 1994; Lesser et al. 2009). Based 

on regional differences in light attenuation and water clarity in tropical and subtropical 

regions, it is predicted that maximum depths of MCEs vary on a site-specific basis. For 

example, many nearshore MCEs in the TWA have been identified down to 75–100 m, 

while more remote islands with exceptional water clarity such as the Hawaiian Islands 

and Bahamas can sustain MCEs as deep as 150 m and beyond (Kahng and Maragos 

2006; Lesser et al. 2009; Bongaerts et al. 2010a; Rooney et al. 2010; Baker et al. 2016).  
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In addition to the decrease in overall light irradiance, the spectral composition of 

downwelling light changes with increasing depth (Kirk 1994). Seawater absorbs certain 

wavelengths of light more rapidly as depth increases. Red wavelengths almost completely 

disappear below 10–20 m in depth and blue and ultraviolet (UV) wavelengths are 

substantially reduced by 70–80 m (Lesser et al. 2009; Baker et al. 2016). Diminishing 

light quantity and quality appear to be limiting factors determining MCE distribution 

more so than other abiotic factors including temperate and salinity that typically influence 

the distribution of shallow reefs (Lesser 2000; Kahng et al. 2010). Temperature 

differences between most shallow and mesophotic depths are relatively predictable (Bak 

et al. 2005), often with a decrease of approximately 5°C from the surface to 100 m 

(Lesser et al. 2009). For example, temperatures at the surface in the Bahamas were 

reported to range from 28–29°C, whereas mesophotic temperatures were 24–25°C at  

90 m (Lesser et al. 2010). However, Bak et al. (2005) observed temperature fluctuations 

on mesophotic reefs in Bonaire and Curacao between 24–28°C that were not found on 

nearby shallow reefs, suggesting oceanographic conditions that may be unique to MCEs 

(Baker et al. 2016). 

 Some MCEs may experience localized temperature variation with internal 

currents or waves, which are subsurface upwellings of colder water (Leichter et al. 1996; 

Reed 2002). Despite the resulting temperature variability, internal currents mix the water 

column and maintain a consistent salinity between shallow and mesophotic depths. 

Previous studies on MCEs in the TWA have reported similar salinities from the surface to 

100 m (Lesser et al. 2010) and to 45 m (Rivero-Calle et al. 2009). Internal currents can 

also deliver an upwelling of nutrients to mesophotic depths (Leichter et al. 2003, 2007; 
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Leichter and Genovese 2006). Whereas typical shallow reefs are characterized by 

relatively oligotrophic waters (Muscatine 1990), upwellings have been observed to 

maintain higher levels of inorganic nitrogen and phosphorous between 30–50 m than at 

the surface (Lesser et al. 2009), which can support increased plankton abundance and 

therefore additional energy intake for heterotrophic organisms (Bongaerts et al. 2010a; 

Lesser et al. 2010; Slattery et al. 2011; Lesser and Slattery 2013). Whether or not these 

conditions exist on all MCEs is unknown at this point but will certainly depend on 

geological and oceanographic characteristics within a particular region. The integration 

of oceanographic and biological data into biophysical models provides an opportunity to 

understand these trends for individuals MCEs as well as across reef systems (Garavelli et 

al. in review; Davies et al. 2017). 

 Following the gradients in environmental parameters across depth, there are shifts 

in biological community assemblages that typically denote the transition from shallow 

reefs to MCEs. As depth increases beyond 30–40 m in most regions with established reef 

habitats, this transition is marked by a decline in scleractinian diversity and abundance 

with depth and a subsequent rise in sponge diversity and abundance (Kahng et al. 2010; 

Rooney et al. 2010; Bridge et al. 2012; Slattery and Lesser 2012). The shift from 

primarily autotrophic to heterotrophic organisms is driven by increasing light limitation 

that negatively affects photosynthesis, countered by higher availability of nutrients, 

carbon sources, and planktonic organisms that support heterotrophic feeding (Lesser 

2006; Leichter et al. 2007; Lesser et al. 2010; Slattery et al. 2011; Pawlik et al. 2015a; 

Slattery and Lesser 2015). Particularly in the TWA, sponge diversity and biomass on 

MCEs are estimated to be ten-fold greater than on shallow reefs (Reed and Pomponi 
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1997; Slattery and Lesser 2012). Likewise, higher sponge growth rates have been 

observed at mesophotic depths (Trussell et al. 2006; Lesser and Slattery 2013). It has 

been suggested that a combination of bottom-up (food limitation; Lesser and Slattery 

2013; Slattery and Lesser 2015; Slattery et al. 2015) and top-down (predation; Pawlik et 

al. 2015a, 2018) effects control sponge abundance on MCEs, although there is no clear 

consensus as to which effect is dominant. The authors behind both theories suggest that 

current datasets are limited in the ability to test the relative roles of food limitation and 

predation on sponge distribution and recommend the use of manipulative experiments to 

test these hypotheses (Pawlik et al. 2015b, 2018; Slattery and Lesser 2015; Slattery et al. 

2016). Regardless, it appears that the high abundance of sponges is unique to MCEs in 

the TWA, since Pacific MCEs are typically characterized by heterotrophic gorgonian 

communities instead (Bridge et al. 2012). 

 Some MCE communities may also be structured around diverse or relatively 

monotypic stands of macroalgae. In some areas, macroalgal and coral species may 

coexist to form important fish habitats (Abbott and Huisman 2004; Huisman et al. 2007; 

Schmahl et al. 2008; Kahng et al. 2010, 2014; Spalding 2012; Sammarco et al. 2016; 

Reed et al. 2017), although elsewhere may lead to phase shifts from coral- to algal-

dominated reefs following removal of herbivorous fish (Lesser and Slattery 2011; 

Slattery and Lesser 2014). Much in the same fashion as with corals, decreased light 

availability at mesophotic depths can also affect the distribution and diversity of 

macroalgae. Depth zonation for individual species appear to be limited by spectral quality 

as well as overall intensity, with species containing light-reflective calcified structures to 

be found the deepest (Kahng et al. 2012, 2017). Across broad taxonomic groups, 
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mesophotic communities appear to be structured by environmental gradients more so 

than inter-species competition or predation (reviewed in Kahng et al. 2010), although 

several examples provided above demonstrate that top-down effects may have some 

influence as well. For example, the brown alga Lobophora variegata outcompeted coral 

and sponge species at mesophotic depths in the Bahamas, suggesting another possible 

top-down control of species distribution on MCEs (Lesser and Slattery 2011; Slattery and 

Lesser 2014). 

Examination of benthic community structure across MCEs worldwide has 

revealed variable patterns of species zonation and differentiation within the mesophotic 

zone. The ‘upper mesophotic’ zone between 30–60 m is typically described as a 

continuation of biological communities common to shallow reefs (Kahng et al. 2014; 

Semmler et al. 2016). Below 60 m, ‘lower mesophotic’ communities are often comprised 

of distinct assemblages of depth-specialist coral species, and may show significant 

genetic differentiation from shallower zones (Slattery et al. 2011; Bongaerts et al. 2013a, 

2015b; Pochon et al. 2015). This zonation pattern has also been observed for other taxa, 

including sponges (Liddell et al. 1997; Pomponi et al. 2001; Slattery and Lesser 2012), 

macroalgae (Ballantine et al. 2008; Leichter et al. 2008; Spalding 2012), and fish 

(Bejarano et al. 2014; Wagner et al. 2014; Pinheiro et al. 2015; Pyle et al. 2016). Given 

the similarities between the upper mesophotic and shallow reef communities, the 

potential for ecological interactions between depth zones has attracted significant interest. 

Early studies identified resistance to shallow reef stressors as potential ecological benefits 

of MCEs (Glynn 1996; Riegl and Piller 2003; Bak et al. 2005). Through additional 

exploration and characterization it has been suggested that MCEs may contribute larvae 
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to connected shallow reefs (Puglise et al. 2009; Slattery et al. 2011), as a collection of 

hypotheses termed the Deep Reef Refugia Hypothesis (DRRH; Bongaerts et al. 2010a). 

There are several abiotic and biotic assumptions of the DRRH. Perhaps most 

importantly, MCEs must be relatively protected from stressors to be considered long-term 

refugia habitats (Baker et al. 2016). While early studies have hypothesized that MCEs are 

not exposed to many of the stressors negatively affecting shallow reefs (Glynn 1996; Bak 

et al. 2005; Bongaerts et al. 2010a), new experiments to address this claim have identified 

several potential stressors that also affect habitats at mesophotic depths. Originally 

thought to be protected from thermal stress events due to lower temperatures at depth, 

some mesophotic corals have been shown to have lower bleaching thresholds than 

shallow conspecifics (Chapter 5; Smith et al. 2016). Additionally, cold water bleaching 

events may be facilitated by internal waves and upwelling described previously (Kobluk 

and Lysenko 1994; Bak et al. 2005; Menza et al. 2007). 

Hurricane-related damages are typically limited to shallow coastal areas and 

corals with fragile growth forms (Hughes and Connell 1999). However, indirect effects of 

hurricanes and strong wave action, such as sedimentation and rubble cascading down the 

reef slope, may instead pose a threat to mesophotic corals (Precht et al. 2008; Bongaerts 

et al. 2010a, 2013b; White et al. 2013; Roberts et al. 2015; Smith et al. 2016a). MCEs are 

often found where sedimentation from shallower regions is focused into narrow grooves 

running downslope (Sherman et al. 2010) and may even result in the transportation of 

dredge and human waste sediments to deeper offshore reefs (Armstrong and Singh 2012; 

Appeldoorn et al. 2016). Other anthropogenic stressors may affect MCE refugia potential, 

including fishing damage (Koenig et al. 2000, 2005, Reed et al. 2007, 2017), oil and gas 
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exploration (Chapter 3; Silva et al. 2015; Etnoyer et al. 2016), and invasive species 

(Nuttall et al. 2014; Reed et al. 2017; Slattery et al. 2018). As described previously, phase 

shifts to algal-dominated communities may be occurring on some MCEs following 

lionfish invasion or removal of herbivores (Lesser and Slattery 2011; Slattery and Lesser 

2014), which is a process that has been implicated to widespread coral decline throughout 

the TWA (Bruno et al. 2009). Given that MCEs may be affected by stressors as a system, 

evaluation of the refugia potential must be done on an individual species- and site-basis. 

In a few cases, characterization of MCEs have identified refugia populations of locally-

extinct coral species (Sinniger et al. 2013, 2017; Smith et al. 2015), although few studies 

to date have assessed the ability of MCEs to remain as refugia through time (Bak et al. 

2005). 

As a second assumption of the DRRH, coral communities across shallow and 

mesophotic reefs should exhibit similarities for there to be species overlap across spatial 

ranges. It is estimated that between 25–40% of coral species in the TWA are found at 

both mesophotic and shallow depths, making them depth-generalists (Bak et al. 2005; 

Lesser et al. 2009). It is important to note, however, that these estimates are based on 

limited data of known MCEs and may therefore vary across spatial scales. Typical 

shallow reefs in the TWA are dominated by the scleractinian genera Siderastrea, Porites, 

Stephanocoenia, Pseudodiploria, Colpophyllia, Agaricia, Acropora, Orbicella, 

Montastraea, and the hydrozoan Millepora (Wagner et al. 2010). Many of the above taxa 

are found over a wide depth range. Specifically, Orbicella faveolata and O. franksi, 

Montastraea cavernosa, Siderastrea siderea, and Stephanocoenia intercepta are common 

or dominant species on MCEs (Bak et al. 2005; Lesser et al. 2009). Depth-generalist 
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species have the highest likelihood of serving as refugia populations at depth given their 

existing presence across a wide range of habitat types.  

Third, corals must have successful spawning events, adequate dispersal ranges, 

and successful larval recruitment and survival to support population connectivity. The 

concept of connectivity across shallow reefs and MCEs is broad and complex, with 

implications for habitat availability, reef geomorphology, biophysical patterns, organism 

life histories, dispersal, migration, and genetic exchange. While recognizing the potential 

influence of these factors on MCE connectivity, the research presented in this dissertation 

is primarily focused on genetic exchange across populations. The remaining topics are 

reviewed at length in several comprehensive resources (Lesser et al. 2009; Bongaerts et 

al. 2010; Kahng et al. 2010, 2014, 2017; Locker et al. 2010; Slattery et al. 2011; Baker et 

al. 2016; Pyle et al. 2016; and references therein).  

Few studies have addressed larval compatibility across depth, although early 

studies have reported contrasting patterns. A notable case involving corals found shallow 

and mesophotic O. franksi to be cross-compatible, further identifying that mesophotic 

larvae tended to settle on shallow-conditioned substrates (Noren 2016). On the same 

reefs, however, spawning was only observed in upper mesophotic Xestospongia muta 

populations (Ritson-Williams et al. 2005), indicating that recruitment success across 

depths may vary considerably by taxa regardless of location. For example, the differences 

in recruitment potential may be related to gamete characteristics, where coral gametes are 

positively-buoyant (Arai et al. 1993), while X. muta eggs were not (Ritson-Williams et al. 

2005). As a final assumption of the DRRH, favorable oceanographic conditions must be 

present for larvae to reach shallower depths, or for migration of larvae across reefs 
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(Garavelli et al. in review; Leichter et al. 1996; Leichter and Genovese 2006; Holstein et 

al. 2015a; Davies et al. 2017). 

Gamete release strategies have implications for the degree of genetic connectivity 

across depth zones as well. Broadcast spawners synchronize the release of sperm and 

unfertilized eggs, allowing gametes to mix in the water column or near the surface. 

Spawning events can occur simultaneously across mesophotic and shallow depths, 

resulting in high gene flow and relatively homogeneous populations (Willis et al. 2006; 

Holstein et al. 2015a). Broadcast-spawning species M. cavernosa, O. franksi, and 

Pseudodiploria strigosa at the Flower Garden Banks (FGB) spawned within similar time 

frames from the coral cap at 17–45 m (Vize 2006). Similarly, spawning has been linked 

between mesophotic and shallow O. faveolata and Porites astreoides colonies between 

5–40 m on USVI reefs, even across inshore and offshore sites. Mesophotic O. faveolata 

larvae were shown to have higher fecundity rates than shallow conspecifics as well. 

Holstein suggests that depth-generalist species common to MCEs in the USVI are 

important in local coral connectivity and that these species found on MCEs elsewhere 

may be important for connectivity in the TWA (Holstein et al. 2015b, 2016). A recent 

study also identified that mesophotic P. astreoides had higher larval quality and 

settlement success compared to shallow conspecifics (Goodbody-Gringley et al. 2018). 

While the cause for these differences in larval characteristics across depths are not well 

known, there may be implications for higher recruitment potential of some species on 

MCEs compared to shallow reefs. 

Depending on oceanographic conditions, dispersal of broadcast-spawning species 

may be broad and larvae may potentially settle on new reef locations (Atchison et al. 
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2008; Nunes et al. 2011; Goodbody-Gringley et al. 2012; Davies et al. 2017). On the 

other hand, brooders and internal fertilizers retain their eggs and only release them once 

fertilized. Brooders have a lower dispersal area and typically have more closed 

populations as a result (Ayre and Hughes 2000; Goodbody-Gringley et al. 2010). Some 

of the common depth-generalist coral species in the TWA are brooders, including 

Agaricia spp., Helioseris cucullata, Madracis spp., and Porites spp. (Bongaerts et al. 

2010a), a characteristic that will likely reduce the dispersal range and thus refugia 

potential of some MCE species (Prasetia et al. 2017).  

Empirical support for the connectivity assumptions of the DRRH have been 

mixed, with recurring evidence that vertical connectivity varies across species and 

regions (Slattery et al. 2011; van Oppen et al. 2011; Holstein et al. 2015a; Bongaerts et al. 

2017). Previous studies of connectivity in coral populations throughout the TWA have 

demonstrated significant differentiation across depth in some regions (Lesser et al. 2010; 

Brazeau et al. 2013; Prada and Hellberg 2013; Serrano et al. 2014, 2016; Hammerman et 

al. 2018), with similar results from the Great Barrier Reef (Bongaerts et al. 2010b; van 

Oppen et al. 2011), Hawai’i (Pochon et al. 2015), and the Mediterranean (Costantini et al. 

2016). Despite sharing similar reproductive strategies as corals (Slattery et al. 2011), to 

date no studies have addressed sponge connectivity on MCEs; habitat-forming 

macroalgae are similarly underrepresented in assessments of connectivity. On the other 

hand, comparatively-mobile fish species have demonstrated migration across depth zones 

and therefore relatively high connectivity between shallow and upper mesophotic 

populations (Bejarano et al. 2014; Tenggardjaja et al. 2014; Vaz et al. 2016; Pérez-

Portela et al. 2018). Coral connectivity across horizontal distance may also be restricted, 
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with several studies identifying oceanographic patterns in regions of the TWA that may 

be conducive to population isolation (Baums et al. 2005; Vollmer and Palumbi 2007; 

Foster et al. 2012; Porto-Hannes et al. 2015; Rippe et al. 2017). 

Mesophotic coral ecosystems in the Gulf of Mexico 

Geological and oceanographic features make the GOM a unique system to 

examine coral reef connectivity compared to other regions of the TWA. It is suspected 

that many of the submerged platform habitats along the continental shelf margins in the 

GOM were formed during sea level rise following the last glacial period (Jarrett et al. 

2005; Culter et al. 2006; Hine et al. 2008; Locker et al. 2010; Baker et al. 2016). Reef 

geomorphology along the continental shelf margin is different from typical steep reef 

slopes found in the TWA including the Bahamas (Reed 1985; Ginsburg et al. 1991; 

Lesser and Slattery 2011), Mesoamerican Barrier Reef (James and Ginsburg 1979), 

Jamaica (Goreau and Goreau 1973; Goreau and Land 1974; Lang 1974), Puerto Rico 

(Sherman et al. 2010), and Cuba (Reed et al. in review). As a result of the generally 

flatter reef habitats along the continental shelf margins, it has been predicted that the area 

of potential mesophotic habitat in the GOM (178,867 km2) is greater than in the U.S. 

Caribbean (3,892 km2) or the Hawaiian Islands (3,299 km2) by two orders of magnitude 

(Locker et al. 2010; Reed 2016). Little of this predicted MCE habitat has been explored 

or characterized (see maps of predicted versus known MCE habitats in Locker et al. 

2010; Reed 2016). 

Coral reef habitats in the GOM are seemingly able to persist in part due to warm 

water delivered by three main currents: the Yucatan Current, Gulf of Mexico Loop 

Current, and Mexican Current (Ezer et al. 2005; Jarrett et al. 2005; Oey et al. 2005; 
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Precht et al. 2014). The main path of these currents tends to move in a clockwise fashion 

from the Yucatan Peninsula into the Straits of Florida (Lugo-Fernández 1998). 

Additionally, eddy spinoff from the Loop Current occurs relatively frequently in the NW 

GOM and can persist for a year or more (Oey et al. 2005; Schmahl et al. 2008). Water 

movement within the major GOM currents can be quite high (>3 knots; reviewed in Oey 

et al. 2005), potentially allowing rapid larval dispersal across the GOM (Garavelli et al. 

in review; Davies et al. 2017). Based on mesophotic habitat availability and potential for 

larval dispersal, the GOM is an ideal system to examine coral connectivity across broad 

scales. Furthermore, several MCE habitats have been relatively well explored and 

characterized throughout the GOM and allow a more comprehensive assessment of MCE 

ecology and connectivity with shallow reefs. 

Numerous banks, many of which have carbonate caps, were created by uplifting 

salt domes along the continental shelf margin in the northwest GOM (NW GOM) during 

the Jurassic period (~200–150 Mya). These banks rise from the seafloor (>100 m deep) to 

relatively shallow depths between 17–50 m (Hickerson et al. 2008; Precht et al. 2008). 

The surrounding mesophotic reef habitats have been studied for nearly 40 years and are 

comprised of distinct benthic zones dominated by scleractinians, sponges, macroalgae, 

crustose corallite algae, and azooxanthellate gorgonians and antipatharians (Rezak and 

Bright 1985; Aronson et al. 2005; Schmahl et al. 2008; Voss et al. 2014; Sammarco et al. 

2016). Despite the low species diversity and remoteness resulting from its high latitude 

position (Rezak et al. 1990), MCEs in the NW GOM have maintained healthy coral 

populations through high coral cover and consistent reproduction (Hickerson et al. 2012; 

Jackson et al. 2014). Several studies have suggested that Flower Garden Banks National 
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Marine Sanctuary (FGBNMS) in the NW GOM may be an important population source 

for downstream reefs (Chapters 2 and 3; Atchison et al. 2008; Goodbody-Gringley et al. 

2012; Serrano et al. 2014; Rippe et al. 2017).  

Reef habitats are also present along the drowned barrier reef structures of the 

West Florida Shelf in the southeast GOM (SE GOM) (Reed 2002; Jarrett et al. 2005). 

Pulley Ridge is a ~300 km platform running in a roughly north-south direction offshore 

of the Florida coast (Hine et al. 2008). The southern extent of Pulley Ridge contains 

MCE habitat, estimated to be about 160 km2 in size with a low relief ridge reef between 

60–70 m depth (Culter et al. 2006). While coral cover is relatively low (~1%) compared 

to MCEs in the NW GOM (Reed et al. 2017; Slattery et al. 2018), Pulley Ridge is 

considered to be the deepest photosynthetic coral reef in U.S. continental waters (Jarrett 

et al. 2005). Despite the recent discovery of previously-undocumented populations of 

coral recruits west of the main ridge, coral abundance has seen a nearly-catastrophic drop 

of over 90% in the last fifteen years, the cause for which is currently unknown (Reed et 

al. 2017; Slattery et al. 2018). The subsequent effects of this decline on population 

connectivity within and outside the GOM are also relatively unexplored (Chapter 2). 

Adjacent to the Dry Tortugas, MCEs have been identified down to 50 m including the 

Sherwood Forest (Franklin et al. 2003) and Riley’s Hump (Weaver et al. 2006) that 

support more abundant and diverse scleractinian coral communities than at Pulley Ridge. 

Little is known about the influence of mesophotic coral populations in the 

northeast GOM (NE GOM) on overall population dynamics in the region. Mesophotic 

habitats are relatively abundant within the Pinnacles Reef Trend (Gardner et al. 2000; 

Weaver et al. 2001), Florida Middle Grounds (Hine et al. 2008), and the Sticky Grounds 
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(Locker et al. 2016), although many of these features are beyond the depth limits for most 

photosynthetic corals or suspected to be unsuitable for coral growth due to Mississippi 

River outflow (Hine et al. 2008; Locker et al. 2010; Silva and MacDonald 2017). 

Comprehensive characterization of coral communities have not been conducted at many 

of these sites, but the potential for MCE populations exists (Gardner et al. 2005). 

Scleractinian corals have been observed at Florida Middle Grounds (Grimm and Hopkins 

1977; Hopkins et al. 1977), however, connectivity assessments have not been made. 

Additionally, despite the presence of over 3,000 oil platforms in the GOM, the 

identification of substantial coral populations on submerged platforms and any resulting 

impact on stepping stone dynamics is mostly speculative (Sammarco et al. 2004, 2012, 

2013, 2014), and needs to be addressed for mesophotic corals. Similar MCE habitats may 

be present along the continental shelf margin of Mexico, but few studies have explored 

these regions (Gress et al. 2017a, 2017b; Ortiz-Lozano et al. 2018), with none to date 

examining coral connectivity to downstream regions. Lastly, Cuban MCEs have been 

largely unexplored, but ongoing research is addressing the relationships between 

mesophotic populations across the GOM through exploration and community 

assessments including genetic analyses (Reed et al. submitted). It is of particular 

importance to continue identification and characterization of new mesophotic habitats 

due to their potential to serve as source populations throughout the GOM. 

Dissertation Overview 

The overarching goals of this research were to better understand population 

connectivity in the GOM and to examine functional differences between shallow and 

mesophotic conspecifics. Additionally, this research was specifically designed to provide 
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data for informed regional management strategies and to strengthen collaborative marine 

research through the Cooperative Institute for Ocean Exploration, Research, and 

Technology (CIOERT). All of the sites studied lie within some form of marine protected 

area and have a well-established history of characterization and research. Upstream coral 

populations in Belize are part of the South Water Cay Marine Reserve surrounding the 

Smithsonian field station on Carrie Bow Cay. In the NW GOM, the Flower Garden 

Banks (FGB) are protected under a National Marine Sanctuaries designation as part of 

FGBNMS. Additional mesophotic habitats near FGBNMS are classified as Habitat Areas 

of Particular Concern (HAPCs). In the southwest GOM, Pulley Ridge is an established 

Coral HAPC, and the nearby Dry Tortugas is part of the Tortugas Ecological Reserve 

within Florida Keys NMS. Data from these studies were designed to meet deliverables 

within each of these management structures, specifically to describe how coral 

populations from protected areas potentially connect to one another across the GOM. In 

one case, this research provides data to support the expansion of FGBNMS (Chapter 3; 

Garavelli et al. in review). Using population genetics data in particular, this research 

aimed to estimate gene flow across the GOM region (Manel et al. 2003). Additional 

assessments of the DRRH identified connected reef populations and determined source-

sink dynamics. This is especially useful for the creation and modification of marine 

reserves to protect source populations (Palumbi 2001, 2003; Cowen et al. 2006; Cowen 

and Sponaugle 2009) and may influence the way MCEs are incorporated into future 

management initiatives.  

An integrative approach combining assessments of genetic structure, corallite 

morphology, and transcriptomics was designed to address these research questions using 
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a coral model species that is ubiquitous throughout the TWA (Bak et al. 2005; Lesser et 

al. 2009; Nunes et al. 2009). Montastraea cavernosa is a depth-generalist, broadcast-

spawning species found across many reefs from 3–113 m and represents a ‘best-case’ 

scenario to evaluate coral population connectivity across both broad horizontal scales and 

vertical scales as an assessment of the DRRH (Reed 1985; Lesser et al. 2009; Nunes et al. 

2009, 2011). This species is perhaps one of the most well-studied corals in the TWA. 

Previous research has quantified genetic connectivity (Atchison et al. 2008; Nunes et al. 

2009, 2011; Goodbody-Gringley et al. 2012; Brazeau et al. 2013; Serrano et al. 2014), 

morphological variation (Lasker 1981; Budd 1985; Beltrán-Torres and Carricart-Ganivet 

1993; Amaral 1994; Ruiz Torres 2004; Budd et al. 2012b), and photoadaptation (Lesser 

et al. 2000, 2010; Scheufen et al. 2017). For analyses of plasticity and adaptation at the 

molecular level, M. cavernosa has an annotated transcriptome (Kitchen et al. 2015) and 

genome (http://matzlab.weebly.com/data--code.html). 

The genetic connectivity of shallow and mesophotic coral ecosystems in the 

GOM was examined through multi-locus genotyping of microsatellite markers. Genetic 

structure and migration models were estimated for horizontal connectivity across regions, 

and vertical connectivity within regions as an evaluation of the DRRH (Chapter 2). 

Genetic structure within the NW GOM was further analyzed to determine potential 

connectivity among shallow and mesophotic coral populations in FGBNMS and those in 

outlying banks, demonstrating support for the proposed FGBNMS expansion (Chapter 3). 

Montastraea cavernosa from shallow and mesophotic depth zones were examined to 

determine whether mesophotic colonies demonstrated morphological variations in 

corallite structure. Morphological data were then compared to both genetic structure and 



 

 18 

symbiont community metrics (Chapter 4). Transcriptomic variation between shallow and 

mesophotic M. cavernosa throughout the GOM was quantified to first determine the level 

of genetic variation present in natural populations and a transplant experiment was 

conducted at FGB to assess potential transcriptomic plasticity and local acclimation or 

adaptation from mesophotic to shallow conditions (Chapter 5). In the final chapter 

(Chapter 6), results from each preceding chapter are summarized and future research 

directions and management recommendations are presented to build upon the foundation 

of existing knowledge, and the data in this dissertation, to better understand MCE 

ecology and connectivity.
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CHAPTER 2 

Population connectivity among shallow and mesophotic corals in the Gulf of Mexico 

identifies potential for refugia 

Summary 

Successful management of spatially isolated coral reefs is contingent on an understanding 

of ecological connections across populations. To investigate genetic connectivity of the 

depth-generalist coral species Montastraea cavernosa, populations from both shallow 

(<30 m depth) and mesophotic coral ecosystems (30–70 m) in the Gulf of Mexico 

(GOM) were analyzed using microsatellite genotyping. A series of upstream and 

downstream sites were chosen in marine protected areas across the GOM, including 

Carrie Bow Cay, Belize, Flower Garden Banks and outlying mesophotic habitats, Pulley 

Ridge, and the Dry Tortugas. Population-wide genetic diversity indicates relatively open 

coral populations and high levels of gene flow between shallow and mesophotic reefs in 

the northwest GOM, consistent with strong current patterns and hypothesized availability 

of reef habitats in the GOM. Conversely, genetic differentiation within Belize and the 

southeast GOM indicate relative isolation of shallow and mesophotic M. cavernosa 

populations on a subregional scale. Structure analysis predicted similar genetic clusters 

within each region, with a cluster of unknown origin contributing to high population 

differentiation at Pulley Ridge. Migration modeling predicted historical region-wide 

panmixia compared to high local retention and comparatively lower migration across 

depth zones and reefs over the last few generations. These findings are consistent with
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previous studies identifying genetic connectivity of M. cavernosa across broad spatial 

scales and highlight the potential importance of mesophotic habitats in the GOM as 

population sources.  

Introduction 

Given the observed declines of coral reefs in the Tropical Western Atlantic 

(TWA) and multiple stressors impacting these systems, identification of coral source 

populations and quantification of gene flow is of utmost importance for effective resource 

management and conservation strategies (Palumbi 2001, 2003; Fogarty and Botsford 

2007). Numerous studies have assessed coral population connectivity in the TWA 

(Baums et al. 2005; Goodbody-Gringley et al. 2010, 2012; Nunes et al. 2011; Brazeau et 

al. 2013; Prada and Hellberg 2013; Serrano et al. 2014, 2016; Rippe et al. 2017), although 

the Gulf of Mexico (GOM) is often left out of large-scale coral population genetics 

research. A few studies have included Flower Garden Banks National Marine Sanctuary 

(Atchison et al. 2008; Goodbody-Gringley et al. 2012; Serrano et al. 2014; Rippe et al. 

2017) indicating that coral populations exhibit high gene flow within the sanctuary. 

However, coral population connectivity for other reef habitats in the GOM, including 

those beyond 30 m, remain unknown. Likewise, there currently is only limited 

information regarding potential roles of GOM coral populations in larger models of 

population structure across the TWA.  

Perhaps the most understudied reef zones in the GOM include habitats 

characterized as mesophotic coral ecosystems (MCEs) between ~30–150 m that are 

beyond SCUBA depths but still suitable for photosynthetic corals (Lesser et al. 2009; 

Puglise et al. 2009; Sherman et al. 2010). MCEs have been increasingly studied during 
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the past three decades throughout tropical and subtropical regions, frequently as 

continuations of shallow reefs. A number of MCEs in the TWA have been described in 

terms of species presence and abundance, but relatively little is known regarding their 

ecology, ecosystem services, and potential genetic connectivity to nearby shallow reefs 

(Puglise et al. 2009; Slattery et al. 2011; Kahng et al. 2014). A simple model based on 

bathymetry and bottom type estimated 178,867 km2 of potential mesophotic habitat in the 

northern GOM, an order of magnitude greater area than the predicted 3,892 km2 habitat 

in the U.S. Caribbean or 3,299 km2 area in the Hawaiian Islands (Locker et al. 2010; 

Reed 2016; Semmler et al. 2016). Little of this area has been explored and characterized, 

and combined with 247,453 km2 of predicted shallow habitat in the GOM, posits the 

potential for relatively high gene flow within the region. 

MCEs are hypothesized to experience fewer of the stressors common to shallow 

coral reefs (Glynn 1996; Bak et al. 2005). Thus, it has been suggested that MCEs may 

exhibit greater population stability and be able to contribute larvae to degraded shallow 

reefs (Puglise et al. 2009; Slattery et al. 2011) in a collection of hypotheses termed the 

Deep Reef Refugia Hypothesis (DRRH; Bongaerts et al. 2010a). Studies of vertical 

connectivity in the TWA have demonstrated significant genetic differentiation over depth 

clines in some regions (Brazeau et al. 2013; Prada and Hellberg 2013; Serrano et al. 

2014, 2016; Hammerman et al. 2018), including specificity of algal symbionts 

(Symbiodinium) at depth (Bongaerts et al. 2013a, 2015b; Pochon et al. 2015). These 

results suggest that larval outflow from mesophotic to shallow depths may be 

constrained. It is important to note that patterns of vertical connectivity vary considerably 

by oceanographic and larval biology characteristics pertaining to different regions and 
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coral species as well (Holstein et al. 2015a; Bongaerts et al. 2017). The strength and 

persistence of current patterns in the GOM (Ezer et al. 2005; Oey et al. 2005) may 

enhance the ability of larvae to travel great distances, including between depth zones 

(Atchison et al. 2008; Nunes et al. 2011; Davies et al. 2017). Therefore, this study was 

designed to test whether recruitment from MCEs to shallow reefs in the GOM or the 

reverse has occurred, and to what extent MCEs, particularly those under existing 

management protections, contribute to overall population connectivity in the region. 

Sites within marine protected areas were chosen based on dominant current 

patterns to model upstream and downstream populations (Figure 2.1). The Belize Barrier 

Reef is a possible upstream source for coral populations in the GOM resulting from 

variations of the GOM Loop Current (Ezer et al. 2005; Schmahl et al. 2008; Chollett et 

al. 2017). Sites selected for this study near Carrie Bow Cay are within the South Water 

Cay Marine Reserve on the Mesoamerican Barrier Reef. Flower Garden Banks National 

Marine Sanctuary (FGBNMS) is found approximately 180 km off the coast of Galveston, 

Texas. Residing on salt domes on the continental shelf in the northwest Gulf of Mexico 

(NW GOM), both West and East Banks are comprised of relatively shallow (17 m) coral 

caps and marginal mesophotic habitats to 50 m (Schmahl et al. 2008; Voss et al. 2014). 

East of FGB, additional banks along the shelf margin provide habitat for mesophotic-only 

reefs including Habitat Areas of Particular Concern (HAPCs) Bright and McGrail Banks 

(Gulf of Mexico Fishery Management Council 2016). In the southeast GOM (SE GOM), 

Pulley Ridge Coral HAPC lies on the Florida continental shelf margin and is currently the 

deepest known hermatypic coral reef in the contiguous United States (Jarrett et al. 2005). 

Coral diversity on the ridge and surrounding reef habitat is low, but taxa including 
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Montastraea cavernosa and Agaricia spp. are present in the mesophotic coral 

communities found between 65–75 m (Reed et al. 2017; Slattery et al. 2018). The closest 

shallow coral habitat is found approximately 66 km east in the Dry Tortugas inside 

Florida Keys National Marine Sanctuary and Tortugas Ecological Reserve, containing 

habitats with shallow coral populations between 1–35 m (Jaap 2015). 

M. cavernosa was selected for this study due to its prolific presence on shallow 

and mesophotic reefs throughout the TWA (Bak et al. 2005; Lesser et al. 2009; Nunes et 

al. 2009). Population connectivity of M. cavernosa using nuclear and mitochondrial 

markers has been well-documented across shallow reefs (Atchison et al. 2008; Nunes et 

al. 2009, 2011; Goodbody-Gringley et al. 2012; Serrano et al. 2014), including one 

previous study of mesophotic connectivity. These studies have shown generally open 

populations across reefs in excess of 1,000 km apart, although some vertical 

differentiation within regions was observed in the Bahamas and Cayman Islands 

(Brazeau et al. 2013). As a broadcast spawner and depth-generalist, M. cavernosa is a 

suitable candidate species to evaluate the DRRH and is an appropriate species to study 

reef connectivity and ecological functions across broad spatial scales (Lesser et al. 2009; 

Nunes et al. 2009, 2011; Slattery et al. 2011). 

Methods 

Coral collection 

Montastraea cavernosa samples were collected at shallow and mesophotic sites 

across the GOM and Belize (Figure 2.1) using SCUBA divers with hammers and chisels 

and a remotely operated vehicle (ROV) with a manipulator arm. Samples were stored 

independently and preserved in either TRIzol reagent or salt-saturated DMSO. Corals 
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were sampled in Belize nearby Carrie Bow Cay (CBC: mesophotic, 35 m, n=45; shallow, 

15 m, n=45); in the NW GOM at West Flower Garden Bank (WFGB: mesophotic, 45 m, 

n=43; shallow, 20 m, n=42), East Flower Garden Bank (EFGB: mesophotic, 45 m, n=42; 

shallow, 20 m, n=50), Bright Bank (BRT: mesophotic, 50 m, n=37), and McGrail Bank 

(MCG: mesophotic, 50 m, n=38); and in the SE GOM at Pulley Ridge (PRG: mesophotic, 

70 m, n=69) and the Dry Tortugas (TER: shallow, 29 m, n=52). Full site information is 

available in Table 2.1. 

Microsatellite amplification 

Total genomic DNA was extracted using the Qiagen DNeasy Blood & Tissue Kit 

for DMSO samples or modified phenol-chloroform extraction for TRIzol samples 

(Chomczynski and Sacchi 2006). Nine microsatellite loci (Serrano et al. 2014) were 

amplified in triplex PCRs with the fluorescent primers 6FAM, VIC, and NED using a 

self-labeling technique (Schuelke 2000) and the Qiagen Type-It Microsatellite PCR Kit 

according to a modified manufacturer protocol (Table S2.1). Modifications from the kit 

protocol were made to forward primer concentrations (0.1M forward primer, 0.1M 

fluorescent tag) and to increase amplification to 35 cycles. Triplex groups were designed 

to minimize overlap of allele size ranges as follows: Plex 1 (MC29, MC41, MC49), Plex 

2 (MC46, MC65, MC97), and Plex 3 (MC4, MC18, MC114). Amplified loci were 

visualized via gel electrophoresis and sized on an Applied Biosystems ABI 3130xl 

genetic analyzer with ROX500 size standard. Markers were rerun on the analyzer or 

reamplified up to three times as necessary to verify consistent size calls, with a mean of 

1.3 runs per sample. Alleles were scored using GeneMapper 3.7 (Applied Biosystems). 
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Samples with amplification failure across >3 loci were excluded from further analyses 

(n=31).  

Population differentiation and structure  

Unique multi-locus genotypes were identified and clonal genotypes were removed 

from the dataset. The subset of clonal genotypes was compared to in situ colony photos to 

determine if samples were resampled or distinct clones. For true clonal samples, MLGsim 

2.0 was used to estimate the probability of clonal genotypes due to random sexual 

reproduction versus asexual reproduction (Stenberg et al. 2003). GenAlEx 6.5 was used 

to perform tests for Hardy-Weinberg Equilibrium (HWE), allele frequencies, and 

population-level genetic differentiation with fixation index (FST) (Peakall and Smouse 

2006, 2012). Assumption testing of linkage disequilibrium (LD) was conducted with 

Arlequin 3.5 (Excoffier and Lischer 2010). False discovery rate (FDR) corrections were 

calculated for HWE and LD p values with the R package FDRtool (Strimmer 2008). 

Departures from HWE and LD were tested for the presence of null alleles (alleles that 

consistently fail to amplify, thus overestimating homozygote frequencies) with 

MicroChecker 2.2.3 (van Oosterhout et al. 2006), and null-allele corrected FST values 

were compared to raw FST values with FreeNA (Chapuis and Estoup 2007). The 

probability of genetic bottlenecks was calculated for each population using the program 

Bottleneck 1.2.02 (Cornuet and Luikart 1996). Population differentiation was assessed 

with an analysis of molecular variance (AMOVA; 9999 model permutations, 9999 

pairwise permutations) in GenAlEx, generating FDR-corrected pairwise population FST 

values. Differentiation was visualized with principal coordinates analysis using Nei 

genetic distance (DA). A pairwise geographic distance matrix was constructed across sites 
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and analyzed for impacts of geographic isolation on genetic variation with a Mantel 

isolation by distance test (9999 permutations) (Peakall and Smouse 2006, 2012) and an 

allele permutation test using Spagedi 1.5 (Hardy and Vekemans 2002). 

 To estimate the number of genetic clusters (K) within the populations, Structure 

2.3.4 (Pritchard et al. 2000) was used to test ten replicate simulations for values of K 

between 1–13. Additional simulations were run beyond the number of sampled 

populations (K=11–13) to determine whether genetic subpopulations were present within 

sites. The parameters for all tests included 103 burn-in iterations and 106 Markov Chain-

Monte Carlo replicates and used the LOCPRIOR option to aid in simulation testing based 

on sampling location. Correlated allele frequencies and admixed populations were 

assumed in run parameters. The most likely number of genetic clusters was predicted by 

comparing the change in model log likelihoods across the range of tested K values 

according to the Evanno method with the web-based Structure Harvester (Evanno et al. 

2005; Earl and VonHoldt 2012). Replicate simulations from the most likely value of K 

were combined to form a mean simulation output with CLUMPP 1.1.2 (Jakobsson and 

Rosenberg 2007) and visualized with Distruct 1.1 (Rosenberg 2004).   

Estimation of migration rates 

 Migration rates were estimated across historical (ancestral populations, ~4Ne 

generations), recent (~2–3 generations), and current (real-time) time scales using the 

software Migrate 3.6 (Beerli 2006; Beerli and Palczewski 2010), BayesAss3 (Wilson and 

Rannala 2003), and GeneClass2 (Piry et al. 2004), respectively. While generation times 

and microsatellite mutation rates are unknown for coral species, it was assumed since M. 

cavernosa is long-lived and repeatedly reproductively viable after a small size threshold 



 

 27 

that Migrate estimations represent patterns over hundreds to thousands of years prior 

(Szmant 1991; Soong 1993). Migrate uses coalescence theory to estimate effective 

population sizes and gene flow among populations relative to mutation rate. BayesAss 

and GeneClass use Bayesian inference to predict the likelihood of ancestry (migrant vs 

non-migrant) for all individuals. Based on these calculations, Migrate and BayesAss 

estimate migration rates across user-specified a priori criteria. A priori models were 

developed with two objectives: to identify vertical migration across shallow and 

mesophotic depths as a test of the DRRH (Bongaerts et al. 2010a), and to identify 

horizontal migration across the GOM and Belize. For the former, only samples from 

regions with both shallow and mesophotic habitats were used, excluding Bright and 

McGrail Banks. While Pulley Ridge and the Dry Tortugas are not contiguous reef 

habitats, information regarding coral connectivity among these regions was identified as a 

priority by NOAA and therefore included in this study (Reed et al. 2017). Four separate 

models were tested in both programs, using depth zone (shallow, meso) as populations 

within each main region (CBC, WFGB, EFGB, PRG-TER). For evaluating horizontal 

population connectivity, sampled populations were grouped into the three regions CBC, 

NW GOM, and SE GOM for a single model to assess overall horizontal migration. 

For estimates of historical vertical migration with Migrate, four different gene 

flow models were compared within each of the four regions: (1) Symm: full model with 

symmetric migration across shallow and mesophotic depth zones, (2) Up: asymmetric 

migration from mesophotic to shallow, (3) Down: asymmetric migration from shallow to 

mesophotic, and (4) Pan: panmixia. For assessment of historical horizontal migration, the 

three regions described above were used, and the four gene flow criteria were as follows: 
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(1) Symm: full model with symmetric migration across regions, (2) Downstream: 

asymmetric migration from upstream to downstream populations, (3) Upstream: 

asymmetric migration in a countercurrent downstream to upstream pattern, and (4) Pan: 

region-wide panmixia. To achieve convergence across all criteria, the final parameters 

used were long-inc 100, long-sample 15000, 20 replicates, burn-in 20000, and four 

heated chains of 1, 1.5, 3, 105. Additionally, the prior distributions for theta and migration 

rate were set at 0–100 and 0–1000, respectively. The most likely migration patterns were 

compared and ranked using log marginal likelihoods according to the thermodynamic 

integration method described in Beerli and Palczewski (2010).  

BayesAss was used to estimate recent bidirectional migration rates across the sites 

described previously. Parameters included 106 burn-in, 107 iterations, and 100 sampling 

interval, while values for ∆A, ∆F, and ∆M varied across each test for convergence. Five 

repetitions were used to assess model convergence and combined using Tracer 1.6 

(Rambaut et al. 2014) to provide migration rate estimates. Averaged migration estimates 

from the BayesAss models were visualized using the R package circlize (Gu et al. 2014). 

For current-generation migration, GeneClass2 was used to assign individuals to source 

populations regardless of their known sampled location based on the frequency criterion 

(Paetkau et al. 1995, 2004). Since it was unknown whether all possible source 

populations were sampled, the test was run using the statistic Lhome with 104 simulated 

individuals, and a Type I alpha set to 0.01. First-generation migrants were identified if 

probabilities fell under the alpha and source populations were estimated based on log 

likelihood values for each sampled population. All analysis protocols and data templates 
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for this chapter are available on GitHub (https://github.com/mstudiva/Mcav-

microsats.git). 

Results 

Data validation and screening 

Of the 463 corals sampled for this study, 431 were amplified successfully across 

at least six of the nine microsatellite loci. Final sample sizes for each site and depth zone 

are shown as ng in Table 2.1. Identification of multi locus genotypes revealed twelve 

clonal individuals across six genets at WFGB and EFGB due to duplicate sampling 

across years and 36 clonal individuals among eight genotypes at Pulley Ridge. True 

clones from Pulley Ridge were verified photographically and included thirteen separate 

colonies of a single genet. Further analyses of all clonal colonies with MLGsim indicated 

that all were the result of asexual reproduction and not random chance of two sets of 

unrelated parents producing the same multi locus genotype through sexual reproduction 

(all p values <0.001). 

Tests of HWE and LD revealed no significant patterns across sampling locations 

or loci, with the exception of Pulley Ridge. Pulley Ridge violated HWE assumptions with 

five of the nine loci and had significant deviations from linkage disequilibrium across 

nearly half of the pairwise locus comparisons (Table S2.2). Null alleles were detected in 

most sites across at least one locus, however, heterozygosity and FST values changed little 

following null allele correction. Raw and corrected FST values were compared by locus 

and population via correlation analyses and showed an almost perfect correlation in both 

cases (R2=0.980 and R2=0.994, respectively). Therefore, uncorrected FST values were 

used for all subsequent analyses. Given the assumption violations and relative abundance 
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of clones at Pulley Ridge, all populations were tested for the presence of genetic 

bottlenecks. Heterozygote excesses characteristic of bottleneck events were not evident 

across any population; however, heterozygote deficiencies were observed at CBC-meso, 

EFGB-meso, BRT-meso, and PRG-meso.  

Population differentiation and structure  

Comparison of FST values across the GOM region indicated region-specific 

variability in M. cavernosa population differentiation (Figure 2.2). In general, shallow 

and mesophotic zones at CBC were significantly different from one another and 

relatively isolated from most distant reefs. Interestingly however, mesophotic M. 

cavernosa at CBC (35 m) were genetically indistinct from those at the relatively shallow 

TER (30 m) nearly 1,000 km away. The NW GOM, including shallow and mesophotic 

sites at WFGB, EFGB, BRT, and MCG, showed almost no genetic differentiation from 

one another, indicating a well-mixed region. In the SE GOM, there was isolation of PRG 

from all other sites, including the closest site TER (Figure 2.3). The analysis of molecular 

variance indicated that the majority of observed genotypic variation occurred at the 

individual level within populations (AMOVA; 9%, df=387397, SS=1337.507, p<0.001), 

while differences across populations contributed to only 2% of the variation observed 

(AMOVA; df=9397, SS=69.746). The pairwise FST comparisons suggested that reefs 

geographically distant from one another appeared to be genetically distinct, which was 

supported by Mantel and allele permutation tests (Mantel test; R2=0.29, p=0.005, Figure 

S2.1; allele permutation test; global RST=0.0003, p=0.0006). Pairwise geographic 

distances between banks for the isolation by distance analysis ranged from  

0.01–1368.50 km. 
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 Structure analysis suggested four genetic clusters in the GOM (K=4; Table S2.3, 

Figure S2.2). Membership of individuals within each of the source clusters was region-

specific (Figure 2.4). One dominant cluster (shown in blue) was relatively ubiquitous 

across shallow and mesophotic sites in the NW GOM. The orange cluster was common 

across all sites except for CBC-shallow. The periwinkle cluster was present at both CBC 

sites and TER-shallow, suggesting a common population source, although overall cluster 

membership was more similar between CBC-meso and TER-shallow than within both 

CBC sites. PRG-meso, on the other hand, had nearly two thirds of its sampled individuals 

from the orange cluster, with several individuals of a unique white cluster. Probability of 

membership to the white cluster was near zero for all other sites. These results indicate 

regional ancestral sources for the three areas of the GOM and Belize, while Pulley Ridge 

appeared to also have an alternate source not shared by any of the other populations 

sampled in this study.  

Historical and recent migration estimates 

Despite strong signatures of genetic differentiation indicated by FST analysis, 

estimated migration across depth zones and sites was historically high. Vertical (within 

region) migration at CBC, WFGB, and EFGB supported population panmixia, while the 

PRG-TER model predicted that net migration was from TER to PRG, suggesting PRG 

represented a sink population. Mutation-scaled population size was estimated to be an 

order of magnitude smaller at PRG (q1=0.77) than all other populations including TER 

(q2=6.57), despite relatively high migration rates from TER to PRG (M=42.33). When 

individual populations were combined into their respective regions, the horizontal 
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(GOM-wide) migration model predicted that population panmixia was far more likely 

than symmetric or asymmetric migration (Table 2.2).  

Estimates of migration across depth zones and across regions within the last few 

generations, on the other hand, were lower and typically favored local retention over 

migration. Individual migration rates are provided in Table 2.3, Figure 2.5, and Figure 

2.6, demonstrating consistent patterns across regions. Analysis of vertical migration 

within CBC, WFGB, EFGB, and PRG-TER estimated between 82–95% of migrants were 

retained within the shallow depth zone, while 69–91% of migrants were retained within 

the mesophotic depth zone. As a result, migration across depths was relatively low, 

ranging from 5–18% from shallow to mesophotic, but higher at 9–31% from mesophotic 

to shallow (Figure 2.5). Horizontal migration across the GOM appeared to follow 

dominant current patterns by moving in an upstream to downstream fashion. Comparing 

migration across regions, local retention was favored over migration for CBC, NW 

GOM, and SE GOM, ranging from 73–93%. Downstream migration rates (CBC ® NW 

GOM ® SE GOM and CBC ® SE GOM) ranged from 6–17%, while upstream 

migration (SE GOM ® NW GOM ® CBC and SE GOM ® CBC) ranged from 0.4–8% 

(Table 2.3; Figure 2.6). The high gene flow from CBC-meso to TER-shallow seen in the 

FST analysis is reflected in the highest cross-regional migration rate of 17% from CBC to 

SE GOM. Within the present generation, eighteen potential first-generation migrants 

were identified (Table S2.4). Interestingly, four individuals were estimated as arriving in 

the relatively isolated CBC populations from the NW GOM (counter-current migration). 

Eight individuals were identified as having migrated across reefs within the NW GOM, 

and TER received four migrants from the NW GOM and CBC. 
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Discussion 

Historical panmixia in the Gulf of Mexico  

While significant genetic differentiation was observed among some of the coral 

reef habitats sampled, M. cavernosa populations maintain evidence of gene flow across 

depth zones and regions within the GOM. Patterns of gene flow are likely due in part to 

the three dominant currents in the GOM, which contribute to a near-constant clockwise 

circulation with occasional but persistent eddies in the NW GOM (Jarrett et al. 2005; Oey 

et al. 2005; Schmahl et al. 2008). Dispersal of coral species with pelagic larval durations 

greater than 20 days have demonstrated via biophysical modeling that coral larvae in the 

NW GOM can travel across hundreds of kilometers to distant reefs (Garavelli et al. in 

review; Davies et al. 2017). The pelagic larval duration of M. cavernosa has yet to be 

quantified in situ, however, it can be hypothesized to be relatively high given the prior 

evidence of gene flow within this species across geographically isolated reefs (Nunes et 

al. 2009, 2011; Goodbody-Gringley et al. 2012; Serrano et al. 2014).  

 Many of the existing carbonate structures in the GOM (Flower Garden Banks, 

Pulley Ridge, etc.) were likely fringing shallow reefs during periods of low sea level and 

have become submerged platforms due to post-glacial sea level rise during the Late 

Quaternary period (Jarrett et al. 2005; Hine et al. 2008; Locker et al. 2010). Between 

~18,000–11,000 years ago, deep carbonate structures at present were likely shallow reefs 

as sea levels were 120 m below their current depth (Fairbanks 1989; Gehrels 2010; 

Donoghue 2011). Availability of suitable reef habitat may have provided stepping stone 

populations with the potential for increased gene flow across large spatial scales. It is 

possible that the panmixia supported by our historical migration models is a remnant 
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effect of a single, high gene flow population that may have existed up to ~10,000–5,000 

years ago (Precht et al. 2014). As sea level then began to rise to present levels, all but the 

shallowest reef habitats may have drowned and oceanic currents likely slowed (Benzie 

1999), further limiting the dispersal of coral larvae among increasingly-isolated reef 

habitats.  

Montastraea cavernosa at Pulley Ridge  

Historical migration models also suggested that Pulley Ridge represents a sink 

population in the context of the study sites. High population differentiation was observed 

between Pulley Ridge and all other sites, and a unique population cluster was identified 

from the structure analysis. Perhaps combined with local selection, these signatures have 

resulted in more recent genetic isolation from other M. cavernosa populations in the 

GOM. Pulley Ridge corals also consistently violated assumptions of HWE and LD, 

which is often attributed to asexual reproduction and inbreeding (Stenberg et al. 2003), 

null alleles (van Oosterhout et al. 2006), or genetic bottlenecks (Cornuet and Luikart 

1996). There was a relatively high proportion of clones within the Pulley Ridge samples 

(nearly 50% of all samples, including one ramet of thirteen individuals) compared to all 

other sites, and null alleles were observed. However, there was no genetic evidence of a 

recent genetic bottleneck.  

A combination of oceanographic and population demographic factors may explain 

the current isolation of the Pulley Ridge M. cavernosa population. Strong eddy currents 

favoring local retention are common along Pulley Ridge which may prevent larval 

dispersal to the nearby Dry Tortugas and Florida Keys (Pan et al. 2017). Connectivity 

assessments of damselfish across Pulley Ridge, the Dry Tortugas, and Florida Keys also 
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suggested that widespread dispersal events are indeed rare based on subregional eddies, 

but successful recruitment was facilitated by spawning events of large populations (Vaz 

et al. 2016). Benthic community assessments indicate that coral populations of M. 

cavernosa are instead quite small, comprising less than 1% of benthic cover (Jarrett et al. 

2005). Repeated surveys at Pulley Ridge over the past fifteen years have also identified a 

loss of coral cover with a subsequent rise in abundance of recruit-sized colonies west of 

the main reef structure (Reed et al. 2017; Slattery et al. 2018). One possibility is that the 

Pulley Ridge population was created by rare migration events (Benzie 1999) of few 

individuals from sources outside the GOM. The Pulley Ridge population may persist, 

albeit in relatively low numbers, through asexual reproduction via fragmentation or 

budding. The higher proportion of migrants transported from Pulley Ridge to the Dry 

Tortugas estimated in recent migration models is likely counteracted by the low 

population size, suggesting overall migration among the two sites remains low. Based on 

the evidence from the data presented here, Pulley Ridge appears to contribute little to the 

other sampled M. cavernosa populations across the GOM. 

Variable patterns of vertical connectivity  

 Each of the three regions in this study (CBC, NW GOM, and SE GOM) 

demonstrated variable genetic connectivity across depth. Shallow and mesophotic M. 

cavernosa populations at CBC were genetically differentiated. Recent studies of 

Orbicella faveolata connectivity across the Mesoamerican Barrier Reef found a similar 

isolation of coral populations in Belize, suggesting oceanographic conditions may be 

limiting larval dispersal (Porto-Hannes et al. 2015; Rippe et al. 2017). Since a high 

degree of gene flow was observed between the mesophotic Carrie Bow Cay and shallow 
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Dry Tortugas populations (Figure 2.2), it is possible that strong current dynamics may be 

creating a genetic block between shallow and mesophotic populations in Belize. 

Comparable patterns have been observed for other reefs in the TWA through assessments 

of horizontal connectivity (Baums et al. 2005; Vollmer and Palumbi 2007; Foster et al. 

2012). Sheer currents variably travel northward along the outside of the barrier reef, 

while inshore currents travel southward (Ezer et al. 2005), possibly pulling mesophotic 

larvae northeast towards the GOM via the Loop Current (Jarrett et al. 2005; Oey et al. 

2005) rather than upward towards the shallow reef crest. Inshore eddy currents are also 

common during spawning season, increasing the likelihood of shallow local retention in 

Belize (Tang et al. 2006). Ongoing research in Belize is addressing whether there is an 

additional spatial component among sites along the barrier reef system that may be 

contributing to genetic differentiation between shallow and mesophotic populations 

(Eckert 2018). Relative genetic isolation of depth zones across vertical walls has also 

been observed with several coral species throughout the TWA and likely reflects a 

common oceanographic pattern separating shallow and mesophotic reefs under similar 

geomorphological characteristics (Bongaerts et al. 2013a; Brazeau et al. 2013; Serrano et 

al. 2014; Costantini et al. 2016).  

 Population structure in the NW GOM demonstrated that consistent currents likely 

maintain high genetic connectivity among these reefs, including vertical connectivity 

between shallow and mesophotic populations (Figures 2.2 and 2.5). M. cavernosa 

populations remained well connected across depth zones and reefs approximately 150 km 

apart, effectively acting as a single population (see also Chapter 3). These data provide 

evidence to support the DRRH in the NW GOM, both in demonstration of vertical 
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connectivity within a single site, but also horizontal connectivity of MCEs to distant 

reefs. Despite lower coral diversity resulting from its high-latitude location and petroleum 

industry activities in the region, FGBNMS maintains robust benthic communities with 

relatively high coral cover on both shallow and mesophotic reefs (Schmahl et al. 2008; 

Johnston et al. 2016). Synchronized coral spawning across depths have also been 

observed at FGBNMS (Vize 2006; Johnston et al. 2016). This larval supply combined 

with effective larval transport from the Loop Current and frequent eddies likely 

contribute to high gene flow among banks in the NW GOM.  

 The Dry Tortugas is the most downstream region of the SE GOM sites, and 

samples indicated evidence of connectivity with other reefs (notably mesophotic Carrie 

Bow Cay), but relative isolation from the nearest geographic neighbor Pulley Ridge. 

While not examined in this study, shallower (10–25 m) coral populations including M. 

cavernosa in the Dry Tortugas have also demonstrated connectivity to sites in the Florida 

Keys and Caribbean (Serrano et al. 2014, 2016), identifying the Dry Tortugas as a 

potential intermediate population. While MCEs in Belize do not support the DRRH in 

regard to connectivity with contiguous shallow populations, these MCEs instead provide 

evidence that they may serve as an important population source to the Dry Tortugas 

nearly 1,000 km away. 

The northwest Gulf of Mexico as a population refugium 

 The genetic data presented in this study combined with previous assessments of 

coral community structure suggests that MCEs in the NW GOM are likely population 

sources of M. cavernosa for downstream reefs, with the exception of Pulley Ridge. 

Several factors likely contribute to the ability of these reefs to serve as population 
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sources. Habitat availability is predicted to be relatively high in the GOM (Locker et al. 

2010), potentially allowing for robust M. cavernosa populations. Abundance and 

observed resilience of coral communities in the NW GOM are conducive to supporting 

healthy, reproductively-active populations (Schmahl et al. 2008; Johnston et al. 2016). 

Coral populations in the NW GOM likely do not rely heavily on larval immigrants from 

upstream reefs, as indicated by high local retention within depth zones with some larval 

export outside the region (Chapter 3; Garavelli et al. in review; Atchison et al. 2008; 

Davies et al. 2017; Rippe et al. 2017). Coupled with the consistent and strong 

oceanographic currents throughout the GOM, the dispersal potential and therefore gene 

flow across reefs in the NW GOM is relatively high compared to coral populations in the 

rest of the TWA that seem to be consistently genetically isolated due to subregional 

currents (Baums et al. 2005; Brazeau et al. 2013; Serrano et al. 2014, 2016). In this 

regard, MCEs in the NW GOM may be quite unusual in terms of their ecosystem services 

to other reefs, specifically their ability to contribute to distant coral populations.  

This study highlights the importance of incorporating high-latitude reef 

populations in the GOM into regional management strategies regarding coral reefs in the 

TWA (Palumbi 2003; Cowen and Sponaugle 2009). Additionally, by integrating gene 

flow over ecological timescales using molecular approaches, this study demonstrates the 

ability of coral populations to be genetically connected across distances in excess of 

1,000 km (Nunes et al. 2009, 2011; Goodbody-Gringley et al. 2012). Likewise, these data 

identified that MCEs in the NW GOM are genetically indistinct from their nearby 

shallow counterparts and likely contribute to shallow populations through vertical 

migration, providing support for the Deep Reef Refugia Hypothesis (Bongaerts et al. 
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2010a). The variability seen in terms of MCE gene flow at other sites including Carrie 

Bow Cay and Pulley Ridge coincides with the general consensus from other reefs in the 

TWA that the ability of MCEs to act as a population refugia differs immensely across 

reefs (Bongaerts et al. 2013a; Brazeau et al. 2013; Serrano et al. 2014) and species 

(Goodbody-Gringley et al. 2010; Serrano et al. 2016; Bongaerts et al. 2017). 
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Tables 

Table 2.1. Genotyped samples of Montastraea cavernosa (n=431) collected across three regions in the Gulf of Mexico and Belize, 
compared with the number of unique multi-locus genotypes shown as ng used for the analyses (n=397). Geographic coordinates 
given as decimal degrees (WGS84).   

Region Reef Population Site Name 
Site 
in 
Map 

Depth 
(m) n ng Latitude Longitude 

Belize Carrie Bow Cay CBC-meso   35 45 45   

   South Reef C4 35 15 15 16.76895 -88.07389 
   Raph's Wall C5 35 15 15 16.77607 -88.07465 
   Tobacco Cay C6 35 15 15 16.83244 -88.07401 
  CBC-shallow   15 45 45   
   South Reef C1 15 15 15 16.76895 -88.07389 
   Raph's Wall C2 15 15 15 16.77607 -88.07465 
   Tobacco Cay C3 15 15 15 16.83244 -88.07401 
NW GOM West Flower Garden Bank WFGB-meso  W6 45 42 40   
   West High Reef W7 40 8 8 27.87371 -93.81655 
   West Transplant Mesophotic W8 44 34 32 27.87510 -93.82035 
  WFGB-shallow   20 38 38   
   West High Relief W1 21 6 6 27.87337 -93.82154 
   West Cap 1 W2 21 7 7 27.87523 -93.81737 
   West Cap 2 W3 21 7 7 27.87495 -93.81637 
   West Cap 3 W4 21 4 4 27.87582 -93.81640 
   West Transplant Shallow W5 22 14 14 27.87429 -93.82033 
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Region Reef Population Site Name 
Site 
in 
Map 

Depth 
(m) n ng Latitude Longitude 

NW GOM East Flower Garden Bank EFGB-meso  E6 45 41 39   
   East High Reef E7 40 10 10 27.92410 -93.60160 
   East Transplant Mesophotic E8 46 31 29 27.91102 -93.59668 
  EFGB-shallow   20 42 40   
   East High Relief E1 22 7 7 27.90956 -93.60139 
   East Cap 1 E2 21 7 7 27.91085 -93.60018 
   East Cap 2 E3 21 6 6 27.90987 -93.60021 
   East Cap 3 E4 21 7 7 27.90987 -93.59804 
   East Transplant Shallow E5 21 15 13 27.91140 -93.59821 
 Bright Bank BRT-meso   50 37 37   
   Bright Cap 1 B1 55 2 2 27.88467 -93.30712 
   Bright Cap 2 B2 48 35 35 27.88620 -93.30174 
 McGrail Bank MCG-meso   50 35 35   
   McGrail Cap 1 M1 54 1 1 27.96364 -92.59216 
   McGrail Cap 2 M2 50 5 5 27.96235 -92.59369 
   McGrail Cap 3 M3 49 6 6 27.96288 -92.59266 
   McGrail Cap 4 M4 49 4 4 27.96321 -92.59295 
   McGrail Cap 5 M5 49 19 19 27.96299 -92.59262 
SE GOM Pulley Ridge PRG-meso   65 67 39   
   Pulley Ridge South P1 62 1 1 24.78985 -83.68648 
   Pulley Ridge Middle P2 65 2 2 24.80161 -83.66920 
   Pulley Ridge North P3 66 2 2 24.84967 -83.66083 
   PR 16 P4 66 4 3 24.72903 -83.69743 
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Region Reef Population Site Name 
Site 
in 
Map 

Depth 
(m) n ng Latitude Longitude 

SE GOM   PR 10 P5 67 36 15 24.79382 -83.67401 
   PR 08 P6 66 16 11 24.81798 -83.67190 
   PR 09 P7 70 1 1 24.81100 -83.68283 
   PR 20 P8 66 3 2 24.70933 -83.68635 
   PR 14 P9 65 2 2 24.74767 -83.70258 
 Dry Tortugas TER-shallow   29 39 39   
   Tortugas North T1 26 6 6 24.64907 -83.11235 
   Tortugas North 2 T2 23 1 1 24.64877 -83.10162 
   PR 51 T3 33 1 1 24.53420 -83.05375 
   PR 52 T4 29 12 12 24.53405 -83.01850 
   PR 58 T5 34 19 19 24.47279 -82.96807 
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Table 2.2. Comparison of Bezier log marginal likelihood (lmL) differences for four different gene flow models ((1) Symm: 
symmetric vertical migration, (2) Up: migration from mesophotic to shallow, (3) Down: migration from shallow to mesophotic, 
(4) Pan: panmixia) at the sites indicated in Figure 2.1. For the Gulf of Mexico-wide analysis, populations were combined into the 
three regions (CBC, NW GOM, and SE GOM) and horizontal gene flow was tested against predominant current patterns ((1) 
Symm: symmetric horizontal migration, (2) Downstream: upstream to downstream migration, (3) Upstream: downstream to 
upstream migration, (4) Pan: panmixia). Also included are estimates of mutation-scaled population sizes (θ1 and θ2) and 
immigration rate (M) with 95% confidence intervals based on the most likely migration models for each test. 

Vertical  
lmL for model Rank of model θ1 

(± 95% CI) 
θ2 
(± 95% CI) 

M 
(± 95% CI) Symm Up Down Pan Symm Up Down Pan 

CBC -180221 -48217 -233668 0 3 2 4 1 18.90  
(16.53–21.13) 

  

WFGB -253208 -193934 -156217 0 4 3 2 1 18.83  
(16.20–22.40) 

  

EFGB -505800 -431632 -931394 0 3 2 4 1 7.77  
(4.27–10.73) 

  

PRG-TER -24604 -5741 0 -443 4 3 1 2 0.77  
(0–3.53) 

6.57  
(4.00–9.20) 

42.33  
(8.67–106.67) 

Horizontal  
lmL for model Rank of model θ1 

(± 95% CI) 
θ2 
(± 95% CI) 

M 
(± 95% CI) Symm Down-

stream 
Up-  
stream Pan Symm Down-

stream 
Up-  
stream Pan 

GOM -3712816 -3195993 -2355395 0 4 3 2 1 4.30  
(1.53–11.07)   
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Table 2.3. Migration matrix of the estimated proportion (mean ± standard error) of larval 
migrants across reefs in the Gulf of Mexico. Sampled populations were combined to form 
regional populations CBC, NW GOM (WFGB, EFGB, BRT, MCG), and SE GOM 
(PRG, TER) based on determination of panmixia from long-term migration models. 
Vertical axis represents origin region (from) and horizontal axis represents destination 
region (to). Models were tested and replicated five times for convergence using 
BayesAss3 (106 burn-in, 107 iterations, 100 sampling interval). 

 From/To CBC NW GOM SE GOM 

CBC 0.73 ± 
0.001 

0.10 ± 
0.001 

0.17 ± 
0.0008 

NW GOM 0.004 ± 
0.0001 

0.93 ± 
0.0005 

0.06 ± 
0.0005 

SE GOM 0.02 ± 
0.0003 

0.08 ± 
0.0008 

0.90 ± 
0.0008 
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Figures 

 

Figure 2.1. Map of the Gulf of Mexico and sampling sites across three main regions: 
Carrie Bow Cay, Belize (CBC), northwest Gulf of Mexico (NW GOM), and southeast 
Gulf of Mexico (SE GOM). 
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Figure 2.2. Comparison of pairwise population differentiation measured by fixation index (FST). The level of differentiation 
among populations is shown in increasing intensities of red. Significantly differentiated FST estimates are shown in larger black 
font (p<0.05 after FDR correction). CBC includes CBC-meso and CBC-shallow. NW GOM includes WFGB-meso, WFGB-
shallow, EFGB-meso, EFGB-shallow, BRT-meso, and MCG-meso. SE GOM includes PRG-meso and TER-shallow.   
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Figure 2.3. Principal coordinates analysis of Nei genetic distance (DA) matrix generated from pairwise population differentiation 
comparisons, explaining 57.57% of the total genotypic variation (PCo 1: 36.53%, PCo 2: 21.04%). Site abbreviations as in Figure 
2.2. Color of each point corresponds to site and shape corresponds to depth zone.   
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Figure 2.4. Population structure of Montastraea cavernosa across shallow and mesophotic reefs in the Gulf of Mexico and Belize. 
Individuals are represented as bars within each sampled population along the x-axis, and the relative height along the y-axis of the 
four colors (orange, white, periwinkle, blue) represents the probability of membership to the genetic clusters (K) identified by 
structure analysis. Four population sources were identified as the most likely model (Structure; n=10 replications, K=1–13, 103 

burn-in, 106 MCMC replicates, LOCPRIOR).   
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Figure 2.5. Four vertical migration models estimating migration rates across shallow and mesophotic depths within regions of the 
Gulf of Mexico and Belize. Numbers relative to and the strength of each arrow represent the estimated proportion (mean ± SE) of 
next-generation larvae settling in the same depth zone (local retention, circular arrows) or migrating upward or downward 
depending on the direction of the arrow (vertical migration, directional arrows). Models were tested and replicated five times for 
convergence using BayesAss3 (106 burn-in, 107 iterations, 100 sampling interval). 
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Figure 2.6. Horizontal migration model identifying migration rates across the Gulf of 
Mexico and Belize. Sampled populations were combined to form regional populations 
CBC, NW GOM (WFGB, EFGB, BRT, MCG), and SE GOM (PRG, TER) based on 
determination of panmixia from long-term migration models. Thickness of the outgoing 
chords corresponds to the estimated proportion of first-generation migrants (ranging from 
0 to 1). Arrowheads show the destination of the migrants as self-recruitment indicated by 
chords staying in the same color-coded population. The model was tested and replicated 
five times for convergence using BayesAss3 (106 burn-in, 107 iterations, 100 sampling 
interval). 
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CHAPTER 3 

Assessment of mesophotic coral ecosystem connectivity for proposed expansion of a 

marine sanctuary in the northwest Gulf of Mexico 

Summary 

While there are several areas containing shallow coral habitats in the Gulf of Mexico 

(GOM), the availability of suitable reef habitat at mesophotic (~30–150 m) depths along 

the continental shelf margin suggests the potential for ecologically connected coral 

populations across hundreds of kilometers in the northwest (NW) GOM. The NW GOM 

includes a relatively high proportion of mesophotic habitats, including salt diapirs in 

Flower Garden Banks National Marine Sanctuary (FGBNMS), Bright Bank, and McGrail 

Bank, the latter two being Habitat Areas of Particular Concern (HAPCs). In response to a 

proposed expansion plan for the sanctuary boundaries to include additional mesophotic 

banks in the NW GOM, this study investigated the genetic connectivity of the depth-

generalist coral Montastraea cavernosa, a ubiquitous member of scleractinian 

communities throughout the Tropical Western Atlantic. Montastraea cavernosa 

populations in the NW GOM demonstrated strong connectivity with relatively high levels 

of gene flow and no significant genetic differentiation occurring over banks up to 120 km 

apart. Historical migration models based on genetic data predicted panmixia of M. 

cavernosa across the NW GOM. The comparison between genetic and biophysical 

models (Garavelli et al. in review) highlight not only the importance of incorporating 

multiple assessments of connectivity into management schemes, but also the potentially
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stochastic nature of oceanographic patterns in the NW GOM and their effect on migration 

estimates among coral habitats. These trends indicate that M. cavernosa populations have 

remained well-connected in the NW GOM and that coral populations on each bank have 

likely been receiving larval recruitment through time. Thus, M. cavernosa populations 

should be managed as a combined unit within the NW GOM, which supports the 

proposal to expand the NMS boundaries to include mesophotic habitats beyond West and 

East FGB.  

Introduction 

 Understanding population dynamics in marine environments is especially 

challenging without prior knowledge of important habitats and larval characteristics 

(Palumbi 2003; Cowen and Sponaugle 2009; Weersing and Toonen 2009). Identification 

and characterization of all possible habitats and knowledge of larval biology in situ is 

limited if not entirely undescribed for many sessile species in marine environments (Carr 

et al. 2003; Cowen et al. 2006; Jones et al. 2009). Methodologies to address population 

dynamics by measuring genetic differentiation across multiple markers are becoming 

more cost-effective through sample multiplexing and reduced sequencing costs (Hilbish 

1996; Manel et al. 2003). Patterns of gene flow and migration across generations can be 

estimated from population genetic data, allowing inferences to be made in regards to 

historical and current population dynamics (Palumbi 2003). Therefore, population 

genetics can be an important approach to better understand regional dynamics of coral 

species, particularly on deeper reefs beyond traditional exploration limits (i.e. 

recreational SCUBA depths) or in geographically-isolated locations (Kahng et al. 2014). 
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Marine reserves aim to maintain biodiversity through the protection of population 

sources and habitats critical to larval dispersal and survival (Palumbi 2001, 2003; Fogarty 

and Botsford 2007). Conservation strategies to protect the biodiversity and persistence of 

coral reef ecosystems worldwide require knowledge of how populations interact and 

persist (Palumbi 2003; Cowen et al. 2006; Cowen and Sponaugle 2009). Understanding 

the larval biology and dispersal characteristics of all species in an ecosystem is a daunting 

task given the species diversity on coral reefs (Jones et al. 2009). However, suitable 

model or keystone species may provide sufficient information for management needs. As 

widely-dispersed ecosystem engineers, corals are useful candidate species to describe 

system-level population dynamics (Nunes et al. 2011).  

The northwest Gulf of Mexico (NW GOM) is home to extensive high-latitude 

coral reef systems. Salt diapirs that rose during the Jurassic period now form dozens of 

banks along the continental shelf margin, some of which have carbonate caps (Hickerson 

et al. 2008; Precht et al. 2008; Schmahl et al. 2008). Most of these habitats are at 

mesophotic depths (~30–150 m), but notably West and East Flower Garden Banks 

(FGB), approximately 180 km from the Texas coast, also have relatively shallow coral 

reef habitats from 17–30 m. While at higher latitudes than most other reefs in the 

Tropical Western Atlantic (TWA) and therefore spatially isolated, coral populations in 

the NW GOM are thought to persist due to thermal stability and relatively high larval 

dispersal potential from the Gulf of Mexico Loop Current (Oey et al. 2005; Atchison et 

al. 2008; Nunes et al. 2011; Precht et al. 2014; Rippe et al. 2017). Westward-moving 

eddy formations and coastal currents are also quite common in the NW GOM and may 

connect reef populations along the continental margin (Ohlmann and Niiler 2005; 
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Schmahl et al. 2008; Gough et al. 2017). Despite residing at sub-tropical latitudes, reefs 

in the NW GOM have relatively stable seasonal temperatures between 18–30°C due to 

persistence of currents, and major coral bleaching events are rare (Rezak et al. 1990; 

Schmahl et al. 2008). Coral diversity along these banks is relatively low, with 21 species 

of scleractinian corals compared to 82 species found throughout the TWA. However, 

coral cover on the shallow caps at West and East FGB is comparatively high (>50%) and 

the habitats are characterized as some of the most pristine in the TWA (Hickerson et al. 

2008, 2012; Johnston et al. 2016).  

The NW GOM is also one of the most active regions for offshore oil and gas 

exploration and production in the world; indeed, the proximity of petroleum industry to 

coral reef ecosystems led in part to protection of the Flower Garden Banks in 1974 by the 

Minerals Management Service (Aronson et al. 2005). West and East FGB were 

designated as part of Flower Garden Banks National Marine Sanctuary (FGBNMS) in 

1992 and the nearby, but less coral-dominated, Stetson Bank was added in 1996 

(Schmahl et al. 2008; Johnston et al. 2016). Long-term monitoring of the coral reef 

communities at FGBNMS since 1989 has documented relatively stable coral cover 

compared to degrading reefs elsewhere in the wider TWA (Gardner et al. 2003; Johnston 

et al. 2016). Some notable studies have included FGBNMS in regional population 

genetics analyses (Atchison et al. 2008; Goodbody-Gringley et al. 2012; Serrano et al. 

2014; Rippe et al. 2017) and larval dispersal models (Garavelli et al. in review; Davies et 

al. 2017), identifying the potential importance of shallow coral populations in the NW 

GOM to other regions beyond the Gulf of Mexico. Studies describing the geomorphology 

and reef communities inside the sanctuary (Aronson et al. 2005; Clark et al. 2014; 
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Johnston et al. 2016) have been informative as well, but little research has been done on 

the primarily-mesophotic bank habitats outside the sanctuary boundaries (Rezak and 

Bright 1985; Rezak et al. 1990; Sammarco et al. 2016), particularly regarding the relative 

roles of their coral populations in connectivity across the NW GOM.  

Habitat and benthic community characterization of mesophotic reefs in the NW 

GOM has indicated that overall species diversity remains high despite lower scleractinian 

cover and diversity, and that these reefs serve as important fish habitats (Rezak and 

Bright 1985; Rezak et al. 1990; Schmahl et al. 2008; Clark et al. 2014; Voss et al. 

unpublished). The Bureau of Ocean Energy Management (BOEM) currently has ‘No 

Activity Zones’ based on topographic complexity thresholds established for many of the 

habitats outside the sanctuary that preclude oil and gas exploration, while fewer banks 

include additional Habitat Area of Particular Concern (HAPC) or Coral HAPC protection 

that establishes fishing gear restrictions. Based on decades of exploration and 

characterization in the NW GOM, the Sanctuary Advisory Council recently proposed an 

expansion of FGBNMS boundaries to include additional mesophotic habitats currently 

under varying degrees of existing protection. The preferred expansion plan (Preferred 

Alternative 3) includes an additional fifteen reef habitats, bringing the area of protected 

habitat from approximately 145 km2 to 990 km2 (Office of National Marine Sanctuaries 

2016). Perhaps most importantly, the expansion plan would co-manage the majority of 

coral habitats in the NW GOM as a single management unit within the NMS framework. 

Most of this habitat supports mesophotic reef assemblages, primarily dominated 

by antipatharians, gorgonians, and crustose coralline algal communities (Rezak and 

Bright 1985; Rezak et al. 1990; Schmahl et al. 2008; Sammarco et al. 2016). A few 
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banks, notably Bright and McGrail Banks, have upper mesophotic habitat (45–60 m) 

dominated by scleractinian and macroalgal communities. In both cases, the extreme 

depth-generalist species Montastraea cavernosa is the most abundant coral; it is also 

ubiquitous at West and East FGB (Voss et al. 2014; Voss et al. unpublished). The 

population dynamics of coral species across the entire NW GOM are relatively unknown, 

including the potential importance of coral populations in the upper mesophotic zone of 

these additional banks for maintaining coral populations within the existing FGBNMS 

boundaries. The sanctuary expansion plan proposes managing all these habitats in the 

same management structure, making this study to assess population connectivity among 

discrete habitats within the NW GOM a timely endeavor. 

To support the growing knowledge of coral population dynamics in the Gulf of 

Mexico (Chapter 2; Atchison et al. 2008; Goodbody-Gringley et al. 2012; Serrano et al. 

2014; Rippe et al. 2017), this study used a microsatellite approach to describe population 

connectivity across the NW GOM using the coral model species M. cavernosa. 

Montastraea cavernosa is typically one of the most common scleractinian species present 

across upper mesophotic reef habitats in the NW GOM. This species is also relatively 

ubiquitous throughout the TWA and has been consistently used in previous studies of 

population connectivity (Bak et al. 2005; Atchison et al. 2008; Lesser et al. 2009; Nunes 

et al. 2009, 2011; Goodbody-Gringley et al. 2012; Brazeau et al. 2013; Serrano et al. 

2014). Studies combining genetic and oceanographic data are of growing interest within 

marine ecosystems (Galindo et al. 2006; Baltazar-Soares et al. 2018) and increase 

understanding of how spatially isolated coral reefs remain connected through time. In 

particular, the comparison of genetic and biophysical models (Garavelli et al. in review) 
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allows for more comprehensive investigations of populations with low genetic 

differentiation and may provide empirical support for theoretical oceanographic patterns 

inferred by gene flow (Selkoe et al. 2008). The ultimate objectives of this study were to 

integrate genetic data into existing reef management strategies for Flower Garden Banks 

National Marine Sanctuary, as well as to provide critical data to inform the proposed 

expansion of NMS boundaries in the NW GOM. 

Methods 

Coral collection 

Coral samples used to assess population structure in the NW GOM were collected as 

part of a larger study to determine population connectivity of shallow and mesophotic 

sites across the Gulf of Mexico and the Belize (Chapter 2). Small coral fragments were 

collected from >1 m distant M. cavernosa colonies using SCUBA and remotely operated 

vehicle (ROV) and were preserved independently in either TRIzol reagent or salt-

saturated DMSO. Sampling sites were chosen based on the availability of coral reef 

habitat including common presence of M. cavernosa populations determined from 

previous exploration missions (Hickerson et al. 2008; Schmahl et al. 2008; Voss et al. 

2014; Voss et al. unpublished). Corals were sampled at two banks currently within the 

sanctuary boundaries, and two HAPC reef habitats included in the sanctuary expansion 

plan (Figure 3.1). A total of 252 coral colonies were sampled across the four banks to 

ensure at least 30 individuals per population (Hale et al. 2012). Corals were sampled with 

sufficient replication at both shallow and mesophotic depth zones where contiguous 

habitat was present (West and East FGB) to allow population comparisons within bank. 

From within the sanctuary, sampled populations included West Flower Garden Bank 
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(WFGB: mesophotic, 45 m, n=43, shallow, 20 m, n=42) and East Flower Garden Bank 

(EFGB: mesophotic, 45 m, n=42, shallow, 20 m, n=50). Outside the sanctuary, Bright 

Bank (BRT: mesophotic, 50 m, n=37) and McGrail Bank (MCG: mesophotic, 50 m, 

n=38) were sampled along the scleractinian-dominated mesophotic caps (Table 3.1). 

Extraction and microsatellite amplification pipelines were completed using the methods 

described previously (Chapter 2). Alleles were scored using GeneMapper 3.7 (Applied 

Biosystems). Samples missing alleles from more than three loci were excluded from 

further analyses (n=15).  

Population differentiation and structure  

Unique multi-locus genotypes (MLGs) were identified using GenAlEx 6.5 (Peakall 

and Smouse 2006, 2012) and clonal genotypes were removed from the dataset. GenAlEx 

was used to conduct tests for Hardy-Weinberg Equilibrium (HWE), allele frequencies, 

and genetic differentiation with fixation index (FST). Linkage disequilibrium (LD) 

assumptions were tested with Arlequin 3.5 (Excoffier and Lischer 2010). False discovery 

rate (FDR) corrections were calculated for HWE and LD p values with the R package 

FDRtool (Strimmer 2008). Deviations from HWE and LD were tested for null alleles 

with MicroChecker 2.2.3 and FreeNA (van Oosterhout et al. 2006; Chapuis and Estoup 

2007). Population-level FST values were calculated to compare pairwise population 

differentiation and tested with an analysis of molecular variance (AMOVA; 9999 model 

permutations, 9999 pairwise permutations) in GenAlEx (Peakall and Smouse 2006, 

2012). Population differentiation was also visualized with principal coordinates analysis 

using Nei genetic distance (DA). Geographic isolation among banks were tested for 
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effects on genetic variation with a Mantel isolation by distance test (9999 permutations) 

(Peakall and Smouse 2006, 2012). 

 Structure 2.3.4 (Pritchard et al. 2000) was used to assess population structure and 

estimate the number of genetic clusters present in the NW GOM. Ten replicate 

simulations were run with values of hypothesized genetic clusters, or K, ranging between 

1–9 using the following parameters: 103 burn-in iterations, 106 Markov Chain-Monte 

Carlo replicates, LOCPRIOR, assuming correlated allele frequencies and admixed 

populations. Delta log likelihood values were compared across all model simulations to 

estimate the most likely value of K according to the Evanno method with Structure 

Harvester (Evanno et al. 2005; Earl and VonHoldt 2012). Replicate simulations of the 

most likely number of K were combined with CLUMPP (Jakobsson and Rosenberg 2007) 

and visualized as a structure bar plot with Distruct (Rosenberg 2004).   

Estimation of migration rates 

 Migration rates were estimated among the banks across historical time scales 

(ancestral populations, ~4Ne generations). Migration criteria were developed to 

specifically address horizontal migration patterns across banks that may influence 

management strategies. Based on assessment of vertical connectivity in Chapter 2, 

shallow and mesophotic habitats within West and East FGB were combined to form a 

total of four populations in the NW GOM (WFGB, EFGB, BRT, MCG). To assess 

historical gene flow, criteria were designed a priori and tested with Migrate 3.6 (Beerli 

2006; Beerli and Palczewski 2010). Criteria developed to estimate horizontal 

connectivity in the NW GOM simulated four potential migration dynamics based on 

dominant currents in the region: (1) Symm: full model with symmetric migration across 
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all banks, (2) Eastward: asymmetric migration from westward to eastward banks, (3) 

Westward: asymmetric migration from eastward to westward banks, and (4) Pan: 

panmixia. The final parameters used across all simulations were long-inc 100, long-

sample 15000, 20 replicates, burn-in 20000, and four heated chains of 1, 1.5, 3, 105, and 

the prior distributions for theta and migration rate were set at 0-100 and 0-1000, 

respectively. Bezier log marginal likelihoods for each model were compared and ranked 

according to the thermodynamic integration method in Beerli and Palczewski (2010). 

All analysis protocols and data templates for this chapter are available on GitHub 

(https://github.com/mstudiva/Mcav-microsats.git). 

Results 

Data validation and sample screening 

Fifteen samples were removed due to amplification failure across > 3 loci and eight 

clonal MLGs were removed, resulting in 229 out of the 252 original coral samples used 

for downstream analyses. Final sample sizes for each population were as follows: 

WFGB: mesophotic, n=40, shallow, n=38, EFGB: mesophotic, n=39, shallow, n=40, 

BRT: mesophotic, n=37, MCG: mesophotic, n=35 (Table 3.1). Per locus missing rates 

were MC4 3.98%, MC18 2.62%, MC29 0.86%, MC41 8.30%, MC46 0%, MC49 3.98%, 

MC65 2.62%, MC97 3.98%, and MC114 0.86%. Assumption testing for Hardy-

Weinberg Equilibrium (HWE), linkage disequilibrium (LD), and the presence of null 

alleles indicated no apparent pattern across populations in the NW GOM (Chapter 2; 

Table S3.1).  
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Population differentiation and structure  

The analysis of molecular variance indicated low differentiation across populations 

(AMOVA; 0.4%, df=5,229, SS=21.24, p=0.009), while the majority of significant 

genotypic variation was at the individual level within populations (AMOVA; 6.8%, 

df=223,229, SS=755.86). Pairwise FST values in the NW GOM revealed a definitive lack 

of genetic differentiation across the region, including between shallow and mesophotic 

depth zones within banks (Figure 3.2). Only a single pair of banks were significantly 

differentiated (EFGB-meso vs BRT-meso), indicating that the NW GOM is extremely 

well-mixed. Similarly, principal coordinates analysis mirrored a lack of clustering among 

banks, with the largest distance between the EFGB-meso and BRT-meso populations 

(Figure 3.3). The Mantel test indicated no significant correlation between geographic and 

genetic distance (p=0.51, R2=0.0007), indicating that physical distance between banks 

did not contribute any genetic variation among populations. Pairwise geographic 

distances between banks for the isolation by distance analysis ranged from  

0.08–120.96 km. 

Structure analysis suggested two genetic clusters (K=2) using the Evanno method 

for the six sampled populations in the NW GOM (Figure S3.1). However, the model 

likelihood was higher when K=1 than K=2, suggesting a lack of significant genetic 

structure within the NW GOM. Given the limitations of the Evanno method for 

populations with weak genetic structure (see discussion), the model with the highest 

likelihood was chosen as the most likely (K=1).  
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Estimation of migration rates 

Historical migration rates among banks indicated population panmixia over 

symmetrical or directional migration across genetically distinct populations (Table 3.2). 

The second most likely scenario was eastward to westward migration, although model 

probabilities for all other migration patterns were near zero compared to panmixia. 

Recent migration rates were not estimated among banks in the NW GOM as in Chapter 2, 

as systems with low genetic differentiation can result in poor migrant ancestry 

assignments in BayesAss (Faubet et al. 2007). 

Discussion 

 Patterns of genetic variation across banks included in this study support that M. 

cavernosa are acting as a single population in the NW GOM. The lack of significant 

genetic differentiation across reef habitats up to 120 km apart indicates gene flow among 

depth zones and banks has been sustained at a relatively high level through time (Figure 

3.2). Genetic connectivity within the region is likely maintained through strong and 

persistent currents in the Gulf of Mexico, dominated by the Loop Current that flows from 

the Yucatan Peninsula into the Straits of Florida through the NW GOM (Lugo-Fernández 

1998; Oey et al. 2005). The estimates of gene flow and population structure for M. 

cavernosa in the GOM are likely higher than other coral species (Holstein et al. 2015a; 

Serrano et al. 2016; Bongaerts et al. 2017; Rippe et al. 2017), given the abundance of this 

species across shallow and mesophotic reefs in the region (Bak et al. 2005; Lesser et al. 

2009; Nunes et al. 2009) and its high dispersal potential due to its broadcast spawning 

reproduction (Nunes et al. 2011; Goodbody-Gringley et al. 2012; Brazeau et al. 2013).  
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The results of the population structure analysis match the conclusions of the FST 

analysis that there is no genetic structure (K=1) and that the NW GOM represents a 

single uniform M. cavernosa population. Despite the Evanno method identifying two 

genetic clusters, the model likelihood when K=1 was indeed higher than when K=2. This 

discrepancy is due to the manner in which the Evanno method calculates the stepwise 

change in model likelihoods (Delta K) between simulated values of K (Evanno et al. 

2005). Therefore, this method cannot calculate Delta K when K=1. This operationally 

precludes the selection of K=1 as the most likely scenario despite the high model 

likelihood and represents a shortcoming of this statistical approach in systems with little 

population structure (Waples and Gaggiotti 2006). Analyses using both population 

genetics (this study) and biophysical modeling approaches (Garavelli et al. in review) 

predicted M. cavernosa in the NW GOM to come from the same population and 

identified connectivity across banks (via gene flow and larval dispersal, respectively).  

As a result of the open gene flow within the NW GOM region, historical 

migration estimates across reefs were overwhelmingly in support of a panmictic 

population. The second most likely migration scenario, albeit with an extremely low 

model probability, was net migration westward along the continental shelf margin with 

more eastward populations contributing to the westward neighbors. If panmixia was 

excluded as a possible outcome and model probabilities were recalculated, however, 

westward migration became the most likely scenario with a probability of 1. Taken 

together with what is known about hydrodynamic patterns in the region, these results 

provide limited evidence that in the absence of panmixia, migration may be occurring in 

a counter-current direction to the prominent Loop Current that travels from a 
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southwestern to northeastern direction in the NW GOM (Lugo-Fernández 1998; Oey et 

al. 2005). This suggests that counter-current features in the region may be the dominant 

drivers of coral larval dispersal through ecological timescales rather than the Loop 

Current (Schmahl et al. 2008). Westward migration may be facilitated by Loop Current 

Eddies or coastal currents including the Louisiana Coastal Current (LCC), which 

transports Mississippi River outflow westward due to the Coriolis Effect (Jarosz and 

Murray 2005; Oey et al. 2005; Ohlmann and Niiler 2005).  

The comparison of M. cavernosa migration patterns estimated from genetic data 

in this study to larval dispersal using a biophysical model in the associated study 

demonstrates that annual hydrodynamic variability can greatly affect connectivity 

predictions (Garavelli et al. in review). The fact that the biophysical model predicted net 

eastward export of larvae from all banks, while the genetic model predicted panmixia (or 

net westward migration to a lesser extent), suggests that the inconsistent and ephemeral 

nature of currents in the NW GOM may be resulting in widespread dispersal across the 

region (Oey et al. 2005; Schmahl et al. 2008). For the three years of oceanographic data 

available for the biophysical model, eddies were not consistently present across the study 

region in the latter two years and would therefore not be significant drivers of larval 

migration. In the latter years, the Loop Current was likely the most influential factor 

affecting larval transportation, resulting in the export of larvae eastward outside the study 

area (Garavelli et al. in review). Our observed panmictic migration pattern hypothesizes 

that multiple larval dispersal patterns may be effective to enable gene flow over time 

among all banks in the study. 
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The LCC experiences seasonal variability, and in rarer cases, eastward transport 

following impingement on the continental shelf (Jarosz and Murray 2005; Gough et al. 

2017). The LCC may reverse direction during summer months (June–August) and flow 

eastward at a weaker speed. Coral spawning has been observed at FGBNMS to occur 7–8 

days after the full moon in late August (Vize 2006), which may result in spawning in 

August or September when the LCC could potentially be moving either westward or 

eastward. The potential variability in LCC direction across spawning events may result in 

different larval dispersal patterns across years. In the case of the biophysical model by 

Garavelli et al. (in review), it appears the oceanographic data from 2013–2015 captured 

one such rare impingement events, causing dispersal predictions of net eastward 

movement of coral larvae. The variability of current patterns over short time scales and 

its potential effect on migration predictions from year to year emphasizes the periodic 

nature of successful coral recruitment events and suggests that eddies and coastal currents 

play an important, if not dominant, role in determining the destination of coral larvae 

(Tang et al. 2006; Chérubin and Garavelli 2016; Vaz et al. 2016; Gough et al. 2017; Pan 

et al. 2017). Certainly, this does not preclude the potential for occasional export of larvae 

beyond the NW GOM and successful gene flow to other reefs hundreds of kilometers 

away, as has been suggested by biophysical and genetic data (Garavelli et al. in review; 

Davies et al. 2017; Rippe et al. 2017). Stepping-stone dynamics among other reef habitats 

in the NW GOM including scleractinian communities on oil and gas platforms 

(Sammarco et al. 2004, 2012, 2013, 2014) and mesophotic banks in the eastern GOM 

(Hine et al. 2008; Locker et al. 2010; Silva and MacDonald 2017) may also influence 

coral population connectivity in the region. 
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The population genetics data presented in this study supports the combined 

management of mesophotic reef habitats across the NW GOM since M. cavernosa across 

four banks act as a single population and would likely benefit from integrated protection 

of all population source habitats within the region. Comparison of genetic and 

biophysical models demonstrated that multiple analysis methods can be integrated to 

more accurately represent relationships between oceanographic conditions across 

individual spawning events and multi-generational gene flow. This is particularly 

important in regions where management actions can be influenced by the model 

outcomes (Galindo et al. 2006; Selkoe et al. 2008; Baltazar-Soares et al. 2018). It has 

previously been suggested with several coral species that FGBNMS is a population 

refugia in the GOM (Atchison et al. 2008; Goodbody-Gringley et al. 2012; Davies et al. 

2017; Rippe et al. 2017). This study proposes that additional banks with established coral 

communities including Bright and McGrail Banks likely represent additional refugia 

habitat important for population persistence within the NW GOM, and possibly for other 

reefs in the wider GOM. High gene flow among reefs, with evidence for occasional 

export of migrants to nearby reefs indicates that these habitats are self-sufficient but may 

still serve as population sources over ecological timescales (Garavelli et al. in review; 

Davies et al. 2017). If these trends are similar across other taxa as they have been with 

corals, the NW GOM may provide important ecosystem services despite its relative 

spatial isolation. 

 While less diverse than other areas of the TWA in terms of coral communities, 

West and East FGB support biodiverse assemblages of reef organisms and fishes that 

have been relatively stable through time (Schmahl et al. 2008; Hickerson et al. 2012; 
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Clark et al. 2014; Johnston et al. 2016). Mesophotic habitats outside the current sanctuary 

boundaries are less biodiverse from a scleractinian standpoint and likely represent smaller 

populations as compared to FGB (Hickerson et al. 2008; Schmahl et al. 2008; Sammarco 

et al. 2016). Nonetheless, the results presented here demonstrate that Bright and McGrail 

Banks may serve as important population sources for the rest of the NW GOM region as 

well and should not be excluded from larval dispersal models and management strategies. 

The development and implementation of conservation applications, including marine 

reserves, are frequently designed to protect known population sources (Palumbi 2001, 

2003; Fogarty and Botsford 2007). Therefore, management actions are warranted to 

protect the coral populations at Bright and McGrail Banks identified in this study. 



 

 

68 

Tables 

Table 3.1. Genotyped samples of Montastraea cavernosa (n=252) collected across the northwest Gulf of Mexico, compared with 
the number of unique multi-locus genotypes (MLGs) shown as ng used for the analyses (ng=229). Geographic coordinates given 
as decimal degrees (WGS84).   

Reef Population Site Name Site in 
Map 

Depth 
(m) n ng Latitude Longitude 

West Flower Garden Bank WFGB-meso  W6 45 42 40   

  West High Reef W7 40 8 8 27.87371 -93.81655 
  West Transplant Mesophotic W8 44 34 32 27.8751 -93.82035 
 WFGB-shallow   20 38 38   
  West High Relief W1 21 6 6 27.87337 -93.82154 
  West Cap 1 W2 21 7 7 27.87523 -93.81737 
  West Cap 2 W3 21 7 7 27.87495 -93.81637 
  West Cap 3 W4 21 4 4 27.87582 -93.8164 
  West Transplant Shallow W5 22 14 14 27.87429 -93.82033 

East Flower Garden Bank EFGB-meso  E6 45 41 39   
  East High Reef E7 40 10 10 27.9241 -93.6016 
  East Transplant Mesophotic E8 46 31 29 27.91102 -93.59668 
 EFGB-shallow   20 42 40   
  East High Relief E1 22 7 7 27.90956 -93.60139 
  East Cap 1 E2 21 7 7 27.91085 -93.60018 
  East Cap 2 E3 21 6 6 27.90987 -93.60021 
  East Cap 3 E4 21 7 7 27.90987 -93.59804 
  East Transplant Shallow E5 21 15 13 27.9114 -93.59821 
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Reef Population Site Name Site in 
Map 

Depth 
(m) n ng Latitude Longitude 

Bright Bank BRT-meso   50 37 37   
  Bright Cap 1 B1 55 2 2 27.88467 -93.30712 
  Bright Cap 2 B2 48 35 35 27.8862 -93.30174 
McGrail Bank MCG-meso   50 35 35   
  McGrail Cap 1 M1 54 1 1 27.96364 -92.59216 
  McGrail Cap 2 M2 50 5 5 27.96235 -92.59369 
  McGrail Cap 3 M3 49 6 6 27.96288 -92.59266 
  McGrail Cap 4 M4 49 4 4 27.96321 -92.59295 
  McGrail Cap 5 M5 49 19 19 27.96299 -92.59262 
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Table 3.2. Comparison of Bezier log marginal likelihood (lmL) differences, model probabilities, and rank for four different gene 
flow models within the NW GOM (Symm: symmetric horizontal migration; Eastern: migration from western to eastern banks; 
Western: migration from eastern to western banks; Pan: panmixia). Reef banks with both shallow and mesophotic habitats 
(WFGB and EFGB) were combined to form a single population per bank. The mutation-scaled population size (θ) with 95% 
confidence intervals is given for the most likely model. 

Model Description Model lmL for 
model 

Model 
prob. 

Rank of 
model θ (± 95% CI) 

symmetric Symm -2440085 0 4  

westward to eastward Eastward -1938001 0 3  

eastward to westward Westward -1218566 0 2  

panmixia Pan 0 1 1 6.57 (3.27–9.27) 
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Figures 

 

Figure 3.1. Map of the northwest Gulf of Mexico and sampling locations across four reef 
banks including West Flower Garden Bank (WFGB), East Flower Garden Bank (EFGB), 
Bright Bank (BRT), and McGrail Bank (MCG). FGBNMS boundaries indicated by 
spotted polygons, HAPCs by crosshatched polygons, and the Sanctuary Advisory Council 
Preferred Alternative 3 expansion boundaries shown as gray polygons. Sampling site 
names as in Table 3.1.
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Figure 3.2. Pairwise comparisons of population differentiation as measured by fixation index (FST). The level of differentiation 
among populations is shown in increasing intensities of red. Significantly differentiated FST estimates are shown in larger black 
font (p<0.05 after FDR correction). West Flower Garden Bank includes WFGB-meso and WFGB-shallow. East Flower Garden 
Bank includes EFGB-meso and EFGB-shallow.  
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Figure 3.3. Principal coordinates analysis of Nei genetic distance (DA) matrix generated from pairwise population differentiation 
comparisons. The two axes explain 56.32% of the total genotypic variation (PCo 1: 31.92%, PCo 2: 24.40%). Color of each point 
corresponds to discrete banks and shape corresponds to depth zone. 
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CHAPTER 4 

Morphometric analysis of corallite structure reveals distinct shallow-only and 

depth-generalist morphotypes across depth zones 

Summary 

This study assessed morphological variation in corallite structure of the depth-generalist 

coral species Montastraea cavernosa across shallow and mesophotic coral ecosystems in 

the Gulf of Mexico. Among eight corallite characteristics examined, mean corallite sizes 

were smaller and corallite spacing was greater in mesophotic corals as compared to 

shallow corals. Additional corallite variation, including greater mean corallite height of 

mesophotic samples, are hypothesized to be photoadaptive responses to low light 

environments. Although comparison of shallow to mesophotic M. cavernosa was the 

initial objective of the study, multivariate analyses among all of the coral skeletons 

revealed two distinct morphotypes identified primarily by the significant variation in 

corallite spacing and diameter. A shallow-only morphotype was characterized by larger, 

more closely-spaced corallites, while a depth-generalist type exhibited smaller corallites 

with greater distances between corallites. The depth-generalist morphotype comprised the 

majority of mesophotic M. cavernosa colonies from sites in the northwest Gulf of Mexico 

(NW GOM) including Flower Garden Banks (FGB), Bright Bank, and McGrail Bank. A 

combination of both shallow-only and depth-generalist morphotypes were found at 

shallow depths in FGB. Conversely, in the southeast Gulf of Mexico (SE GOM), the 
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shallow-only morphotype was observed at shallow reefs in the Dry Tortugas. Mesophotic 

M. cavernosa at Pulley Ridge were comparable to the shallow-only morphotype in terms 

of corallite spacing, but shared some morphological similarities with mesophotic corals 

for other measured characters. The variable presence of the depth-generalist morphotype 

across reef habitats likely indicates a genotypic influence on corallite morphology, as 

there was a slight, but significant, impact of morphotype on genetic differentiation within 

FGB. The lack of observed depth-generalist morphotypes in the SE GOM may also 

indicate relatively low gene flow and recruitment of genotypes to Pulley Ridge as 

compared to the NW GOM, which is corroborated by population genetics on the same 

corals. Despite the observed polymorphism in shallow and mesophotic M. cavernosa, the 

implications for these morphological differences in coral physiology and fitness are not 

yet known, although a new line of evidence suggests skeletal optical properties may 

influence bleaching resilience. 

Introduction 

Morphological variation in corals is relatively understudied despite the abundance 

of morphotypes observed within many species and the straightforward nature of 

measuring physical characteristics among colonies. Using morphology as the sole method 

of species delineation can be of limited use in scleractinian corals due to the high levels 

of morphological variation within some species (Amaral 1994; Budd et al. 2012a; 

Menezes et al. 2014; Rocha et al. 2014; Paz-García et al. 2015). Occurrences of 

homologous morphological characteristics among coral species that are genetically 

distant from one another suggest further limitations for taxonomy based solely on 

morphology (Wirshing and Baker 2014). In one notable case in the Tropical Western 
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Atlantic (TWA), high levels of skeletal variation observed in the Orbicella (previously 

Montastraea) annularis species complex, in conjunction with observed niche 

partitioning, resulted in the split of the complex into three sister species (Weil and 

Knowton 1994; Klaus et al. 2007; Pandolfi and Budd 2008). With additional genotyping 

efforts, M. cavernosa was determined to be the only species within the genus 

Montastraea, while the remaining three species formerly of the M. annularis species 

complex were reassigned to the genus Orbicella (Budd et al. 2012a).  

Further assessment of corallite variation and feeding behavior has led to one 

theory of potential cryptic speciation within M. cavernosa through the identification of 

morphotypes within the species (Lasker 1981). A diurnal morphotype had smaller but 

continuously open polyps, while a nocturnal morphotype was characterized by larger 

polyps that were expanded only at night. There were also significant differences in 

symbiont density and colony respiration between the two morphotypes, where larger 

polyps allowed greater photosynthetic yields but subsequently higher respiration rates. 

Currently, there is little molecular or reproductive evidence to support a claim of cryptic 

speciation among the morphotypes (Budd et al. 2012b; Goodbody-Gringley et al. 2012), 

but surveys along a depth gradient in Puerto Rico uncovered different vertical 

distributions for the morphotypes. The majority of shallow (6 m) colonies were of the 

smaller diurnal morphotype, while 60% of the deeper (20 m) colonies were the larger 

nocturnal morphotype, and the author proposed that morphological variation was due to 

different environmental conditions across depths and tradeoffs between photosynthesis 

and feeding rates (Ruiz Torres 2004). It is important to note, however, that similar 

research observed both morphotypes with no clear pattern across depths in Belize, 
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implying that phenotypic plasticity in response to environmental conditions is not the sole 

factor affecting corallite phenotype (Budd et al. 2012b). 

Variation in skeletal structure within a species is thought to be the interactive 

result of environmental stimuli and genotype. There is debate whether genotype 

contributes most heavily to coral morphology (Willis and Ayre 1985), or a combination 

of both genotype and environmental conditions act as simultaneous drivers (Foster 1979; 

Via and Lande 1985; Klaus et al. 2007). Tests of environmental versus genotypic 

influence on phenotype through reciprocal transplant experiments have shown that the 

environment has more influence on coral morphology, but that genotype may limit the 

degree of morphological plasticity (Barshis et al. 2010). Previous studies have also 

identified a significant interaction between genotype and environmental conditions 

following transplantation, meaning genotype contributed to variation in polyp 

morphology differently over a range of environmental conditions (Bruno and Edmunds 

1997; Todd et al. 2004). Differences in intra-colony variation across populations provides 

further evidence for a genotypic influence on coral morphology (Budd 1985), given the 

varying degrees of genotypic diversity observed across reefs at multiple spatial scales 

(Benzie 1999; Ayre and Hughes 2000). The lack of comprehensive genetic markers for 

most coral species has limited the examination of genotypic influence on morphological 

variation to manipulative experiments over in situ assessments, therefore most previous 

research focuses instead on describing coral responses to environmental conditions. 

Light levels and flow patterns are the two dominant drivers of coral phenotype 

(Beltrán-Torres and Carricart-Ganivet 1993; Todd 2008), affecting colony-wide 

morphologies such as shape and rugosity (Graus and Macintyre 1982; Gleason 1992) and 
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skeletal growth (Groves et al. 2018). On a smaller scale, corallite characteristics 

including corallite area, columella area, and septal length increase in size with higher 

light levels. This effect has been demonstrated using reciprocal transplants with O. 

annularis, Favia speciosa, and Diploastrea heliopora, where clonal colonies moved to 

areas with increased light levels grew larger polyps (Foster 1979; Todd et al. 2004). 

Conversely, at depth, O. annularis polyps were smaller and further apart, requiring less 

tissue and therefore less metabolic support (Dustan 1979; Lasker 1981; Klaus et al. 

2007). Both light and water flow can differ substantially in both shallow and mesophotic 

environments (Falkowski et al. 1990; Leichter et al. 1996; Reed 2002; Lesser et al. 2009), 

indicating the potential for noticeable differences in colony and corallite morphologies.  

Polyp size and spacing have implications for feeding method and efficiency as 

well. Increased polyp spacing with depth may also maximize photosynthetic efficiency, 

as less crowded polyps reduce self-shading of zooxanthellae and photosynthetic 

pigments, thereby increasing the amount of light available to each polyp (West et al. 

1993; Bruno and Edmunds 1997). There is an established positive link between depth and 

heterotrophy rates in deeper corals due in part to increased nutrient upwelling and 

zooplankton at depth (Porter 1976; Muscatine et al. 1989; Muscatine and Kaplan 1994; 

Leichter and Genovese 2006; Leichter et al. 2007; Bongaerts et al. 2010a; Lesser et al. 

2010; Slattery et al. 2011; Lesser and Slattery 2013), but the relationship between polyp 

size and heterotrophy is not fully understood (Lesser et al. 2000). Few studies have 

identified a link between corallite structure and polyp behavior, suggesting that smaller 

polyps tend to have diurnal expansion, theoretically increasing feeding time (Lasker 

1981; Ruiz Torres 2004). Smaller polyps have also been shown to correlate with a higher 
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ratio of tentacles exposed to food to inter-polyp tissue area compared to larger polyps 

with more tissue area lacking tentacles (Sebens 1997). Considering that polyps become 

smaller with depth (Klaus et al. 2007), it is possible that the combination of smaller and 

further-spaced polyps are an adaptive response to increase both light and food capture at 

depth.  

Currently, there is limited understanding of intraspecific morphological variation 

across shallow reefs and mesophotic coral ecosystems (MCEs, ~30–150 m) (Lesser et al. 

2009; Puglise et al. 2009) primarily due to a lack of morphological data beyond 20 m. 

Given the environmental differences observed across depth gradients, mesophotic 

corallites in this study were hypothesized to be smaller and further spaced as compared to 

their shallow counterparts as a possible adaptive response to limited light. While there is 

a general understanding of environmental characteristics that may influence coral 

physiology and morphology at mesophotic depths (reviewed in Lesser et al. 2009; Kahng 

et al. 2010, 2014), environmental data regarding downwelling irradiance and zooplankton 

abundance has not been collected for most MCEs. 

The ecology of corals across mesophotic and shallow reefs is only beginning to be 

explored. Genetic connectivity of coral populations across depths is contingent on 

similarities between shallow and mesophotic conspecifics and may be affected by 

potential morphological lineages within a species (Lasker 1981; Ruiz Torres 2004; Budd 

et al. 2012b). Therefore, it is important to understand the level of morphological variation 

within coral populations and to determine whether that variation is reflective of genetic 

structure and connectivity. It is estimated that 25–40% of scleractinian species in the 

TWA are considered depth-generalists, some of which are ubiquitous across shallow and 
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mesophotic habitats (Iglesias-Prieto et al. 2004; Bongaerts et al. 2010a). Depth-

generalists present an opportunity to observe phenotypic variation of a species across a 

wide habitat range, yet within a small vertical scale to minimize any potential interactive 

effects of reef environments. An assessment of existing functional and physiological 

differences between shallow and mesophotic conspecifics is necessary to understand the 

potential for adaptation to different environments. Any potential similarities in coral 

morphology across depth zones may not only indicate the possibility for morphotypes 

within species to adapt to different environments, but also reveal the presence of genetic 

influences on morphological plasticity.  

Methods 

Study sites and sample collection 

Morphological variation in M. cavernosa was assessed through sampling at 

shallow and mesophotic sites in the northwest and southeast Gulf of Mexico (NW GOM 

and SE GOM, respectively). Approximately 180 km off the coast of Galveston, Texas in 

the NW GOM, Flower Garden Banks (FGB) includes West and East Banks. Residing on 

salt domes on the continental shelf, both banks are comprised of relatively shallow (17–

20 m) coral caps and surrounding mesophotic margin habitats to 50–55 m (Hickerson et 

al. 2012; Clark et al. 2014). East of FGB, additional banks along the shelf margin provide 

habitat for mesophotic-only reefs (50–75 m) at Bright and McGrail Banks. Montastraea 

cavernosa is ubiquitous in the region and one of the most abundant scleractinian species 

at each site sampled in the NW GOM (Hickerson et al. 2008; Schmahl et al. 2008; Voss 

et al. 2014; Voss et al. unpublished). In the SE GOM, Pulley Ridge occupies the 

continental shelf margin southwest of Florida and is currently the deepest known 
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hermatypic coral reef in US territory (Jarrett et al. 2005). Coral diversity on the ridge and 

surrounding reef habitat is low, but M. cavernosa are present in the mesophotic coral 

communities found between 65–75 m (Reed et al. 2017; Slattery et al. 2018). The closest 

shallow coral habitat is found ~66 km east in the Dry Tortugas, with shallow habitats 

supporting M. cavernosa populations between 1–35 m (Jaap 2015). 

In total, 212 M. cavernosa samples were collected across six sites in the GOM 

between 2014 and 2016. Vertically-contiguous reef habitats exist within FGB, allowing 

direct comparison of morphology between shallow and mesophotic depth zones within 

sites. For these collections, the coral caps of WFGB and EFGB were sources of relatively 

shallow samples collected at 20 m. Along the bank margins, mesophotic samples were 

collected at 45 m. Fifty-nine coral fragments were collected from WFGB (shallow, n=30; 

mesophotic, n=29) and 59 fragments were collected from EFGB (shallow, n=37; 

mesophotic, n=22). An additional 19 samples were collected at Bright Bank (BRT) and 

26 samples at McGrail Bank (MCG), all of which were considered mesophotic at 50 m. 

Twenty-five fragments were collected at the mesophotic-only Pulley Ridge (PRG) at  

65 m and 24 fragments were collected at the nearby shallow-only Dry Tortugas (TER) at 

29 m. Coral fragments approximately 15–25 cm2 in area were collected from the margins 

of M. cavernosa colonies by SCUBA divers or remotely-operated vehicle (ROV). 

Subsamples designated for morphometric analyses required at least five undamaged 

polyps and intact neighboring polyps; additionally all polyps measured were at least one 

row of polyps away from colony margins (Budd 1985). Fragments were processed with a 

dental water pick (Waterpik Water Flosser) to remove coral tissue and subsequently 
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bleached in a 10% sodium hypochlorite solution to remove any remaining connective 

tissue or surface skeletal color.  

Morphological characters 

Thirteen morphometric characters were identified from previous studies of 

morphological variation in M. cavernosa (Budd 1985; Beltrán-Torres and Carricart-

Ganivet 1993; Amaral 1994; Ruiz Torres 2004). These metrics were quantified for a 

subset of available samples to determine if any characters could be eliminated while still 

maximizing morphological variation captured. Five of the characters lacked significant 

variation across samples, had strong correlations with other metrics, or included inherent 

variability that may have compromised the ability to recognize variation across samples 

(e.g. costal structures were frequently eroded in between corallites and produced 

inconsistent length measurements across corallites; Tables S4.1 and S4.2). Those 

excluded from further analyses were: thickness of the first cycle septa (T1S), length of 

the first cycle costa (L1C), thickness of the fourth cycle septa (T4S), length of the fourth 

cycle costa (L4C), and thickness of the fourth cycle costa (T4C). The remaining eight 

morphometric characters used in the full analyses included: corallite diameter (CD), 

columella width (CW), length of the first cycle septa (L1S), thickness of the first cycle 

costa (T1C), length of the fourth cycle septa (L4S), theca height (TH), corallite height 

(CH), and corallite spacing (CS) (Table 4.1; Figure 4.1). Characters CH and TH were 

measured to the nearest 0.01 mm using dental calipers (ProDent USA). Scaled 

photographs were taken by a Canon G12 camera with a 6.1–30.5 mm lens (~10–20 mm 

focal length) with the target corallite centered to minimize edge distortion and ensuring 

the corallite surface was perpendicular to the lens angle using a bubble level. The 



 

83 

remaining metrics were measured using the scaled photographs in ImageJ (Abràmoff et 

al. 2004; Schneider et al. 2012).  

Statistical analyses 

Means and standard deviations of each morphological character were calculated 

for each coral sample and duplicate statistical analyses were conducted on both datasets 

to assess inter- and intra-colony morphological variation, respectively. Coral sample data 

were analyzed using non-parametric tests due to the violations of normality assumptions. 

First, each morphological character was analyzed for significant variation across a single-

factor combination of site and depth zone using Kruskal-Wallis tests. Pairwise 

comparisons were conducted using Dunn’s tests and p values were false discovery rate 

(FDR)-corrected in the R package FSA (Ogle 2017). Two-way permutational multivariate 

analyses of variance (PERMANOVAs) tested the interactive effects of site (WFGB, 

EFGB, BRT, MCG, PRG, TER) and depth zone (mesophotic, shallow) on overall 

corallite morphology, including pairwise comparisons within factors. Additional pairwise 

comparisons were conducted for WFGB and EFGB samples as an assessment of 

morphological variation across depth zones within FGB. Test conditions for two-way 

PERMANOVAs utilized Euclidean distance, Type III SS, permutation of residuals under 

a reduced model, and 9999 model permutations in Primer v7 (Clarke et al. 2014; Clarke 

and Gorley 2016). Subsequently similarity percentage tests (SIMPER) determined which 

morphometric characters contributed most strongly to differences observed among site 

and depth factor groups. SIMPER parameters utilized Euclidean distance and 80% 

contribution cutoff. 



 

84 

Corallite morphological variation was visualized with principal coordinates 

analyses (PCoAs). Two potential morphotypes were identified across all sites using 

sample groupings in the PCoAs. Clustering patterns from the PCoA were tested for the 

presence of two morphotypes using a k-means clustering test (kRCLUSTER) with k=2. 

Frequency distributions were visualized for the six most variable characters across depth 

(CD, CW, CS, TH, CH, and L1S) to attempt to identify a threshold measurement that 

would allow a quantitative determination of morphotype from a single character. To 

assess which morphological characters differed between morphotypes while controlling 

for variation in environmental conditions across depth, a subset dataset was created using 

samples from the shallow caps (20 m) at WFGB and EFGB. This reduced dataset was 

tested for significant differences between ‘depth-generalist’ (n=21) and ‘shallow-only’ 

(n=46) morphotypes using Mann-Whitney U tests with the R package ggpubr 

(Kassambara 2017). Next, a one-way PERMANOVA and SIMPER analysis were 

conducted to determine if overall corallite morphology was different between 

morphotypes sampled from the shallow depth zone. Additionally, samples from shallow 

caps of WFGB and EFGB that had corresponding zooxanthellae density data were 

compared using a Mann-Whitney U test to determine whether depth-generalist (n=11) 

and shallow-only (n=45) morphotypes had different zooxanthellae densities (Polinski and 

Voss in review). 

Morphotype assignments for samples from WFGB and EFGB were matched to 

genotypes generated in Chapter 2 to identify any relationship between corallite 

morphology and genetic structure. Based on previous assessments of low genetic 

differentiation among depth zones within and between WFGB and EFGB (Chapters 2 and 
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3), samples were combined to form two populations based on morphotype assignments. 

Samples missing sufficient microsatellite marker coverage were removed from the 

analyses (depth-generalist: n=70, shallow-only: n=35). Multi-locus genotypes were 

scored and normality assumptions were checked as described in Chapter 2 and 

assessment of population structure was conducted with an analysis of molecular variance 

(AMOVA) of fixation index (FST) in GenAlEx 6.5 (Peakall and Smouse 2006, 2012) and 

with genetic structure analysis in Structure 2.3.4 and Structure Harvester (Pritchard et al. 

2000; Evanno et al. 2005; Earl and VonHoldt 2012). All protocols included in this 

chapter can be found in a GitHub repository at https://github.com/mstudiva/Mcav-

morphometrics. 

Results 

Corallite variation 

Mean measurements of the eight corallite characters at the six GOM sites are in 

Table 4.2. Corals collected from shallow depths had larger, more tightly-spaced corallites 

than their mesophotic counterparts. Furthermore, shallow corallites were flatter compared 

to the surrounding skeleton but had deeper thecal depressions than mesophotic corallites 

(Kruskal-Wallis: CD, p=3.5e-8; CW, p=1.4e-13; L1S, p=2.0e-16; L4S, p=2.0e-16; T1C, 

p=2.0e-16; TH, p=1.3e-12; CH, p=2.0e-16; CS, p=2.0e-16; Tables 4.2 and S4.3, Figure 4.2). 

The two-way PERMANOVA of all samples revealed both site (Pseudo-F5, 204=14.99, 

p=0.0001) and depth zone (Pseudo-F1, 204=70.12, p=0.0001) as significant factors driving 

corallite morphology across all metrics, while the interaction between site and depth zone 

was not significant (Pseudo-F1, 204=2.55, p=0.066). Pairwise PERMANOVA comparisons 

among sites within depth zones identified significant morphological variation primarily 
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between both PRG and TER, and all other sites (Table 4.3). Pairwise comparisons 

between depths at WFGB and EFGB showed a significant effect of depth zone on overall 

corallite morphology (WFGB: t=5.13, p=0.0001; EFGB: t=5.98, p=0.0001). Replicated 

statistical tests using standard deviation instead of sample means corroborated the same 

trends (site: Pseudo-F5, 204=5.05, p=0.0001; depth: Pseudo-F1, 204=18.94, p=0.0001; 

interaction: Pseudo-F1, 204=0.29, p=0.89; Table S4.4), indicating that intra-colony 

variation was relatively consistent across sampled sites. SIMPER analyses revealed that 

corallite variation between shallow and mesophotic depths across all sites were primarily 

attributed to metrics CS (73.15%) and CD (11.61%).  

Principal coordinates analysis revealed a partitioning of all samples into two 

groups (Figure 4.3). One group consisted of the majority of samples from BRT and 

MCG, while a second group consisted primarily of TER samples. The primary split 

between morphotypes did not lie between shallow and mesophotic samples, however. 

Corals from WFGB and EFGB were found in both former and latter sample groupings, 

identifying a dichotomy in overall corallite morphology towards one of two morphotypes. 

A subset of samples collected on the shallow caps at FGB had more similar corallite 

structure to mesophotic samples than to the remaining shallow samples. PRG samples 

appeared to share some morphological characteristics of both morphotypes, indicated by 

overlap between both sample clusters in the PCoA. Despite sharing smaller corallite 

characteristics typical of other mesophotic corals, the PRG colonies demonstrated 

corallite spacing consistent with the morphotype observed most common at shallow 

depths at FGB and TER. With the exception of PRG, the majority of mesophotic corals 
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appeared to be a single morphotype (mesophotic WFGB and EFGB, BRT, and MCG), 

while shallow corals were split between both morphotypes. 

Morphotype assignment 

Frequency distributions of metrics CD, CW, CS, TH, CH, and L1S revealed 

relatively unimodal distributions for all metrics except for CS and L1S. The bimodal 

distribution observed in CS across all samples reflected the presence of two morphotypes 

split between 8.2–8.6 mm (Figure 4.4). All samples were sorted by corallite spacing and 

assigned a morphotype where CS>8.4 mm was considered ‘depth-generalist’ and CS<8.4 

mm was considered ‘shallow-only.’ Morphotype assignments using CS alone were found 

to have a correct assignment rate of 93.87% when compared to assignments from the k-

means clustering method (Figure 4.5; kRCLUSTER: R=0.746, 13 out of 212 incorrect 

assignments). Morphotype assignments from the k-means clustering method were used to 

create subset datasets of samples collected on the shallow caps at WFGB and EFGB in 

order to identify if the two morphotypes had different corallite structures in the same 

environment. The differences among morphotypes were not solely attributed to 

morphological variation due to depth. Depth-generalist morphotypes found at 20 m 

demonstrated increased corallite spacing and reduced corallite diameter, meaning there 

were fewer and smaller corallites per unit area as compared to shallow-only 

morphotypes. Despite having smaller corallites, depth-generalist morphotypes had taller 

corallites over the surrounding skeleton and notably larger septal lengths (Mann-Whitney 

U: CS, p=7.6e-11; CD, p=0.0067; CH, p=4.6e-5; TH, p=0.96; L1S, p=2.6e-10; Table 4.4, 

Figure 4.6). A single factor PERMANOVA using morphotype assignment identified a 

significant difference between shallow-only and depth-generalist morphotypes (Pseudo-
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F1, 65=66.63, p=0.0001). For the SIMPER analysis of morphotypes, CS (71.62%) and CD 

(13.28%) were the most influential metrics. A Mann-Whitney U test also indicated that 

zooxanthellae densities were significantly higher in the depth-generalist morphotype 

compared to the shallow-only morphotype (p=0.002), despite being found in the same 

light regime and with similar Symbiodinium community assemblages (Figure 4.6; 

Polinski and Voss in review). 

Within the samples from WFGB and EFGB, comparison of population structure 

using morphotype as a factor revealed that corallite variation had a weak relationship to 

genetic variation. The fixation index (FST), which represents the level of genetic 

differentiation between populations, was low but demonstrated significant genetic 

structure between depth-generalist and shallow-only morphotypes at FGB (AMOVA: 

FST=0.007, p=0.008). A second AMOVA using morphotype assignments according to the 

CS method also demonstrated significant genetic structure (AMOVA: FST=0.007, 

p=0.005). However, structure analysis using both assignment methods indicated that 

there was one genetic cluster (K=1, panmixia) found at FGB (Table S4.5; Figure S4.1), 

which is reflective of the results of a larger genotypic examination of coral populations in 

the NW GOM (Chapters 2, 3). 

Discussion 

  Previous studies have observed that corallite diameter decreases and corallite 

spacing increases with diminishing light in some scleractinian species (Dustan 1979; 

Foster 1979; Budd 1985; Amaral 1994a; Klaus et al. 2007; Goodbody-Gringley pers 

comm). This study extends this trend to mesophotic depths in M. cavernosa, as 

mesophotic corallites were smaller and further apart than their shallow counterparts. 
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Mesophotic corallites were also taller (corallite height), but internally shallower (theca 

height) than shallow corallites. The morphological variation across depth zones suggests 

two possible physiological responses to environmental conditions at mesophotic depths: 

(1) maximization of tissue area for light capture while minimizing self-shading and 

metabolic costs (Lasker 1981; West et al. 1993; Bruno and Edmunds 1997), and (2) 

maximization of tentacle area exposed for food capture (Sebens 1997). While colonies 

examined in this study were not observed for polyp extension or feeding behavior, earlier 

studies with M. cavernosa hypothesized that smaller corallites may also correspond with 

increased polyp expansion, although the tradeoffs between photosynthetic and 

heterotrophic yields are not well understood (Lasker 1981; Lesser et al. 2000). 

Quantification of zooxanthellae density and chlorophyll concentration in these same coral 

samples corroborated that mesophotic corals appear photoadapted to low light 

environments (Polinski and Voss in review). Mesophotic M. cavernosa from the NW 

GOM (Flower Garden Banks) and the SE GOM (Pulley Ridge) contained more 

zooxanthellae and chlorophyll a and c per tissue area than their shallow conspecifics 

from the Flower Garden Banks and Dry Tortugas, respectively.  

While increased pigmentation and symbiont densities are common photoadaptive 

responses to lower-light environments (Dustan 1979; Kaiser et al. 1993; Lesser et al. 

2010; Ziegler et al. 2015b), they are suspected to also reduce light penetration to deeper 

tissue levels due to greater optical thickness of coral tissue via self-shading (Dustan 

1979). Furthermore, a recent study identified photoconvertible red fluorescent proteins 

that transform poorly-absorbed blue-green light to orange-red wavelengths for increased 

light absorption by zooxanthellae were found more commonly in mesophotic corals 
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(Smith et al. 2017). However, while this strategy may maximize light absorption, it likely 

results in lower tissue penetration. Corals in light-limited environments such as 

mesophotic reefs may mitigate the negative effects of photoadaptation with enhanced 

light scattering from skeletal structures (Lesser et al. 2010; Kahng et al. 2012). Flat 

surfaces, such as flattened mesophotic skeletons, can increase light scattering threefold 

within tissues, with additional enhancement caused by concave surfaces in the interior of 

corallites and by complex structures such as septa (Enríquez et al. 2005, 2017; Marcelino 

et al. 2013; Scheufen et al. 2017). This study identified an increase in mesophotic septal 

length and corallite height, which may provide increased light scattering at depth. It is 

likely that a tradeoff exists between overall shallow and mesophotic morphologies, given 

multiple responses at the symbiotic and skeletal levels, although their effect on coral 

physiology and intra-species competition is not well known at this time. 

 Additionally, this study identified distinct depth-generalist and shallow-only M. 

cavernosa morphotypes at all five sites examined across the GOM. Differences in overall 

corallite morphologies were mainly attributed to increased corallite spacing in the depth-

generalist type, but there were also significant differences in corallite diameter, corallite 

and thecal height, and septal length. The depth-generalist morphotype was characterized 

by smaller and more widely-spaced corallites that were taller over the surrounding 

skeleton. The variation in corallite spacing alone was enough to predict the correct 

morphotype assignment with a relatively high level of accuracy (93.87%) compared to a 

cluster analysis of morphological variation across all eight characters. This is of potential 

interest for rapid, non-consumptive morphotype identification of M. cavernosa colonies 

in situ, perhaps allowing targeted sampling of morphotypes for comparative genotyping 
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analyses. Assignment accuracy using the CS method was also consistently high across 

large spatial scales in the GOM (~1,000 km), suggesting the possibility of widespread 

presence of the two morphotypes. Similar to previous studies that have examined 

possible morphotypes within M. cavernosa (Lasker 1981; Ruiz Torres 2004; Budd et al. 

2012b), the findings of this study indicated the presence of smaller-polyped colonies 

across a wide depth range and extended the identification of a depth-generalist 

morphotype into mesophotic depths. Previous assessment of depth distributions found the 

larger polyp, shallow-only morphotype was most dominant on mid-depth reefs at 

approximately 20–25 m (Ruiz Torres 2004); this study identified corals classified as the 

shallow-only morphotype at 65 m on Pulley Ridge. Other characteristics beyond corallite 

spacing, however, suggested that M. cavernosa at Pulley Ridge may represent a hybrid of 

shallow-only and depth-generalist morphotypes. 

This dichotomous variation in M. cavernosa morphotypes within sites was 

primarily observed at West and East FGB, where individuals of the depth-generalist 

morphotype were found in both depth zones. Shallow-only morphotypes were limited to 

the coral reefs caps from 17–20 m, but it is important to note that there is no reef habitat 

shallower than 17 m at FGB. The exclusion of shallow-only morphotypes from 

mesophotic sites was consistent across other sites in the NW GOM; M. cavernosa 

populations at Bright (50 m) and McGrail (50 m) Banks were comprised primarily of 

depth-generalist morphotypes. However, this pattern did not hold in the SE GOM, as 

most mesophotic M. cavernosa at Pulley Ridge and shallow colonies in the Dry Tortugas 

were identified as the shallow-only morphotype based on corallite spacing. Colonies 

within Pulley Ridge exhibited significant deviation in corallite structure (notably corallite 
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diameter, theca height, and corallite height) from the shallow-only morphotype, which 

was likely the result of photoadaptive responses to depth. Variations of corallite size and 

height were indicative of differences seen across shallow and mesophotic depths 

elsewhere in the GOM and likely represent skeletal adaptation better suited to low-light 

environments as described previously. 

Concurrent collection of environmental parameters at the shallow and mesophotic 

sites sampled at Flower Garden Banks indicate a significant difference in light intensity 

across depth (see Chapter 5). Light is considered to be one of the dominant 

environmental drivers of coral morphology (Beltrán-Torres and Carricart-Ganivet 1993; 

Todd 2008) and distinct separation of morphotype distribution has been observed in some 

studies (Weil and Knowton 1994; Ruiz Torres 2004; Pandolfi and Budd 2008), although 

not in others (Budd et al. 2012b; Goodbody-Gringley et al. 2012). The occurrence of both 

depth-generalist and shallow-only colonies in the shallow depth zone at FGB suggests 

that light or local environments are not the only factors influencing corallite morphology 

and therefore phenotypic plasticity may not be the dominant driver of coral morphology 

in this region (Todd 2008; Budd et al. 2012b). The variable presence of the two observed 

morphotypes within the GOM hypothesizes that genotypic differences in M. cavernosa 

may be contributing to the observed distribution of morphotypes. This hypothesis is 

contingent on many factors, including the ability of depth-generalist genotypes to spread 

and survive in other environments beyond their source populations. Such a pattern 

appears to be the case for mesophotic habitats within the GOM (Chapters 2 and 3), while 

coral larval characteristics also support such a dispersal pattern, as lipid-rich larvae tend 

to float from deeper to shallower water (Arai et al. 1993; Holstein et al. 2015a). 
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The comparison of genetic structure within FGB determined that morphotype, 

regardless of assignment method, had a small but significant effect on population 

differentiation. Despite evidence that morphotypes were significantly differentiated, 

however, the structure analysis predicted population panmixia (see also Chapters 2 and 

3). It appears that the slight differentiation is the result of genotypic differences between 

morphotypes, although there was no evidence to suggest the presence of cryptic 

speciation or a lack of gene flow between morphotypes. Results from previous population 

genetics studies suggest that there is a high degree of polymorphism within M. cavernosa 

populations across the Tropical Western Atlantic through ecological timescales (Budd et 

al. 2012b; Goodbody-Gringley et al. 2012). Polymorphism within this species has led to 

the identification of multiple morphotypes in the absence of reproductive isolation or 

adaptive radiation. The lack of strong genetic isolation observed across this species’ 

range is quite interesting and is yet unexplained by differences due to environmental or 

genetic factors alone. Polymorphic differences may represent physiological tradeoffs 

among shallow and mesophotic conspecifics pertaining to differences in feeding strategy, 

calcification, optical properties and light capture, Symbiodinium communities, and 

perhaps even stress resilience (Lasker 1981; Klaus et al. 2007; Lesser et al. 2010; 

Marcelino et al. 2013), although research to establish a link between morphotypes and 

physiological advantages is currently limited. The depth-generalist morphotype had 

skeletal characteristics that likely contribute to enhanced light capture at mesophotic 

depths through increased light scatter within the skeleton, including taller corallites and 

longer septa. The depth-generalist morphotype also had higher zooxanthellae densities 

that may support increased light capture (Figure 4.6; Lasker 1981). Corallite 
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characteristics and increased symbiont densities were retained in the depth-generalist 

morphotype even at shallow depths, suggesting aspects of the symbiosis other than light 

availability control the abundance of algal cells.  

Under light-limited conditions, increased light scattering and symbiont densities 

are advantageous and likely confer enhanced photosynthesis and possibly faster growth 

rates (Scheufen et al. 2017). During high light conditions leading to thermal stress, 

however, increased light amplification can result in increased bleaching responses 

(Cunning and Baker 2012). As symbiont density is reduced through bleaching, the effect 

of light scattering increases and creates a positive feedback loop, exposing additional 

symbionts to high intensities of light (Marcelino et al. 2013). As a result, corals with 

higher light scattering skeletal properties may confer lower bleaching resistance and be 

therefore less suited to higher light environments. Bleaching events due to excess solar 

radiation may be more likely in shallow reef habitats as compared to mesophotic habitats 

(Lesser et al. 2009). A possible hypothesis to explain the depth distribution of 

morphotypes may be that the depth-generalist morphotype is therefore less abundant on 

shallow reefs in FGB due in part to lower bleaching resistance.  

Genetic variation beyond that attributed to morphological differences may explain 

the sole presence of the shallow-only morphotype at both mesophotic Pulley Ridge and 

shallow Dry Tortugas. Given the patterns of morphotype depth distribution in the NW 

GOM, Pulley Ridge would be expected to be comprised of primarily the depth-generalist 

morphotype and the Dry Tortugas would be expected to include a mixed population of 

both morphotypes. The relative lack of the depth-generalist morphotype observed at both 

sites may have instead resulted from low larval dispersal and population connectivity in 
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the SE GOM. Population genetics analyses suggest a relative isolation of Pulley Ridge M. 

cavernosa from other sites in the GOM and TWA (Serrano et al. 2014; Chapter 2) and 

assessments of coral community structure show a recent, sharp decline in coral 

abundance on Pulley Ridge (Reed et al. 2017; Slattery et al. 2018). It is possible that 

Pulley Ridge and the Dry Tortugas were initially colonized by the shallow-only 

morphotype, or alternatively, both morphotypes have been recruited but environmental 

conditions in the region favor the shallow morphology. The former seems more likely 

given the relative isolation of the SE GOM and the small population size of M. cavernosa 

at Pulley Ridge estimated from migration models and surveys (Chapter 2; Reed et al. 

2017; Slattery et al. 2018). Divergence from the shallow-only morphotype at Pulley 

Ridge may have then been the result of photoadaptation towards smaller corallites at 

mesophotic depths. 

Throughout the fossil record for the past 25 million years, M. cavernosa 

populations in other regions of the TWA have demonstrated remarkable and persistent 

morphological variation that has not been attributed to any distinct genetic lineages 

(Budd et al. 2012b; Goodbody-Gringley et al. 2012). The ability of multiple morphotypes 

to be maintained in absence of selection, reproductive isolation, or cryptic speciation is in 

part due to high genetic diversity across much of this species’ range (Gillespie 2010). 

Therefore, a combination of both environmental and genotypic factors likely drives 

morphological plasticity. The patterns of low genetic diversity observed in the SE GOM 

support the hypothesis that the shallow-only morphotype has been present through time 

in this region, despite Pulley Ridge being the deepest site examined in this study. This 

observation reinforces the notion that morphological variation among M. cavernosa 
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represents a compilation of genotypic variation and phenotypic plasticity rather than 

responses to environmental stimuli alone. Further examination into the relationship 

between coral genotype and morphotype is required to understand differences among 

shallow and mesophotic coral populations across the GOM. Assessments of skeletal 

optical properties are also recommended to determine whether morphotypes in M. 

cavernosa confer physiological and resilience tradeoffs. Lastly, complementary analyses 

of morphological variation, metabolic physiology, and environmental conditions can 

allow quantification of the relative roles of photosynthesis and heterotrophy in 

mesophotic environments (Lesser et al. 2000, 2010). A better understanding of 

morphological variation within coral species may uncover how physiology varies across 

individuals and how depth-generalist species can be successful in a variety of reef 

habitats.  
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Tables 

Table 4.1. Morphometric characters compiled from previous assessments of Montastraea cavernosa skeletal variation (Budd 
1985; Beltrán-Torres and Carricart-Ganivet 1993; Amaral 1994; Ruiz Torres 2004). 

Metric Abbrev. Description 

Corallite diameter CD Linear measure between corallite cavity margins 
Columella width CW Linear measure across columella 
Length 1st cycle septa L1S Linear measure of first cycle septa length 
Thickness 1st cycle costa T1C Linear measure of first cycle costa thickness 
Length 4th cycle septa L4S Linear measure of fourth cycle septa length 
Theca height TH Linear measure between columella floor and theca 
Corallite height CH Linear measure between corallite base and peak 
Corallite spacing CS Linear measures between corallite and all neighbors 
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Table 4.2. Mean ± standard error of the mean (SEM) of eight corallite morphometrics across six sites and two depth zones in the 
Gulf of Mexico. 

Site Depth Zone Sampling 
Depth (m) 

Sample 
Size (n) 

Size in mm ± SEM 

CD CW L1S L4S T1C TH CH CS 

West Flower 
Garden Bank 

mesophotic 45 29 5.76 ± 
0.09 

2.32 ± 
0.05 

1.64 ± 
0.03 

0.51 ± 
0.02 

0.32 ± 
0.01 

2.06 ± 
0.05 

3.10 ± 
0.11 

10.06 ± 
0.25 

shallow 20 30 6.79 ± 
0.18 

2.88 ± 
0.09 

1.22 ± 
0.07 

0.39 ± 
0.02 

0.24 ± 
0.01 

2.60 ± 
0.07 

2.75 ± 
0.13 

7.59 ± 
0.36 

East Flower 
Garden Bank 

mesophotic 45 22 6.02 ± 
0.12 

2.53 ± 
0.06 

1.81 ± 
0.05 

0.62 ± 
0.03 

0.34 ± 
0.01 

2.20 ± 
0.07 

2.87 ± 
0.09 

10.49 ± 
0.22 

shallow 20 37 6.22 ± 
0.18 

2.77 ± 
0.08 

1.18 ± 
0.04 

0.43 ± 
0.01 

0.28 ± 
0.01 

2.68 ± 
0.11 

2.24 ± 
0.06 

7.42 ± 
0.28 

Bright Bank mesophotic 50 19 5.60 ± 
0.17 

2.38 ± 
0.08 

1.53 ± 
0.06 

0.49 ± 
0.02 

0.33 ± 
0.01 

2.07 ± 
0.08 

3.19 ± 
0.13 

9.68 ± 
0.31 

McGrail Bank mesophotic 50 26 5.70 ± 
0.12 

2.27 ± 
0.04 

1.66 ± 
0.05 

0.51 ± 
0.02 

0.32 ± 
0.01 

2.28 ± 
0.03 

2.82 ± 
0.13 

9.71 ± 
0.24 

Pulley Ridge mesophotic 65 25 4.99 ± 
0.20 

2.24 ± 
0.08 

0.84 ± 
0.02 

0.29 ± 
0.01 

0.18 ± 
0.01 

2.50 ± 
0.12 

1.41 ± 
0.11 

7.23 ± 
0.20 

Dry Tortugas shallow 29 24  6.41 ± 
0.18 

3.04 ± 
0.06 

0.94 ± 
0.03 

0.35 ± 
0.01 

0.23 ± 
0.01 

3.05 ± 
0.11 

1.75 ± 
0.07 

6.73 ± 
0.22 
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Table 4.3. Test results for permutational multivariate analysis of variance (PERMANOVA, Overall) and pairwise comparisons 
across sites within depth zones and across depth zones within sites. Insignificant (p>0.05) pairwise comparisons denoted as ns. 

Test Comparison 
Test 

Statistic 
p value 

Overall Site 14.99 0.0001 

 Depth 70.12 0.0001 

 Site – Depth interaction 2.55 ns 

Within shallow EFGB – TER 1.89 0.025 

 EFGB – WFGB 1.37 ns 

 TER – WFGB 2.51 0.003 

Within mesophotic BRT – EFGB 2.07 0.021 

 BRT – MCG 0.91 ns 

 BRT – PRG 6.01 0.0001 

 BRT – WFGB 0.86 ns 

 EFGB – MCG 2.03 0.030 

 EFGB – PRG 8.34 0.0001 

 EFGB – WFGB 1.48 ns 

 MCG – PRG 6.52 0.0001 

 MCG – WFGB 1.13 ns 

 PRG – WFGB 7.62 0.0001 

Within WFGB shallow – mesophotic 5.13 0.0001 

Within EFGB shallow – mesophotic 5.98 0.0001 
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Table 4.4. Mean ± standard error of the mean (SEM) of eight corallite morphometrics and zooxanthellae density across depth-
generalist and shallow-only morphotypes from within the shallow depth zone of West and East Flower Garden Banks. 

Morphotype Sample 
Size (n) 

Size in mm ± SEM Sample 
Size (n) 

Zooxanthellae 
Density (millions 
cells cm2 ± SEM) 

CD CW L1S L4S T1C TH CH CS 

depth-generalist 21 5.88 ± 
0.12 

2.49 ± 
0.06 

1.61 ± 
0.05 

0.49 ± 
0.02 

0.33 ± 
0.01 

2.73 ± 
0.17 

2.84 ± 
0.11 

9.85 ± 
0.19 11 1.84 ± 0.15 

shallow-only 46 6.75 ± 
0.17 

2.97 ± 
0.07 

1.01 ± 
0.02 

0.38 ± 
0.01 

0.23 ± 
0.01 

2.6 ± 
0.06 

2.3 ± 
0.08 

6.42 ± 
0.13 45 1.35 ± 0.04 
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Figures 

 

Figure 4.1. A: Five of the eight morphometric characters superimposed over a Montastraea cavernosa corallite. Not pictured: CH 
(corallite height), TH (theca height), and CS (corallite spacing). B: Typical corallite appearance for shallow-only morphotype. C: 
Typical corallite appearance for depth-generalist morphotype. Panels B and C were photographed at equal scales. 
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Figure 4.2. Boxplots with sample overlays for corallite spacing (CS), corallite diameter 
(CD), corallite height (CH), and theca height (TH) across six sites and two depth zones in 
the Gulf of Mexico. Overall p values represent Kruskal-Wallis tests across sites and depth 
zones for each metric and different letters denote significant differences (p<0.05) 
between pairwise comparisons of sites and depth zones generated by Dunn’s tests. 

●
●

●

●

●

●

●

●

●
●●
●
●

●

●

●
●
●

●

●

●

●

●

●●

●

●
●

●

●●●●

●

●
●

●

●

●
●

●●

●

●

●●●

●

●
●

●

●●●

●●●

●●

●

●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●●

●
●

●
● ●

●
●

●

●

●
●

●

●●

●

●

●
●
●

●
●

●
●
●
●

●

●
●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●
●

●

●

●

●

●

●

●
●

●●

●

●●

●

●

●●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●●

●●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●
●

●

●●

●

●

●

●

●●

●

●

●

p=2e−16

aa b a b ba b

0

5

10

15
Corallite Spacing (CS)

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●●●

●

●
●

●

●

●

●●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●●

●

●

●
●

●

●
●

●

●●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●
●

●
●

●

●

●

●
●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●
●

●●

●●●
●
●

●

●

●
●
●

●

●

●

●

●

●

●

●
●
●

●

●

●●●

●
●
●

●

●

●

●

●

●

●
●●
●●
●
●
●

●

●
●●

●

●
●

●

●

●

●
●
●

●

●●

●

●●
●●

●

●●

●

●

●

●
●
●●●

●

●

●

●●
●

●

●

p=2e−16

aab c ab d dab b

0

2

4

WFGB EFGB BRT MCG PRG TER
Site

Corallite Height (CH)

●

●
●

●

●●
●

●

●
●

●

●●●●
●
●

●
●●

●
●

●

●
●

●

●

●

●

●
●

●

●

●

●
●●
●

●
●
●

●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●
●

●

●

●●

●

●
●

●

●

●

●

●
●

●

●
●●
●●
●

●
●

●●

●

●

●
●

●

●

●●

●

●
●
●
●

●

●●

●

●

●

●●●●

●●

●

●

●

●●

●
●
●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●●●

●

●

●

●

●●●

●
●

●
●

●

●

●
●●
●
●
●

●

●
●

●

●
●
●

●●
●

●

●

●

●●

●

●●●●

●
●

●

●

●●

●●

●●
●

●

●

●
●

●
●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●
●
●

●

●

●

●

●

p=3.5e−08

abacd ac ab b cda d

0

3

6

9

Si
ze

 (m
m

)

Corallite Diameter (CD)

●

●●

●

●

●●

●
●

●

●●
●

●

●●

●
●

●

●
●

●

●

●

●

●
●
●

●●
●

●

●
●
●
●●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●
●

●
●●

●

●

●

●
●

●

●

●
●

●
●

●

●

●
●

●

●

●

●
●

●

●●

●
●

●

●

●

●
●

●

●

●
●
●

●

●

●

●

●

●

●
●

●●

●

● ●

●
●

●
●●

●

●

●
●

●

●

●

●

●

●

●

●
●

●
●●

●

●

●
●

●●●

●
●

●
●●
●
●
●

●

●

●●
●
●●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●●●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●
●

●

●

●

●
●

p=1.3e−12

aa b ac bc da b

0

2

4

6

WFGB EFGB BRT MCG PRG TER
Site

Si
ze

 (m
m

)

Theca Height (TH)
Depth

●

●

mesophotic

shallow



 

 

103 

 

Figure 4.3. Principal coordinates analysis (PCoA) of corallite morphology across six sites in the Gulf of Mexico, explaining 
88.5% of the total variation (PCo 1: 69.2%, PCo 2: 19.3%). Degree of difference among samples represented by Euclidean 
distance between sample points. Color and shape of each point corresponds to site and depth zone.  
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Figure 4.4. Frequency distributions for six morphological metrics representing the majority of corallite variation across depth, 
including: corallite diameter (CD), columella width (CW), corallite spacing (CS), theca height (TH), corallite height (CH), and 
length of first cycle septa (L1S). The size threshold of CS (8.40 mm) is represented in the orange vertical line, denoting two 
morphotypes distinguished primarily by differences in corallite spacing. L1S also had a split distribution but had a less obvious 
threshold (1.15 mm).   
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Figure 4.5. Principal coordinates analysis (PCoA) of corallite morphology across six sites in the Gulf of Mexico, with color 
overlays corresponding to morphotypes. Morphotype assignments were made using a k-means cluster test (kRCLUSTER: 
R=0.746) and by the threshold in corallite spacing (CS) measurements at 8.40 mm. Assignments using the CS method had a 
correct assignment rate of 93.87% when compared to assignments from the k-means clustering method (13 out of 212 incorrect 
assignments, shown in gray).  
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Figure 4.6. Boxplots with sample overlays for corallite spacing (CS), corallite diameter 
(CD), corallite height (CH), theca height (TH), and length of first cycle septa (L1S) 
across depth-generalist (n=46) and shallow-only (n=21) morphotypes sampled within the 
shallow depth zone of West and East Flower Garden Banks. Boxplot for zooxanthellae 
density data across depth-generalist (n=11) and shallow (n=45) morphotypes. Overall p 
values represent Mann-Whitney U tests between morphotypes. 
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CHAPTER 5 

Montastraea cavernosa exhibits gene expression plasticity across shallow and 

mesophotic reefs 

Summary 

Variable responses among individuals to changing environmental conditions have been 

studied in multiple systems, however, the impacts of adaptation at the individual level on 

population-scale processes are not well known for most ecosystems. Transcriptomics are 

a particularly useful tool to quantify plasticity of individual responses at the molecular 

level of slow-growing species such as corals. In conjunction with assessments of 

population structure, transcriptomics can contribute to a better understanding of coral 

genomics and reef ecology. Coral habitats are relatively abundant in the Gulf of Mexico 

(GOM), including mesophotic coral ecosystems (MCEs) between ~30–150 m, but there 

is little known regarding the ecological roles of mesophotic corals and potential 

functional differences among conspecifics at differing depths. A tag-based RNA-Seq 

(Tag-Seq) pipeline was applied to identify transcriptional variation of natural populations 

of Montastraea cavernosa in shallow and mesophotic environments. Gene expression 

profiling was conducted across five sites with shallow and mesophotic habitats in Belize 

and the GOM, including Carrie Bow Cay, West and East Flower Garden Banks, Pulley 

Ridge, and Dry Tortugas. Site location was a stronger driver of individual gene 

expression pathways compared to differences among depths within regions. Mesophotic 

corals among all sites appeared to share similar regulation of metabolic and cell growth
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functional pathways that may represent common acclimation or adaptation strategies to 

depth. Additionally, this study incorporated a transplant experiment at Flower Garden 

Banks; corals transplanted from mesophotic to shallow diverged from the natal 

mesophotic group over time, indicating gene expression plasticity. When shallow 

controls and transplants experienced a bleaching event, it was observed that bleaching 

was more severe in the transplants, suggesting a limited capability to resist thermal 

stressors more common to shallow environments. Ultimately, this integrative ecosystem 

model provides a better understanding of how variation in gene expression at the 

individual level contributes to flexibility of corals under varying environmental 

conditions.  

Introduction 

While intuitively it is recognized that the performance of individuals can drive 

population and community ecology in many taxa, there is currently a disconnect between 

scientific understanding of environmental acclimation or adaptation at the individual 

level and the resulting effects on population-wide ecology (Alvarez et al. 2015; Akman et 

al. 2016; Todd et al. 2016; Oomen and Hutchings 2017). In particular, there is little 

known of the mechanisms that allow coral species to be successful across broad depth 

ranges and conversely what limits depth-specialist species to certain depth zones. Also 

lacking is knowledge how these mechanisms may influence the connectivity of 

populations between depth zones. A recent topic of interest involves the ecological roles 

of mesophotic coral ecosystems (MCEs, ~30–150 m; Lesser et al. 2009; Puglise et al. 

2009), specifically the interactions of depth-generalist coral species found in both shallow 

and mesophotic habitats (Iglesias-Prieto et al. 2004; Bongaerts et al. 2010a, 2015a; 
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Kahng et al. 2014; Pochon et al. 2015; Semmler et al. 2016). The depth limits for depth-

generalist coral species are often linked with the photosynthetic compensation point, 

where approximately 1% of available surface light irradiance is just enough to maintain 

net photosynthetic output and metabolic needs (Falkowski et al. 1990; Lesser et al. 2009). 

Temperature differences across shallow and mesophotic habitats have been shown to 

influence coral depth distributions in some regions as well (Chapter 1; Bak et al. 2005; 

Lesser et al. 2010; Bongaerts et al. 2015b).  

Previous research has primarily focused on uncovering phenotypic and 

physiological responses to shallow and mesophotic environments. Mesophotic corals 

often modify their colony morphology and skeletal structure to enhance light capture at 

depth (Dustan 1979; Foster 1979; Budd 1985; Amaral 1994; Enríquez et al. 2005, 2017; 

Klaus et al. 2007; Lesser et al. 2010; Marcelino et al. 2013; Scheufen et al. 2017). 

Regulation of symbiont density (Polinski and Voss in review; Lasker 1981) and the 

inclusion of specialized zooxanthellae communities (Dustan 1979; Lesser et al. 2010; 

Bongaerts et al. 2013a; Ziegler et al. 2015a) may also contribute to depth-generalism and 

maximization of photosynthetic abilities in light-limited environments. There is evidence 

for additional physiological tradeoffs to counter decreased photosynthetic yield at depth, 

including reduced metabolic requirements (Bruno and Edmunds 1997; Klaus et al. 2007) 

and supplemental heterotrophic feeding (Porter 1976; Sebens 1997; Houlbrèque and 

Ferrier-Pagès 2009; Bongaerts et al. 2010a; Lesser et al. 2010; Slattery et al. 2011). Many 

previous studies have quantified phenotypic and physiological changes that allow certain 

coral species to be successful across multiple habitats including mesophotic reefs (see 

also Chapter 4), but there is a general lack of knowledge regarding the molecular 
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mechanisms that allow such phenotypic variability for most taxa (Alvarez et al. 2015; 

Evans 2015; Akman et al. 2016) including corals (Kenkel and Matz 2016). Research is 

specifically needed to address the genetic contributions to acclimation and adaptation 

(Voolstra et al. 2011; Matz 2017) and to determine how corals can modify their existing 

structure and function to thrive in multiple environments including those at mesophotic 

depths. 

 Library preparation and sequencing costs continue to fall, and more annotated 

reference libraries are constructed for diverse taxa. As a result, using transcriptomic 

approaches to examine biological processes at the molecular level in non-model 

organisms is now more feasible than ever before (Todd et al. 2016; Matz 2017; Oomen 

and Hutchings 2017). Whole-transcriptome RNA-Seq approaches quantify gene 

expression at a snapshot in time and provide a more comprehensive view of overall 

expression patterns compared to traditional microarray and qPCR methods that are 

limited to targeted gene markers (Edge et al. 2005; DeSalvo et al. 2008, 2010). One 

example of these cost-effective and practical transcriptomic tools is Tag-Seq, a variation 

of RNA-Seq that selectively amplifies the 3’ end of transcripts prior to the poly-A tail 

instead of sequencing entire genes (Meyer et al. 2011). Genes are still able to be 

identified with high accuracy and decreased transcript read length allows for greater 

sequencing depth at a lower cost per sample (Lohman et al. 2016). With RNA-Seq 

approaches including Tag-Seq, quantified gene expression across tens of thousands of 

genes allows the construction of related multi-gene pathways based on functional 

annotation databases and correlational networks responding to a common stimulus 

(Langfelder and Horvath 2008; Dixon et al. 2015; Strader et al. 2016). Of particular 
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interest with relatively slow-growing coral species is the potential for gene expression 

profiling to identify differential regulation of functional pathways linked to phenotypic 

change, such as skeletal morphology (Gutner-Hoch et al. 2017) or stress responses 

(Kenkel et al. 2011, 2014; Louis et al. 2016), perhaps before any visible change is 

manifested. 

 The previous chapters have focused on quantifying genotypic and morphological 

differences among shallow and mesophotic conspecifics, and in some regions of the Gulf 

of Mexico (GOM), have identified varying degrees of population and morphological 

differentiation. Collectively, these results suggest that while environmental differences 

among sites and depths are likely the dominant factors controlling connectivity and 

morphology, M. cavernosa phenotypes are likely influenced by genotypic variation as 

well. This chapter aimed to identify whether gene expression patterns between shallow 

and mesophotic corals reflect genetic, morphological, and physiological trends seen in 

the previous chapters. Most previous coral studies involving RNA-Seq approaches 

involve quantification of coral responses to a specific stimulus in controlled 

environments, most notably thermal stress (Meyer et al. 2011; Bellantuono et al. 2012a; 

Burge et al. 2013; Kenkel et al. 2013b, 2014; Pinzón et al. 2015; Anderson et al. 2016; 

Davies et al. 2016; Louis et al. 2016). However, it is equally important to understand 

genetic variation found in natural populations. Complementary analyses including 

observational and experimental designs allow more comprehensive evaluations of 

plasticity, acclimation, and adaptation (Alvarez et al. 2015; Kenkel and Matz 2016; 

Lohman 2017). As such, this chapter is comprised of two separate but related studies that, 
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taken together, aimed to increase understanding of the mechanisms behind coral 

functional modifications at depth. 

 First, coral sampling was conducted at shallow and mesophotic depths across 

broad spatial scales in Belize and the GOM. To allow comparisons between the previous 

assessments of population structure and morphological plasticity, Montastraea cavernosa 

colonies were sampled from Carrie Bow Cay, Belize (CBC), West and East Flower 

Garden Bank (WFGB, EFGB), Pulley Ridge (PRG), and the Dry Tortugas (TER). This 

species is considered a model species to examine shallow and mesophotic ecological 

interactions as it is ubiquitous in the Tropical Western Atlantic and is a depth-generalist 

(Bak et al. 2005; Lesser et al. 2009; Nunes et al. 2009). Additionally, M. cavernosa has 

been the focus of integrative assessments of population connectivity (Chapters 2 and 3; 

Atchison et al. 2008; Nunes et al. 2009, 2011; Goodbody-Gringley et al. 2012; Brazeau et 

al. 2013; Serrano et al. 2014), morphological plasticity (Chapter 4; Lasker 1981; Budd 

1985; Beltrán-Torres and Carricart-Ganivet 1993; Amaral 1994; Ruiz Torres 2004; Budd 

et al. 2012b), and photoadaptation (Polinski and Voss in review; Lesser et al. 2000, 2010; 

Scheufen et al. 2017) in previous studies, laying the groundwork for examination of 

differential gene expression related to known phenotypic and genotypic variation.  

Dominant zooxanthellae type is known for the majority of the sites in this study 

excluding CBC (Polinski and Voss in review; but see Eckert 2018), allowing the 

integration of the Symbiodinium Clade C transcriptome (Davies et al. 2016) with the M. 

cavernosa reference (Kitchen et al. 2015). The creation of a combined transcriptome for 

the two dominant eukaryotes in the holobiont has been used in previous studies to 

identify potential interactions between host and symbiont transcriptomic trends (Gust et 
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al. 2014; Pinzón et al. 2015; Davies et al. 2016; Kenkel and Matz 2016). In this study, 

whole-transcriptome gene expression profiles were compared among shallow and 

mesophotic M. cavernosa across the five sites to identify potential patterns of local 

acclimation or adaptation to sites and depth zones. Additionally, differentially-expressed 

genes within sites were examined to determine if a common transcriptional response to 

mesophotic conditions occurs in this species.  

Second, a one-year transplant experiment at FGB was conducted to address gene 

expression plasticity in M. cavernosa. Individual colonies were tracked as shallow 

controls (20 m), mesophotic controls (45 m), and as transplants moved from mesophotic 

to shallow depths (45 to 20 m) to quantify: 1) differences within depth treatments over 

time, 2) overall variation between depth treatments, and 3) potential plasticity in 

transplanted corals. The ultimate goals of both complementary studies were to determine 

whether shallow and mesophotic conspecifics exhibit distinct gene expression plasticity 

and if common functional pathways exist to allow local adaptation and acclimation in 

both depth zones. 

Methods 

Sample collection 

To assess whether gene expression patterns in M. cavernosa were similar across 

reefs and to shallow and mesophotic conditions, coral samples were collected at five sites 

across the GOM and Belize. Sites were chosen based on the availability of coral habitat 

across depths and the relative abundance of the target coral species. Despite lacking 

contiguous reef habitat, Pulley Ridge and the Dry Tortugas were compared as mesophotic 

and shallow sites to maintain consistency with analyses from the previous chapters. This 
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combination introduces confounding effects of site into the comparison between depth 

zones, but still allows inferences to be made regarding coral populations in the southeast 

GOM. Within each site, corals were collected from shallow (15–30 m) and mesophotic 

(35–70 m) depth zones as allowed by the depth distributions of M. cavernosa. Small 

tissue fragments (10–15 cm2) were chiseled from the perimeter of apparently healthy 

colonies and were preserved in TRIzol reagent within 30 minutes of collection. Within 

Belize (CBC), a total of 90 samples were collected at mesophotic (35 m, n=45) and 

shallow (15 m, n=45) depth zones. Corals within the Flower Garden Banks (WFGB, 

EFGB) were collected from mesophotic (45 m: WFGB, n=42; EFGB, n=35) and shallow 

(20 m: WFGB, n=36; EFGB, n=42) depth zones. Fifty-four corals were collected from  

65 m at Pulley Ridge (PRG), and 45 samples from 29 m at the Dry Tortugas (TER) 

(Table 5.1). Logistical challenges associated with mass sampling at mesophotic depths 

across the Gulf of Mexico prevented collection of all corals within sites during a single 

expedition, therefore collections of corals for this study were synchronized during the 

spring and summer months to reduce potential seasonal effects on gene expression. 

Transplant experiment 

 Gene expression plasticity across shallow and mesophotic environmental 

gradients was assessed using a transplant experiment at FGB. The original experimental 

design was to fate-track and sample five colonies each of unmanipulated controls, 

remove-and-replace controls, and reciprocally-transplanted colonies among shallow (20 

m) and mesophotic (45 m) depths at WFGB and EFGB independently. Due to safety 

constraints associated with poor weather conditions, the remove-and-replace controls and 

transplants from shallow to mesophotic depths were eliminated from the design during 
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experimental setup. At each bank, five M. cavernosa colonies approximately 15–50 cm in 

diameter were selected and tagged at shallow and mesophotic depths, respectively, with 

an additional five mesophotic colonies that were removed from the reef at 45 m and 

transplanted near the shallow controls at 20 m. All experimental colonies were of the 

depth-generalist morphotype identified in Chapter 4, therefore morphometric samples 

were not taken following the initial sampling timepoint (time zero). 

Additionally, duplicate light and temperature loggers sampling at fifteen-minute 

intervals were deployed near the experimental corals at each site and depth zone for 

continuous monitoring of environmental data over the course of the study. Light and 

temperature data were averaged to generate minimum, maximum, and mean daily 

temperature, and maximum and mean daily light intensity (daily minimum light intensity 

was always zero). Daily light and temperature datasets were log-transformed and 

analyzed using two-way ANOVAs across site and depth. The transplant experiment was 

initiated in October 2015, although not all transplant colonies were successfully 

transplanted at EFGB until May 2016. All colonies were sampled in May 2016 and 

September 2016. The differences in time from transplantation for the EFGB samples are 

reflected in the statistical model design. Sample sizes for each of the transplant factor 

groups are in Table 5.2. 

Library preparation and sequencing 

 Total RNA was extracted from preserved coral samples using a modified phenol 

chloroform extraction (Chomczynski and Sacchi 2006), treated with DNase I (Ambion) 

to remove DNA contamination, and was purified and concentrated using a 13.3M LiCl 

precipitation. Samples that did not meet a total mRNA yield of 1 µg following 
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purification were removed from the analysis. RNA libraries were prepared according to a 

Tag-Seq protocol originally designed by Meyer et al. (2011), an updated version of which 

is available at http://people.oregonstate.edu/~meyere/docs/TagSeq_26Aug2016.pdf. In 

summary, 1 µg of mRNA was initially heat-fragmented to produce 100–500 bp 

fragments. Complimentary DNA (cDNA) was synthesized using a poly-A specific 3’ 

primer and template switching 5’ primer with degenerate barcoding sequence, then 

amplified and purified using the column-based GeneJet PCR purification kit (Thermo 

Fisher). Due to low initial RNA quality, cDNA amplification reactions were increased to 

22 cycles to ensure consistent amplification across samples. Individual libraries were 

dual-barcoded using Illumina-specific adaptors and barcoding primers. Purified libraries 

were size-selected to obtain 200–300 bp target cDNA and pooled in equal proportions 

following relative quantification using a qPCR assay. Library preps that did not achieve 

sufficient cDNA amplification or final library concentration were removed from the final 

pools. The number of samples in each pool was determined by a target raw read count of 

5.4–7.2 million reads per sample. Nine pooled sets of libraries were generated, 

concentrated using ethanol precipitation reactions, and sequenced by the University of 

Wisconsin Biotechnology Center using an Illumina HiSeq 2500 with V4 chemistry 

generating 1x50 bp single-end reads. Illumina adapters were removed, and lane pools 

were demultiplexed according to the barcode assignments by the sequencing facility prior 

to return of raw data. For all samples across both studies, a total of 1.6 billion raw reads 

were produced, with a mean read count per sample of 5.32 million. Following trimming 

and quality filtering, 514 million reads remained, with a mean of 1.65 million trimmed 

reads per sample.  
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Differential expression  

 Raw sequence data was processed according to a modified version of the Tag-Seq 

pipeline available on GitHub (https://github.com/z0on/tag-based_RNAseq). Modified 

scripts and protocols used for this study are available on GitHub as well 

(https://github.com/mstudiva/tagseq-modified-scripts). Briefly, raw reads were combined 

across sequenced duplicates and filtered using a custom perl script to remove PCR 

duplicates (sequences with matching degenerate headers and transcript). Additionally, 

reads with missing base calls in the degenerate header were removed. Subsequent quality 

filtering was done using fastx_toolkit (http://hannonlab.cshl.edu/fastx_toolkit). 

Homopolymer runs of A≥8 bases (the poly-A tail) and the 3’ Illumina adapter were 

removed from the end of reads. Resulting read quality was then assessed, where PHRED 

scores were required to be >20 in at least 90% of the read in order to retain the sequence. 

The M. cavernosa transcriptome (Kitchen et al. 2015) was concatenated with the 

Symbiodinium Clade C transcriptome (Davies et al. 2016). Cleaned reads were mapped to 

the reference holobiont transcriptome and unique isogroups (gene identifiers) were 

counted using bowtie2 (Langmead and Salzberg 2012). The mean rate of alignment to the 

reference holobiont transcriptome was 65% of trimmed sequences, resulting in 58868 

isogroups mapped across all samples. 

 All analyses were conducted in the R statistical environment (R Core Team 

2017). Before analysis of differential expression, genes with a mean count of <3 across 

all samples were removed to obtain a filtered dataset. Outliers were detected with 

arrayQualityMetrics (Kauffmann et al. 2009) according to distance between sample 

transcript arrays. Four samples from the gene expression of natural populations study 
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violated the outlier threshold and were removed. One sample from the transplant 

experiment was at the threshold but was not removed to maintain statistical power due to 

the relatively low sample sizes in the transplant experiment (n=3–5 samples per factor 

level). Differential expression analysis was conducted using the R package DESeq2 

(Love et al. 2014). For assessment of gene expression across natural populations, a two-

factor model of site + depth + site:depth was tested for overall differences across factors. 

Contrast statements were then used to identify differences between sites as a whole, 

differences between depths within each site, and differences between depths compared 

among sites. In contrasts comparing depth zones, differential expression results are 

presented as mesophotic expression over shallow. With pairwise site comparisons, sites 

were compared reverse-alphabetically (e.g. WFGB over EFGB). Comparison of gene 

expression for the transplant experiment was made using a two-factor model of time + 

depth + time:depth. Contrast statements identified differences across pairwise 

comparisons of timepoints and depth treatments. 

 Count data were normalized using the variance stabilized transformation 

according to DESeq2 protocols for data visualization and additional analyses. An analysis 

of variance (ANOVA) identified the significant effects of factors on gene expression 

using the adonis function of the package vegan (Oksanen et al. 2015). Differences in 

normalized expression among the factors were visualized using principal coordinates 

analyses (PCoAs) and heatmaps to examine differences among samples. To determine 

whether transplants could be used as an indicator of expression in the transplant 

experiment, a discriminant analysis of principal components (DAPC) was used using the 

adegenet package (Jombart 2008; Jombart et al. 2010). The transplant factor group was 
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the discriminant function, and membership predictions to either the shallow or 

mesophotic groups were estimated using the DAPC scores. 

Enrichment analysis 

 Differentially-expressed genes were compared to functional pathways with 

enrichment analyses using gene ontology (GO) and eukaryotic orthologous group (KOG) 

databases in the GO-MWU (Voolstra et al. 2011; https://github.com/z0on/GO_MWU) 

and KOGMWU packages (Dixon et al. 2015; Matz 2016; Strader et al. 2016). Both GO 

and KOG databases contain universal functional group annotations of individual genes 

based on biological and biochemical functions (Tatusov et al. 2000, 2003; The Gene 

Ontology Consortium et al. 2000; The Gene Ontology Consortium 2017). GO-MWU 

identifies significant enrichment of GO categories across over- or under-expressed genes 

using a Mann-Whitney U test. The advantage to this method over traditional GO analysis 

is that a significance threshold is not used to prefilter differentially-expressed genes used 

in the analysis. The resulting outputs identify significantly enriched GO categories and 

their relative levels of expression across the three GO divisions Molecular Function, 

Biological Processes, and Cellular Components (The Gene Ontology Consortium et al. 

2000; The Gene Ontology Consortium 2017) according to a specified a false discovery 

rate (FDR)-corrected p value cutoff. The KOGMWU analysis works in a similar fashion, 

although enrichment of functional pathways is compared across universal KOG 

categories to produce a heatmap (Nordberg et al. 2014). 
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Results 

Gene expression across natural populations 

Differential expression  

 Prefiltering resulted in a dataset of 8766 genes with counts above threshold across 

261 samples. Analysis of gene expression patterns across shallow and mesophotic reefs 

in the GOM and Belize indicated that gene expression differed significantly over both 

site and depth, with a significant interaction among these two factors as well (ANOVA: 

site, F3253=13.31, p=0.001; depth, F1253=2.81, p=0.009; interaction, F3253=2.83, p=0.001). 

The number of differentially-expressed genes (DEGs) and their direction (more- or less-

expressed in the first factor level compared to the second) for the full model terms and 

the associated contrast statements are in Table 5.3 and Figure S5.1. Overall, site was the 

strongest driver of differential expression with 2955 DEGs, while depth was an order of 

magnitude less influential with 250 DEGs. The site:depth interaction contributed to 922 

DEGs (Figure S5.2). Principal coordinates analyses (PCoAs) of site and depth also 

showed that site was a stronger driver of differences among samples and that most of the 

differentiation between shallow and mesophotic corals was driven by interactive 

differences between depths across sites CBC, WFGB, and PRG-TER (Figure 5.1). 

Identification of DEGs between mesophotic and shallow depth zones within sites 

indicated that some sites were more vertically differentiated (Table 5.3). For example, 

mesophotic and shallow depths at WFGB were least differentiated by 1048 DEGs, while 

EFGB differed by 1362 DEGs. The number of DEGs that differed between depth zones 

within each site were compared using a Venn diagram and found that 675 genes were 

differentially expressed between mesophotic and shallow corals at all five sites (Figure 
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5.2). The number of DEGs unique to each site were also in proportion to the overall 

number of DEGs identified between depths within the sites. For example, 20 DEGs were 

unique to WFGB, while 276 unique DEGs were found at EFGB.  

Heatmap comparisons of differential expression across site and depth factors are 

in Figures S5.3–S5.4, respectively. The most significantly different expression patterns 

(threshold of p=0.1e-9) across sites formed distinct groupings, where WFGB and EFGB 

were most similar, and CBC and PRG-TER were similar (Figure S5.3). Nearly half the 

DEGs were expressed more in WFGB and EFGB corals than CBC and PRG-TER corals, 

while the opposite was true for the remaining DEGs. Gene expression patterns between 

mesophotic and shallow corals (depth factor) were relatively similar across all sites. DEG 

patterns across depth zones were subtle and were likely confounded by depth variations 

among sites (Figure S5.4). Both shallow and mesophotic samples from WFGB shared 

similar increased expression of the most significant DEGs compared to other sites. Of the 

675 commonly-expressed genes, nearly half of the DEGs had a clear effect of site (Figure 

S5.5). The remaining genes, however, appeared to have relatively consistent increased 

expression regardless of site and may represent a core set of housekeeping genes in both 

depth zones. 

Enrichment analysis   

 Analysis of DEG pathways with gene ontology annotations between depth zones 

was unsuccessful as it did not identify any significantly enriched GO categories. This was 

likely caused by few DEGs that varied over depth, resulting in a general lack of distinct 

expression patterns within larger functional pathways in mesophotic versus shallow 

corals. Instead, the differences between mesophotic and shallow corals within sites were 
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better summarized using eukaryotic orthologous group (KOG) annotations. Metabolic 

KOG classes were generally under-represented in mesophotic compared to shallow corals 

across all five sites, while KOGs related to defense mechanisms and cell division were 

moderately enriched among those genes more highly expressed in mesophotic corals 

(Figure S5.6). There were also some site-specific differences in KOG enrichment, 

notably rarely-expressed genes were associated with cell division at PRG-TER and 

nuclear structure at EFGB. KOG class delta rank comparisons revealed significant 

correlations between all pairs of sites (all p<0.05; Figure S5.7). Gene expression patterns 

across all functional pathways were most similar between CBC and WFGB, CBC and 

EFGB, and WFGB and EFGB (r=0.99, r=0.93, and r=0.95, respectively), while PRG-

TER were less similar to all other sites (r=0.64, r=0.60, and r=0.55, respectively). These 

low correlation strengths appeared to be driven primarily by comparative under-

expression of genes in the ‘multiple functions’ KOG class in PRG-TER corals compared 

to all other sites, which is characterized by relatively universal genes found in many 

functional pathways (Nordberg et al. 2014). 

Examination of KOG enrichment within the set of common 675 genes allowed the 

comparison of depth-specific pathways across sites (Figure 5.3). PRG-TER were the least 

similar to the other sites, due in part to relative under-expression of cell membrane 

biogenesis genes and higher expression of cell motility genes. CBC and WFGB were 

notably more enriched with cell division genes, possibly suggesting increased host or 

symbiont cell regulation compared to the remaining sites. Some of the strongest 

expression patterns observed between mesophotic and shallow corals were once again in 

the ‘multiple functions’ KOG class. Significant correlation strengths were high between 
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site comparisons (Figure S5.8), with CBC and WFGB, CBC and EFGB, and WFGB and 

EFGB being the most similar (r=0.99, r=0.95, and r=0.94, respectively). Correlation 

coefficients between PRG-TER and all other sites were noticeably higher than in the 

analyses across all genes (r=0.86, r=0.86, and r=0.87, respectively), suggesting more 

similar expression of the common 675 genes in mesophotic corals regardless of site. 

Transplant experiment 

Environmental conditions 

 Mean daily temperature at WFGB and EFGB from Oct 2015 to Sept 2016 was 

approximately 2ºC lower at 45 m as compared to 20 m. Daily minimum and maximum 

temperatures followed a similar differential pattern between depths (Figure S5.9). Mean 

and maximum daily light intensity were significantly lower (~75% reduction) at 

mesophotic compared to shallow depths (Figure S5.10). Additionally, the mesophotic 

depth zone experienced lower daily and seasonal variance in both temperature and light. 

Model outputs for ANOVAs comparing minimum, maximum, and mean daily 

temperature, and maximum and mean daily light intensity are in Table S5.1. Continuous 

records of temperature and light data over the duration of the experiment are in Figures 

S5.11 and S5.12. While there were obvious and significant temporal differences between 

temperatures at shallow and mesophotic depths across both sites, a minimum annual 

temperature (~20 ºC) was observed in March 2016 at both depths.  

During September 2016 (just prior to and during the twelve-month sampling), sea 

surface temperatures over 30ºC resulted in a bleaching event at FGB (Flower Garden 

Banks National Marine Sanctuary 2017). All of the shallow controls and transplants at 

both banks appeared paled or fully bleached. However, all transplanted colonies were 
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fully bleached with one colony being partially dead; in contrast the shallow controls were 

typically only partially bleached (Figure 5.4). One mesophotic control at EFGB was 

partially paling, although it was unclear if it was due to thermal stress, or more likely 

based on appearance, corallivore grazing. It is unlikely that the physical act of 

transplantation negatively affected these corals, although remove-and-replace controls 

were not able to be incorporated into the experimental design to test for an effect of 

handling on colony gene expression. No bleaching responses were apparent at the six-

month timepoint, and interestingly, new polyp growth was observed on some transplants 

at the twelve-month timepoint. Previous transplant experiments, on the other hand, have 

documented severe bleaching and death in corals moved to shallower depths (Baker 

2001; Bongaerts et al. 2015b), suggesting that transplantation in some cases may cause 

coral stress responses.  

Differential expression  

Prefiltering resulted in a dataset of 8923 genes with counts passing mean 

threshold across 73 samples. A two-way ANOVA for the transplant experiment identified 

that sampling timepoint was a significant driver of gene expression patterns, however 

depth was not. The time:depth interaction was significant (ANOVA: time, F2,64=2.66, 

p=0.002; depth, F2,64=1.05, p=0.31; interaction, F4,64=1.46, p=0.034; Figure S5.13). 

DEGs identified for each of the model terms and associated contrast comparisons among 

time and depth treatments are in Table 5.4 and Figure S5.14. Overall differences across 

timepoints were captured with 237 DEGs, across depth treatments with 3 DEGs, and 

across the interaction with 78 DEGs. Comparing pairs of depth treatments (shallow 

controls, mesophotic controls, and mesophotic to shallow transplants) within each time 
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point revealed a pattern in shifting expression (Figure 5.5). Initial (time zero) differences 

between transplants and mesophotic controls increased over time, with the largest 

pairwise difference in 568 DEGs being at twelve months. Additionally, transplants had 

far more under-expressed genes compared to mesophotic controls at twelve months than 

at any previous timepoint (Figure S5.14). Conversely, transplants appeared to be more 

similar to shallow controls at the six-month timepoint (111 DEGs) compared to time zero 

(126 DEGs). However, at twelve months during the bleaching event, transplant gene 

expression patterns were the most dissimilar from shallow controls (173 DEGs). The 

majority of DEGs were under-expressed in transplants as compared to shallow controls at 

time zero and six months, with a converse increase in over-expressed genes in the 

transplants at twelve months (Figure S5.14). Comparisons of mesophotic and shallow 

controls over time showed that both groups were most similar at time zero and twelve 

months (117 and 141 DEGs, respectively) than at six months (168 DEGs), suggesting a 

possible seasonal component affecting gene expression patterns. 

A discriminant analysis of principal components (DAPC) was used to identify if 

transplanted corals had distinct gene expression patterns through time compared to 

control colonies. Two discriminant functions were created using the transplant depth 

treatment as the factor, the first of which predicted membership to the three timepoints 

within the transplants only (Table S5.2, Figure 5.6). Transplanted corals at twelve months 

were generally indistinguishable from time zero. Half of the tracked colonies were 

consistent through time (always predicted as time zero), while others were distinctly 

identified as six-month. For the depth treatment discriminant function, five out of the ten 

tracked transplants were originally classified as part of the shallow group, corroborating 
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an overall high degree of similarity between depths. Conversely, none of the transplants 

were predicted to be part of the mesophotic group. Since the time zero transplant samples 

were taken prior to the act of transplantation, this suggests that that transcriptomic noise 

between individuals is relatively high, leading to a generally poor ability to differentiate 

depth treatments using DAPC methods alone. Principal coordinates analyses of all 

timepoints and depth treatments indicates a similar trend across controls as well (Figure 

S5.13). There was a high degree of overlap among timepoints, but six-month corals 

showed the highest variability, suggesting a potential impact of seasonal changes in 

environmental conditions. The majority of control and transplanted depth treatments 

shared similar overall expression, despite unique variation exhibited by shallow controls 

and transplants (Figure S5.15). 

Enrichment analysis 

GO-MWU analysis was successful in identifying significantly enriched GO 

categories for pairwise comparisons between depth treatments only at the twelve-month 

timepoint (Figure 5.7). Mesophotic controls exhibited higher expression of genes related 

to ribosomal pathways as compared to shallow controls. Transplants also showed 

enrichment of ribosomal categories compared to mesophotic controls, but genes 

associated with symbiotic zooxanthellae (chloroplast and thylakoid GO terms) were less-

frequently expressed. Transplants showed moderate enrichment of the same chloroplast 

and thylakoid GO terms compared to shallow controls despite being fully bleached at the 

time of sampling. KOG analysis suggested similar functional responses between depth 

treatments (Figure 5.8). Generally, mesophotic versus shallow comparisons were similar 

across all three timepoints and likewise for transplants versus shallow. Mesophotic 
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controls demonstrated lower expression of genes associated with cell division-related 

KOG classes including nuclear structure and replication and repair. Energy production 

and metabolic KOG classes were also less expressed in transplants compared to shallow 

controls, both of which groups were bleached at the time of sampling. 

Discussion 

Gene expression across natural populations 

 The results of this study suggest that site was more influential on transcriptomic 

responses than differences between depth zones. Sites contributed to the highest amount 

of gene expression variation between natural populations of M. cavernosa. A site-specific 

effect has been shown in other taxa to be the result of variation in environmental 

conditions expected across broad spatial scales (Whitehead and Crawford 2006a; Polato 

et al. 2010; Akman et al. 2016). In coral ecosystems, temperature, light irradiance, and 

oceanographic gradients are observed to be some of the dominant drivers of species 

distribution on subregional scales (Lesser et al. 2009; Kahng et al. 2010; Slattery and 

Lesser 2012; Baker et al. 2016). These and other environmental conditions are expected 

to vary across thousands of kilometers in the GOM given the variability of the region and 

reef habitats (Oey et al. 2005; Hine et al. 2008; Schmahl et al. 2008; Locker et al. 2010; 

Gough et al. 2017). 

On the other hand, a smaller subset of common responses between depth zones 

within sites were remarkably consistent. Such a pattern has also been observed in 

previous studies with other marine organisms (Whitehead and Crawford 2006b; Polato et 

al. 2010). Mesophotic corals demonstrated lower expression of genes associated with 

metabolic pathways and energy production, which may be a response to low light 
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conditions (Bay et al. 2009, 2013). Previous studies quantifying photosynthesis and 

respiration responses at depth have observed that mesophotic corals have lower metabolic 

rates compared to shallow conspecifics (Lesser et al. 2010; Cooper et al. 2011), which 

may correspond to lower calcification and growth rates in some scleractinian species 

(Goreau 1959; Baker and Weber 1975; Huston 1985; Mass et al. 2007; Hickerson et al. 

2012; Groves et al. 2018). Assessments of morphological variation over depth have 

suggested a similar trend, whereas flattened mesophotic colonies generally have lower 

tissue area and therefore require less metabolic support (Bruno and Edmunds 1997; Klaus 

et al. 2007; Lesser et al. 2010). Mesophotic corals had slightly enriched pathways 

responsible for cell growth, including cell division, cytoskeleton, and replication KOG 

classes. However, the possible relationships between morphological plasticity and 

transcriptomic evidence of reduced metabolic processes are not well known. An 

interesting hypothesis could be that the increased expression of genes associated with cell 

division pathways in mesophotic corals may be reflective of host regulation of 

zooxanthellae communities (Kuo et al. 2004; Mayfield et al. 2010; Toulza et al. 2010), 

given that the mesophotic M. cavernosa colonies in this study demonstrated increased 

symbiont densities compared to shallow conspecifics as well (Polinski and Voss in 

review). Nutrient availability, which is hypothesized to be higher on MCEs as compared 

to shallow reefs (Leichter et al. 2003, 2007; Leichter and Genovese 2006; Lesser et al. 

2009), may also contribute to increased zooxanthellae growth rates in mesophotic corals 

(Wilkerson et al. 1983; Muller-Parker et al. 2015).  

 A subset of 675 differentially expressed genes were commonly found across all 

five sites and may possibly represent a core group of genes responsible for local 
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acclimation or adaptation to mesophotic depths. KOG analysis of functional pathways 

associated with these genes reiterated the trends seen in the whole-transcriptome analysis. 

Metabolic pathways were once again less frequently-expressed in mesophotic M. 

cavernosa, while cell replication pathways were highly-expressed. In both analyses, the 

SE GOM region including Pulley Ridge and the Dry Tortugas was predicted to be the 

least similar to the other sites, in that cell division expression was the lowest. Pairwise 

comparisons of mesophotic versus shallow differential expression across sites also 

indicated that SE GOM corals were unique. Since the two sites Pulley Ridge and the Dry 

Tortugas are not contiguous reef habitats, it is likely that the differences observed were 

primarily the result of interactive effects of environmental variation between the two sites 

rather than differences due to depth alone.  

 Taken in context with the results from the population genetics analyses (Chapters 

2 and 3), the gene expression profiles presented here suggest that shallow and mesophotic 

M. cavernosa exhibit high plasticity on two fronts. Highly-connected M. cavernosa 

populations in the FGB (Chapters 2 and 3; Atchison et al. 2008; Goodbody-Gringley et 

al. 2012; Rippe et al. 2017) were nonetheless comprised of distinct gene expression 

profiles between sites. In this case, similar genotypes may be responding differently to 

microscale environmental variation at WFGB and EFGB. Secondly, genetically isolated 

populations such as those at shallow and mesophotic depths near Carrie Bow Cay, Belize 

and those in the SE GOM (Chapter 2; Serrano et al. 2014) responded to mesophotic 

conditions consistently between depth zones. It is also possible that microsatellite 

markers are not under selection via adaptive pressures and therefore would not reflect 

genotypic differences among conspecifics leading to transcriptomic variation. Despite 
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evidence for gene expression plasticity across depth, however, there does not appear to be 

any strong signature of functional differences that may isolate shallow and mesophotic 

M. cavernosa. On the contrary, subtle differences in functional pathways of depth-

generalist conspecifics may reflect tradeoffs in metabolic strategies to increase efficiency 

in each respective depth zone, or flexibility during seasonal and stochastic environmental 

changes.  

Transplant experiment 

 In addition to the quantification of gene expression in natural populations, a 

transplant experiment at FGB identified phenotypic plasticity following relocation of full 

M. cavernosa colonies from mesophotic to shallow depths. This experiment demonstrated 

that time was a stronger influence of gene expression as compared to depth treatment, 

which was likely reflective of seasonal variation (Warner et al. 2002; Edge et al. 2008). A 

discriminant analysis of principal components could not differentiate between time zero 

and twelve-month timepoints for the transplants, suggesting that similar seasonal 

conditions at both time zero and twelve-month timepoints were more important for 

determining overall gene expression patterns than transplantation to a new environment. 

On the other hand, inherent variability among individual stress responses during the 

bleaching event at twelve months may also have masked any discerning patterns between 

depth treatments. After six months, transplants showed high variability in gene 

expression across individuals, with half (n=5) maintaining consistency with time zero 

expression, but the remaining five colonies acting differently than at either the time zero 

or twelve-month timepoints.  
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Environmental conditions monitored during the experiment included light 

intensity and temperature, two parameters most likely to influence coral depth 

distribution (Falkowski et al. 1990; Lesser et al. 2009, 2010; Bongaerts et al. 2015b). 

Despite a 2ºC lower mean temperature at the 45 m depth zone compared to the 20 m 

shallow depth zone, this difference was primarily attributed to the late summer months 

preceding the bleaching event. Shallow temperatures rose steadily from March–

September 2016 while mesophotic temperatures increased more gradually until a rapid 

rise to similar temperature as shallow depths in late summer. Temperature differences 

between depths were unlikely to be the dominant factor affecting gene expression, 

however. Despite the high transcriptomic variation observed during the six-month 

sampling timepoint in May 2016, mesophotic temperatures were roughly 1ºC lower than 

shallow. By July 2016, the difference between depths was close to 5ºC. Instead, variation 

in light intensity is potentially causing the high variation in expression at the six-month 

timepoint, and further may explain the variation between expression patterns of shallow 

and mesophotic controls.  

Over the duration of the experiment, both mean and maximum daily light 

intensity was lower by 70–80% in mesophotic compared to shallow depths. 

Unfortunately, given logistical constraints associated with deployment of 

photosynthetically active radiation (PAR) meters for long time periods at mesophotic 

depths, pendant loggers were deployed instead which measured light intensity via 

luminous flux (lux). These data must be treated with caution in comparison to light 

irradiance as lux measurements do not capture the full PAR spectrum (Moheimani et al. 

2013). However, spectral composition within the range of peak chlorophyll absorption 
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(400–550 nm) is likely similar between 20 and 45 m depth zones (Lesser et al. 2009), 

allowing limited inferences to be made. With respect to the limitations of using these 

light data to explain transcriptomic trends, light intensity was observed to be nearly 8–10 

times higher across both depth zones at the six-month timepoint compared to time zero. 

While the seasonal rate of change in light availability may have been the same between 

depths, the differential magnitudes of light intensity change may possibly explain the 

higher number of DEGs between mesophotic and shallow controls, as well as observed 

DEGs between transplants and mesophotic controls. 

At the six-month timepoint, changes in differential expression between depth 

treatments were reflective of transcriptional plasticity. An increasing number of DEGs 

between transplants and mesophotic controls, in conjunction with a decrease in DEGs 

between transplants and shallow controls, suggests that transplants were becoming more 

similar to shallow corals in terms of transcriptomic patterns. Differences among depth 

treatments were not strong enough to identify significantly enriched GO pathways, 

although KOG analysis indicated a reversal in possible metabolic patterns seen in 

mesophotic controls. At time zero, nuclear structure and replication pathways were more 

highly-expressed in transplants versus mesophotic controls, suggesting initial genotypic 

differences between colonies in each depth treatment. At six months, metabolic pathways 

were slightly positively enriched and cell division pathways were comparatively less-

expressed. Following transplantation, the ‘multiple functions’ KOG class was under-

represented in transplants compared to mesophotic controls. Similarly, comparisons of 

transplants to shallow controls identified that differences over time were mainly 

attributed to relatively strong enrichment with highly-expressed genes in the ‘multiple 
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functions’ class at six and twelve months compared to time zero. At this time, genes in 

this KOG class are found in many functional pathways and therefore the implications for 

their effect on specific biological processes are relatively unknown (Nordberg et al. 

2014). 

Bleaching susceptibility of transplants 

Perhaps the most interesting outcome of the transplant experiment involved the 

observed differences between depth treatments following a thermal stress event just prior 

to the twelve-month timepoint. Mean daily temperatures at the shallow sites remained 

over 30 ºC for at least 80 days up until the twelve-month sampling timepoint, possibly 

exacerbated by higher than average light intensity (Figures S5.11 and S5.12). As a result, 

coral bleaching was observed at the shallow sites of both WFGB and EFGB (Flower 

Garden Banks National Marine Sanctuary 2017). Neither of the mesophotic sites at FGB 

were exposed to temperatures above 29 ºC, and no in situ mesophotic controls were 

observed to be bleached due to thermal stress. On the other hand, all of the shallow 

controls and transplants were bleached by the twelve-month timepoint, but transplants 

were fully bleached or dead while shallow controls were only partially bleached. This 

indicates that shallow colonies of M. cavernosa at FGB were better adapted to handle 

thermal stress than their mesophotic counterparts. Previous studies have demonstrated 

similar trends using transplant and thermal acclimation experiments, where corals 

exposed to prior sub-lethal thermal stress (such as those in naturally-variable 

environments) were more resistant to future stress events (Oliver and Palumbi 2011; 

Bellantuono et al. 2012a, 2012b; Barshis et al. 2013; Kenkel et al. 2013a, 2013b). 

Analysis of continuous environmental data at FGB support that the shallow corals 
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experienced more thermal and light variability than those at mesophotic depths over the 

course of the transplant experiment. 

Functional pathway enrichment patterns at the twelve-month timepoint further 

corroborates gene expression variability to the observed bleaching responses in each 

depth treatment. Mesophotic controls were enriched with highly-expressed ribosomal 

genes, which are associated with protein synthesis and modification. Furthermore, 

transplants showed still higher expression of ribosomal pathways compared to 

mesophotic controls, despite lower expression of zooxanthellae-related pathways. These 

combined results suggest that transplants may have been continuing to synthesize 

proteins during total bleaching of zooxanthellate symbionts (DeSalvo et al. 2008), or 

possibly attempting to repair damage done to photosynthetic machinery. In contrast to the 

higher ribosomal expression in this study, previous assessments of gene expression 

during thermal stress generally observe lower expression of ribosomal pathways during 

initial responses (DeSalvo et al. 2008, 2010; Császár et al. 2009; Kenkel et al. 2011). 

Two of the same symbiont GO categories related to chloroplast and thylakoid structures 

that were comparatively less-expressed in transplants versus mesophotic controls were 

relatively over-represented in transplants versus shallow controls. Two ATP-related 

categories were significantly less-expressed, however, suggesting lower energy 

production in transplants as a potential response to oxidative stress (DeSalvo et al. 2008).  

Previous studies have identified a relatively well-characterized transcriptomic 

signature indicative of thermal stress responses in corals, including increased expression 

of heat shock proteins and antioxidants, as well as a reduction of ribosomal expression 

(Edge et al. 2005; DeSalvo et al. 2008, 2010; Császár et al. 2009; Seneca et al. 2010; 
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Kenkel et al. 2011). Our study instead observed a distinct lack of typical bleaching 

defense pathways, which was likely due to the sampling time not being synchronized 

with the onset of stress responses. Following a multitude of stressors, corals immediately 

initiate a common stress response (Edge et al. 2005; DeSalvo et al. 2008, 2010; Császár 

et al. 2009; Seneca et al. 2010; Kenkel et al. 2011). It is possible that the protein products 

of bleaching defense genes were functional in the experimental corals at the time of 

sampling, but transcriptomic methods such as RNA-Seq would not detect their presence 

unless they were actively being synthesized. A subsequent secondary response typically 

follows initial damage control, with the attempt to re-establish homeostasis (Kültz 2005; 

DeSalvo et al. 2008; Kenkel et al. 2013b). Once activated, the homeostatic response can 

be permanent until environmental conditions change (Kültz 2003). Since temperatures 

were still over the bleaching threshold during sampling, it is possible that the expression 

patterns observed were the result of the re-establishment of homeostasis. The 

experimental corals have not been revisited since the twelve-month timepoint and 

therefore any evaluation of potential colony survival related to observed stress responses 

across depth treatments cannot be made at this time. 

Conclusions 

Overall, the paired studies presented here demonstrated that mesophotic colonies 

of M. cavernosa were generally similar to those found at shallow depths across reefs in 

the GOM and Belize. However, through identification of differential gene expression in 

natural populations, evidence for a potential shift in metabolic strategies was observed. 

Taken in context with previous research addressing coral metabolisms (Bay et al. 2009, 

2013; Lesser et al. 2010; Cooper et al. 2011), these strategies may allow mesophotic 
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corals to maximize efficiency at depth. Mesophotic corals demonstrated lower expression 

of metabolic pathways, while cell division pathways were relatively more-expressed and 

may coincide with increased zooxanthellae densities observed in these same corals at 

depth (Polinski and Voss in review). Additionally, a common set of DEGs were identified 

between depth zones across all sites. There was little evidence to support that differences 

across depth zones were serving as a dividing factor that may limit coral connectivity, 

despite prior evidence of genetic isolation among some M. cavernosa populations 

(Chapter 2). In a manipulative transplant experiment, gene expression profiling through 

time revealed that colonies of M. cavernosa transplanted from mesophotic to shallow 

depths became more similar to shallow controls compared to their origin mesophotic 

controls within six months. While entirely unexpected, a bleaching event near the end of 

the transplant experiment allowed the unique opportunity to examine how gene 

expression plasticity in transplanted corals affected responses to thermal stress compared 

to natural shallow populations, finding transplants to be less resistant to bleaching. 

While transcriptomic analyses offer an accurate and cost-effective approach to 

examine molecular responses to environmental and experimental stimuli (Todd et al. 

2016; Matz 2017; Oomen and Hutchings 2017), there are limitations regarding the 

extrapolation of gene expression patterns to the manifestation of phenotypic responses. 

Several post-translational mechanisms including epigenetic modifications and RNA 

editing are beginning to be explored in corals and their symbionts, identifying potential 

impacts on transcriptional, acclimation, and heritable processes (Dixon et al. 2014, 2016; 

Putnam and Gates 2015; Dimond et al. 2017; Li et al. 2017; Liew et al. 2017, 2018; 

Torda et al. 2017). Additionally, proteomics approaches that allow the identification and 
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confirmation of synthesized proteins within organisms have shown promise paired with 

transcriptomics in coral studies, mainly for examination of calcification (Drake et al. 

2013; Ramos-Silva et al. 2013; Takeuchi et al. 2016), symbioses (deBoer et al. 2007; 

Chen et al. 2015; Oakley et al. 2016), and thermal stress (Mayfield et al. 2018). Post-

translational modification processes must not be discounted in assessments of molecular 

mechanisms; instead they should be incorporated into complementary analyses 

examining coral responses to stimuli. Nonetheless, transcriptomic analyses including 

RNA-Seq provide the most accurate and cost-effective quantification of annotated and 

unknown gene transcripts in a variety of experimental designs (Todd et al. 2016; Matz 

2017) and may lay a foundational understanding of plasticity at the molecular level for 

comparative epigenetic and proteomic analyses. 

Additional studies combining ‘omics’ approaches are needed to understand both 

the genetic variation present in natural populations (Alvarez et al. 2015) and to define the 

capability of individuals to acclimate or adapt to new environments following 

experimental manipulation. While there are logistical challenges associated with 

conducting manipulative experiments on geographically-isolated mesophotic coral 

ecosystems (Kahng et al. 2014; Bongaerts et al. 2015b), future research priorities should 

include fully reciprocal transplantation to assess potential bidirectional plasticity in 

shallow and mesophotic environments. In particular, utilizing fragmented samples of the 

same parent colonies across treatment groups would allow the comparison of genotypic 

influence on gene transcription and translation. With integrated omics and physiological 

data from natural and manipulated coral populations, studies can better understand the 



 

138 

relative roles of genotype and plasticity on adaptation and survivability of individual 

corals across broad environmental ranges. 
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Tables 

Table 5.1. Site and sample metadata for assessment of gene expression analysis across natural populations of Montastraea 
cavernosa. Coral samples were collected from mesophotic and shallow depths of five sites across the Gulf of Mexico and Belize. 
The number of samples collected shown as ncollected and the number of samples that were successfully prepared and analyzed with 
the Tag-Seq pipeline are nnatural. 

Site Depth Zone Depth 
(m) ncollected nnatural 

Carrie Bow Cay 
mesophotic 35 45 23 
shallow 15 45 38 

West Flower Garden Bank 
mesophotic 45 42 33 
shallow 20 36 36 

East Flower Garden Bank 
mesophotic 45 35 21 
shallow 20 42 40 

Pulley Ridge mesophotic 65 54 40 
Dry Tortugas shallow 29 45 30 
  Total 344 261 
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Table 5.2. Site and sample metadata for assessment of gene expression plasticity through a transplant experiment. Coral samples 
were collected over one year (Oct 2015–Sept 2016) from mesophotic and shallow depths at West and East Flower Garden Banks 
in the northwest Gulf of Mexico. The number of samples collected shown as ncollected and the number of samples that were 
successfully prepared and analyzed with the Tag-Seq pipeline are ntransplant. 

Site Depth Zone Depth (m) 
ncollected ntransplant 

Oct 2015 
(0 mo) 

May 2016 
(6 mo) 

Sep 2016 
(12 mo) 

Oct 2015 
(0 mo) 

May 2016 
(6 mo) 

Sep 2016 
(12 mo) 

West Flower 
Garden Bank 

mesophotic 45 5 5 5 5 5 5 

shallow 20 5 5 5 5 5 5 
transplant 45 → 20 5 5 5 5 5 3 

East Flower 
Garden Bank 

mesophotic 45 5 5 5 4 2 1 
shallow 20 5 5 5 5 5 4 
transplant 45 → 20 2 5 5 3 3 3 

  Total 27 30 30 27 25 21 
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Table 5.3. Number of differentially-expressed genes (DEGs) across mesophotic and 
shallow depth zones at five sites in the Gulf of Mexico. DEGs were identified using a 
two-factor model in DESeq2 for each of the overall factor effects and with contrast 
statements to compare differences in gene expression between sites, between depths 
within sites, and between depths across sites. Genes were determined to be either 
significantly more-expressed (DEGs up) or less-expressed (DEGs down) comparing the 
first model term to the second (e.g. mesophotic over shallow) based on differences in raw 
transcript counts among the factor groups. 

Description Test DEGs 
up 

DEGs 
down 

Total 
DEGs 

Full model site 1631 1324 2955 

depth 143 107 250 

site:depth interaction 390 532 922 
Pairwise site 
comparisons 

EFGB vs CBC 894 2061 2955 

PRG-TER vs CBC 1510 1445 2955 

WFGB vs CBC 803 2152 2955 

PRG-TER vs EFGB 2010 945 2955 

WFGB vs EFGB 998 1957 2955 

WFGB vs PRG-TER 914 2041 2955 
Within site depth 
comparisons 

CBC meso vs shallow 678 648 1326 

EFGB meso vs shallow 846 516 1362 

PRG-TER meso vs shallow 541 707 1248 

WFGB meso vs shallow 548 500 1048 
Across site depth 
comparisons 

CBC vs EFGB + meso vs shallow 382 855 1237 

CBC vs PRG-TER + meso vs shallow 797 454 1251 

CBC vs WFGB + meso vs shallow 267 300 567 

EFGB vs PRG-TER + meso vs shallow 162 1000 1162 

EFGB vs WFGB + meso vs shallow 13 107 120 
PRG-TER vs WFGB + meso vs 
shallow 315 107 422 
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Table 5.4. Number of differentially-expressed genes (DEGs) from one-year transplant 
experiment. Corals were tracked as mesophotic controls, shallow controls, or were 
transplanted from mesophotic (45 m) to shallow (20 m) depths and repeatedly sampled at 
zero, six, and twelve months. DEGs were identified using a two-factor model in DESeq2 
for each of the overall factor effects and with contrast statements to compare differences 
in gene expression between depths, between times, and between depths across times. 
Genes were determined to be either significantly more-expressed (DEGs up) or less-
expressed (DEGs down) comparing the first model term to the second (e.g. mesophotic 
over shallow) based on differences in raw transcript counts among the factor groups. 

Description Test DEGs 
up 

DEGs 
down 

Total 
DEGs 

Full model time 133 104 237 

depth 2 1 3 

time:depth interaction 35 43 78 
Depth 
comparisons 

mesophotic vs shallow 1 2 3 

transplant vs shallow 2 1 3 

transplant vs mesophotic 2 1 3 
Time 
comparisons 

6 mo vs 0 mo 149 88 237 

12 mo vs 0 mo 135 102 237 

12 mo vs 6 mo 99 138 237 
Within time 
depth 
comparisons 

0 mo mesophotic vs shallow 45 72 117 

6 mo mesophotic vs shallow 96 72 168 

12 mo mesophotic vs shallow 73 68 141 

0 mo transplant vs shallow 26 100 126 

6 mo transplant vs shallow 28 83 111 

12 mo transplant vs shallow 92 81 173 

0 mo transplant vs mesophotic 73 120 193 

6 mo transplant vs mesophotic 155 68 223 

12 mo transplant vs mesophotic 209 359 568 
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Figures 

 

Figure 5.1. Principal coordinates analyses (PCoAs) of gene expression across five sites and two depth zones. Raw count data were 
first normalized using a variance stabilized transformation in DESeq2, then eigenvectors for each sample were calculated based 
on similarity to all other samples. Each colored polygon corresponds to a factor level, the boundaries of which are created by the 
overall dispersal of samples within the group. 



 

 

144 

 

Figure 5.2. Venn diagram displaying the number of differentially-expressed genes (DEGs) across mesophotic versus shallow 
depths zones within each of the five sites. Color-coded numbers in each section correspond to DEGs unique to the sites, while 
overlapping numbers in white represent shared DEGs between factors. The DEGs in black indicate the number of genes 
commonly-expressed across all five sites. DEG annotations were determined with a isogroup-gene lookup table created for coral 
host Montastraea cavernosa and its dominant Symbiodinium Clade C. 



 

145 

 

Figure 5.3. Heatmap of eukaryotic orthologous groups (KOGs) enriched with 675 
common DEGs between mesophotic corals as compared to shallow corals at five sites. 
Increasing intensities of red indicate enrichment of over-represented genes, while 
increasing intensities of blue indicate under-represented genes. Color values represent 
delta-ranks of genes in each KOG class versus all other genes generated from Mann-
Whitney U tests. Hierarchical networks on both axes display the similarities among sites 
(x-axis) and KOG classes (y-axis). 

PR
G
−TER

EFG
B

C
BC

W
FG

B

Cell cycle control, cell division, chromosome partitioning

Cell wall/membrane/envelope biogenesis

Extracellular structures

Chromatin structure and dynamics

Translation, ribosomal structure and biogenesis

Defense mechanisms

RNA processing and modification

Secondary metabolites biosynthesis, transport and catabolism

Carbohydrate transport and metabolism

Coenzyme transport and metabolism

Cell motility

Transcription

Posttranslational modification, protein turnover, chaperones

Energy production and conversion

Lipid transport and metabolism

Replication, recombination and repair

Amino acid transport and metabolism

Intracellular trafficking, secretion, and vesicular transport

Cytoskeleton

Inorganic ion transport and metabolism

Multiple classes

Signal transduction mechanisms

−40

−20

0

20

40

60

80



 

 

146 

 

Figure 5.4. Panel showing variable bleaching responses of tracked colonies from the transplant experiment. The first two columns 
are shallow controls and the last two are transplanted colonies. The first-row photographs were taken at the six-month timepoint, 
and the bottom row photos were taken at twelve months during the bleaching event (panels A, E: shallow 118; panels B, F: 
shallow 120; panels C, G: transplant 68; panels D, H: transplant 193). Photographs of the same colonies were color matched.  
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Figure 5.5. Venn diagrams showing the number of differentially expressed genes (DEGs) across depth treatments of the transplant 
experiment (A: time zero; B: six months; C: twelve months). Depth treatment comparisons are m.s (mesophotic versus shallow), 
t.s (transplant versus shallow), t.m (transplant versus mesophotic). Color-coded numbers in each section correspond to DEGs 
unique to the pairwise comparison, while overlapping numbers in white represent shared DEGs. DEG annotations were 
determined with a isogroup-gene lookup table created for coral host M. cavernosa and its dominant Symbiodinium Clade C.   
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Figure 5.6. Discriminant analysis of principal components (DAPC) plot showing the plasticity in gene expression of transplanted 
colonies over time (A) and compared to the shallow and mesophotic controls (B). Overlapping curves for each factor level denote 
overall similarities in gene expression patters between levels, while separated areas of the curves correspond to relatively unique 
gene expression patterns for the particular factor level.
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Figure 5.7. Hierarchical networks showing significantly enriched gene ontology (GO) 
categories across pairwise comparisons on depth treatments (m.s: mesophotic versus 
shallow; t.m: transplant versus mesophotic; t.s: transplant versus shallow) at twelve 
months following transplantation. Genes that passed a 0.1 FDR-corrected p value cutoff 
were clustered into GO terms based on functional annotations. Terms in red indicate 
enrichment of more-expressed GO categories, while terms in blue indicate less-expressed 
GO categories. The size of the font corresponds to the p value threshold, where larger GO 
terms are more significantly enriched. Annotations based on a holobiont (M. cavernosa 
and Clade C Symbiodinium) transcriptome and the cellular component (CC) gene 
ontology division.   
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Figure 5.8. Heatmap of eukaryotic orthologous groups (KOGs) enriched with 
differentially expressed genes between depth treatments over time. Increasing intensities 
of red indicate enrichment of highly-expressed genes, while increasing intensities of blue 
indicate under-represented genes. Color values represent delta-ranks of genes in each 
KOG class versus all other genes generated from Mann-Whitney U tests. Hierarchical 
networks on both axes display the similarities among depth treatment comparisons over 
time (x-axis) and KOG classes (y-axis).
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CHAPTER 6 

Conclusions and future directions 

Dissertation summary 

 The research presented in this dissertation used an integrative approach 

combining assessments of population structure, corallite morphology, and gene 

expression to investigate the connectivity and functional plasticity of shallow and 

mesophotic corals in the Gulf of Mexico (GOM). The depth-generalist, broadcast-

spawning species Montastraea cavernosa was selected for these studies as it has been 

shown to demonstrate strong evidence for broad connectivity across other regions of the 

Tropical Western Atlantic (TWA). This species is also perhaps one of the most well-

studied coral species across its entire depth range. The objectives of this research were 

fourfold: 1) to describe broad-scale connectivity across the GOM, 2) to assess the ability 

of mesophotic coral ecosystems (MCEs) in the GOM to support the Deep Reef Refugia 

Hypothesis (DRRH), 3) to examine morphological variation in shallow and mesophotic 

corals, and 4) to identify potential transcriptomic plasticity of mesophotic corals. 

Additionally, this research was designed to address management deliverables for marine 

protected areas throughout the GOM, specifically to determine if discrete management 

zones interact with one another.  

In Chapter 2, samples were collected throughout three regions of the GOM, 

including Belize, the northwest (NW) GOM, and the southeast (SE) GOM. Coral 

populations between shallow and mesophotic depth zones within each region were 
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analyzed for population structure with microsatellite markers, revealing broad horizontal 

connectivity across most of the GOM. Historical migration models predicted region-wide 

population panmixia, which was hypothesized to be the result of increased habitat 

availability and strong oceanographic currents during the last glacial maximum. The reef 

system in the NW GOM including the Flower Garden Banks in particular appeared to be 

a potential refugium, as healthy coral populations supported high local retention 

nonetheless with evidence of migration to downstream reefs. On the contrary, the Pulley 

Ridge MCE was identified as being genetically isolated from all other reefs included in 

the study, including the nearest population in the Dry Tortugas. Shallow and mesophotic 

depth zones in Belize were also genetically isolated from one another, although 

mesophotic populations were indistinct from reefs in the Dry Tortugas nearly 1,000 km 

distant. Along these same lines, support for the DRRH appeared to vary by region, with 

mesophotic populations in the NW GOM likely contributing to shallow reefs. Belize and 

SE GOM mesophotic populations were isolated from their shallow counterparts, although 

the connectivity between mesophotic Belize and shallow Dry Tortugas indicates that 

MCEs may benefit shallow reefs across horizontal scales as well as vertical. 

Building on the results of Chapter 2, Chapter 3 focused on fine-scale population 

structure in the NW GOM, in the context of a proposed expansion for a management 

zone. The Sanctuary Advisory Council for Flower Garden Banks National Marine 

Sanctuary (FGBNMS) has proposed for the existing sanctuary boundaries (West FGB, 

East FGB, and Stetson Bank) to be expanded to include additional mesophotic-only 

habitats in the NW GOM. This chapter identified a lack of population differentiation 

across the entire region and predicted that the NW GOM has been functionally acting as a 



 

153 

single population through time. In particular, mesophotic banks east of the current 

sanctuary zones likely serve as population sources to FGBNMS corals based on counter-

current eddy dynamics and westward-moving coastal currents. The results of this study 

suggest that ephemeral oceanographic conditions (e.g. eddies) are likely important 

contributors to larval dispersal over ecological timescales despite seasonal variability and 

inconsistent occurrence in the region. This study most importantly indicated that M. 

cavernosa populations within FGBNMS would likely benefit from expanded protection 

of other potential source populations in the NW GOM. 

Chapter 4 examined morphological variation in corallite structure between 

shallow and mesophotic depth zones within the NW GOM and SE GOM. This study 

identified differences in corallite structure between shallow and mesophotic conspecifics 

that were hypothesized to be photoadaptive responses to low-light environments. 

Additionally, this study discovered the presence of two distinct morphotypes based 

primarily on significant variation in corallite spacing on reefs in the GOM. Both 

‘shallow-only’ and ‘depth-generalist’ morphotypes co-habitated at shallow depths within 

FGB, while depth-generalists were the sole type at mesophotic depths in the NW GOM. 

Interestingly, mesophotic Pulley Ridge corals demonstrated an intermediate morphotype, 

with corallite spacing characteristic of the shallow-only morphotype, while other metrics 

resembled those typically seen in mesophotic corals. It was hypothesized that this trend 

may be the result of genotypic influence on corallite structure and was evidenced by a 

significant effect of morphotype on genetic structure. Comparison of shallow-only and 

depth-generalist morphotypes also identified that the latter had higher densities of 

symbiotic zooxanthellae and potentially demonstrated skeletal characteristics that would 



 

154 

increase light-scattering at depth. These results together suggest that the depth-generalist 

morphotype is better adapted to low-light environments but was hypothesized to confer 

lower bleaching resistance compared to the shallow-only type. 

Lastly, Chapter 5 described the molecular mechanisms behind plasticity in 

shallow versus mesophotic corals through an examination of transcriptomic variation in 

natural populations. Shallow and mesophotic coral transcriptomes were compared across 

five sites in Belize and the GOM using a whole-transcriptomic RNA-Seq pipeline with a 

combined holobiont (M. cavernosa and Clade C Symbiodinium) reference transcriptome. 

This study determined that local acclimation or adaptation to site was the strongest driver 

of gene expression patterns and that there was indeed a common response to depth zone 

across sites. Examination of functional pathways associated with this common response 

showed that similar functional pathways were consistently suppressed in mesophotic 

compared to shallow conspecifics. Relative under-expression of metabolic pathways 

indicated that mesophotic corals were likely reducing metabolic output in low-light 

environments, while higher expression of cell growth pathways identified a yet-unknown 

functional adaptation to mesophotic conditions. Increased cell growth was hypothesized 

to be indicative of symbiont community regulation in low-light conditions, where 

zooxanthellae density has been observed to be higher in mesophotic compared to shallow 

M. cavernosa samples from the same sites. 

The second study of Chapter 5 included a one-year transplant experiment at FGB 

that quantified gene expression plasticity through time using the RNA-Seq pipeline. 

Corals that were transplanted from mesophotic to shallow depth zones became more 

similar to their shallow counterparts while diverging from the natal mesophotic controls 
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within the first six months of the experiment. During an unexpected bleaching event that 

began just prior to the twelve-month sampling, however, transplants bleached more 

heavily than the shallow controls. Indications of immediate stress responses characteristic 

of thermal stress and bleaching were surprisingly lacking. Comparison of functional 

pathways between the depth treatments revealed that transplants had relatively higher 

expression of ribosomal pathways compared to both the mesophotic and shallow controls. 

Despite the evidence for lower bleaching resistance in transplants, the observed 

transcriptomic responses suggest a potential re-establishment of homeostasis following 

initial stress response. Both studies in Chapter 5 demonstrate the inherent plasticity of 

shallow and mesophotic conspecifics both across regions and depth zones, which may 

represent alternative strategies to maximize metabolic efficiency in both environments. 

The results of this dissertation taken together suggest that while different 

oceanographic conditions among regions may contribute to population differentiation, 

neither morphological nor transcriptomic variation appears to result in any functional 

barriers between shallow and mesophotic populations of M. cavernosa. There was not 

any consistent evidence to support that mesophotic corals were locally acclimated or 

adapted to an extent that would prevent connectivity or compatibility between depth 

zones. The patterns of connectivity across the GOM provide region-specific support for 

the DRRH and further suggest that MCEs may serve as population sources for shallow 

reefs across horizontal spatial scales as well as vertical. Exploration of population 

dynamics through time also identified a distinct pattern of Gulf-wide panmixia, which 

corroborates with estimates of historical gene flow in coral populations worldwide to be 

higher than present patterns based on an assessment of dominant ocean currents and 
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population structure (Benzie 1999; Andras et al. 2013). Given the potential for relatively 

high larval dispersal and therefore gene flow among coral populations in the GOM 

(Chapters 2 and 3; Garavelli et al. in review; Atchison et al. 2008; Davies et al. 2017; 

Rippe et al. 2017), the ability of GOM corals to serve as population sources to other reefs 

in the TWA should be assessed. As such, reef systems including MCEs in the GOM 

should be incorporated into management models for downstream populations in the 

TWA. It is furthermore recommended that the NW GOM be co-managed as a single 

population as outlined in the FGBNMS expansion plan (Office of National Marine 

Sanctuaries 2016).  

Future directions 

While the results of this dissertation research are compelling in the demonstration 

of ecological interactions between shallow and mesophotic M. cavernosa across the 

GOM, caution must be exercised to avoid extrapolating these results to coral population 

dynamics in general. Complementary assessments of broad-scale connectivity with other 

species are required, particularly using species with low predicted dispersal ranges. 

Previous population genetics and modeling studies suggest higher differentiation with 

brooding species is likely, including with some depth-generalist species found on MCEs 

(Goodbody-Gringley et al. 2010; Prada and Hellberg 2013; Holstein et al. 2015a; Serrano 

et al. 2016; Davies et al. 2017). In all likelihood, the refugium potential hypothesized by 

the DRRH varies considerably across species and regions (Bongaerts et al. 2017). Future 

studies that not only incorporate additional species for comparison of connectivity, but 

also assessments across species’ distributions would be informative to understand the role 

of MCEs across the Tropical Western Atlantic. 
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The combination of biophysical and genetic models also shows remarkable 

promise in the ability to better predict where larvae may travel based on knowledge of 

larval physiology, oceanographic patterns, and existing population connectivity. The 

differences observed in this research highlight the necessity of resolving both single-

generation and long-term dispersal patterns to better represent the potential gene flow 

patterns within and across regions. Integrative studies such as these are particularly useful 

for resource managers as a way to predict future population dynamics based on 

assessments of historical patterns and real-time data. Coupled with the predicted increase 

in historical habitat area due to lower sea levels, a possible hypothesis is that reef habitat 

availability through time may be one of many important factors in determining the ability 

of a reef, and particularly an MCE, to serve as a population refugium. This hypothesis 

requires further testing in other areas of the TWA, and with species with lower dispersal 

potential, to fully understand the relationship between variability in larval behavior and 

long-term gene flow across regions. It is of particular interest to continue developing this 

model describing mesophotic coral population genetics across the wider TWA, not only 

to uncover both the origins of present populations, but also to determine the source-sink 

dynamics of populations. These objectives are of critical importance to understand the 

ecological roles of MCEs in coral reef dynamics and to develop effective management 

strategies incorporating potentially valuable source populations and maintaining species 

biodiversity in order to bolster threatened shallow reefs. 

On a wider scale, our current understanding of the factors that contribute to 

benthic community structure on coral reefs, and especially MCEs, is limited. Addressing 

these gaps would require detailed knowledge of population ranges, species diversity, and 
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stock estimates for many taxa including corals. While MCEs in the TWA are generally 

more well-studied than those in the Indo Pacific, there is still much more to learn about 

the biological and ecological impacts on overall coral reef structure and function through 

continued exploration and characterization of potential reef habitats. Additionally, it is 

unknown whether the factors driving ecological processes on MCEs in the TWA are 

universal to those on MCEs in the Indo Pacific as well. These factors are likely affected 

by the relative age difference between the two tropical regions, dispersal patterns across 

largely-different ocean basins, and significant differences in coral species diversity and 

community assemblages. Comparable studies that examine population connectivity and 

patterns of species biogeography in the TWA and Indo Pacific may begin to uncover 

common themes between the two regions, providing insight into the underlying processes 

that drive coral reef community structure. 

From a functional perspective, additional research is needed to address plasticity 

and its role on local acclimation and adaptation to different environments. Continued 

exploration of the transcriptomic patterns presented in this dissertation will attempt to 

discover more commonly- and uniquely-expressed functional pathways between depth 

zones and across sites, respectively. Decoupling of coral and symbiont genes will allow 

identification of different gene expression patterns within the holobiont, perhaps 

uncovering why contrasting regulation of metabolic and cell division pathways were 

observed. Incorporation of zooxanthellae density, chlorophyll concentration, and corallite 

morphology data from the experimental colonies may allow identification of functional 

pathways related to physiological responses through weighted gene co-expression 

network analysis (WGCNA; Langfelder and Horvath 2008). WGCNA differs from 
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traditional differential expression analysis in that factor groups are ignored in 

construction of correlational networks. Genes with similar expression patterns are 

clustered into modules through creation of module eigengenes. Experimental factors are 

then correlated to modules to identify co-regulation of functional pathways and 

treatments. This method notably allows the incorporation of quantitative trait data into 

the correlational analysis, potentially identifying relationships among gene expression 

and phenotypic differences. The few previous applications of WGCNA with corals have 

been used to identify coral transcriptional and phenotypic patterns with manipulative 

experiments assessing stress responses (Davies et al. 2016; Kenkel and Matz 2016). The 

application of WGCNA for the transplant experiment may address potential adaptive 

responses to different environments across shallow and mesophotic gradients. 

Future studies to address bidirectional plasticity – that is, describing how shallow 

corals may demonstrate plasticity to acclimate or adapt to mesophotic conditions – are 

warranted using fully reciprocal transplant experiments with clonal genotypes. 

Integration of physiological monitoring into these experiments may allow the correlation 

of gene functional pathways to potential phenotypic changes, bridging the gap between 

gene expression and coral phenotype and physiology. While unexpected in the 

experimental design, the ability to identify different transcriptomic and visible changes in 

responses to a bleaching event was quite informative. Assessment of bleaching response 

between shallow and mesophotic conspecifics within a structured experiment, much like 

investigations of thermal stress plasticity in previous studies, would be useful to uncover 

potential adaptive pathways coupled with genotypic identity. In particular, paired 

genotyping via single nucleotide polymorphism sequencing and gene expression analysis 
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with an RNA-Seq approach would allow the identification of genotypic loci under 

selection, quantifying how transcriptional plasticity may impact genotypic variation in 

coral populations (as in Reid et al. 2016). 

Lastly, continuing to apply integrative assessments examining shallow and 

mesophotic interactions within existing management infrastructure will provide the most 

efficient data-to-implementation pipeline. The results presented in this dissertation and in 

previous studies have recognized that reefs separated by thousands of kilometers may be 

ecologically connected, notably including coral populations within marine protected areas 

in the GOM. These data provide further evidence supporting the development of broad, 

international management networks rather than individual protection of reef systems. 

This research ultimately suggests that MCEs are important to overall dynamics of corals 

in the GOM and that they should be protected along with their shallow counterparts.
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Appendix A: Supplementary tables 

Table S2.1. Nine microsatellite loci genotyped in Montastraea cavernosa populations. Marker amplification was completed as 
three triplex reactions using three universal tail primers with fluorescent tags. 

Locus Motif Primer Sequence (5' - 3') Tail Tail Sequence (5' - 3') 
Tail 
Length 
(bp) 

Allele Size 
Range 
(bp) 

Size Range 
with Tail 
(bp) 

Plex 

MC29 (AAAC)7 CAGGACCAGGCTACCGTGCT
CCTTGGTCACCCTACAA C NED-

CAGGACCAGGCTACCGTG 18 155-194 173-212 1 
  GGTGAAGAAGCAGCCATTGG       

MC41 (GGTA) 
imperfect 

GCCTCCCTCGCGCCAAATTAC
GCAACACTGTGCA A 6FAM-

GCCTCCCTCGCGCCA 15 344-448 359-463 1 
  TCGACTGACCGAAGTACCT       

MC49 (TGT)10 GCCTTGCCAGCCCGCATTCCT
CCAGTGATGTACCT B VIC-GCCTTGCCAGCCCGC 15 192-384 207-399 1 

  CTGAGTTCCTGCCATTAGG       

MC46 (TTTTGT) 
imperfect 

CAGGACCAGGCTACCGTGCG
GTGTAGCTCTAGCAGGA C NED-

CAGGACCAGGCTACCGTG 18 124-163 142-181 2 
  ACTGAGTCGCAGCATTTGG       

MC65 (TTTGGT)6 GCCTCCCTCGCGCCATTTGTG
ATTGGCCAGGGTG A 6FAM-

GCCTCCCTCGCGCCA 15 112-172 127-187 2 
  TTGTGCTGTGAAGCATGAT       

MC97 (ACAA)6 
ACAG (ACAA) 

GCCTTGCCAGCCCGCACATG
TGGCCTTGTTACCA B VIC-GCCTTGCCAGCCCGC 15 163-187 178-202 2 

  CGAACATCAGTGACAACCT       

MC4 (TTA)7 T 
(TTA)2 

CAGGACCAGGCTACCGTGAC
GATCAAGACTCCAACGA C NED-

CAGGACCAGGCTACCGTG 18 97-222 115-248 3 
  GCTCTTCGTGAACACTGAGG       

  



 

 

163 

Locus Motif Primer Sequence (5' - 3') Tail Tail Sequence (5' - 3') 
Tail 
Length 
(bp) 

Allele Size 
Range 
(bp) 

Size Range 
with Tail 
(bp) 

Plex 

MC18 (AAT)2 TAT 
(AAT)9 

GCCTCCCTCGCGCCAGGAGA
ACTGGATACCATGTC A 6FAM-

GCCTCCCTCGCGCCA 15 218-260 233-275 3 
  TATGGTCCTGGGACAACTT       

MC114 (TTG)10 [15bp 
insert] (TTG)6 

GCCTTGCCAGCCCGCACTGT
AGATCGAGGCGTTTC B VIC-GCCTTGCCAGCCCGC 15 152-230 167-245 3 

  TCTGTTCCTCTGACTCTTTCG       
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Table S2.2. Summary of genetic diversity statistics across loci and populations. N: number of samples, Na: number of alleles, HO: 
observed heterozygosity, HE: expected heterozygosity, PHWE: FDR-corrected p values for tests of Hardy Weinberg Equilibrium. 
Insignificant (p>0.05) HWE test results denoted as ns. 

Region Population Statistic MC4 MC18 MC29 MC41 MC46 MC49 MC65 MC97 MC114 

CBC CBC-meso N 43 43 45 43 45 42 45 42 45 
  Na 37 10 9 9 4 13 4 6 15 
  Ho 0.837 0.581 0.8 0.488 0.422 0.524 0.4 0.714 0.8 
  He 0.961 0.829 0.782 0.657 0.391 0.834 0.388 0.73 0.874 
  pHWE ns 0.0001 ns 0.0001 ns 0.0001 ns ns ns 
 CBC-shallow N 43 43 44 32 45 35 45 45 44 
  Na 33 10 8 5 5 10 4 6 12 
  Ho 0.814 0.651 0.545 0.438 0.444 0.543 0.311 0.822 0.909 
  He 0.948 0.849 0.694 0.703 0.42 0.713 0.436 0.704 0.854 
  pHWE 0.0001 ns ns 0.014 ns 0.031 0.033 ns ns 
NW GOM WFGB-meso N 40 39 40 38 40 39 40 39 40 
  Na 29 9 8 7 4 9 4 6 15 
  Ho 0.9 0.744 0.8 0.737 0.3 0.692 0.3 0.538 0.85 
  He 0.943 0.839 0.82 0.751 0.268 0.685 0.396 0.736 0.885 
  pHWE ns 0.027 ns ns ns ns ns ns ns 
 WFGB-shallow N 35 36 38 34 38 37 37 36 38 
  Na 20 9 9 6 4 12 4 6 14 
  Ho 0.829 0.778 0.763 0.618 0.342 0.676 0.459 0.556 0.947 
  He 0.918 0.848 0.788 0.71 0.341 0.816 0.409 0.619 0.878 
  pHWE ns ns ns 0.009 ns 0.0001 ns ns ns 
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Region Population Statistic MC4 MC18 MC29 MC41 MC46 MC49 MC65 MC97 MC114 

NW GOM EFGB-meso N 38 38 39 35 39 38 38 38 38 
  Na 29 9 8 6 4 13 4 6 14 
  Ho 0.842 0.868 0.692 0.657 0.359 0.763 0.289 0.5 0.816 
  He 0.937 0.833 0.781 0.713 0.313 0.845 0.26 0.633 0.873 
  pHWE 0.048 0.014 ns ns ns 0.022 ns ns ns 
 EFGB-shallow N 36 39 40 37 40 39 37 38 40 
  Na 27 8 9 5 3 10 4 6 14 
  Ho 0.917 0.744 0.75 0.568 0.4 0.641 0.324 0.711 0.925 
  He 0.942 0.818 0.755 0.721 0.373 0.736 0.358 0.676 0.898 
  pHWE ns 0.025 ns ns ns ns ns ns ns 
 BRT-meso N 37 36 37 37 37 37 37 36 36 
  Na 26 9 9 8 5 9 5 6 17 
  Ho 0.892 0.694 0.757 0.703 0.216 0.757 0.459 0.611 0.917 
  He 0.94 0.816 0.772 0.74 0.199 0.755 0.552 0.629 0.905 
  pHWE ns ns ns ns ns ns ns ns ns 
 MCG-meso N 34 35 33 30 35 30 34 33 35 
  Na 26 9 8 5 4 9 5 6 13 
  Ho 0.824 0.743 0.606 0.633 0.371 0.7 0.382 0.576 0.914 
  He 0.939 0.802 0.775 0.57 0.36 0.708 0.396 0.632 0.894 
  pHWE 0.0091 0.0001 0.005 ns ns ns ns ns ns 
SE GOM PRG-meso N 37 37 37 31 39 36 37 38 38 
  Na 26 8 8 5 5 10 4 6 14 
  Ho 0.865 0.541 0.892 0.548 0.154 0.611 0.324 0.632 0.947 
  He 0.93 0.792 0.81 0.498 0.211 0.831 0.279 0.6 0.866 
  pHWE 0.014 0.0001 0.042 ns ns 0.0001 ns ns 0.012 
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Region Population Statistic MC4 MC18 MC29 MC41 MC46 MC49 MC65 MC97 MC114 

SE GOM TER-shallow N 35 35 34 32 39 35 39 39 38 
  Na 30 8 9 5 4 8 6 6 14 
  Ho 0.857 0.486 0.824 0.313 0.333 0.657 0.538 0.641 0.789 
  He 0.951 0.844 0.803 0.575 0.343 0.771 0.533 0.679 0.865 
  pHWE ns 0.0001 ns 0.005 ns ns 1E-04 ns ns 
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Table S2.3. Table describing the process behind population cluster (K) selection in structure analysis. Ten replicate structure 
models were run across a range of K values from 1–13 and model log likelihoods were compared. The Evanno method was used 
to determine the most likely number of K by identifying the largest change in likelihood (|Ln''(K)|) and by comparing model 
probabilities in conjunction with variance (Delta K). 

K 
Mean 

LnP(K) 

Stdev 

LnP(K) 
Ln'(K) |Ln''(K)| 

Delta 

K 

1 -12451 0.30 NA NA NA 

2 -12376 23.91 74.58 42.54 1.78 

3 -12344 95.40 32.04 154.98 1.62 

4 -12157 63.17 187.02 280.43 4.44 

5 -12251 173.38 -93.41 41.37 0.24 

6 -12386 119.67 -134.78 85.48 0.71 

7 -12606 158.10 -220.26 178.40 1.13 

8 -13004 284.51 -398.66 767.37 2.70 

9 -14171 613.42 -1166.03 702.78 1.15 

10 -14634 665.94 -463.25 31.05 0.05 

11 -15128 905.34 -494.30 242.04 0.27 

12 -15864 1008.19 -736.34 663.10 0.66 

13 -17264 1664.08 -1399.44 NA NA 
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Table S2.4. Identification of potential first-generation migrants (all p<0.05), indicating the most likely source population 
determined by log likelihood. Origin populations were determined by the population with the highest log likelihood value (shown 
in bold). Migrants were identified using the Lhome test statistic since it was unknown whether all possible source populations were 
sampled. 

Sample Destination 
CBC-
meso   
-log(L) 

CBC-
shallow  
-log(L) 

WFGB-
meso    
-log(L) 

WFGB-
shallow  
-log(L) 

EFGB
-meso   
-log(L) 

EFGB-
shallow  
-log(L) 

BRT-
meso   
-log(L) 

MCG-
meso   
-log(L) 

PRG-
meso   
-log(L) 

TER-
shallow  
-log(L) 

5-III-16-1-2 CBC-meso 16.49 13.48 16.67 16.98 16.26 17.51 17.31 15.85 20.56 15.92 
5-III-16-3-2 CBC-meso 17.67 17.17 16.39 15.66 16.62 16.17 15.91 14.77 18.45 17.84 
RW164-89 CBC-shallow 17.48 16.77 15.70 17.29 17.75 16.72 16.20 19.07 19.44 17.36 
SR168-145 CBC-shallow 12.84 12.65 12.27 12.67 12.81 13.11 13.60 11.77 13.14 12.47 
TBC167-136 CBC-shallow 13.49 13.46 15.20 14.68 15.06 14.40 15.18 12.61 16.10 12.96 
5-V-16-1-5 WFGB-meso 16.99 13.75 15.37 13.99 13.63 13.93 12.30 14.68 19.33 15.47 
3-V-16-1-1-71 EFGB-meso 19.00 17.15 15.43 16.95 16.78 17.49 17.04 15.97 19.20 17.84 
8-VII-15-1-5 MCG-meso 14.93 14.63 13.47 12.78 14.14 14.07 14.81 14.76 14.95 13.74 
8-VII-15-2-4 MCG-meso 11.72 9.79 11.23 11.13 11.80 10.42 10.75 11.06 12.38 10.38 
8-VII-15-3-3 MCG-meso 13.91 13.81 13.72 14.23 14.13 13.83 13.35 14.79 15.21 14.58 
8-VII-15-3-5 MCG-meso 9.75 10.39 9.33 9.18 9.27 9.18 7.92 10.90 11.17 11.00 
7-V-16-2-2 BRT-meso 17.20 18.09 15.17 16.70 17.08 17.15 16.32 17.13 17.77 15.97 
7-V-16-3-10 BRT-meso 17.50 14.29 14.55 14.02 14.77 14.11 16.47 14.27 17.06 16.84 
16-IX-11-1-5 PRG-meso 15.49 15.97 15.79 14.97 15.41 15.57 17.13 14.56 16.01 14.73 
12-VII-10-1-3 TER-shallow 10.60 10.44 11.52 10.19 9.98 10.33 11.74 9.65 10.93 10.65 
26-VI-14-1-223 TER-shallow 14.61 16.32 14.86 15.97 14.62 15.74 15.97 15.39 15.40 16.42 
26-VI-14-1-226 TER-shallow 16.70 15.82 15.78 15.62 16.94 15.12 17.48 16.32 18.16 16.61 
29-VIII-13-1-8 TER-shallow 17.46 15.66 16.67 17.00 16.87 16.57 18.33 16.51 17.81 17.12 
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Table S3.1. Summary of genetic diversity statistics across loci and populations. N: number of samples, Na: number of alleles, HO: 
observed heterozygosity, HE: expected heterozygosity, PHWE: FDR-corrected p values for tests of Hardy Weinberg Equilibrium. 
Insignificant (p>0.05) HWE test results denoted as ns. 

Population Statistic MC4 MC18 MC29 MC41 MC46 MC49 MC65 MC97 MC114 

WFGB-meso N 40 39 40 38 40 39 40 39 40 
 Na 29 9 8 7 4 9 4 6 15 
 Ho 0.9 0.744 0.8 0.737 0.3 0.692 0.3 0.538 0.85 
 He 0.943 0.839 0.82 0.751 0.268 0.685 0.396 0.736 0.885 
 pHWE ns ns ns ns ns ns ns ns ns 
WFGB-shallow N 35 36 38 34 38 37 37 36 38 
 Na 20 9 9 6 4 12 4 6 14 
 Ho 0.829 0.778 0.763 0.618 0.342 0.676 0.459 0.556 0.947 
 He 0.918 0.848 0.788 0.71 0.341 0.816 0.409 0.619 0.878 
 pHWE ns ns ns 0.019 ns 0.001 ns ns ns 
EFGB-meso N 38 38 39 35 39 38 38 38 38 
 Na 29 9 8 6 4 13 4 6 14 
 Ho 0.842 0.868 0.692 0.657 0.359 0.763 0.289 0.5 0.816 
 He 0.937 0.833 0.781 0.713 0.313 0.845 0.26 0.633 0.873 
 pHWE ns 0.031 ns ns ns 0.043 ns ns ns 
EFGB-shallow N 36 39 40 37 40 39 37 38 40 
 Na 27 8 9 5 3 10 4 6 14 
 Ho 0.917 0.744 0.75 0.568 0.4 0.641 0.324 0.711 0.925 
 He 0.942 0.818 0.755 0.721 0.373 0.736 0.358 0.676 0.898 
 pHWE ns 0.046 ns ns ns ns ns ns ns 
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Population Statistic MC4 MC18 MC29 MC41 MC46 MC49 MC65 MC97 MC114 

BRT-meso N 37 36 37 37 37 37 37 36 36 
 Na 26 9 9 8 5 9 5 6 17 
 Ho 0.892 0.694 0.757 0.703 0.216 0.757 0.459 0.611 0.917 
 He 0.94 0.816 0.772 0.74 0.199 0.755 0.552 0.629 0.905 
 pHWE ns ns ns ns ns ns ns ns ns 
MCG-meso N 34 35 33 30 35 30 34 33 35 
 Na 26 9 8 5 4 9 5 6 13 
 Ho 0.824 0.743 0.606 0.633 0.371 0.7 0.382 0.576 0.914 
 He 0.939 0.802 0.775 0.57 0.36 0.708 0.396 0.632 0.894 
 pHWE 0.019 0.001 0.013 ns ns ns ns ns ns 
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Table S3.2. Table describing the process behind population cluster (K) selection in structure analysis. Ten replicate structure 
models were run across a range of K values from 1–9 and model log likelihoods were compared. The Evanno method was used to 
determine the most likely number of K by identifying the largest change in likelihood (|Ln''(K)|) and by comparing model 
probabilities in conjunction with variance (Delta K). The most likely number of K shown in bold. 

K Mean 
LnP(K) 

Stdev 
LnP(K) Ln'(K) |Ln''(K)| Delta K 

1 -7126 0.19 NA NA NA 
2 -7224 18.12 -98.04 195.70 10.80 
3 -7518 147.26 -293.74 298.93 2.03 
4 -8110 531.92 -592.67 60.50 0.11 
5 -8763 655.91 -653.17 34.84 0.05 
6 -9382 877.74 -618.33 255.69 0.29 
7 -9744 1211.79 -362.64 406.00 0.34 
8 -9701 1733.39 43.36 728.65 0.42 
9 -10386 2261.25 -685.29 NA NA 

  



 

 

172 

Table S4.1. Correlation matrix of original thirteen corallite metrics compared across five preliminary coral samples collected from 
the Dry Tortugas over a depth range of 10 m. Insignificant (p>0.05) correlations are shown as ns. 

  CD CW L1S T1S L1C T1C L4S T4S L4C T4C TH CH 

CD 1            

CW 0.68 1           

L1S 0.47 0.29 1          

T1S -0.23 ns -0.29 1         

L1C ns ns ns ns 1        

T1C ns ns ns 0.37 ns 1       

L4S ns ns ns 0.25 0.26 ns 1      

T4S -0.40 -0.41 -0.35 0.31 ns ns 0.38 1     

L4C ns ns ns 0.24 0.29 0.26 ns 0.25 1    

T4C ns ns ns 0.35 ns 0.35 0.34 0.69 0.41 1   

TH 0.34 ns ns 0.24 ns 0.30 ns ns ns 0.27 1  

CH ns 0.25 ns 0.24 ns ns 0.26 ns ns ns 0.26 1 
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Table S4.2. Test results for permutational multivariate analysis of variance 
(PERMANOVA, Overall) and univariate analyses (Kruskal-Wallis) across five 
preliminary coral samples collected from the Dry Tortugas over a depth range of 10 m. 
Corallite spacing (CS) was not examined. Insignificant (p>0.05)  p values are shown as 
ns. 

Metric 
Test 

Statistic 
p value 

Overall 7.84 1.0E-04 

CD 37.29 1.6E-07 

CW 45.34 3.4E-09 

L1S 32.78 1.3E-06 

T1S 35.17 4.3E-07 

L1C 6.45 ns 

T1C 20.21 4.5E-04 

L4S 22.28 1.8E-04 

T4S 32.25 1.7E-06 

L4C 11.12 2.5E-02 

T4C 31.47 2.5E-06 

TH 38.32 9.6E-08 

CH 26.19 2.9E-05 
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Table S4.3. Test results for overall (Kruskal-Wallis) and pairwise comparisons (Dunn’s) across sites and depth zones for each 
morphological character. Insignificant (p>0.05) pairwise comparisons denoted as ns. 

Test Comparison CD CW L1S L4S T1C TH CH CS 

Kruskal-Wallis Overall 3.5e-8 1.4e-13 2.0e-16 2.0e-16 2.0e-16 1.3e-12 2.0e-16 2.0e-16 

Dunn's BRT.mesophotic – EFGB.mesophotic ns ns ns ns ns ns ns ns 

 BRT.mesophotic – EFGB.shallow ns 1.3e-2 8.2e-3 ns 3.2e-2 4.7e-4 1.0e-5 7.8e-5 

 EFGB.mesophotic – EFGB.shallow ns ns 3.9e-7 6.1e-4 4.2e-3 4.1e-3 5.8e-4 6.1e-8 

 BRT.mesophotic – MCG.mesophotic ns ns ns ns ns ns ns ns 

 EFGB.mesophotic – MCG.mesophotic ns 3.8e-2 ns ns ns ns ns ns 

 EFGB.shallow – MCG.mesophotic ns 2.4e-4 5.0e-5 2.6e-2 1.7e-2 2.9e-2 6.6e-3 1.1e-5 

 BRT.mesophotic – PRG.mesophotic ns ns 6.2e-8 2.3e-6 5.9e-10 5.9e-3 8.8e-12 6.1e-5 

 EFGB.mesophotic – PRG.mesophotic 1.8e-3 3.8e-2 2.0e-14 6.5e-12 4.6e-12 3.1e-2 1.0e-9 7.1e-8 

 EFGB.shallow – PRG.mesophotic 9.6e-4 2.6e-4 5.8e-4 2.9e-5 1.2e-6 ns 1.1e-3 ns 

 MCG.mesophotic – PRG.mesophotic ns ns 5.7e-12 3.6e-9 1.5e-11 ns 2.3e-8 1.1e-5 

 BRT.mesophotic – TER.shallow 1.7e-2 1.2e-5 9.7e-6 1.0e-3 7.3e-6 3.6e-7 1.3e-9 2.0e-6 

 EFGB.mesophotic – TER.shallow ns 1.3e-3 2.0e-11 1.0e-7 2.1e-7 5.0e-6 1.2e-7 1.7e-9 

 EFGB.shallow – TER.shallow ns 2.1e-2 2.2e-2 1.6e-2 4.5e-3 3.1e-2 2.2e-2 ns 

 MCG.mesophotic – TER.shallow 2.6e-2 6.6e-8 5.8e-9 1.7e-5 1.1e-6 4.8e-5 2.7e-6 2.9e-7 

 PRG.mesophotic – TER.shallow 1.9e-5 4.8e-8 ns ns ns 1.2e-2 ns ns 

 BRT.mesophotic – WFGB.mesophotic ns ns ns ns ns ns ns ns 

 EFGB.mesophotic – WFGB.mesophotic ns ns ns ns ns ns ns ns 

 EFGB.shallow – WFGB.mesophotic ns 1.1e-3 3.2e-5 5.0e-2 1.2e-2 1.2e-5 6.7e-6 5.3e-7 

 MCG.mesophotic – WFGB.mesophotic ns ns ns ns ns ns ns ns 
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Test Comparison CD CW L1S L4S T1C TH CH CS 

Dunn's PRG.mesophotic – WFGB.mesophotic 2.7e-2 ns 2.3e-12 6.2e-9 4.3e-12 6.0e-4 1.4e-12 6.7e-7 

 TER.shallow – WFGB.mesophotic 3.5e-2 2.1e-7 2.8e-9 3.4e-5 6.0e-7 1.5e-9 4.8e-10 1.5e-8 

 BRT.mesophotic – WFGB.shallow 1.1e-3 1.1e-3 2.0e-2 1.3e-2 8.9e-5 5.5e-4 3.9e-2 6.4e-4 

 EFGB.mesophotic – WFGB.shallow ns 4.7e-2 4.0e-6 3.1e-6 2.6e-6 4.5e-3 ns 9.0e-7 

 EFGB.shallow – WFGB.shallow 3.0e-2 ns ns ns 3.4e-2 ns 1.6e-2 ns 

 MCG.mesophotic – WFGB.shallow 1.2e-3 1.1e-5 2.9e-4 3.7e-4 1.6e-5 3.0e-2 ns 1.5e-4 

 PRG.mesophotic – WFGB.shallow 5.5e-8 1.2e-5 4.2e-4 1.2e-2 7.5e-3 ns 5.9e-8 ns 

 TER.shallow – WFGB.shallow ns ns 1.6e-2 ns ns 4.3e-2 7.1e-6 ns 

 WFGB.mesophotic – WFGB.shallow 1.7e-3 4.9e-5 2.1e-4 7.4e-4 7.7e-6 2.0e-5 ns 1.1e-5 
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Table S4.4. Test results for permutational multivariate analysis of variance 
(PERMANOVA) of intra-colony standard deviation and pairwise comparisons across 
sites within depth zones and across depth zones within sites. Insignificant (p>0.05) 
pairwise comparisons denoted as ns. 

Test Comparison 
Test 

Statistic 
p value 

Overall Site 5.05 0.0001 

 Depth 18.94 0.0001 

 Site – Depth Interaction 0.29 ns 

Within shallow EFGB – TER 1.46 ns 

 EFGB – WFGB 1.27 ns 

 TER – WFGB 2.42 0.0008 

Within mesophotic BRT – EFGB 1.10 ns 

 BRT – MCG 0.95 ns 

 BRT – PRG 3.32 0.0001 

 BRT – WFGB 1.20 ns 

 EFGB – MCG 0.73 ns 

 EFGB – PRG 2.91 0.0008 

 EFGB – WFGB 1.49 ns 

 MCG – PRG 2.32 0.0008 

 MCG – WFGB 1.25 ns 

 PRG – WFGB 3.95 0.0001 

Within WFGB shallow – mesophotic 3.18 0.0001 

Within EFGB shallow – mesophotic 3.31 0.0001 
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Table S4.5. Table describing the process behind population cluster (K) selection in 
structure analysis. Ten replicate structure models were run across a range of K values 
from 1–5 and model log likelihoods were compared. The Evanno method was used to 
determine the most likely number of K by identifying the largest change in likelihood 
(|Ln''(K)|) and by comparing model probabilities in conjunction with variance (Delta K). 
The most likely number of K shown in bold. 

 K Mean 
LnP(K) 

Stdev 
LnP(K) Ln'(K) |Ln''(K)| Delta K 

1 -3256 0.28 NA NA NA 

2 -3350 52.28 -93.77 101.01 1.93 

3 -3342 41.74 7.24 12.32 0.30 

4 -3323 26.86 19.56 1.36 0.05 

5 -3302 27.47 20.92 NA NA 
   



 

178 

Table S5.1. Analysis of variance (ANOVA) model results for comparison of temperature 
and light across shallow and mesophotic depths at West and East Flower Garden Banks. 
Data were recorded every fifteen minutes for the duration of the transplant experiment 
(Oct 2015–Sept 2016), and daily means were used to calculate minimum, maximum, and 
mean temperature, as well as maximum and mean light intensity. Insignificant (p>0.05) 
factors in each two-factor model are shown as ns. 

Variable Test df F p 

mintemp 

site 1 4.777 0.0289 

depth 1 323.79 2.0e-16 
site:depth 1 5.67 0.0173 
residual 2620   

total 2623   

maxtemp 

site 1 0.012 ns 
depth 1 215.93 2.0e-16 
site:depth 1 8.23 0.00416 
residual 2620   

total 2623   

avgtemp 

site 1 0.64 ns 
depth 1 279.11 2.0e-16 
site:depth 1 6.89 0.00873 
residual 2620   

total 2623   

maxlight 

site 1 129.74 2.0e-16 
depth 1 1805.69 2.0e-16 
site:depth 1 69.94 2.0e-16 
residual 2620   

total 2623   

avglight 

site 1 94.42 2.0e-16 
depth 1 1451.85 2.0e-16 
site:depth 1 73.28 2.0e-16 
residual 2620   

total 2623   
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Table S5.2. Discriminant analysis of principal components (DAPC) results for time and 
depth discriminant functions. Transplant corals were used to identify if gene expression 
patterns were distinct through time and across depth treatments. Rows are sorted by 
timepoints within samples, and membership probabilities are given for the time and depth 
functions. The most likely prediction for each treatment is shown in bold. 

Sample 
ID Timepoint 

Time Membership 
Probability 

Depth Membership 
Probability 

zero six twelve meso shallow trans 

52 zero 0.49 0.05 0.45 0.34 0.45 0.21 

52 six 0.50 0.21 0.29 0.34 0.46 0.20 
53 zero 0.50 0.06 0.44 0.34 0.45 0.22 
53 six 0.13 0.84 0.03 0.26 0.32 0.42 

54 zero 0.51 0.09 0.40 0.31 0.41 0.28 
54 six 0.24 0.69 0.07 0.33 0.44 0.23 
54 twelve 0.40 0.45 0.16 0.14 0.17 0.69 

57 zero 0.49 0.05 0.46 0.23 0.28 0.49 

57 six 0.51 0.10 0.38 0.34 0.45 0.22 
57 twelve 0.48 0.28 0.24 0.28 0.36 0.35 
68 zero 0.50 0.06 0.44 0.30 0.38 0.32 
68 six 0.52 0.14 0.34 0.16 0.19 0.65 

68 twelve 0.51 0.08 0.41 0.28 0.36 0.36 

69 zero 0.47 0.03 0.50 0.23 0.29 0.48 

69 six 0.27 0.65 0.08 0.26 0.33 0.41 

69 twelve 0.38 0.48 0.14 0.28 0.36 0.35 
71 zero 0.51 0.20 0.29 0.23 0.29 0.48 

71 six 0.36 0.51 0.13 0.30 0.38 0.32 
72 twelve 0.48 0.27 0.25 0.12 0.14 0.75 

74 zero 0.52 0.14 0.34 0.31 0.41 0.27 
74 six 0.49 0.26 0.25 0.29 0.37 0.34 
193 twelve 0.46 0.03 0.51 0.33 0.43 0.24 
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Appendix B: Supplementary figures 

 

Figure S2.1. Mantel test comparing Nei genetic distance (DA) of coral populations to 
geographic isolation across the Gulf of Mexico and Belize. Each point represents a 
pairwise combination of two populations. Geographic distance among populations 
contributed to genotypic differences, explaining 26.29% of the genetic variation observed 
(Mantel test; R2=0.29, p=0.005, 9999 permutations). 
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Figure S2.2. Plots describing the process behind population cluster (K) selection in structure analysis. Ten replicate structure 
models were run across a range of K values from 1–13 and model log likelihoods were compared. The Evanno method was used 
to determine the most likely number of K by identifying the largest change in likelihood (L(K)) and by comparing model 
probabilities in conjunction with variance (Delta K). Error bars represent standard deviation of the mean.   
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Figure S3.1. Plots describing the process behind population cluster (K) selection in structure analysis. Ten replicate structure 
models were run across a range of K values from 1–9 and model log likelihoods were compared. The Evanno method was used to 
determine the most likely number of K by identifying the largest change in likelihood (L(K)) and by comparing model 
probabilities in conjunction with variance (Delta K). Error bars represent standard deviation of the mean.   
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Figure S4.1. Plots describing the process behind population cluster (K) selection in structure analysis. Ten replicate structure 
models were run across a range of K values from 1–5 and model log likelihoods were compared. The Evanno method was used to 
determine the most likely number of K by identifying the largest change in likelihood (L(K)) and by comparing model 
probabilities in conjunction with variance (Delta K). Error bars represent standard deviation of the mean. 
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Figure S5.1. Analysis of differential expression between depth zones within sites. Numbers of differentially expressed genes 
(DEGs) are presented as more-expressed (up, orange) or less-expressed (down, blue) in relation to mesophotic over shallow 
expression. Total DEGs are shown in gray.
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Figure S5.2. Venn diagram displaying the number of differentially-expressed genes 
(DEGs) associated with each of the model factors. Color-coded numbers in each section 
correspond to DEGs unique to the factors, while overlapping numbers represent shared 
DEGs between factors. DEG annotations were determined with a isogroup-gene lookup 
table created for coral host M. cavernosa and its dominant Symbiodinium Clade C. 
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Figure S5.3. Heatmap comparing the differential expression of genes across sites. Normalized levels of expression are shown in 
varying color intensities, where gold indicates higher expression of genes, while blue indicates lower expression. Columns are 
samples and rows are annotated genes. X-axis order is depth (mesophotic, shallow) within site (CBC, WFGB, EFGB, PRG-TER). 
The p value cutoff for plotting was 0.1-9.   
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C reactive protein OS=Mesocricetus auratus GN=CRP PE=2 SV=1 E(blastx)=5e 05

TNF receptor associated factor 4 OS=Mus musculus GN=Traf4 PE=1 SV=2 E(blastx)=2e 14

Cell number regulator 11 OS=Zea mays GN=CNR11 PE=2 SV=1 E(blastx)=2e 05

Dynein heavy chain 8, axonemal OS=Homo sapiens GN=DNAH8 PE=1 SV=2 E(blastx)=7e 137

Kunitz type serine protease inhibitor bitisilin 3 (Fragment) OS=Bitis gabonica PE=2 SV=1 E(blastx)=5e 23

Receptor type tyrosine protein phosphatase F OS=Mus musculus GN=Ptprf PE=1 SV=1 E(blastx)=5e 32

Epididymal secretory glutathione peroxidase OS=Homo sapiens GN=GPX5 PE=1 SV=1 E(blastx)=1e 49

Achacin OS=Achatina fulica PE=1 SV=1 E(blastx)=8e 18

D inositol 3 phosphate glycosyltransferase OS=Acidothermus cellulolyticus (strain ATCC 43068 / 11B) GN=mshA PE=3 SV=1 E(blastx)=4e 06

Cytochrome c oxidase assembly factor 5 OS=Xenopus tropicalis GN=coa5 PE=3 SV=1 E(blastx)=3e 16

Ubiquitin like conjugating enzyme ATG10 OS=Homo sapiens GN=ATG10 PE=1 SV=1 E(blastx)=7e 39

Selenoprotein H OS=Homo sapiens GN=SELENOH PE=1 SV=2 E(blastx)=1e 24

V type proton ATPase 21 kDa proteolipid subunit OS=Bos taurus GN=ATP6V0B PE=2 SV=1 E(blastx)=1e 83

Mitochondrial import inner membrane translocase subunit tim23 OS=Schizosaccharomyces pombe (strain 972 / ATCC 24843) GN=tim23 PE=3 SV=1 E(blastx)=4e 23

60S ribosomal protein L32 1 OS=Arabidopsis thaliana GN=RPL32A PE=2 SV=2 E(blastx)=3e 49

Probable phosphoglycerate mutase GpmB OS=Enterobacter sp. (strain 638) GN=gpmB PE=3 SV=1 E(blastx)=2e 19

Plasma kallikrein OS=Mus musculus GN=Klkb1 PE=1 SV=2 E(blastx)=6e 55

Golgi associated plant pathogenesis related protein 1 OS=Mus musculus GN=Glipr2 PE=1 SV=3 E(blastx)=9e 42

40S ribosomal protein S17 OS=Sus scrofa GN=RPS17 PE=1 SV=3 E(blastx)=2e 69

Eukaryotic translation initiation factor 3 subunit F OS=Homo sapiens GN=EIF3F PE=1 SV=1 E(blastx)=7e 104

1 phosphatidylinositol 4,5 bisphosphate phosphodiesterase gamma 2 OS=Homo sapiens GN=PLCG2 PE=1 SV=4 E(blastx)=2e 59

Synaptic functional regulator FMR1 OS=Xenopus tropicalis GN=fmr1 PE=2 SV=1 E(blastx)=4e 113

Aggrecan core protein OS=Bos taurus GN=ACAN PE=1 SV=3 E(blastx)=1e 15

Radial spoke head 1 homolog OS=Cyprinus carpio GN=rsph1 PE=1 SV=1 E(blastx)=1e 77

Integumentary mucin C.1 (Fragment) OS=Xenopus laevis PE=2 SV=1 E(blastx)=7e 23

39S ribosomal protein L46, mitochondrial OS=Homo sapiens GN=MRPL46 PE=1 SV=1 E(blastx)=3e 18

E3 ubiquitin protein ligase HERC2 OS=Mus musculus GN=Herc2 PE=1 SV=3 E(blastx)=1e 10

Testin OS=Gallus gallus GN=TES PE=2 SV=1 E(blastx)=4e 102

RIB43A like with coiled coils protein 2 OS=Homo sapiens GN=RIBC2 PE=1 SV=1 E(blastx)=5e 71

Protein/nucleic acid deglycase DJ 1 OS=Danio rerio GN=park7 PE=2 SV=1 E(blastx)=2e 63

Ras related protein Ral A OS=Homo sapiens GN=RALA PE=1 SV=1 E(blastx)=3e 100

Calcineurin subunit B type 1 OS=Rattus norvegicus GN=Ppp3r1 PE=1 SV=2 E(blastx)=1e 93

Rhamnosyl O methyltransferase OS=Mycobacterium tuberculosis (strain ATCC 25618 / H37Rv) GN=Rv2959c PE=1 SV=1 E(blastx)=6e 14

Arylsulfatase J OS=Homo sapiens GN=ARSJ PE=2 SV=1 E(blastx)=5e 140

Inactive tyrosine protein kinase 7 OS=Mus musculus GN=Ptk7 PE=1 SV=1 E(blastx)=4e 170

Cytochrome b OS=Plasmodium falciparum GN=MT CYB PE=3 SV=1 E(blastx)=1e 11

Anoctamin 7 OS=Rattus norvegicus GN=Ano7 PE=2 SV=1 E(blastx)=5e 05

Nuclear cap binding protein subunit 3 OS=Xenopus tropicalis GN=ncbp3 PE=2 SV=1 E(blastx)=3e 07

Metacaspase 1 OS=Meyerozyma guilliermondii (strain ATCC 6260 / CBS 566 / DSM 6381 / JCM 1539 / NBRC 10279 / NRRL Y 324) GN=MCA1 PE=3 SV=2 E(blastx)=1e 33

Glutathione S transferase 1 OS=Ascaris suum GN=GST1 PE=1 SV=3 E(blastx)=2e 13

DNA directed RNA polymerase III subunit RPC6 OS=Homo sapiens GN=POLR3F PE=1 SV=1 E(blastx)=6e 95

Acetyl CoA carboxylase OS=Gallus gallus GN=ACAC PE=1 SV=1 E(blastx)=1e 171

Cytochrome c6 OS=Bumilleriopsis filiformis GN=petJ PE=1 SV=1 E(blastx)=1e 25

Na(+)/H(+) exchange regulatory cofactor NHE RF2 OS=Mus musculus GN=Slc9a3r2 PE=1 SV=2 E(blastx)=9e 21

Heat shock protein 83 OS=Bombyx mori GN=Hsp83 PE=1 SV=1 E(blastx)=4e 78

Sequestosome 1 OS=Rattus norvegicus GN=Sqstm1 PE=1 SV=1 E(blastx)=2e 26

Ras related protein Rab 5B OS=Gallus gallus GN=RAB5B PE=2 SV=1 E(blastx)=8e 124

Nucleolin OS=Gallus gallus GN=NCL PE=1 SV=1 E(blastx)=8e 24

40S ribosomal protein S3 OS=Rattus norvegicus GN=Rps3 PE=1 SV=1 E(blastx)=2e 149

Proto oncogene tyrosine protein kinase receptor Ret OS=Rattus norvegicus GN=Ret PE=1 SV=1 E(blastx)=1e 60

E3 ubiquitin protein ligase XIAP OS=Rattus norvegicus GN=Xiap PE=2 SV=1 E(blastx)=3e 16

UPF0472 protein C16orf72 homolog OS=Xenopus laevis PE=2 SV=1 E(blastx)=6e 33

Probable ribonuclease ZC3H12B OS=Homo sapiens GN=ZC3H12B PE=2 SV=3 E(blastx)=7e 89

Apolipophorins OS=Locusta migratoria PE=1 SV=2 E(blastx)=1e 36

60S acidic ribosomal protein P1 OS=Homo sapiens GN=RPLP1 PE=1 SV=1 E(blastx)=2e 16

Peregrin OS=Mus musculus GN=Brpf1 PE=1 SV=1 E(blastx)=1e 146

G1/S specific cyclin D2 OS=Gallus gallus GN=CCND2 PE=3 SV=1 E(blastx)=1e 103

Thioredoxin OS=Geodia cydonium GN=THIO PE=3 SV=1 E(blastx)=5e 32

Hepatocyte nuclear factor 4 gamma OS=Homo sapiens GN=HNF4G PE=1 SV=3 E(blastx)=5e 145

Beta mannosidase OS=Homo sapiens GN=MANBA PE=2 SV=3 E(blastx)=1e 148

Histone H3.3 OS=Xenopus tropicalis GN=TGas113e22.1 PE=1 SV=3 E(blastx)=7e 78

Prosaposin OS=Bos taurus GN=PSAP PE=1 SV=3 E(blastx)=6e 52

60S ribosomal protein L6 OS=Chinchilla lanigera GN=RPL6 PE=2 SV=3 E(blastx)=3e 75

Profilin OS=Clypeaster japonicus PE=1 SV=2 E(blastx)=2e 80

Protein TAR1 OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) GN=TAR1 PE=2 SV=1 E(blastx)=3e 10

SRSF protein kinase 1 OS=Pongo abelii GN=SRPK1 PE=2 SV=2 E(blastx)=3e 59

Fibronectin type III domain containing protein OS=Acropora millepora PE=1 SV=1 E(blastx)=5e 114
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Figure S5.4. Heatmap comparing the differential expression of genes across depths. Normalized levels of expression are shown in 
varying color intensities, where gold indicates higher expression of genes comparing mesophotic to shallow levels, while blue 
indicates lower expression. Columns are samples and rows are annotated genes. X-axis order is site (CBC, WFGB, EFGB, PRG-
TER) within depth (mesophotic, shallow). The p value cutoff for plotting was 0.1-9.
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CBC EFGB PRG-TERWFGB CBC EFGB PRG-TERWFGB

C2 calcium dependent domain containing protein 6 OS=Homo sapiens GN=C2CD6 PE=1 SV=1 E(blastx)=2e 07

Photosystem II CP47 reaction center protein OS=Odontella sinensis GN=psbB PE=3 SV=1 E(blastx)=7e 143

Anoctamin 7 OS=Rattus norvegicus GN=Ano7 PE=2 SV=1 E(blastx)=5e 05

Mo25 like protein OS=Schizosaccharomyces pombe (strain 972 / ATCC 24843) GN=pmo25 PE=3 SV=1 E(blastx)=4e 41

Ribulose phosphate 3 epimerase, chloroplastic OS=Spinacia oleracea GN=RPE PE=1 SV=1 E(blastx)=2e 110

Lysophospholipid acyltransferase 5 OS=Homo sapiens GN=LPCAT3 PE=1 SV=1 E(blastx)=2e 102

60S acidic ribosomal protein P1 OS=Homo sapiens GN=RPLP1 PE=1 SV=1 E(blastx)=2e 16

E3 ubiquitin protein ligase RGLG4 OS=Arabidopsis thaliana GN=RGLG4 PE=1 SV=1 E(blastx)=2e 78

Caltractin OS=Chlamydomonas reinhardtii PE=1 SV=1 E(blastx)=7e 05

Sequestosome 1 OS=Rattus norvegicus GN=Sqstm1 PE=1 SV=1 E(blastx)=2e 26

(4S) 4 hydroxy 5 phosphonooxypentane 2,3 dione isomerase OS=Klebsiella pneumoniae subsp. pneumoniae (strain ATCC 700721 / MGH 78578) GN=lsrG PE=3 SV=1 E(blastx)=3e 15

Apolipophorins OS=Locusta migratoria PE=1 SV=2 E(blastx)=3e 63

Hermansky Pudlak syndrome 4 protein OS=Homo sapiens GN=HPS4 PE=1 SV=2 E(blastx)=1e 29

28S ribosomal protein S18b, mitochondrial OS=Macaca mulatta GN=MRPS18B PE=3 SV=1 E(blastx)=9e 32

Fibroblast growth factor receptor like 1 OS=Gallus gallus GN=FGFRL1 PE=1 SV=1 E(blastx)=2e 31

Mitochondrial proton/calcium exchanger protein OS=Gallus gallus GN=LETM1 PE=2 SV=1 E(blastx)=5e 117

CDGSH iron sulfur domain containing protein 2 homolog A OS=Branchiostoma floridae GN=BRAFLDRAFT_285975 PE=3 SV=1 E(blastx)=9e 34

Somatomedin B and thrombospondin type 1 domain containing protein OS=Homo sapiens GN=SBSPON PE=1 SV=2 E(blastx)=5e 22

C reactive protein OS=Mesocricetus auratus GN=CRP PE=2 SV=1 E(blastx)=5e 05

ZP domain containing protein OS=Acropora millepora PE=1 SV=1 E(blastx)=2e 141

Heme binding protein 2 OS=Homo sapiens GN=HEBP2 PE=1 SV=1 E(blastx)=5e 25

Trafficking protein particle complex subunit 10 OS=Mus musculus GN=Trappc10 PE=1 SV=2 E(blastx)=2e 175

TBC1 domain family member 2B OS=Mus musculus GN=Tbc1d2b PE=1 SV=2 E(blastx)=4e 52

Small cysteine rich protein 6 OS=Orbicella faveolata PE=3 SV=1 E(blastx)=2e 05

GFP like fluorescent chromoprotein cFP484 OS=Clavularia sp. PE=1 SV=1 E(blastx)=5e 40

Small cysteine rich protein 4 OS=Orbicella faveolata PE=3 SV=1 E(blastx)=5e 18

Glutathione peroxidase 1 OS=Sus scrofa GN=GPX1 PE=2 SV=2 E(blastx)=6e 81

Thymosin beta 4 OS=Mus musculus GN=Tmsb4x PE=1 SV=1 E(blastx)=1e 15

Cell number regulator 10 OS=Zea mays GN=CNR10 PE=2 SV=1 E(blastx)=4e 10

Multidrug resistance associated protein 1 OS=Bos taurus GN=ABCC1 PE=1 SV=1 E(blastx)=4e 180

TATA element modulatory factor OS=Homo sapiens GN=TMF1 PE=1 SV=2 E(blastx)=7e 70

Thioredoxin, mitochondrial OS=Bos taurus GN=TXN2 PE=1 SV=2 E(blastx)=7e 38

Amiloride sensitive sodium channel subunit alpha OS=Xenopus laevis GN=scnn1a PE=1 SV=1 E(blastx)=6e 18

E3 ubiquitin protein ligase TRIP12 OS=Xenopus tropicalis GN=trip12 PE=2 SV=1 E(blastx)=7e 175

60S ribosomal protein L34 OS=Mus musculus GN=Rpl34 PE=1 SV=2 E(blastx)=1e 45

Serine/threonine protein kinase PITSLRE OS=Drosophila melanogaster GN=Pitslre PE=1 SV=1 E(blastx)=3e 171

Putative ammonium transporter 1 OS=Caenorhabditis elegans GN=amt 1 PE=3 SV=1 E(blastx)=7e 91

Transmembrane and TPR repeat containing protein 4 OS=Homo sapiens GN=TMTC4 PE=2 SV=2 E(blastx)=6e 163

Protein KIAA0556 homolog OS=Xenopus laevis PE=2 SV=1 E(blastx)=8e 168

dCTP pyrophosphatase 1 OS=Mus musculus GN=Dctpp1 PE=1 SV=1 E(blastx)=1e 49

E3 ubiquitin protein ligase UBR2 OS=Mus musculus GN=Ubr2 PE=1 SV=2 E(blastx)=2e 180

Protein Wnt 6 OS=Homo sapiens GN=WNT6 PE=1 SV=2 E(blastx)=6e 99

Kinesin light chain OS=Drosophila melanogaster GN=Klc PE=1 SV=1 E(blastx)=3e 06

Dynamin like 120 kDa protein, mitochondrial OS=Rattus norvegicus GN=Opa1 PE=1 SV=1 E(blastx)=2e 119

Sodium/calcium exchanger 3 OS=Mus musculus GN=Slc8a3 PE=1 SV=1 E(blastx)=2e 169

Contactin associated protein like 5 OS=Homo sapiens GN=CNTNAP5 PE=2 SV=1 E(blastx)=7e 21

Cathepsin Z OS=Bos taurus GN=CTSZ PE=2 SV=2 E(blastx)=6e 136

Dynein beta chain, ciliary OS=Heliocidaris crassispina PE=1 SV=1 E(blastx)=7e 175

Transmembrane protein 26 OS=Homo sapiens GN=TMEM26 PE=1 SV=1 E(blastx)=9e 24

Ribonucleoside diphosphate reductase large subunit OS=Homo sapiens GN=RRM1 PE=1 SV=1 E(blastx)=1e 136

Probable phospholipid transporting ATPase IIB OS=Danio rerio GN=atp9b PE=3 SV=1 E(blastx)=2e 14

Inactive pancreatic lipase related protein 1 OS=Homo sapiens GN=PNLIPRP1 PE=1 SV=1 E(blastx)=4e 67

U4/U6 small nuclear ribonucleoprotein Prp31 OS=Xenopus tropicalis GN=prpf31 PE=2 SV=1 E(blastx)=3e 179

Tudor domain containing protein 7A OS=Danio rerio GN=tdrd7a PE=2 SV=2 E(blastx)=2e 06

PDZ and LIM domain protein 7 OS=Danio rerio GN=pdlim7 PE=2 SV=1 E(blastx)=8e 20

Ras guanyl releasing protein 3 OS=Homo sapiens GN=RASGRP3 PE=1 SV=1 E(blastx)=7e 133

Protein BOBBER 1 OS=Arabidopsis thaliana GN=BOB1 PE=1 SV=1 E(blastx)=9e 56

Condensin complex subunit 2 OS=Xenopus laevis GN=ncaph PE=1 SV=1 E(blastx)=2e 105

Rhamnosyl O methyltransferase OS=Mycobacterium tuberculosis (strain ATCC 25618 / H37Rv) GN=Rv2959c PE=1 SV=1 E(blastx)=6e 14

Protein L isoaspartate O methyltransferase domain containing protein 1 OS=Gallus gallus GN=PCMTD1 PE=2 SV=1 E(blastx)=2e 30

Rho GTPase activating protein 39 OS=Mus musculus GN=Arhgap39 PE=1 SV=2 E(blastx)=2e 32

ATP dependent DNA helicase PIF1 OS=Danio rerio GN=pif1 PE=2 SV=1 E(blastx)=3e 18

Hemicentin 1 OS=Mus musculus GN=Hmcn1 PE=1 SV=1 E(blastx)=1e 12

Histone lysine N methyltransferase trithorax OS=Drosophila melanogaster GN=trx PE=1 SV=4 E(blastx)=5e 06

Galaxin OS=Acropora millepora PE=1 SV=1 E(blastx)=2e 36

High affinity cationic amino acid transporter 1 OS=Homo sapiens GN=SLC7A1 PE=1 SV=1 E(blastx)=8e 165

Tyrosine protein kinase transmembrane receptor Ror OS=Drosophila melanogaster GN=Ror PE=1 SV=1 E(blastx)=7e 85

Programmed cell death protein 4 OS=Gallus gallus GN=PDCD4 PE=2 SV=1 E(blastx)=2e 94

Multiple myeloma tumor associated protein 2 homolog OS=Mus musculus GN=Mmtag2 PE=2 SV=1 E(blastx)=7e 28

Complement C3 (Fragment) OS=Lethenteron camtschaticum GN=C3 PE=2 SV=1 E(blastx)=6e 19

Unconventional myosin Va OS=Homo sapiens GN=MYO5A PE=1 SV=2 E(blastx)=1e 06

Cysteine proteinase RD21A OS=Arabidopsis thaliana GN=RD21A PE=1 SV=1 E(blastx)=3e 89

Multidrug and toxin extrusion protein 2 OS=Mus musculus GN=Slc47a2 PE=1 SV=1 E(blastx)=6e 100

Probable E3 ubiquitin protein ligase HERC3 OS=Homo sapiens GN=HERC3 PE=1 SV=1 E(blastx)=2e 18

RNA directed DNA polymerase from mobile element jockey OS=Drosophila melanogaster GN=pol PE=1 SV=1 E(blastx)=4e 09

Translin associated factor X interacting protein 1 OS=Mus musculus GN=Tsnaxip1 PE=1 SV=2 E(blastx)=5e 106

Integumentary mucin C.1 (Fragment) OS=Xenopus laevis PE=2 SV=1 E(blastx)=1e 17

Iron sulfur cluster assembly enzyme ISCU, mitochondrial OS=Mus musculus GN=Iscu PE=1 SV=1 E(blastx)=4e 52
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Figure S5.5. Heatmap of 675 common DEGs to comparisons between shallow and 
mesophotic depths at all five sites. Normalized levels of expression are shown in varying 
color intensities, where gold indicates higher expression of genes in mesophotic vs. 
shallow corals, while blue indicates lower expression. Columns are samples and rows are 
annotated genes. X-axis order is site (CBC, WFGB, EFGB, PRG-TER) within depth 
(mesophotic, shallow).   
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CBC EFGB PRG-TERWFGB CBC EFGB PRG-TERWFGB

Ras related protein Rab 30 OS=Mus musculus GN=Rab30 PE=1 SV=1 E(blastx)=2e 64
Heat shock factor protein 1 OS=Mus musculus GN=Hsf1 PE=1 SV=2 E(blastx)=4e 61
High affinity cationic amino acid transporter 1 OS=Homo sapiens GN=SLC7A1 PE=1 SV=1 E(blastx)=8e 165
Cytosolic phospholipase A2 OS=Xenopus laevis GN=pla2g4a PE=2 SV=1 E(blastx)=5e 166
Tudor and KH domain containing protein OS=Homo sapiens GN=TDRKH PE=1 SV=2 E(blastx)=2e 69
Translocon associated protein subunit delta OS=Bos taurus GN=SSR4 PE=2 SV=1 E(blastx)=6e 35
Transcription factor Sox 7 OS=Xenopus laevis GN=sox7 PE=2 SV=1 E(blastx)=4e 27
Folliculin interacting protein 1 OS=Homo sapiens GN=FNIP1 PE=1 SV=3 E(blastx)=2e 93
Protein FAM177A1 OS=Mus musculus GN=Fam177a1 PE=1 SV=1 E(blastx)=2e 10
Rho GTPase activating protein 39 OS=Mus musculus GN=Arhgap39 PE=1 SV=2 E(blastx)=2e 32
Disintegrin and metalloproteinase domain containing protein 10 OS=Homo sapiens GN=ADAM10 PE=1 SV=1 E(blastx)=2e 152
Clusterin associated protein 1 OS=Mus musculus GN=Cluap1 PE=1 SV=1 E(blastx)=1e 124
Diacylglycerol kinase theta OS=Mus musculus GN=Dgkq PE=1 SV=1 E(blastx)=6e 150
Casein kinase I isoform alpha OS=Mus musculus GN=Csnk1a1 PE=1 SV=2 E(blastx)=1e 174
Ankyrin repeat domain containing protein 55 OS=Mus musculus GN=Ankrd55 PE=1 SV=2 E(blastx)=7e 65
Dehydrodolichyl diphosphate synthase complex subunit DHDDS OS=Homo sapiens GN=DHDDS PE=1 SV=3 E(blastx)=2e 123
Chaperone protein DnaJ OS=Photorhabdus luminescens subsp. laumondii (strain DSM 15139 / CIP 105565 / TT01) GN=dnaJ PE=3 SV=1 E(blastx)=7e 12
Wiskott Aldrich syndrome protein family member 3 OS=Homo sapiens GN=WASF3 PE=1 SV=2 E(blastx)=3e 61
Kelch like protein 3 OS=Danio rerio GN=klhl3 PE=3 SV=1 E(blastx)=2e 30
Vacuolar protein sorting associated protein 37A OS=Homo sapiens GN=VPS37A PE=1 SV=1 E(blastx)=3e 59
Aladin OS=Homo sapiens GN=AAAS PE=1 SV=1 E(blastx)=5e 118
Synaptotagmin 3 OS=Arabidopsis thaliana GN=SYT3 PE=2 SV=1 E(blastx)=7e 07
Zinc finger SWIM domain containing protein 7 OS=Mus musculus GN=Zswim7 PE=2 SV=1 E(blastx)=1e 32
Dynein intermediate chain 3, ciliary OS=Heliocidaris crassispina PE=2 SV=1 E(blastx)=4e 68
Tachylectin 2 OS=Tachypleus tridentatus PE=1 SV=1 E(blastx)=3e 74
Lysosome membrane protein 2 OS=Homo sapiens GN=SCARB2 PE=1 SV=2 E(blastx)=7e 78
Marginal zone B  and B1 cell specific protein OS=Rattus norvegicus GN=Mzb1 PE=2 SV=1 E(blastx)=2e 24
Transient receptor potential cation channel subfamily M member 1 OS=Mus musculus GN=Trpm1 PE=2 SV=2 E(blastx)=5e 167
Methyltransferase like protein 27 OS=Homo sapiens GN=METTL27 PE=1 SV=2 E(blastx)=4e 16
Ras related protein Rab 9A OS=Homo sapiens GN=RAB9A PE=1 SV=1 E(blastx)=4e 73
Universal stress protein Slr1101 OS=Synechocystis sp. (strain PCC 6803 / Kazusa) GN=slr1101 PE=3 SV=1 E(blastx)=5e 11
Sacsin OS=Homo sapiens GN=SACS PE=1 SV=2 E(blastx)=6e 07
Beta 2 adrenergic receptor OS=Felis catus GN=ADRB2 PE=3 SV=1 E(blastx)=4e 18
Uroporphyrinogen decarboxylase OS=Danio rerio GN=urod PE=2 SV=1 E(blastx)=7e 129
Sorting nexin 2 OS=Homo sapiens GN=SNX2 PE=1 SV=2 E(blastx)=8e 148
Mannose 1 phosphate guanyltransferase alpha A OS=Danio rerio GN=gmppaa PE=2 SV=1 E(blastx)=2e 174
Extended synaptotagmin 2 OS=Mus musculus GN=Esyt2 PE=1 SV=1 E(blastx)=5e 107
Universal stress protein Slr1101 OS=Synechocystis sp. (strain PCC 6803 / Kazusa) GN=slr1101 PE=3 SV=1 E(blastx)=1e 09
39S ribosomal protein L21, mitochondrial OS=Bos taurus GN=MRPL21 PE=1 SV=1 E(blastx)=2e 28
Splicing factor 45 OS=Homo sapiens GN=RBM17 PE=1 SV=1 E(blastx)=1e 60
Formimidoyltransferase cyclodeaminase OS=Homo sapiens GN=FTCD PE=1 SV=2 E(blastx)=2e 100
Beta taxilin OS=Gallus gallus GN=TXLNB PE=2 SV=1 E(blastx)=3e 69
E3 ubiquitin protein ligase ZNF598 OS=Homo sapiens GN=ZNF598 PE=1 SV=1 E(blastx)=1e 79
Complement C3 (Fragment) OS=Lethenteron camtschaticum GN=C3 PE=2 SV=1 E(blastx)=6e 19
Polycystin 1 OS=Homo sapiens GN=PKD1 PE=1 SV=3 E(blastx)=3e 08
Unconventional myosin Ib OS=Mus musculus GN=Myo1b PE=1 SV=3 E(blastx)=9e 166
LIM domain containing protein 2 OS=Homo sapiens GN=LIMD2 PE=1 SV=1 E(blastx)=3e 34
Probable 54S ribosomal protein L34, mitochondrial OS=Schizosaccharomyces pombe (strain 972 / ATCC 24843) GN=SPBC21C3.04c PE=3 SV=1 E(blastx)=3e 11
DNA dependent protein kinase catalytic subunit OS=Mus musculus GN=Prkdc PE=1 SV=3 E(blastx)=3e 178
piRNA biogenesis protein EXD1 OS=Homo sapiens GN=EXD1 PE=1 SV=4 E(blastx)=1e 13
Guanylate binding protein 3 OS=Homo sapiens GN=GBP3 PE=1 SV=3 E(blastx)=2e 26
Amiloride sensitive sodium channel subunit alpha OS=Xenopus laevis GN=scnn1a PE=1 SV=1 E(blastx)=6e 18
Glycine betaine transporter 1 OS=Vibrio parahaemolyticus serotype O3:K6 (strain RIMD 2210633) GN=VP1905 PE=1 SV=1 E(blastx)=1e 33
Arachidonate 5 lipoxygenase OS=Homo sapiens GN=ALOX5 PE=1 SV=2 E(blastx)=6e 103
Neutral alpha glucosidase AB OS=Sus scrofa GN=GANAB PE=1 SV=1 E(blastx)=1e 98
MAP kinase activating death domain protein OS=Homo sapiens GN=MADD PE=1 SV=2 E(blastx)=3e 173
GRIP1 associated protein 1 OS=Rattus norvegicus GN=Gripap1 PE=1 SV=1 E(blastx)=1e 67
Probable serine/threonine protein kinase roco11 OS=Dictyostelium discoideum GN=roco11 PE=3 SV=1 E(blastx)=2e 12
Adhesion G protein coupled receptor L2 OS=Homo sapiens GN=ADGRL2 PE=1 SV=2 E(blastx)=5e 89
Transcription elongation factor SPT6 OS=Danio rerio GN=supt6h PE=1 SV=1 E(blastx)=1e 180
Retrovirus related Pol polyprotein from transposon 17.6 OS=Drosophila melanogaster GN=pol PE=3 SV=1 E(blastx)=4e 72
Matrix metalloproteinase 25 OS=Homo sapiens GN=MMP25 PE=1 SV=1 E(blastx)=4e 90
Hemicentin 1 OS=Mus musculus GN=Hmcn1 PE=1 SV=1 E(blastx)=1e 12
Anoctamin 3 OS=Homo sapiens GN=ANO3 PE=1 SV=2 E(blastx)=2e 105
RING finger and CHY zinc finger domain containing protein 1 OS=Homo sapiens GN=RCHY1 PE=1 SV=1 E(blastx)=6e 20
Programmed cell death protein 6 OS=Mus musculus GN=Pdcd6 PE=1 SV=2 E(blastx)=8e 83
Acid phosphatase type 7 OS=Danio rerio GN=acp7 PE=2 SV=1 E(blastx)=4e 108
Intraflagellar transport protein 81 homolog OS=Mus musculus GN=Ift81 PE=1 SV=4 E(blastx)=1e 112
Zinc finger protein DPF3 OS=Gallus gallus GN=DPF3 PE=2 SV=1 E(blastx)=9e 96
Organic cation transporter protein OS=Drosophila melanogaster GN=Orct PE=1 SV=1 E(blastx)=2e 75
Coiled coil domain containing protein 18 OS=Mus musculus GN=Ccdc18 PE=1 SV=1 E(blastx)=2e 86
cAMP responsive element binding protein like 2 OS=Mus musculus GN=Crebl2 PE=1 SV=1 E(blastx)=6e 22
Ubiquitin carboxyl terminal hydrolase 31 OS=Homo sapiens GN=USP31 PE=2 SV=2 E(blastx)=1e 163
Vacuolar protein sorting associated protein 13C OS=Mus musculus GN=Vps13c PE=1 SV=2 E(blastx)=1e 180
Eukaryotic translation initiation factor 4E OS=Drosophila melanogaster GN=eIF 4E PE=1 SV=1 E(blastx)=5e 33
Integrator complex subunit 5 OS=Mus musculus GN=Ints5 PE=2 SV=1 E(blastx)=1e 30
SID1 transmembrane family member 2 OS=Homo sapiens GN=SIDT2 PE=1 SV=2 E(blastx)=2e 20
Protein CASC3 OS=Danio rerio GN=casc3 PE=1 SV=1 E(blastx)=1e 10
Carbohydrate sulfotransferase 3 OS=Mus musculus GN=Chst3 PE=2 SV=1 E(blastx)=6e 20
Probable N acetyltransferase CML2 OS=Rattus norvegicus GN=Cml2 PE=3 SV=1 E(blastx)=2e 19
CUB and peptidase domain containing protein 1 (Fragment) OS=Acropora millepora PE=1 SV=1 E(blastx)=2e 26
60S ribosomal protein L34 OS=Mus musculus GN=Rpl34 PE=1 SV=2 E(blastx)=1e 45
Prolyl 4 hydroxylase subunit alpha 1 OS=Gallus gallus GN=P4HA1 PE=1 SV=1 E(blastx)=3e 133
Galaxin OS=Acropora millepora PE=1 SV=1 E(blastx)=3e 52
GATOR complex protein DEPDC5 OS=Mus musculus GN=Depdc5 PE=1 SV=2 E(blastx)=4e 59
Exonuclease OS=Escherichia phage lambda GN=exo PE=1 SV=1 E(blastx)=5e 08
PEST proteolytic signal containing nuclear protein OS=Pongo abelii GN=PCNP PE=2 SV=1 E(blastx)=1e 13
Ankyrin repeat domain containing protein 7 OS=Macaca fascicularis GN=ANKRD7 PE=2 SV=1 E(blastx)=1e 44
Methyltransferase FUS9 OS=Gibberella moniliformis (strain M3125 / FGSC 7600) GN=FUS9 PE=3 SV=1 E(blastx)=1e 17
DNA repair and recombination protein RAD54 like OS=Drosophila melanogaster GN=okr PE=1 SV=1 E(blastx)=2e 156
Histone lysine N methyltransferase 2C OS=Homo sapiens GN=KMT2C PE=1 SV=3 E(blastx)=2e 180
Oxysterol binding protein related protein 9 OS=Homo sapiens GN=OSBPL9 PE=1 SV=2 E(blastx)=2e 173
Low density lipoprotein receptor related protein 5 OS=Homo sapiens GN=LRP5 PE=1 SV=2 E(blastx)=2e 15
Heat shock 70 kDa protein 12B OS=Mus musculus GN=Hspa12b PE=1 SV=1 E(blastx)=6e 37
Beta 2 syntrophin OS=Homo sapiens GN=SNTB2 PE=1 SV=1 E(blastx)=2e 140
Trafficking protein particle complex subunit 9 OS=Xenopus laevis GN=trappc9 PE=2 SV=1 E(blastx)=3e 174
Secretory carrier associated membrane protein 1 OS=Rattus norvegicus GN=Scamp1 PE=1 SV=1 E(blastx)=2e 58
Collagen alpha 1(IV) chain OS=Bos taurus GN=COL4A1 PE=1 SV=2 E(blastx)=5e 89
Epididymal secretory protein E1 OS=Danio rerio GN=npc2 PE=2 SV=1 E(blastx)=8e 10
ATP binding cassette sub family D member 2 OS=Homo sapiens GN=ABCD2 PE=1 SV=1 E(blastx)=5e 165
THO complex subunit 4 B OS=Xenopus laevis GN=alyref b PE=2 SV=1 E(blastx)=5e 49
Decapping and exoribonuclease protein OS=Mus musculus GN=Dxo PE=1 SV=2 E(blastx)=1e 35
Hydrocephalus inducing protein homolog OS=Homo sapiens GN=HYDIN PE=1 SV=3 E(blastx)=1e 179
Radial spoke head protein 4 homolog A OS=Homo sapiens GN=RSPH4A PE=1 SV=1 E(blastx)=5e 154
Unconventional myosin VIIa OS=Mus musculus GN=Myo7a PE=1 SV=2 E(blastx)=2e 168
Dynein heavy chain 7, axonemal OS=Rattus norvegicus GN=Dnah7 PE=2 SV=2 E(blastx)=1e 178
Matrix metalloproteinase 24 OS=Rattus norvegicus GN=Mmp24 PE=1 SV=1 E(blastx)=2e 65
Blastula protease 10 OS=Paracentrotus lividus GN=BP10 PE=2 SV=1 E(blastx)=1e 44
Contactin associated protein like 5 OS=Homo sapiens GN=CNTNAP5 PE=2 SV=1 E(blastx)=7e 21
Ankyrin repeat and SAM domain containing protein 6 OS=Mus musculus GN=Anks6 PE=1 SV=2 E(blastx)=3e 90
Zinc finger CW type PWWP domain protein 2 OS=Homo sapiens GN=ZCWPW2 PE=1 SV=1 E(blastx)=2e 26
Insulin like growth factor 1 receptor (Fragment) OS=Bos taurus GN=IGF1R PE=2 SV=1 E(blastx)=9e 145
Drebrin like protein OS=Bos taurus GN=DBNL PE=2 SV=1 E(blastx)=4e 49
Kinesin heavy chain isoform 5C OS=Mus musculus GN=Kif5c PE=1 SV=3 E(blastx)=5e 30
Coiled coil domain containing protein 92 OS=Homo sapiens GN=CCDC92 PE=1 SV=2 E(blastx)=2e 26
Dynein heavy chain 12, axonemal OS=Mus musculus GN=Dnah12 PE=1 SV=2 E(blastx)=4e 180
Anoctamin 3 OS=Homo sapiens GN=ANO3 PE=1 SV=2 E(blastx)=3e 175
Adhesion G protein coupled receptor D1 OS=Mus musculus GN=Adgrd1 PE=2 SV=2 E(blastx)=6e 06
Unconventional myosin Vb OS=Mus musculus GN=Myo5b PE=1 SV=2 E(blastx)=1e 13
Hormonally up regulated neu tumor associated kinase OS=Pan troglodytes GN=HUNK PE=3 SV=1 E(blastx)=1e 116
Enoyl CoA delta isomerase 1, mitochondrial OS=Rattus norvegicus GN=Eci1 PE=1 SV=1 E(blastx)=3e 63
Calmodulin regulated spectrin associated protein 1 OS=Homo sapiens GN=CAMSAP1 PE=1 SV=2 E(blastx)=1e 44
Guanine nucleotide binding protein G(I)/G(S)/G(O) subunit gamma 7 OS=Homo sapiens GN=GNG7 PE=1 SV=1 E(blastx)=2e 11
Citron Rho interacting kinase OS=Homo sapiens GN=CIT PE=1 SV=2 E(blastx)=6e 131
Transposable element Tcb1 transposase OS=Caenorhabditis briggsae PE=3 SV=1 E(blastx)=3e 05
ADAM 17 like protease OS=Drosophila melanogaster GN=Tace PE=2 SV=2 E(blastx)=5e 179
Golgin subfamily A member 3 OS=Mus musculus GN=Golga3 PE=1 SV=3 E(blastx)=2e 12
Twinfilin 2 OS=Mus musculus GN=Twf2 PE=1 SV=1 E(blastx)=2e 119
RNA binding motif, single stranded interacting protein 3 OS=Pongo abelii GN=RBMS3 PE=2 SV=1 E(blastx)=2e 80
Universal stress protein A like protein OS=Arabidopsis thaliana GN=At3g01520 PE=1 SV=2 E(blastx)=1e 13
Spermidine synthase OS=Homo sapiens GN=SRM PE=1 SV=1 E(blastx)=8e 45
Spectrin alpha chain, non erythrocytic 1 OS=Homo sapiens GN=SPTAN1 PE=1 SV=3 E(blastx)=5e 160
Myosin 11 OS=Oryctolagus cuniculus GN=MYH11 PE=2 SV=2 E(blastx)=6e 141
Zinc finger with UFM1 specific peptidase domain protein OS=Mus musculus GN=Zufsp PE=2 SV=2 E(blastx)=1e 26
Collagen alpha 6(VI) chain OS=Homo sapiens GN=COL6A6 PE=1 SV=2 E(blastx)=5e 53
Cat eye syndrome critical region protein 2 homolog OS=Mus musculus GN=Cecr2 PE=2 SV=1 E(blastx)=2e 10
Ras specific guanine nucleotide releasing factor RalGPS1 OS=Danio rerio GN=ralgps1 PE=2 SV=1 E(blastx)=2e 20
Serine/threonine protein kinase CTR1 OS=Arabidopsis thaliana GN=CTR1 PE=1 SV=1 E(blastx)=2e 22
Inhibitor of growth protein 3 OS=Xenopus tropicalis GN=ing3 PE=2 SV=1 E(blastx)=4e 10
Katanin p80 WD40 repeat containing subunit B1 OS=Strongylocentrotus purpuratus GN=KATNB1 PE=1 SV=1 E(blastx)=2e 169
CD2 associated protein OS=Rattus norvegicus GN=Cd2ap PE=1 SV=2 E(blastx)=2e 32
Mucin like protein (Fragment) OS=Acropora millepora PE=1 SV=1 E(blastx)=6e 28
Guanylate binding protein 3 OS=Homo sapiens GN=GBP3 PE=1 SV=3 E(blastx)=2e 44
Transcription factor SPT20 homolog OS=Mus musculus GN=Supt20h PE=1 SV=1 E(blastx)=7e 97
Patatin like phospholipase domain containing protein 2 OS=Bos taurus GN=PNPLA2 PE=2 SV=1 E(blastx)=6e 07
IQ domain containing protein E OS=Homo sapiens GN=IQCE PE=1 SV=2 E(blastx)=6e 34
Probable inactive purple acid phosphatase 2 OS=Arabidopsis thaliana GN=PAP2 PE=2 SV=1 E(blastx)=2e 95
14 kDa phosphohistidine phosphatase OS=Sus scrofa GN=PHPT1 PE=1 SV=2 E(blastx)=5e 37
Myosin IB OS=Drosophila melanogaster GN=Myo61F PE=1 SV=3 E(blastx)=2e 153
Cysteine/serine rich nuclear protein 2 OS=Mus musculus GN=Csrnp2 PE=2 SV=1 E(blastx)=7e 29
START domain containing protein 10 OS=Mus musculus GN=Stard10 PE=1 SV=1 E(blastx)=3e 58
Bicaudal D related protein homolog OS=Drosophila melanogaster GN=CG17365 PE=2 SV=1 E(blastx)=6e 08
RNA binding protein with serine rich domain 1 A OS=Xenopus laevis GN=rnps1 a PE=2 SV=1 E(blastx)=5e 25
Type II inositol 1,4,5 trisphosphate 5 phosphatase OS=Homo sapiens GN=INPP5B PE=1 SV=4 E(blastx)=3e 179
Anoctamin 3 OS=Mus musculus GN=Ano3 PE=1 SV=1 E(blastx)=1e 177
ZZ type zinc finger containing protein 3 OS=Homo sapiens GN=ZZZ3 PE=1 SV=1 E(blastx)=3e 93
Endonuclease/exonuclease/phosphatase family domain containing protein 1 OS=Homo sapiens GN=EEPD1 PE=1 SV=2 E(blastx)=1e 40
Matrix metalloproteinase 25 OS=Mus musculus GN=Mmp25 PE=2 SV=1 E(blastx)=3e 44
STE20/SPS1 related proline alanine rich protein kinase OS=Homo sapiens GN=STK39 PE=1 SV=3 E(blastx)=3e 157
Probable alcohol dehydrogenase OS=Escherichia coli (strain K12) GN=yiaY PE=3 SV=4 E(blastx)=2e 24
Synaptotagmin like protein 4 OS=Homo sapiens GN=SYTL4 PE=1 SV=2 E(blastx)=5e 67
C Maf inducing protein OS=Xenopus laevis GN=cmip PE=2 SV=2 E(blastx)=4e 107
Riboflavin binding protein OS=Dromaius novaehollandiae PE=1 SV=1 E(blastx)=4e 47
SH2 domain containing adapter protein B OS=Mus musculus GN=Shb PE=1 SV=2 E(blastx)=1e 41
INO80 complex subunit D OS=Xenopus laevis GN=ino80d PE=2 SV=1 E(blastx)=7e 41
SWI/SNF related matrix associated actin dependent regulator of chromatin subfamily E member 1 OS=Mus musculus GN=Smarce1 PE=1 SV=1 E(blastx)=7e 72
Dual specificity protein phosphatase 10 OS=Bos taurus GN=DUSP10 PE=2 SV=1 E(blastx)=1e 64
Tumor protein p63 regulated gene 1 like protein OS=Homo sapiens GN=TPRG1L PE=1 SV=1 E(blastx)=2e 42
Mitogen activated protein kinase kinase kinase kinase 5 OS=Homo sapiens GN=MAP4K5 PE=1 SV=1 E(blastx)=1e 129
MAGUK p55 subfamily member 5 OS=Homo sapiens GN=MPP5 PE=1 SV=3 E(blastx)=3e 169
ATP sensitive inward rectifier potassium channel 8 OS=Rattus norvegicus GN=Kcnj8 PE=1 SV=1 E(blastx)=6e 86
Heterogeneous nuclear ribonucleoprotein U like protein 1 OS=Mus musculus GN=Hnrnpul1 PE=1 SV=1 E(blastx)=2e 127
DOMON domain containing protein FRRS1L OS=Homo sapiens GN=FRRS1L PE=1 SV=2 E(blastx)=6e 06
Centrosomal protein of 290 kDa OS=Mus musculus GN=Cep290 PE=1 SV=2 E(blastx)=2e 34
Condensin complex subunit 2 OS=Xenopus laevis GN=ncaph PE=1 SV=1 E(blastx)=2e 105
Dystrophin OS=Canis lupus familiaris GN=DMD PE=2 SV=1 E(blastx)=2e 180
Protein SDE2 homolog OS=Homo sapiens GN=SDE2 PE=1 SV=1 E(blastx)=3e 31
Protein pangolin, isoform J OS=Drosophila melanogaster GN=pan PE=1 SV=2 E(blastx)=1e 45
Tudor domain containing protein 7A OS=Danio rerio GN=tdrd7a PE=2 SV=2 E(blastx)=2e 06
Delta like protein 4 OS=Rattus norvegicus GN=Dll4 PE=1 SV=3 E(blastx)=2e 17
WD repeat containing protein 60 OS=Homo sapiens GN=WDR60 PE=1 SV=3 E(blastx)=8e 113
Protein inturned OS=Bos taurus GN=INTU PE=3 SV=2 E(blastx)=6e 124
Unconventional myosin VIIb OS=Mus musculus GN=Myo7b PE=1 SV=3 E(blastx)=2e 171
ER membrane protein complex subunit 6 OS=Mus musculus GN=Emc6 PE=1 SV=1 E(blastx)=2e 26
Structure specific endonuclease subunit SLX4 OS=Mus musculus GN=Slx4 PE=1 SV=1 E(blastx)=1e 20
MAM and fibronectin type III domain containing protein 1 (Fragment) OS=Acropora millepora PE=1 SV=1 E(blastx)=2e 99
Protein KIAA0556 homolog OS=Xenopus laevis PE=2 SV=1 E(blastx)=8e 168
Metalloproteinase inhibitor 3 OS=Gallus gallus GN=TIMP3 PE=1 SV=2 E(blastx)=1e 17
Ribonuclease kappa B OS=Ceratitis capitata PE=3 SV=1 E(blastx)=5e 19
Serine arginine protein 55 OS=Drosophila melanogaster GN=B52 PE=1 SV=4 E(blastx)=1e 68
Gametocyte specific factor 1 OS=Macaca fascicularis GN=GTSF1 PE=2 SV=1 E(blastx)=2e 17
Pre mRNA processing factor 6 OS=Bos taurus GN=PRPF6 PE=2 SV=1 E(blastx)=4e 102
Probable ribosome biogenesis protein RLP24 OS=Mus musculus GN=Rsl24d1 PE=2 SV=1 E(blastx)=3e 72
Dynamin 3 OS=Mus musculus GN=Dnm3 PE=1 SV=1 E(blastx)=5e 176
Gremlin 1 OS=Gallus gallus GN=GREM1 PE=2 SV=1 E(blastx)=1e 26
Protein NLRC5 OS=Homo sapiens GN=NLRC5 PE=1 SV=3 E(blastx)=1e 07
Protein ABHD17C OS=Danio rerio GN=abhd17c PE=2 SV=1 E(blastx)=4e 21
Chitin deacetylase 1 OS=Schizosaccharomyces pombe (strain 972 / ATCC 24843) GN=cda1 PE=1 SV=1 E(blastx)=6e 11
RanBP type and C3HC4 type zinc finger containing protein 1 OS=Danio rerio GN=rbck1 PE=2 SV=1 E(blastx)=1e 98
Deoxynucleotidyltransferase terminal interacting protein 1 OS=Mus musculus GN=Dnttip1 PE=1 SV=1 E(blastx)=2e 43
E3 ubiquitin protein ligase MARCH3 OS=Xenopus tropicalis GN=march3 PE=2 SV=1 E(blastx)=6e 14
O acetyl ADP ribose deacetylase MACROD1 (Fragment) OS=Rattus norvegicus GN=Macrod1 PE=2 SV=2 E(blastx)=1e 64
Membrane protein FAM174 OS=Xenopus laevis GN=fam174 PE=2 SV=1 E(blastx)=4e 05
Kinesin like protein KIF28P OS=Mus musculus GN=Kif28p PE=3 SV=1 E(blastx)=2e 37
Tetratricopeptide repeat protein 17 OS=Danio rerio GN=ttc17 PE=3 SV=1 E(blastx)=7e 52
Protein TRI1 OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) GN=TRI1 PE=1 SV=1 E(blastx)=2e 14
Papilin OS=Homo sapiens GN=PAPLN PE=2 SV=4 E(blastx)=2e 56
Cyclohex 1 ene 1 carbonyl CoA dehydrogenase OS=Syntrophus aciditrophicus (strain SB) GN=SYN_02587 PE=1 SV=1 E(blastx)=3e 08
Sorting nexin 6 OS=Mus musculus GN=Snx6 PE=1 SV=2 E(blastx)=3e 33
26S proteasome non ATPase regulatory subunit 1 OS=Homo sapiens GN=PSMD1 PE=1 SV=2 E(blastx)=3e 133
Nucleotide binding oligomerization domain containing protein 2 OS=Mus musculus GN=Nod2 PE=1 SV=1 E(blastx)=7e 14
Golgin subfamily A member 5 OS=Mus musculus GN=Golga5 PE=1 SV=2 E(blastx)=3e 92
Retinol dehydrogenase 13 OS=Homo sapiens GN=RDH13 PE=1 SV=2 E(blastx)=4e 84
Stimulated by retinoic acid gene 6 protein like OS=Mus musculus GN=Stra6l PE=1 SV=1 E(blastx)=3e 33
Hemicentin 1 OS=Mus musculus GN=Hmcn1 PE=1 SV=1 E(blastx)=2e 12
Patatin like phospholipase domain containing protein 2 OS=Rattus norvegicus GN=Pnpla2 PE=1 SV=1 E(blastx)=2e 40
Tyrosine protein kinase Fyn OS=Gallus gallus GN=FYN PE=1 SV=2 E(blastx)=4e 12
CSC1 like protein 1 OS=Homo sapiens GN=TMEM63A PE=1 SV=3 E(blastx)=6e 09
Ubiquitin associated protein 2 like OS=Homo sapiens GN=UBAP2L PE=1 SV=2 E(blastx)=4e 14
Cysteine proteinase RD21A OS=Arabidopsis thaliana GN=RD21A PE=1 SV=1 E(blastx)=3e 89
Calcium channel flower homolog OS=Mus musculus GN=Cacfd1 PE=1 SV=1 E(blastx)=6e 11
Alpha aminoadipic semialdehyde dehydrogenase OS=Bos taurus GN=ALDH7A1 PE=2 SV=4 E(blastx)=2e 170
Alanine tRNA ligase, cytoplasmic OS=Pongo abelii GN=AARS PE=2 SV=1 E(blastx)=3e 166
G protein signaling modulator 2 OS=Homo sapiens GN=GPSM2 PE=1 SV=3 E(blastx)=3e 166
Dynein heavy chain 6, axonemal OS=Homo sapiens GN=DNAH6 PE=2 SV=3 E(blastx)=2e 09
Zinc finger protein 706 OS=Gallus gallus GN=ZNF706 PE=3 SV=1 E(blastx)=2e 24
Triple functional domain protein OS=Homo sapiens GN=TRIO PE=1 SV=2 E(blastx)=5e 54
Elongation factor G, mitochondrial OS=Nematostella vectensis GN=v1g236547 PE=3 SV=1 E(blastx)=3e 122
Myosin IIIa OS=Homo sapiens GN=MYO3A PE=1 SV=2 E(blastx)=1e 180
Lysine specific demethylase 6A OS=Homo sapiens GN=KDM6A PE=1 SV=2 E(blastx)=3e 180
Ras guanyl releasing protein 3 OS=Homo sapiens GN=RASGRP3 PE=1 SV=1 E(blastx)=7e 133
Histidine N acetyltransferase OS=Oreochromis niloticus GN=hisat PE=1 SV=1 E(blastx)=6e 20
Tyrosine protein phosphatase non receptor type 13 OS=Homo sapiens GN=PTPN13 PE=1 SV=2 E(blastx)=1e 82
ATP binding cassette sub family F member 1 OS=Homo sapiens GN=ABCF1 PE=1 SV=2 E(blastx)=2e 151
Eukaryotic translation initiation factor 3 subunit H OS=Nematostella vectensis GN=v1g168210 PE=3 SV=1 E(blastx)=5e 175
Protein Dr1 OS=Rattus norvegicus GN=Dr1 PE=2 SV=1 E(blastx)=4e 54
Phosphofurin acidic cluster sorting protein 2 OS=Homo sapiens GN=PACS2 PE=1 SV=3 E(blastx)=1e 98
Potassium voltage gated channel subfamily H member 2 OS=Oryctolagus cuniculus GN=KCNH2 PE=2 SV=3 E(blastx)=4e 17
Microtubule associated proteins 1A/1B light chain 3C OS=Homo sapiens GN=MAP1LC3C PE=1 SV=1 E(blastx)=1e 52
Gastricsin OS=Mus musculus GN=Pgc PE=2 SV=1 E(blastx)=2e 12
SH3 and PX domain containing protein 2B OS=Mus musculus GN=Sh3pxd2b PE=1 SV=1 E(blastx)=2e 36
Dual specificity protein kinase shkA OS=Dictyostelium discoideum GN=shkA PE=2 SV=1 E(blastx)=4e 34
Tetratricopeptide repeat protein 39B OS=Xenopus tropicalis GN=ttc39b PE=2 SV=1 E(blastx)=5e 76
Importin 8 OS=Mus musculus GN=Ipo8 PE=1 SV=3 E(blastx)=2e 180
E3 ubiquitin protein ligase RNF126 OS=Xenopus tropicalis GN=rnf126 PE=2 SV=1 E(blastx)=2e 43
60S ribosomal protein L18a OS=Homo sapiens GN=RPL18A PE=1 SV=2 E(blastx)=5e 93
WD repeat containing protein 82 OS=Gallus gallus GN=WDR82 PE=2 SV=1 E(blastx)=8e 172
Peripheral plasma membrane protein CASK OS=Homo sapiens GN=CASK PE=1 SV=3 E(blastx)=3e 163
Polycystin 2 OS=Oryzias latipes GN=pkd2 PE=1 SV=2 E(blastx)=6e 09
Decapping and exoribonuclease protein OS=Xenopus laevis GN=dxo PE=2 SV=1 E(blastx)=2e 93
Probable E3 ubiquitin protein ligase HERC1 OS=Homo sapiens GN=HERC1 PE=1 SV=2 E(blastx)=3e 47
Mitochondrial carnitine/acylcarnitine carrier protein OS=Mus musculus GN=Slc25a20 PE=1 SV=1 E(blastx)=4e 125
PHD finger protein 3 OS=Homo sapiens GN=PHF3 PE=1 SV=3 E(blastx)=2e 84
Acidic mammalian chitinase OS=Bos taurus GN=CHIA PE=1 SV=1 E(blastx)=9e 123
Ubiquitin conjugating enzyme E2 L3 OS=Mus musculus GN=Ube2l3 PE=1 SV=1 E(blastx)=4e 81
Probable U3 small nucleolar RNA associated protein 11 OS=Rattus norvegicus GN=Utp11 PE=2 SV=1 E(blastx)=1e 65
Mitochondrial substrate carrier family protein ucpB OS=Dictyostelium discoideum GN=ucpB PE=3 SV=1 E(blastx)=1e 23
Protein phosphatase 1 regulatory subunit 21 OS=Mus musculus GN=Ppp1r21 PE=1 SV=2 E(blastx)=1e 180
60S ribosomal protein L4 B OS=Schizosaccharomyces pombe (strain 972 / ATCC 24843) GN=rpl401 PE=3 SV=1 E(blastx)=4e 146
Selenoprotein T2 OS=Danio rerio GN=selenot2 PE=2 SV=3 E(blastx)=3e 45
SWI/SNF related matrix associated actin dependent regulator of chromatin subfamily D member 3 OS=Mus musculus GN=Smarcd3 PE=1 SV=2 E(blastx)=3e 30
General transcription factor 3C polypeptide 6 OS=Mus musculus GN=Gtf3c6 PE=2 SV=1 E(blastx)=2e 19
Peptidyl prolyl cis trans isomerase NIMA interacting 1 OS=Bos taurus GN=PIN1 PE=2 SV=1 E(blastx)=1e 50
5 hydroxyisourate hydrolase OS=Danio rerio GN=urah PE=1 SV=1 E(blastx)=5e 38
Solute carrier family 22 member 15 OS=Homo sapiens GN=SLC22A15 PE=2 SV=1 E(blastx)=2e 42
Cyclin dependent kinases regulatory subunit OS=Patella vulgata PE=3 SV=1 E(blastx)=3e 27
Ras related protein Rab 24 OS=Homo sapiens GN=RAB24 PE=1 SV=1 E(blastx)=4e 72
FUN14 domain containing protein 1 OS=Gallus gallus GN=FUNDC1 PE=3 SV=1 E(blastx)=2e 17
Small nuclear ribonucleoprotein F OS=Xenopus laevis GN=snrpf PE=3 SV=1 E(blastx)=3e 37
40S ribosomal protein S24 OS=Spodoptera frugiperda GN=RpS24 PE=2 SV=1 E(blastx)=5e 53
Cytochrome b c1 complex subunit 9 OS=Mus musculus GN=Uqcr10 PE=1 SV=1 E(blastx)=2e 19
Glyceraldehyde 3 phosphate dehydrogenase, chloroplastic OS=Guillardia theta GN=GAPC1 PE=2 SV=1 E(blastx)=3e 162
NTF2 related export protein 1 OS=Homo sapiens GN=NXT1 PE=1 SV=1 E(blastx)=1e 42
Eukaryotic translation initiation factor 5A 1 OS=Arabidopsis thaliana GN=ELF5A 1 PE=1 SV=1 E(blastx)=2e 41
3 oxoacyl [acyl carrier protein] reductase FabG OS=Thermotoga maritima (strain ATCC 43589 / MSB8 / DSM 3109 / JCM 10099) GN=fabG PE=3 SV=1 E(blastx)=6e 44
Putative acyl CoA binding protein OS=Schizosaccharomyces pombe (strain 972 / ATCC 24843) GN=SPBC1539.06 PE=3 SV=1 E(blastx)=3e 13
Golgi associated plant pathogenesis related protein 1 OS=Homo sapiens GN=GLIPR2 PE=1 SV=3 E(blastx)=2e 40
Mucin like protein (Fragment) OS=Acropora millepora PE=1 SV=1 E(blastx)=1e 14
Ras related protein Rap 1b OS=Danio rerio GN=rap1b PE=2 SV=1 E(blastx)=7e 101
Histone H2B 1/2 OS=Danio rerio GN=zgc:112234 PE=2 SV=3 E(blastx)=5e 52
C reactive protein OS=Mesocricetus auratus GN=CRP PE=2 SV=1 E(blastx)=5e 05
Alpha galactosidase OS=Thermotoga maritima (strain ATCC 43589 / MSB8 / DSM 3109 / JCM 10099) GN=galA PE=1 SV=1 E(blastx)=7e 40
Proteasomal ubiquitin receptor ADRM1 OS=Xenopus tropicalis GN=adrm1 PE=2 SV=1 E(blastx)=2e 55
ATP binding cassette sub family E member 1 OS=Mus musculus GN=Abce1 PE=1 SV=1 E(blastx)=1e 19
Tolloid like protein 2 OS=Mus musculus GN=Tll2 PE=1 SV=1 E(blastx)=3e 26
Ubiquitin conjugating enzyme E2 Z OS=Xenopus laevis GN=ube2z PE=2 SV=2 E(blastx)=7e 86
NFX1 type zinc finger containing protein 1 OS=Mus musculus GN=Znfx1 PE=1 SV=3 E(blastx)=9e 26
Dihydropteridine reductase OS=Rattus norvegicus GN=Qdpr PE=1 SV=1 E(blastx)=7e 85
Transcription factor AP 2 alpha OS=Rattus norvegicus GN=Tfap2a PE=1 SV=1 E(blastx)=2e 81
Pterin 4 alpha carbinolamine dehydratase OS=Gallus gallus GN=PCBD1 PE=2 SV=3 E(blastx)=6e 49
Dorsal ventral patterning protein tolloid OS=Drosophila melanogaster GN=tld PE=2 SV=2 E(blastx)=2e 21
Protein kinase 2 OS=Dictyostelium discoideum GN=pkgB PE=1 SV=2 E(blastx)=2e 65
ADP dependent glucokinase OS=Homo sapiens GN=ADPGK PE=1 SV=1 E(blastx)=1e 36
Probable RNA dependent RNA polymerase 1 OS=Oryza sativa subsp. japonica GN=RDR1 PE=2 SV=2 E(blastx)=2e 100
CDGSH iron sulfur domain containing protein 2 homolog A OS=Branchiostoma floridae GN=BRAFLDRAFT_285975 PE=3 SV=1 E(blastx)=6e 36
Glycolipid transfer protein OS=Sus scrofa GN=GLTP PE=1 SV=2 E(blastx)=1e 51
Ubiquitin conjugating enzyme E2 H OS=Mus musculus GN=Ube2h PE=1 SV=1 E(blastx)=1e 102
Synaptic vesicle 2 related protein OS=Xenopus laevis GN=svop PE=2 SV=1 E(blastx)=4e 129
Hercynine oxygenase OS=Mycobacterium tuberculosis (strain CDC 1551 / Oshkosh) GN=egtB PE=2 SV=1 E(blastx)=2e 08
Iron sulfur cluster assembly 2 homolog, mitochondrial OS=Homo sapiens GN=ISCA2 PE=1 SV=2 E(blastx)=2e 32
Myotrophin OS=Danio rerio GN=mtpn PE=3 SV=1 E(blastx)=7e 13
Tumor suppressor candidate 3 OS=Mus musculus GN=Tusc3 PE=1 SV=1 E(blastx)=6e 144
D 3 phosphoglycerate dehydrogenase OS=Homo sapiens GN=PHGDH PE=1 SV=4 E(blastx)=5e 150
Protein MEI2 like 2 OS=Oryza sativa subsp. japonica GN=ML2 PE=2 SV=1 E(blastx)=1e 11
Endoplasmic reticulum resident protein 29 OS=Mus musculus GN=Erp29 PE=1 SV=2 E(blastx)=8e 23
Dapdiamide synthesis protein DdaC OS=Enterobacter agglomerans GN=ddaC PE=4 SV=1 E(blastx)=7e 36
Nuclear protein 1 OS=Rattus norvegicus GN=Nupr1 PE=2 SV=1 E(blastx)=2e 08
Lys 63 specific deubiquitinase BRCC36 OS=Xenopus tropicalis GN=brcc3 PE=2 SV=1 E(blastx)=6e 88
V type proton ATPase 16 kDa proteolipid subunit OS=Rattus norvegicus GN=Atp6v0c PE=2 SV=1 E(blastx)=3e 63
Protein canopy homolog 2 OS=Homo sapiens GN=CNPY2 PE=1 SV=1 E(blastx)=9e 37
Tumor suppressor candidate 2 OS=Homo sapiens GN=TUSC2 PE=1 SV=3 E(blastx)=6e 16
Mitochondrial processing peptidase subunit beta OS=Bos taurus GN=PMPCB PE=2 SV=1 E(blastx)=6e 82
Zinc finger CCCH domain containing protein 15 OS=Xenopus laevis GN=zc3h15 PE=2 SV=1 E(blastx)=9e 46
Calumenin OS=Xenopus laevis GN=calu PE=2 SV=1 E(blastx)=2e 71
Serine protease 23 OS=Homo sapiens GN=PRSS23 PE=1 SV=1 E(blastx)=4e 25
Fucoxanthin chlorophyll a c binding protein A, chloroplastic OS=Macrocystis pyrifera GN=FCPA PE=2 SV=1 E(blastx)=1e 18
Calcineurin binding protein cabin 1 OS=Homo sapiens GN=CABIN1 PE=1 SV=1 E(blastx)=1e 07
28S ribosomal protein S6, mitochondrial OS=Bos taurus GN=MRPS6 PE=1 SV=4 E(blastx)=3e 21
NFX1 type zinc finger containing protein 1 OS=Mus musculus GN=Znfx1 PE=1 SV=3 E(blastx)=3e 114
Ubiquitin carboxyl terminal hydrolase isozyme L5 OS=Mus musculus GN=Uchl5 PE=1 SV=2 E(blastx)=8e 142
Protein ZINC INDUCED FACILITATOR LIKE 1 OS=Arabidopsis thaliana GN=ZIFL1 PE=2 SV=1 E(blastx)=1e 05
Golgi associated plant pathogenesis related protein 1 OS=Homo sapiens GN=GLIPR2 PE=1 SV=3 E(blastx)=3e 18
Protein BCCIP homolog OS=Danio rerio GN=bccip PE=2 SV=1 E(blastx)=2e 41
Spermatogenesis associated protein 6 OS=Homo sapiens GN=SPATA6 PE=1 SV=1 E(blastx)=2e 17
Neuropeptide FF receptor 2 OS=Mus musculus GN=Npffr2 PE=2 SV=2 E(blastx)=7e 18
E3 ubiquitin protein ligase HERC2 OS=Mus musculus GN=Herc2 PE=1 SV=3 E(blastx)=2e 05
Collagen triple helix repeat containing protein 1 OS=Homo sapiens GN=CTHRC1 PE=1 SV=1 E(blastx)=1e 14
Transcription initiation factor TFIID subunit 10 OS=Mus musculus GN=Taf10 PE=1 SV=1 E(blastx)=3e 47
Farnesyl pyrophosphate synthase OS=Gallus gallus GN=FDPS PE=1 SV=2 E(blastx)=3e 124
Pancreatic secretory granule membrane major glycoprotein GP2 OS=Canis lupus familiaris GN=GP2 PE=1 SV=1 E(blastx)=7e 14
Protein FRA10AC1 homolog OS=Mus musculus GN=Fra10ac1 PE=1 SV=3 E(blastx)=6e 68
Mitochondrial import receptor subunit TOM40 homolog OS=Xenopus tropicalis GN=tomm40 PE=2 SV=1 E(blastx)=6e 122
Ankyrin repeat and zinc finger domain containing protein 1 OS=Homo sapiens GN=ANKZF1 PE=1 SV=1 E(blastx)=2e 49
Protein cysteine N palmitoyltransferase HHAT OS=Homo sapiens GN=HHAT PE=1 SV=1 E(blastx)=2e 51
Ras related protein Rab 1A OS=Lymnaea stagnalis GN=RAB1A PE=2 SV=1 E(blastx)=1e 129
Brain protein I3 OS=Bos taurus GN=BRI3 PE=2 SV=1 E(blastx)=7e 12
WW domain binding protein 2 OS=Homo sapiens GN=WBP2 PE=1 SV=1 E(blastx)=1e 20
U1 small nuclear ribonucleoprotein 70 kDa OS=Xenopus tropicalis GN=snrnp70 PE=2 SV=1 E(blastx)=3e 67
Peroxiredoxin 6 OS=Bos taurus GN=PRDX6 PE=1 SV=3 E(blastx)=3e 15
Filamin B OS=Mus musculus GN=Flnb PE=1 SV=3 E(blastx)=1e 80
4 coumarate CoA ligase like 5 OS=Oryza sativa subsp. japonica GN=4CLL5 PE=2 SV=1 E(blastx)=2e 13
Protein BTG1 OS=Rattus norvegicus GN=Btg1 PE=2 SV=1 E(blastx)=4e 38
Cathepsin L OS=Sarcophaga peregrina PE=1 SV=1 E(blastx)=7e 97
E3 ubiquitin protein ligase RNF185 OS=Mus musculus GN=Rnf185 PE=2 SV=1 E(blastx)=3e 56
Protein phosphatase 2A catalytic subunit B OS=Dictyostelium discoideum GN=pho2B PE=1 SV=1 E(blastx)=2e 135
UV B induced protein At3g17800, chloroplastic OS=Arabidopsis thaliana GN=At3g17800 PE=2 SV=1 E(blastx)=6e 17
Actin fragmin kinase OS=Physarum polycephalum PE=1 SV=2 E(blastx)=1e 22
THAP domain containing protein 2 OS=Homo sapiens GN=THAP2 PE=1 SV=1 E(blastx)=2e 10
CD63 antigen OS=Mus musculus GN=Cd63 PE=1 SV=2 E(blastx)=4e 24
Transmembrane protein 184C OS=Pongo abelii GN=TMEM184C PE=2 SV=1 E(blastx)=1e 152
Arf GAP domain and FG repeat containing protein 1 OS=Mus musculus GN=Agfg1 PE=1 SV=2 E(blastx)=8e 67
Serine/threonine protein kinase PDIK1L OS=Homo sapiens GN=PDIK1L PE=1 SV=1 E(blastx)=3e 30
Probable ATP dependent RNA helicase DHX37 OS=Homo sapiens GN=DHX37 PE=1 SV=1 E(blastx)=5e 33
Proto oncogene tyrosine protein kinase receptor Ret OS=Rattus norvegicus GN=Ret PE=1 SV=1 E(blastx)=1e 60
Protein RecA OS=Nocardioides sp. (strain ATCC BAA 499 / JS614) GN=recA PE=3 SV=1 E(blastx)=2e 77
ABC transporter G family member 12 OS=Dictyostelium discoideum GN=abcG12 PE=3 SV=1 E(blastx)=2e 55
Caffeate CoA transferase OS=Acetobacterium woodii GN=carA PE=1 SV=1 E(blastx)=2e 165
Sn1 specific diacylglycerol lipase alpha OS=Rattus norvegicus GN=Dagla PE=1 SV=1 E(blastx)=2e 13
Solute carrier family 25 member 38 homolog OS=Laccaria bicolor (strain S238N H82 / ATCC MYA 4686) GN=LACBIDRAFT_191230 PE=3 SV=1 E(blastx)=2e 06
Fucoxanthin chlorophyll a c binding protein, chloroplastic OS=Isochrysis galbana GN=FCP PE=1 SV=1 E(blastx)=4e 12
Universal stress protein Sll1388 OS=Synechocystis sp. (strain PCC 6803 / Kazusa) GN=sll1388 PE=3 SV=1 E(blastx)=3e 16
Carbonic anhydrase 2 OS=Mycobacterium tuberculosis (strain ATCC 25618 / H37Rv) GN=mtcA2 PE=1 SV=1 E(blastx)=8e 23
Multiprotein bridging factor 1b OS=Arabidopsis thaliana GN=MBF1B PE=2 SV=1 E(blastx)=3e 31
LisH domain containing protein FOPNL OS=Mus musculus GN=Fopnl PE=1 SV=1 E(blastx)=8e 26
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Figure S5.6. Heatmap of eukaryotic orthologous groups (KOGs) enriched with 
differentially expressed genes comparing mesophotic over shallow expression at five 
sites. Increasing intensities of red indicate enrichment of up-regulated genes, while 
increasing intensities of blue indicate enrichment of down-regulated genes. Color values 
represent delta-ranks of genes in each KOG class versus all other genes generated from 
Mann-Whitney U tests. Hierarchical networks on both axes display the similarities 
among sites (x-axis) and KOG classes (y-axis). 
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Figure S5.7. Correlation matrix plot of eukaryotic orthologous groups (KOGs) enriched 
with differentially expressed genes comparing mesophotic over shallow expression at 
five sites. Points represent delta-ranks of each KOG class versus all other classes 
generated from Mann-Whitney U tests. Red lines indicate best fit and numbers 
corresponding to each correlation represent the correlation coefficient r (all correlations 
significant at p<0.05).   
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Figure S5.8. Correlation matrix plot of eukaryotic orthologous groups (KOGs) enriched 
with 675 common DEGs between mesophotic over shallow comparisons at five sites. 
Points represent delta-ranks of each KOG class versus all other classes generated from 
Mann-Whitney U tests. Red lines indicate best fit and numbers corresponding to each 
correlation represent the correlation coefficient r (all correlations significant at p<0.05).  
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Figure S5.9. Minimum, maximum, and mean daily temperature across shallow (20 m) and mesophotic (45 m) depths at West and 
East Flower Garden Banks. Data were collected every fifteen minutes for the duration of the transplant experiment (Oct 2015–
Sept 2016) and were averaged to obtain daily statistics.  
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Figure S5.10. Maximum and mean daily light intensity across shallow (20 m) and mesophotic (45 m) depths at West and East 
Flower Garden Banks. Data were collected every fifteen minutes for the duration of the transplant experiment (Oct 2015–Sept 
2016) and were averaged to obtain daily statistics.   
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Figure S5.11. Environmental monitoring of mean daily temperature across shallow (20 m) and mesophotic (45 m) depths at West 
and East Flower Garden Banks. Data were collected every fifteen minutes for the duration of the transplant experiment (Oct 
2015–Sept 2016) and were averaged to obtain daily statistics.   
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Figure S5.12. Environmental monitoring of mean daily light intensity across shallow (20 m) and mesophotic (45 m) depths at 
West and East Flower Garden Banks. Data were collected every fifteen minutes for the duration of the transplant experiment (Oct 
2015–Sept 2016) and were averaged to obtain daily statistics.   
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Figure S5.13. Principal coordinates analyses (PCoAs) of differences among gene expression across time and depth treatments 
from the transplant experiment. Raw count data were first normalized using a variance stabilized transformation in DESeq2, then 
eigenvectors for each sample were calculated based on similarity to all other samples. Each colored polygon corresponds to a 
factor level, the boundaries of which are created by the overall dispersal of samples within the group.  
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Figure S5.14. Analysis of differential expression comparing depth treatments within timepoints. Numbers of differentially 
expressed genes (DEGs) are presented as more-expressed (up, orange) or less-expressed (down, blue) in relation to the first depth 
factor over the second. Total DEGs are shown in gray.
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Figure S5.15. Heatmap of DEGs across zero-, six-, and twelve-month timepoints 
comparing depth treatments. Normalized levels of expression are shown in varying color 
intensities, where gold indicates higher expression of genes in mesophotic vs. shallow 
corals, while blue indicates lower expression. Columns are samples and rows are 
annotated genes. X-axis order is depth treatment (mesophotic, shallow, transplant) within 
timepoint (zero, six, twelve). 
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N acetyl D glucosamine kinase OS=Mus musculus GN=Nagk PE=1 SV=3 E(blastx)=5e 97
Major facilitator superfamily domain containing protein 10 OS=Bos taurus GN=MFSD10 PE=2 SV=1 E(blastx)=2e 54
Prefoldin subunit 4 OS=Homo sapiens GN=PFDN4 PE=1 SV=1 E(blastx)=3e 40
Xanthine dehydrogenase OS=Dictyostelium discoideum GN=xdh PE=3 SV=1 E(blastx)=2e 130
Transcription cofactor vestigial like protein 4 OS=Homo sapiens GN=VGLL4 PE=1 SV=4 E(blastx)=9e 21
Elongation factor 1 gamma A OS=Xenopus laevis GN=eef1g a PE=1 SV=1 E(blastx)=2e 165
Putative ciliary rootlet coiled coil protein 2 OS=Homo sapiens GN=CROCC2 PE=5 SV=3 E(blastx)=6e 82
Apolipophorins OS=Locusta migratoria PE=1 SV=2 E(blastx)=3e 63
Cytochrome c oxidase subunit 6C 2 OS=Rattus norvegicus GN=Cox6c2 PE=1 SV=3 E(blastx)=1e 10
NADH dehydrogenase [ubiquinone] iron sulfur protein 6, mitochondrial OS=Macaca fascicularis GN=NDUFS6 PE=2 SV=1 E(blastx)=3e 31
40S ribosomal protein S11 OS=Rattus norvegicus GN=Rps11 PE=1 SV=3 E(blastx)=2e 80
Cleavage and polyadenylation specificity factor subunit 6 OS=Gallus gallus GN=CPSF6 PE=2 SV=1 E(blastx)=6e 36
Protein FAM49B OS=Homo sapiens GN=FAM49B PE=1 SV=1 E(blastx)=5e 140
Sodium/myo inositol cotransporter 2 OS=Oryctolagus cuniculus GN=SLC5A11 PE=1 SV=2 E(blastx)=3e 148
Calbindin 32 OS=Drosophila melanogaster GN=Cbp53E PE=2 SV=1 E(blastx)=1e 52
Actin, cytoplasmic type 5 OS=Gallus gallus PE=3 SV=1 E(blastx)=5e 135
Zinc finger CCCH domain containing protein 10 OS=Mus musculus GN=Zc3h10 PE=1 SV=1 E(blastx)=1e 28
Lissencephaly 1 homolog OS=Nematostella vectensis GN=v1g242515 PE=3 SV=1 E(blastx)=1e 152
E3 ubiquitin protein ligase RNF13 OS=Bos taurus GN=RNF13 PE=2 SV=1 E(blastx)=3e 59
Ras related protein Rab 5B OS=Gallus gallus GN=RAB5B PE=2 SV=1 E(blastx)=8e 124
Soma ferritin OS=Lymnaea stagnalis PE=2 SV=2 E(blastx)=3e 87
Serine/threonine protein kinase RIO3 OS=Mus musculus GN=Riok3 PE=1 SV=3 E(blastx)=1e 160
Prosaposin OS=Bos taurus GN=PSAP PE=1 SV=3 E(blastx)=6e 52
40S ribosomal protein S8 OS=Apis mellifera GN=RpS8 PE=2 SV=2 E(blastx)=2e 97
Alpha endosulfine OS=Xenopus tropicalis GN=ensa PE=2 SV=1 E(blastx)=6e 15
60S ribosomal protein L6 OS=Chinchilla lanigera GN=RPL6 PE=2 SV=3 E(blastx)=3e 75
Nucleolin OS=Gallus gallus GN=NCL PE=1 SV=1 E(blastx)=8e 24
60S ribosomal protein L38 OS=Branchiostoma belcheri GN=RPL38 PE=3 SV=1 E(blastx)=6e 27
Thioredoxin OS=Geodia cydonium GN=THIO PE=3 SV=1 E(blastx)=5e 32
Membralin OS=Homo sapiens GN=TMEM259 PE=1 SV=1 E(blastx)=5e 151
Hepatocyte nuclear factor 4 gamma OS=Homo sapiens GN=HNF4G PE=1 SV=3 E(blastx)=5e 145
ATP synthase subunit e, mitochondrial OS=Mus musculus GN=Atp5i PE=1 SV=2 E(blastx)=3e 06
Histone H3.3 OS=Xenopus tropicalis GN=TGas113e22.1 PE=1 SV=3 E(blastx)=7e 78
40S ribosomal protein S3 OS=Rattus norvegicus GN=Rps3 PE=1 SV=1 E(blastx)=2e 149
Profilin OS=Clypeaster japonicus PE=1 SV=2 E(blastx)=2e 80
60S ribosomal protein L14 OS=Lumbricus rubellus GN=RPL14 PE=3 SV=1 E(blastx)=2e 38
40S ribosomal protein S29 OS=Ixodes scapularis GN=RpS29 PE=3 SV=1 E(blastx)=5e 28
Proteasome subunit alpha type 3 OS=Homo sapiens GN=PSMA3 PE=1 SV=2 E(blastx)=8e 129
SRSF protein kinase 2 OS=Mus musculus GN=Srpk2 PE=1 SV=2 E(blastx)=1e 83
Methionine R sulfoxide reductase B3 OS=Pongo abelii GN=MSRB3 PE=2 SV=2 E(blastx)=1e 56
Probable ribonuclease ZC3H12B OS=Homo sapiens GN=ZC3H12B PE=2 SV=3 E(blastx)=7e 89
Thymosin beta OS=Caenorhabditis elegans GN=tth 1 PE=1 SV=2 E(blastx)=2e 12
Cytochrome c oxidase subunit 6B1 OS=Macaca mulatta GN=COX6B1 PE=3 SV=3 E(blastx)=9e 26
Lipopolysaccharide induced tumor necrosis factor alpha factor homolog OS=Gallus gallus GN=LITAF PE=2 SV=1 E(blastx)=3e 21
Nucleoside diphosphate kinase A1 OS=Xenopus laevis PE=2 SV=1 E(blastx)=6e 70
Splicing factor 3B subunit 6 OS=Mus musculus GN=Sf3b6 PE=1 SV=1 E(blastx)=4e 66
Actin related protein 2/3 complex subunit 1A OS=Mus musculus GN=Arpc1a PE=1 SV=1 E(blastx)=8e 151
Histone lysine N methyltransferase ASHH2 OS=Arabidopsis thaliana GN=ASHH2 PE=1 SV=1 E(blastx)=1e 07
Heme binding protein 2 OS=Homo sapiens GN=HEBP2 PE=1 SV=1 E(blastx)=5e 25
Ataxin 3 OS=Rattus norvegicus GN=Atxn3 PE=1 SV=1 E(blastx)=3e 95
40S ribosomal protein S14 OS=Podocoryna carnea GN=RPS14 PE=2 SV=1 E(blastx)=8e 85
Tctex1 domain containing protein 2 OS=Homo sapiens GN=TCTEX1D2 PE=1 SV=2 E(blastx)=2e 46
Translationally controlled tumor protein homolog OS=Branchiostoma belcheri PE=2 SV=1 E(blastx)=3e 46
Di N acetylchitobiase OS=Rattus norvegicus GN=Ctbs PE=1 SV=1 E(blastx)=8e 108
Store operated calcium entry regulator STIMATE OS=Homo sapiens GN=TMEM110 PE=1 SV=1 E(blastx)=1e 73
Peritrophin 1 OS=Anopheles gambiae GN=Aper1 PE=2 SV=2 E(blastx)=1e 05
C reactive protein OS=Mesocricetus auratus GN=CRP PE=2 SV=1 E(blastx)=5e 05
DELTA actitoxin Aeq1b OS=Actinia equina PE=2 SV=1 E(blastx)=1e 51
60S ribosomal protein L17 OS=Rattus norvegicus GN=Rpl17 PE=2 SV=3 E(blastx)=7e 91
Leucine rich repeat LGI family member 2 OS=Pan troglodytes GN=LGI2 PE=2 SV=1 E(blastx)=8e 16
Golgi associated plant pathogenesis related protein 1 OS=Homo sapiens GN=GLIPR2 PE=1 SV=3 E(blastx)=8e 17
Tropomyosin 1 OS=Podocoryna carnea GN=TPM1 PE=2 SV=1 E(blastx)=2e 13
Sodium/calcium exchanger NCL1 OS=Oryza sativa subsp. japonica GN=NCL1 PE=2 SV=1 E(blastx)=1e 30
Alpha L fucosidase OS=Branchiostoma floridae GN=BRAFLDRAFT_56888 PE=3 SV=2 E(blastx)=8e 179
40S ribosomal protein S18 OS=Branchiostoma belcheri GN=RPS18 PE=2 SV=1 E(blastx)=2e 89
Tubulin polymerization promoting protein family member 2 OS=Mus musculus GN=Tppp2 PE=2 SV=1 E(blastx)=4e 42
Small cysteine rich protein 6 OS=Orbicella faveolata PE=3 SV=1 E(blastx)=2e 05
Krueppel like factor 11 OS=Homo sapiens GN=KLF11 PE=1 SV=2 E(blastx)=4e 58
ATP synthase lipid binding protein, mitochondrial OS=Manduca sexta PE=2 SV=1 E(blastx)=1e 22
Apolipophorins OS=Locusta migratoria PE=1 SV=2 E(blastx)=1e 36
60S acidic ribosomal protein P1 OS=Homo sapiens GN=RPLP1 PE=1 SV=1 E(blastx)=2e 16
Nuclease sensitive element binding protein 1 OS=Xenopus laevis GN=ybx1 PE=2 SV=1 E(blastx)=5e 44
E3 ubiquitin protein ligase XIAP OS=Rattus norvegicus GN=Xiap PE=2 SV=1 E(blastx)=3e 16
Fibroblast growth factor receptor 1 OS=Xenopus laevis GN=fgfr1 PE=1 SV=1 E(blastx)=6e 72
Protein L isoaspartate(D aspartate) O methyltransferase OS=Mus musculus GN=Pcmt1 PE=1 SV=3 E(blastx)=3e 89
Homeobox protein AKR OS=Gallus gallus PE=2 SV=1 E(blastx)=3e 36
Peptidyl prolyl cis trans isomerase FKBP3 OS=Homo sapiens GN=FKBP3 PE=1 SV=1 E(blastx)=1e 67
Regulator of nonsense transcripts UPF2 OS=Arabidopsis thaliana GN=UPF2 PE=2 SV=1 E(blastx)=1e 128
Receptor type tyrosine protein phosphatase S OS=Mus musculus GN=Ptprs PE=1 SV=1 E(blastx)=7e 180
Ubiquitin conjugating enzyme E2 G1 OS=Rattus norvegicus GN=Ube2g1 PE=2 SV=3 E(blastx)=1e 77
Prostasin OS=Rattus norvegicus GN=Prss8 PE=2 SV=3 E(blastx)=2e 58
Collagen triple helix repeat containing protein 1 OS=Homo sapiens GN=CTHRC1 PE=1 SV=1 E(blastx)=3e 41
N(4) (beta N acetylglucosaminyl) L asparaginase OS=Mus musculus GN=Aga PE=1 SV=1 E(blastx)=3e 111
Epidermal retinol dehydrogenase 2 OS=Homo sapiens GN=SDR16C5 PE=2 SV=2 E(blastx)=2e 95
Cytochrome b OS=Plasmodium falciparum GN=MT CYB PE=3 SV=1 E(blastx)=1e 11
DNA directed RNA polymerase III subunit RPC6 OS=Homo sapiens GN=POLR3F PE=1 SV=1 E(blastx)=6e 95
Peptidyl prolyl cis trans isomerase B OS=Mus musculus GN=Ppib PE=1 SV=2 E(blastx)=8e 79
Deleted in malignant brain tumors 1 protein OS=Oryctolagus cuniculus GN=Dmbt1 PE=1 SV=2 E(blastx)=1e 59
Cysteine and glycine rich protein 2 OS=Homo sapiens GN=CSRP2 PE=1 SV=3 E(blastx)=2e 12
Egl nine homolog 1 (Fragment) OS=Rattus norvegicus GN=Egln1 PE=2 SV=2 E(blastx)=7e 77
Endoplasmic reticulum Golgi intermediate compartment protein 1 OS=Danio rerio GN=ergic1 PE=2 SV=1 E(blastx)=8e 138
RIB43A like with coiled coils protein 2 OS=Homo sapiens GN=RIBC2 PE=1 SV=1 E(blastx)=5e 71
Ras related protein Ral A OS=Homo sapiens GN=RALA PE=1 SV=1 E(blastx)=3e 100
Probable E3 ubiquitin protein ligase HERC3 OS=Homo sapiens GN=HERC3 PE=1 SV=1 E(blastx)=2e 18
60S ribosomal protein L4 B OS=Schizosaccharomyces pombe (strain 972 / ATCC 24843) GN=rpl401 PE=3 SV=1 E(blastx)=4e 146
Inhibitor of nuclear factor kappa B kinase subunit alpha OS=Danio rerio GN=chuk PE=1 SV=1 E(blastx)=3e 121
Coiled coil domain containing protein 65 OS=Mus musculus GN=Ccdc65 PE=1 SV=1 E(blastx)=4e 164
N acetylaspartate synthetase OS=Xenopus tropicalis GN=nat8l PE=2 SV=1 E(blastx)=8e 08
97 kDa heat shock protein OS=Mesocentrotus franciscanus GN=HSP110 PE=2 SV=1 E(blastx)=2e 176
Fibroblast growth factor receptor 1 OS=Rattus norvegicus GN=Fgfr1 PE=1 SV=1 E(blastx)=2e 56
[Fructose bisphosphate aldolase] lysine N methyltransferase, chloroplastic OS=Arabidopsis thaliana GN=LSMT L PE=1 SV=1 E(blastx)=2e 06
Neuropeptide FF receptor 2 OS=Homo sapiens GN=NPFFR2 PE=1 SV=2 E(blastx)=1e 33
Coagulation factor V OS=Mus musculus GN=F5 PE=1 SV=1 E(blastx)=5e 08
Tight junction protein ZO 1 OS=Mus musculus GN=Tjp1 PE=1 SV=2 E(blastx)=2e 90
Netrin receptor UNC5C OS=Gallus gallus GN=UNC5C PE=2 SV=1 E(blastx)=4e 05
Protein TAR1 OS=Saccharomyces cerevisiae (strain ATCC 204508 / S288c) GN=TAR1 PE=2 SV=1 E(blastx)=1e 14
Probable phosphoglycerate mutase GpmB OS=Enterobacter sp. (strain 638) GN=gpmB PE=3 SV=1 E(blastx)=2e 19
Steroid 17 alpha hydroxylase/17,20 lyase OS=Ictalurus punctatus GN=cyp17a1 PE=2 SV=1 E(blastx)=2e 121
Hypoxia inducible factor 1 alpha OS=Bos mutus grunniens GN=HIF1A PE=2 SV=1 E(blastx)=1e 77
Transcriptional regulator Erg OS=Gallus gallus GN=ERG PE=2 SV=1 E(blastx)=2e 94
Ras specific guanine nucleotide releasing factor RalGPS1 OS=Danio rerio GN=ralgps1 PE=2 SV=1 E(blastx)=2e 20
Major facilitator superfamily domain containing protein 12 OS=Homo sapiens GN=MFSD12 PE=1 SV=2 E(blastx)=5e 43
Spermatogenesis associated protein 17 OS=Mus musculus GN=Spata17 PE=2 SV=1 E(blastx)=1e 72
BRO1 domain containing protein BROX OS=Danio rerio GN=brox PE=2 SV=1 E(blastx)=1e 28
Patatin like phospholipase domain containing protein 2 OS=Rattus norvegicus GN=Pnpla2 PE=1 SV=1 E(blastx)=2e 40
Cytochrome b559 subunit beta OS=Pyropia yezoensis GN=psbF PE=3 SV=1 E(blastx)=3e 16
Glutathione S transferase 1 OS=Ascaris suum GN=GST1 PE=1 SV=3 E(blastx)=1e 27
Ras related protein Rab 11A OS=Rattus norvegicus GN=Rab11a PE=1 SV=3 E(blastx)=3e 125
Blastula protease 10 OS=Paracentrotus lividus GN=BP10 PE=2 SV=1 E(blastx)=1e 44
Mitochondrial import inner membrane translocase subunit tim23 OS=Schizosaccharomyces pombe (strain 972 / ATCC 24843) GN=tim23 PE=3 SV=1 E(blastx)=4e 23
Cysteine/serine rich nuclear protein 2 OS=Mus musculus GN=Csrnp2 PE=2 SV=1 E(blastx)=7e 29
Outer dynein arm protein 1 OS=Chlamydomonas reinhardtii GN=ODA1 PE=1 SV=1 E(blastx)=8e 62
Cathepsin L OS=Schistosoma mansoni GN=CL1 PE=2 SV=1 E(blastx)=4e 106
Heat shock factor protein 1 OS=Mus musculus GN=Hsf1 PE=1 SV=2 E(blastx)=4e 61
Histone H2A.V (Fragment) OS=Strongylocentrotus purpuratus GN=H2A.F/Z PE=1 SV=1 E(blastx)=2e 61
Cytosolic phospholipase A2 OS=Xenopus laevis GN=pla2g4a PE=2 SV=1 E(blastx)=5e 166
RNA binding protein 38 OS=Homo sapiens GN=RBM38 PE=1 SV=2 E(blastx)=2e 31
Protein eyes shut homolog OS=Homo sapiens GN=EYS PE=1 SV=5 E(blastx)=1e 56
Dual serine/threonine and tyrosine protein kinase OS=Rattus norvegicus GN=Dstyk PE=2 SV=1 E(blastx)=4e 81
Ladderlectin OS=Oncorhynchus mykiss PE=1 SV=2 E(blastx)=9e 18
Fibroblast growth factor receptor 3 OS=Homo sapiens GN=FGFR3 PE=1 SV=1 E(blastx)=2e 98
High affinity cationic amino acid transporter 1 OS=Homo sapiens GN=SLC7A1 PE=1 SV=1 E(blastx)=8e 165
Solute carrier family 2, facilitated glucose transporter member 8 OS=Bos taurus GN=SLC2A8 PE=2 SV=2 E(blastx)=2e 102
Protein BTG1 OS=Gallus gallus GN=BTG1 PE=2 SV=1 E(blastx)=3e 24
Sacsin OS=Homo sapiens GN=SACS PE=1 SV=2 E(blastx)=6e 07
Protein CNPPD1 OS=Gallus gallus GN=CNPPD1 PE=2 SV=1 E(blastx)=2e 64
Protein glucosylgalactosylhydroxylysine glucosidase OS=Gallus gallus GN=PGGHG PE=1 SV=3 E(blastx)=4e 134
Solute carrier family 35 member E2B OS=Homo sapiens GN=SLC35E2B PE=2 SV=1 E(blastx)=2e 25
Regulator of G protein signaling 7 OS=Bos taurus GN=RGS7 PE=1 SV=1 E(blastx)=5e 173
Metalloproteinase inhibitor 3 OS=Scyliorhinus torazame GN=TIMP3 PE=2 SV=1 E(blastx)=6e 24
60S ribosomal protein L32 1 OS=Arabidopsis thaliana GN=RPL32A PE=2 SV=2 E(blastx)=3e 49
Selenoprotein H OS=Homo sapiens GN=SELENOH PE=1 SV=2 E(blastx)=1e 24
Cryptochrome 2 OS=Rattus norvegicus GN=Cry2 PE=1 SV=1 E(blastx)=7e 42
N6 adenosine methyltransferase subunit METTL3 OS=Danio rerio GN=mettl3 PE=2 SV=1 E(blastx)=2e 69
Nuclear pore complex protein Nup205 OS=Homo sapiens GN=NUP205 PE=1 SV=3 E(blastx)=7e 114
Acetyl CoA carboxylase OS=Gallus gallus GN=ACAC PE=1 SV=1 E(blastx)=1e 171
Zinc finger SWIM domain containing protein 7 OS=Mus musculus GN=Zswim7 PE=2 SV=1 E(blastx)=1e 32
Dynein light chain 1, axonemal OS=Mus musculus GN=Dnal1 PE=1 SV=2 E(blastx)=6e 87
Structural maintenance of chromosomes protein 2 1 OS=Arabidopsis thaliana GN=SMC2 1 PE=2 SV=2 E(blastx)=1e 42
Lipase ZK262.3 OS=Caenorhabditis elegans GN=ZK262.3 PE=1 SV=1 E(blastx)=3e 35
Ubiquitin 60S ribosomal protein L40 OS=Tetrahymena thermophila (strain SB210) GN=RPL40 PE=1 SV=1 E(blastx)=3e 14
Sushi, von Willebrand factor type A, EGF and pentraxin domain containing protein 1 OS=Rattus norvegicus GN=Svep1 PE=1 SV=1 E(blastx)=1e 38
Malate dehydrogenase, cytoplasmic OS=Homo sapiens GN=MDH1 PE=1 SV=4 E(blastx)=1e 165
Dual specificity protein phosphatase 10 OS=Bos taurus GN=DUSP10 PE=2 SV=1 E(blastx)=1e 64
Spermatogenesis associated serine rich protein 2 OS=Mus musculus GN=Spats2 PE=1 SV=1 E(blastx)=4e 30
Kinesin like protein KIF19 OS=Xenopus laevis GN=kif19 PE=2 SV=1 E(blastx)=4e 174
Dihydroxy acid dehydratase OS=Chloroflexus aurantiacus (strain ATCC 29364 / DSM 637 / Y 400 fl) GN=ilvD PE=3 SV=1 E(blastx)=6e 128
Dual specificity mitogen activated protein kinase kinase 2 (Fragment) OS=Xenopus laevis GN=map2k2 PE=1 SV=1 E(blastx)=2e 91
Peroxiredoxin 5, mitochondrial OS=Homo sapiens GN=PRDX5 PE=1 SV=4 E(blastx)=9e 71
Phthiocerol synthesis polyketide synthase type I PpsC OS=Mycobacterium tuberculosis (strain ATCC 25618 / H37Rv) GN=ppsC PE=1 SV=2 E(blastx)=1e 49
Copper transporting ATPase 1 OS=Mus musculus GN=Atp7a PE=1 SV=3 E(blastx)=1e 56
Arfaptin 1 OS=Homo sapiens GN=ARFIP1 PE=1 SV=2 E(blastx)=2e 77
Fibronectin type III domain containing protein OS=Acropora millepora PE=1 SV=1 E(blastx)=1e 11
Transcription initiation factor TFIID subunit 1 like OS=Homo sapiens GN=TAF1L PE=1 SV=1 E(blastx)=1e 118
Ubiquitin conjugating enzyme E2 H OS=Mus musculus GN=Ube2h PE=1 SV=1 E(blastx)=1e 102
DNA directed RNA polymerase III subunit RPC1 OS=Gallus gallus GN=POLR3A PE=2 SV=1 E(blastx)=3e 177
Intersectin 1 OS=Mus musculus GN=Itsn1 PE=1 SV=2 E(blastx)=2e 179
Cyclin dependent kinase like 4 OS=Mus musculus GN=Cdkl4 PE=2 SV=1 E(blastx)=6e 153
Mitogen activated protein kinase kinase kinase 1 OS=Rattus norvegicus GN=Map3k1 PE=1 SV=1 E(blastx)=3e 19
Complement C3 OS=Cavia porcellus GN=C3 PE=1 SV=2 E(blastx)=6e 148
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