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ABSTRACT 

The Microbiome After Bail-out: Testing Individual Polyps from Pocillopora 

verrucosa as Models for Coral Microbiology Studies 

Pedro Moreira Cardoso 

 

Coral reefs are among the most biodiverse ecosystems in the world, being essential for 

marine life. The engineers of these ecosystems, reef-building corals, live in association 

with a great diversity of microorganisms, which can beneficially or detrimentally affect 

their host’s health. Corals are threatened by climate change and other environmental 

stressors that lead to coral bleaching, a phenomenon in which these animals lose their 

endosymbiotic algae. Even though the stressors that can cause coral bleaching are known, 

the exact cellular and molecular mechanisms that trigger it remain undiscovered. The 

lack of information regarding micro-scale processes that happen in unhealthy corals 

could be resolved with increased efforts in developing micro-scale study models. The use 

of individual polyps that bail-out of the coral colony induced by acute stress has been 

suggested as a model to study these processes. However, little is known about how these 

polyps change after bailing-out, which could become problematic once reliable models 

should be consistent and well understood. Thus, investigating these changes and 

optimizing a methodology to minimize them is crucial to establish coral polyps as 

research models. Herein, we investigated microbiological changes of polyps by 

performing an experiment to study shifts in their microbiome after separation from the 

colony. Additionally, different methods to isolate polyps were compared to identify the 
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one that granted the highest survival. After finding that salinity-induced separation was 

the most efficient, this method was used to study the microbiome of coral polyps. No 

significant changes in the overall microbiome could be observed immediately after the 

separation of polyps from their colony compared to coral fragments, although this pattern 

changed after two weeks. Still, high rates of common ASVs were observed in corals and 

polyps, even without settlement. We propose that the maintenance of polyps without 

fixation to a substrate might be the major cause for change, and polyps able to attach to a 

substrate and regrow as a colony might retain an even more similar microbiome 

compared to coral fragments. Finally, a new microfluidic device for fixation and 

maintenance of coral polyps was developed and tested for use in future experiments. 
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1 Introduction 

1.1 Reef-building Corals 

 

 Coral reefs are complex marine limestone structures, formed by calcium 

carbonate deposition through biomineralization processes (Johnston, 1980). Biogenic 

reefs are listed as some of the most biodiverse ecosystems in the world, having fast 

calcification rates that result in carbonate structures that provide habitats for a multitude 

of species (Allemand et al., 2004; Putnam, Barott, Ainsworth, & Gates, 2017). These 

massive biological structures have been estimated to be home to 32% of all marine 

species (Fisher et al., 2015), even though they occupy less than 0.2% of the global 

ocean’s area (Guan, Hohn, & Merico, 2015). Other than their biological importance, 

coral reefs are also responsible for coastal protection and ecosystem services that sustain 

economic activities such as fishing and marine tourism (Cesar, Burke, & Pet-Soede, 

2003; Spurgeon, 1992), with estimates of the economic value generated by coral reefs 

over tens of billions of US dollars in net benefits for world economies (Hoegh-Guldberg, 

Pendleton, & Kaup, 2019). The majority of these biologically and economically crucial 

ecosystems are constructed by coralline algae and reef-forming corals (Allemand et al., 

2004; Johnston, 1980). 

 The main reef formers corals belong to the phylum Cnidaria, order Scleractinia, 

class Anthozoa, and are informally known as “stony corals” or “true corals”. Species 

belonging to the order Scleractinia, as well as all other members of the class Anthozoa, 
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live exclusively as sessile polyps. Polyps are anatomical units organized by oral and 

aboral regions, with their oral ends having an oral disk perforated by a mouth and circled 

by tentacles, and their aboral end comprised of a pedal disk or a thin sheet of tissue 

(Daly, Fautin, & Cappola, 2003). Most corals are colonial organisms formed by a 

composition of polyps connected by a tissue named coenosarc, and are anchored to the 

colony’s extracellular skeleton by cells from the aboral tissues named desmocytes 

(Tambutté, Tambutté, Zoccola, & Allemand, 2007). Coral tissues are organized into two 

layers: an epidermis and a gastrodermis, which are separated by a layer of extracellular 

matrix named mesoglea (Tambutté et al., 2007). The endoderm involves a gastrovascular 

cavity also known as coelenteron or coelenteric cavity, while the ectoderm is an external 

layer of cells that is in contact with external water in the oral region and in contact with 

the coral skeleton in the aboral region (Daly et al., 2003; Tambutté et al., 2007) (Figure 

1). 
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Figure 1: Illustration of the coral polyp basic anatomy. Original source of image: 
National Oceanic and Atmospheric Association 
(https://oceanservice.noaa.gov/education/tutorial_corals/media/supp_coral01a.html). 
 

 Corals belonging to the order Scleractinia can be divided into two ecological 

groups, zooxanthellate and azooxanthellate corals (Allemand et al., 2004; Johnston, 

1980). Zooxanthellate corals are major reef builders that live in symbiosis with 

dinoflagellates belonging to the family Symbiodiniaceae, commonly referred to as 

zooxanthellae when living inside animal tissues (LaJeunesse et al., 2018). These algae are 

harbored inside the endoderm of the corals, in an organelle named symbiosome 

(Yellowlees, Rees, & Leggat, 2008). The dinoflagellates live in high densities inside the 

endodermal tissue, and contribute to up to 90% of the coral’s energy needs through the 

production of photosynthates, while receiving inorganic nutrients from the host’s 
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metabolism in the form of ammonium and carbon dioxide (Berkelmans & Van Oppen, 

2006). The coral-algal symbiosis is however destabilized in certain environmental 

conditions, which is an increasing concern for the survival of coral reefs. 

 

1.2 Threats to Corals: From Single-cell Processes to Ecosystem-level 

Consequences 

 

 The breakdown of the coral-algal symbiosis, in which the algae endosymbionts of 

corals and/or their photosynthetic pigments are lost from coral tissues, has been named 

“coral bleaching”. The term refers to the visibility of the white color of the skeletons after 

their tissues become transparent from the loss of said pigments (Hayes & Bush, 1990; 

Putnam et al., 2017). This phenomenon can be caused by a multitude of stressful 

conditions for corals, including high temperatures (Skirving et al., 2019), low salinity 

(Kerswell & Jones, 2003), disease (Rosenberg, Kushmaro, Kramarsky-Winter, Banin, & 

Yossi, 2009) and exposure to toxic compounds (Markey, Baird, Humphrey, & Negri, 

2007). Due to the importance of the algal endosymbiosis for the nutrition of 

zooxanthellate corals, the loss of these symbionts can cause corals to starve and 

eventually die (Carpenter et al., 2008; Skirving et al., 2019). Global increases in carbon 

dioxide have been responsible for high sea surface temperature anomalies in many reefs 

around the world, which have caused multiple mass coral bleaching and mortality events 

in the 21st century (Skirving et al., 2019). The significant amount of mass coral bleaching 

events allied to local stressors including pollution, coastal development and 
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eutrophication have been responsible for a continuous decline in coral reef coverage and 

coral populations, causing the placement of 32.8% of coral species in categories of high 

risk of extinction in recent years (Carpenter et al., 2008) and the loss of over half the 

living coral cover since the 1870s (Knowlton et al., 2021). 

 The loss of zooxanthellae by cnidarians has been described to occur by different 

cell mechanisms that are responsible for the expulsion of the algae from the endodermis, 

such as the exocytosis of the symbionts (Starcevic et al., 2010), symbiont release (Gates, 

Baghdasarian, & Muscatine, 1992), necrosis (Dunn, Bythell, Le Tissier, Burnett, & 

Thomason, 2002) or apoptosis of zooxanthellae-carrying cells (Tchernov et al., 2011), 

and the digestion of the symbionts within host organelles, named symbiophagy (Downs 

et al., 2009). The exact factors that lead to these cascades are however still unclear, and 

are possibly different depending on the stressors that trigger bleaching (Weis, 2008). The 

first hypothesized trigger for bleaching was that the generation of reactive oxygen species 

(ROS) by the coral, its symbionts or both, would be responsible for causing an innate 

immune response that culminates in the expulsion of the zooxanthellae (Oakley & Davy, 

2018). By this oxidative theory of coral bleaching, high temperatures and irradiances are 

responsible for an overexcitation of the algae’s photosynthetic apparatus, resulting in 

photodamage and generation of ROS that may leak into the host’s cells, initiating a 

bleaching cascade (Oakley & Davy, 2018; Weis, 2008). Another hypothesis suggests that 

shifts in nitrogen to phosphate ratios in corals can play a role in coral bleaching, causing 

a disbalance in the nitrogen limitation of Symbiodiniaceae populations, which can 



17 
 

culminate in the breakdown of the symbiosis (Rädecker, Pogoreutz, Voolstra, 

Wiedenmann, & Wild, 2015).  

 Different coral pathogens can also cause coral bleaching. This observation led to 

the postulation of the hypothesis that coral microbial communities are not only affected 

by stressful environmental conditions, but can also contribute directly or indirectly to 

coral bleaching (Rosenberg et al., 2009), although the increased abundance and activity 

of these pathogens can also be a consequence of environmental stress (Ban, Graham, & 

Connolly, 2014). 

 

1.3 The Coral Microbiome 

 

 The importance of coral-associated microbes go beyond their potential role in the 

bleaching events. Corals host a diverse community of microeukaryotes, prokaryotes and 

viruses, that collectively form an assembly of mutualistic, commensal and pathogenic 

organisms known as the coral microbiome (Bourne, Morrow, & Webster, 2016). The 

microbiome in conjunction with the coral is classified as a holobiont, with the 

microorganisms associated with corals being an essential factor for the host’s health and 

fitness, while at the same time being sensitive to environmental conditions and host 

physiology (Bourne et al., 2009; Bourne et al., 2016). As mentioned in the previous 

section, coral pathogens are capable of inducing bleaching, with examples such as Vibrio 

shiloi and Vibrio coralliilyticus that have been shown to disrupt the symbiosis between 

corals and their algal symbionts (Rosenberg et al., 2009). In addition to bleaching, 
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microorganisms have been demonstrated to be the cause of many different types of 

diseases, with between 18 to 29 or more diseases being estimated and linked to different 

types of symptoms and lesions until 2015 (Miller & Richardson, 2015). Even though 

diseases have been described as important contributors to coral loss, the lack of 

identification of individual disease-causing agents in many diseased corals has hampered 

the understanding of coral diseases, as well as and the search for possible treatments. This 

situation has led researchers to use the term “pathobiome” to describe the members of the 

microbiome directly linked to disease causation in cases where single agents could not be 

found for certain diseases (Sweet & Bulling, 2017). Complementarily, disease has also 

been linked to environmental stressors that cause an unbalance in the coral microbiome, 

which leads to a reduction of evenness of the microbial community and possibly the 

proliferation of disease-causing microorganisms with the loss of mutualistic and 

commensal organisms, a state known as dysbiosis (Egan & Gardiner, 2016; van Oppen & 

Blackall, 2019). 

 Alternatively, a stable microbiome has also been recognized to assist coral 

adaptiveness and evolution (Rosenberg, Koren, Reshef, Efrony, & Zilber-Rosenberg, 

2007). The coral probiotic hypothesis (CPH) proposes that symbiotic organisms in 

conjunction with the coral host are selected by the environment to form the most adapted 

holobiont, which would lead to a quicker adaptation than host mutation itself (Reshef, 

Koren, Loya, Zilber‐Rosenberg, & Rosenberg, 2006). Following the postulation of the 

CPH, the term BMCs (Beneficial Microorganisms for Corals) has been proposed to 

describe the coral associated microorganisms that present specific characteristics that 
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could benefit the holobiont health and survival (Peixoto, Rosado, Leite, Rosado, & 

Bourne, 2017). In addition, the specific BMC mechanisms that could be manipulated to 

promote such quicker adaptation, and the framework for its use were also proposed  

(Peixoto, Rosado, Leite, Rosado, & Bourne, 2017). BMCs have been hypothesized to 

protect the host against dysbiosis (which includes disease and bleaching), through the 

customized combination of mitigation of specific conditions and maintenance of corals’ 

general health. The characteristics postulated to contribute to this protection include the 

synthesis of nutrients, break-down of toxic compounds, larval settlement assistance and 

pathogen control (Peixoto et al., 2017 and 2021). Examples of successful uses of bacterial 

probiotics to promote coral health include the protection of corals of the species 

Pocillopora damicornis from the pathogen V. coralliilyticus and high temperatures 

(Rosado et al., 2019), the acceleration of growth of P. damicornis (Zhang et al., 2021), 

the recovery of corals of the species Mussismilia hispida after exposure to heat stress 

(Santoro et al., 2021) and the bioremediation of corals of the species M. harttii and 

Millepora alcicornis after oil contamination exposure (Fragoso dos Santos et al., 2015; 

Silva et al., 2021). The inoculation of non-bacterial probiotics, such as Symbiodiniaceae, 

fungi and yeast, have also been shown to assist the recovery of bleached corals of the 

species Acropora millepora in tank experimental set-ups (Morgans, Hung, Bourne, & 

Quigley, 2020) and to mitigate toxic effects from oil spills (Silva and Villela et al., 2021). 

In addition to the inoculation of specific microbial isolates as probiotics, the use of 

microbiomes transplanted from thermal resistant to thermal sensitive corals through 
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tissue homogenates has also been shown to increase the holobiont tolerance to heat stress 

(Doering et al., 2021).  

 Even though microorganisms associated with corals have been shown to cause or 

protect the holobiont from disease, in most cases the cellular and molecular mechanisms 

behind the interaction between the coral host and its associated bacteria are still far from 

being entirely known. In most cases of described coral diseases, the infectious agents 

have been suggested by molecular or immunological essays, with very few relating 

agents to cellular and tissue pathologies (Work & Meteyer, 2014). In the case of coral 

probiotics, organisms with potential beneficial characteristics have been employed to 

benefit coral health and some microbial-promoted mechanisms have been correlated with 

thermal protection (Santoro et al., 2021). However, the thorough analysis of the exact 

molecular mechanisms and the observation of the effects of probiotics through 

microscopy are still perspectives of the field (Peixoto et al., 2021). The current 

knowledge gap related to the cellular and histological mechanisms involved with the 

host-microbiome interactions in coral disease and probiotics demands studies that target 

microscale processes in corals, which are in part still hindered by the lack of established 

micro-scale studying models, such as cultures of coral micropropagates, that could 

facilitate such investigations. 

 

1.4 Coral Micropropagation 

(Adapted from Cardoso et al., 2022) 
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Micropropagation is defined as the in vitro proliferation of an organism's genotype 

by culturing its biological material in controlled vessels (Debergh & Read, 1991; Reddy, 

2011). The culturing of cells, tissues, and organs has been crucial for plant and animal 

biology over recent decades. It allows the mass reproduction of organisms in laboratories, 

the rapid assessment of different treatments (such as drugs and pharmaceuticals), and the 

direct study of cell function (Bokhari, Carnachan, Cameron, & Przyborski, 2007; 

Debergh & Read, 1991; Reddy, 2011; Yao & Asayama, 2017). In general, in 

vitro models have been useful for complementing and deepening the studies of different 

organisms under better-controlled physical and chemical conditions. Due to the 

advantages of in vitro culturing techniques, different animal cell and tissue culture 

technologies have been developed, optimized, and used as important tools in many 

research fields, where multiple cell lines have been studied and commercialized for 

numerous applications (Bokhari et al., 2007; Ravi, Paramesh, Kaviya, Anuradha, & 

Solomon, 2015; Yao & Asayama, 2017). 

Advances in the cell and tissue culture fields of study have been made since the 

first animal tissue culture in 1882 (Yao & Asayama, 2017), such as the use of natural and 

synthetic media, the invention of established cell lines, the development of 3D media and 

even the growth of miniature simplified organs, also known as organoids, to cultivate a 

multitude of cell types in more efficient ways (Bokhari et al., 2007; Date & Sato, 2015; 

Ravi et al., 2015; Yao & Asayama, 2017). However, the field of cell biology has mostly 

focused on a select group of model organisms, while many taxa still do not have well-

established in vitro cultures of cells, tissues, or organs (Goldstein & King, 2016). For 
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instance, in coral research, no immortalized cell lines have been extensively used for 

research, constraining coral cell research to the use of primary cell cultures. These 

cultures have viability limited to a few weeks (Lecointe et al., 2013), with no studies 

recording the survival of individual cells from all coral tissues for more than 13 days until 

the beginning of 2021 (Nowotny, Connelly, & Traylor-Knowles, 2021). The first report 

of sustainable coral cell lines to be published was with Acropora tenuis cells that lived up 

to 6 months, and the utility of these cells for future research remains to be explored 

(Kawamura, Nishitsuji, Shoguchi, Fujiwara, & Satoh, 2021). The current gap of effective 

in vitro cultures for cnidarians has made researchers search for model organisms 

belonging to this phylum that are easier to reproduce and maintain in laboratory 

environments. Models such as hydrozoans of the genus Hydra, the anthozoan species 

Nematostella vectensis and the Aiptasia sea anemone have become commonly used in 

laboratory research, with only the latter having endosymbiotic relationships with algae of 

the family Symbiodiniaceae the same way corals do (Costa et al., 2021). Even though 

Aiptasia anemones are from a distinct taxonomic group as corals, and have consequently 

a number of evolutionary and morphological differences to scleractinians, as well as are 

likely to be associated with distinct microbiomes (compared to corals), the use of them as 

models has made the discovery of many aspects of the coral-algal symbiosis possible 

(Baumgarten et al., 2015; Rädecker et al., 2018). 

To overcome the limitations in culturing coral cells and to maintain a laboratory 

culture that preserves the overall tissue organization of corals, the use of isolated polyps 

has recently been proposed as a miniaturized model system for coral biology research 
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(Pang, Luo, He, Lu, & Lu, 2020; Shapiro, Kramarsky-Winter, Gavish, Stocker, & Vardi, 

2016). The separation of live polyps occurs naturally by the process of polyp bail-out, in 

which acute stress causes the digestion of the coenosarc between the polyps, which can 

then detach from the colony's skeleton (Chuang & Mitarai, 2020; Schweinsberg, Gösser, 

& Tollrian, 2021; Shapiro et al., 2016). This phenomenon has been reported to occur in a 

variety of taxa, including octocorals (Rakka et al., 2019; Wells & Tonra, 2021), black 

corals (Coppari et al., 2020), and scleractinian corals (Capel, Migotto, Zilberberg, & 

Kitahara, 2014; Chuang & Mitarai, 2020; Fordyce, Camp, & Ainsworth, 2017; Shapiro et 

al., 2016), being linked to multiple environmental stressors, such as lack of calcium in 

water (Kopecky & Ostrander, 1999; Pang et al., 2020), increased acidity (Kvitt et al., 

2015), hyperosmotic conditions (Chuang & Mitarai, 2020; Shapiro et al., 2016), high 

temperatures (Fordyce et al., 2017; Gösser, Raulf, Mosig, Tollrian, & Schweinsberg, 

2021), starvation (Serrano, Coma, Inostroza, & Serrano, 2018), air exposure (Shapiro et 

al., 2016; Wells & Tonra, 2021), and insecticide contamination (Wecker et al., 2018). 

Polyp bail-out has been reported in pocilloporid corals, which are widely 

distributed across the world and are commonly used in coral research (Chuang & Mitarai, 

2020; Pang et al., 2020; Shapiro et al., 2016). Species belonging to this group, such 

as Pocillopora damicornis and Styllophora pistillata, have been, for instance, used to 

generate approximately 30-40 micropropagates from a 5 mm fragment (Shapiro et al., 

2016). This number emphasizes the advantage of using polyp bail-out as a method for 

coral micropropagation, as it creates the possibility of generating many genetically 

identical individuals from a small fragment of coral. The use of isolated polyps for 
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research also has the same advantages as cell cultures regarding the possibility of being 

cultured in controlled lab environments, such as flasks and Petri dishes, with the 

additional advantage of maintaining the coral-Symbiodiniaceae endosymbiosis and the 

basic morphological structure of the coral. 

Additionally, microfluidic platforms to maintain live polyps have demonstrated 

that these micropropagates can be kept in relatively cheap and easy-to-reproduce 

environments, with controlled water flow, surface, and temperature (Pang et al., 2020; 

Shapiro et al., 2016). These microfluidic platforms can also be used to visualize live coral 

structures under a microscope directly. 

Even though coral polyps have been used to study the inoculation of coral 

pathogenic bacteria (Shapiro et al., 2016), and the morphology, physiology and gene 

expression (Chuang, Ishikawa, & Mitarai, 2021; Chuang & Mitarai, 2020; Gösser et al., 

2021; Shapiro et al., 2016) of isolated coral polyps have been investigated, the effects of 

polyp bail-out in the coral microbiome have not been studied to this day. Before these 

propagates can be used as miniaturized models to study coral biology, it is essential to 

know how similar their microbiome still is from the colonies they are meant to represent. 

If the associated microbial community of isolated polyps would differ too much from 

coral colonies, it would mean that physiological and microbiological results of studies 

using isolated polyps should be taken with the same caution applied to other cnidarian  

models, such as Aiptasia. If not, this would prove an additional advantage of using them 

as model systems, and it could mean that they would be safe models for microbial studies 

of corals, from research investigating changes to the microbiome related to specific 



25 
 

environmental variables to microbial manipulations of corals. It is also important to test 

whether the microbiome of isolated polyps changes overtime after bail-out, as this would 

allow researchers to know at what time points the microbiome of coral polyps is most 

similar to colonies and adjust their experiments accordingly. Finally, studying the health 

of the coral polyp microbiome after bail-out is also key to understanding the functions 

that microbes could have (or respond to) in the process of bail-out. In addition, it would 

be possible to explore the potential role they have in the polyps’ health, once it is 

detached from the skeleton. 

Other than the study of the polyp bail-out itself, it is still important to further 

develop the microfluidic chips used to maintain coral polyps. Even though there are some 

examples of complex microfluidic chips used to maintain coral polyps with controlled 

water flow and temperature conditions, these systems have not yet been adapted to 

experimental arrangements with multiple replicates adjusted for a continuous flow for 

long term experiments, and rely on single syringe pumps with limited water capacity 

(Pang et al., 2020; Shapiro et al., 2016; Zhou, Fu, Chen, & Yan, 2022). 

This research has the objective of testing the suitability of using coral polyps 

belonging to the species Pocillopora verrucosa as study models for coral microbiology 

and micro-scale studies. To do so, an experiment was performed to select the most 

appropriate method to induce polyp bail-out in this species. During this experiment, 

methods that have already been used to induce polyp bail-out in species belonging to the 

Pocillopora genus in under 24 hours for laboratory usage were selected and adapted for 

red sea corals to test for polyp survival after bail-out. A second aquarium experiment was 
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performed to analyze if and how the coral microbiome changes after the induction of 

polyp bail-out by a high-salinity treatment, followed by the analysis of the microbiome of 

coral polyps up to three weeks after bail-out. Finally, a novel microfluidic chip for 

maintaining coral polyps in the long term was also designed for future physiological 

studies of coral polyps. The chip was designed to allow for a specialized and controlled 

environment for the coral micropropagates with multiple replicates, and could be used in 

future studies to investigate micro-scale events in corals or used for screenings of 

different treatments for corals, including the inoculation of probiotics or pathogens. 
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2 Methodology 

2.1 Polyp Bail-out Survival Experiment 

2.1.1 Coral Collection and Maintenance 

 

Three coral fragments were extracted from five colonies belonging to the 

Pocillopora verrucosa coral species from the Al Fahal reef (22.305118 N; 38.964568 E) 

by SCUBA diving using diagonal pliers, with a total of 15 sampled fragments. The genus 

of the colonies was identified morphologically, and their species was classified as P. 

verrucosa based on previously published work including Pocillopora from the Red Sea 

indicating that from a genetic point of view the species present in this area is P. 

verrucosa. Al Fahal reef is not part of an environmental protected area, and no special 

permits were needed for coral collection. The fragments were maintained inside a 300 L 

aquarium kept at 26 oC with two aquarium heaters (Schego Heizer Titanrohr Heizstab 

SW MW 600 Watt), three pumps (Tunze Turbelle Nanostream 6025) and two light 

sources (RADION XR15 G5 PRO) maintaining a 12-hour light cycle with a constant 

income of filtered sea-water at a speed of 12 liters per minute. The temperature of the 

aquarium was controlled by connecting each one of the two heaters to a temperature 

controller (Schego TRD 112 thermostat). Light emission was programmed to start at 6 

AM and finish at 6 PM, producing an irradiance curve that peaked at 12 PM with 230 

µmol photons m−2 s−1.  
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2.1.2 Polyp Bail-out Induction 

 

After five days being maintained in the aquarium, the coral fragments were 

separated into three groups that were subjected to different polyp bail-out induction 

methods: bail-out by high salinity after water evaporation, by high salinity seawater 

supply and by calcium-free seawater incubation (Figure 2). For the method of bail-out by 

high salinity after water evaporation, smaller pieces were cut from each coral fragment 

and placed in petri dishes filled with 12 mL of 40 PSU filtered seawater. The pieces were 

maintained in the open petri dishes in the dark at room temperature until tissue digestion 

was observable between coral polyps (approximately 24 hours). After that, the coral 

polyps were removed from their skeleton gently by pipetting and the salinity of their 

surrounding water was gradually returned to isosmotic conditions by slowly pipetting 40 

PSU seawater to the dish. For the method of bail-out by high salinity seawater supply, the 

coral fragments were placed into a 10 L container filled with 3 L of filtered seawater 

connected to a peristaltic pump. The container containing coral fragments was then filled 

with high-salinity seawater (74 PSU, prepared by adding sodium chloride to filtered 

seawater) using the peristaltic pump for 24 h at a 126 mL/h rate. A total of 3 L of water 

was added, gradually increasing the salinity to 59 PSU. After this period, it was possible 

to remove the polyps from the fragments and place them in Petri dishes filled with water 

from the 10 L container. Water from the Petri dishes was exchanged to isosmotic 

conditions as described for the bail-out by evaporation method. Finally, for the polyp 

bail-out through incubation in calcium-free seawater, coral fragments were cut into 
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smaller pieces with pliers and placed in Petri dishes filled with calcium-free artificial 

seawater (CaFSW). For the preparation of the CaFSW solution, 26.29 g of NaCl, 0.872 g 

of KCl, 2.16 g of MgSO4, 11.94 g of MgCl2, 3.42 g of Na2SO4, and 0.286 g of NaHCO3 

were added to 1 L of deionized water. The Petri dishes containing the coral fragments 

were then placed in an incubator at 26 °C at a rotation speed of 80 rpm for three hours. 

Afterwards, fragments were transferred to Petri dishes filled with 20% Dulbecco's 

Modified Eagle Media (DMEM) and 100 mg/L of ampicillin solution prepared with 40 

PSU artificial seawater (Red Sea Salt, Red Sea). The fragments were incubated at 26 °C 

and 80 rpm until tissue digestion was observable (approximately 24 hours) and loose 

polyps were transferred to filtered seawater containing Petri dishes. Pictures of the coral 

fragments before, during and after polyp bail-out were taken with a IC80 HD camera 

(Leica, Germany) attached to a Leica MDG33 stereomicroscope. 
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Figure 2: Schematic representation of the three different tested methodologies for polyp 
bail-out induction (left) followed by the method to maintain the acquired polyps in Petri 
dishes (right). (A) Representation of the methodology for polyp bail-out by water 
evaporation. (B) Representation of the methodology for polyp bail-out by high salinity 
seawater supply. (C) Representation of the methodology for polyp bail-out by calcium-
free seawater incubation. Image adapted from Cardoso et al. 2022. 
 

2.1.3 Polyp Survival Analysis 

 

After bail-out induction, 50 polyps from each coral colony and method were 

selected based on polyp morphology and placed together in Petri dishes filled with 

filtered seawater, summing a total of 15 separate dishes containing 750 together, with 5 

dishes and a total of 250 polyps per bail-out method. The Petri dishes were then covered 
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with plankton nets with a 300 μm mesh size and placed in an aquarium under the same 

conditions as described in section 2.1.1. The number of surviving polyps in each Petri 

dish was counted every two days for a period of 15 days in order to estimate the 

proportion of polyp survival after bail-out without the attachment of polyps to a substrate. 

Kaplan-Meier curves were then constructed using the Rstudio software version 4.1.1 (R 

Core Team, 2021) Survival package version 3.4 and the survival difference between 

groups was tested using pairwise log-rank tests using the “BH” correction factor. 

Replicates that had no bail-out or polyps that were lost before death were censored. 

 

2.2 Polyp Bail-out Microbiome Experiment 

2.2.1 Coral Collection and Maintenance 

 

A colony belonging to the Pocillopora verrucosa coral species was collected from 

the Al Fahal reef by SCUBA diving using hammer and chisel. The species of the 

collected organism was confirmed by sequencing of its cytochrome b gene amplified by 

the primer pair primers AcCytbF (5′-GCC GTC TCC TTC AAA TAT AAG-3′) or 

MCytbF, and AcCytbR (5′-AAA AGG CTC TTC TAC AAC-3′) and blasted against the 

NCBI database, as described in Fukami et al. 2008. The colony was maintained inside a 

300 L aquarium kept in the same conditions described in section 2.1.1. After 33 days, the 

coral colony was cut with diagonal cutting pliers into 55 fragments of approximately 2 

cm in height, which  were maintained in the same aquarium for 13 other days before the 

beginning of the experiment. 
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2.2.2 Polyp Bail-out Induction, Aquarium Set-up and Sample Collection 

 

For the beginning of the experiment, five coral fragments were placed into 

cryotubes and flash frozen in liquid nitrogen for future DNA and RNA extractions. On 

the same day, the other 50 fragments were divided into two equally numbered groups, a 

control group and a group for polyp bail-out induction. The 25 fragments of each group 

were put into plastic trays filled with 12.8 liters of filtered seawater. Each tank was 

equipped with an aquarium heater connected to a thermostat set to 26 oC and was 

connected to an air pump to maintain water oxygenation. A peristaltic pump was then 

used to pump water at a speed of 9 mL per minute to the plastic trays. For the control 

group, filtered seawater at non-stressful salinity (41 PSU) was pumped, while in the bail-

out induction group, NaCl enriched seawater (74 PSU) was pumped in order to induce 

polyp bail-out through acute stress by salinity. After 27 hours, polyps from the corals in 

the group treated with NaCl enriched seawater had digested their interconnecting tissues, 

and a pipette was used to collect the polyps from each fragment and place them in 

separate petri dishes, summing a total of 20 dishes with polyps from each fragment. Once 

the polyps were collected, the pump was paused, and the water from each petri dish was 

slowly exchanged for fresh filtered seawater (41 PSU) with a pipette, until 50% of their 

volume was exchanged over a period of 10 minutes. The petri dishes containing coral 

polyps were then covered with a plankton net (with 300 µm mesh size) and both the coral 

polyps and the coral fragments from the control group were returned to the experimental 
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aquarium. Pictures of the coral fragments and/or polyps were taken using the camera and 

stereomicroscope as described in section 2.1.2 the day before bail-out induction (Ti), the 

day of bail-out induction (T0) and three days (T1), one week (T2), two weeks (T3) and 

three weeks after bail-out (T4) (Figure 3). During each of these periods, five coral 

fragments from the control group and five pools of polyps from different petri dishes 

(containing 15 polyps per pool) were placed in cryotubes and immediately frozen in 

liquid nitrogen for future DNA and RNA extractions, with the exception of Ti, in which 

five fragments were collected before the separation of samples into two groups. Flash 

frozen samples were transferred directly from liquid nitrogen to a -80 oC freezer for long 

term storage. 

 

 

Figure 3: Schematic representation of experimental design for the polyp microbiome 

experiment. 
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2.2.3 RNA and DNA extractions from Coral Samples 

 

Frozen coral fragment samples were brought back to room temperature and 

inserted in 15 mL tubes. 1 mL of Buffer RLT Plus (Qiagen) was applied to the fragments, 

and the tissues were blasted away for one minute from the coral skeletons by pumping air 

through tubing attached to an air pump with a filtered pipette tip attached to its end. For 

the extractions of the coral polyps, the polyps were suspended in 300 µL of Buffer RLT 

Plus and had their tissues disrupted using a tissue grinder (Cole-Parmer, USA) for one 

minute. The resulting slurries were used for DNA and RNA extraction using the AllPrep 

DNA/RNA Micro Kit (Qiagen, Germany) following the instructions of the manufacturer. 

 

2.2.4 16s Gene sequencing, DNA Preparation and Analysis 

 

Variable regions of the 16s rRNA gene 3 and 4 were amplified from the DNA 

fraction obtained from the AllPrep kit by Polymerase Chain Reaction (PCR) using the 

341F and 785R primer pair with Illumina MiSeq adapter overhang sequences added to 

the gene-specific nucleotide sequences. The sequences of the primers were: 16S 

Amplicon PCR Forward Primer = 5' 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG, 

16S Amplicon PCR Reverse Primer = 5' 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA
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TCC. The reaction was prepared with the KAPA HiFi HotStart ReadyMix (Roche, 

Switzerland), with 5 µM of each primer, 12.5 ng of DNA and 12.5 µL of the Mix, diluted 

with DNAse-free water to a volume of 25 µL. The temperature profile for amplification 

was as follows:  one cycle of five minutes at 92 oC, followed by 30 cycles of 30 seconds 

at 92 oC, 30 seconds at 62 oC and 30 seconds at 72 oC, followed by one cycle at 72 oC. For 

each sample, reactions were done in triplicate and then combined in a single pool. All 

sequences were checked by agarose gel electrophoresis for correct amplification before 

pooling. The resulting PCR product was sent to Macrogen (Seoul, South Korea) for DNA 

sequencing using the MiSeq sequencing platform. Demultiplexed reads obtained by 

sequencing were filtered, trimmed, merged, denoised, and dereplicated using the DADA2 

version 1.20 plugin in the RStudio software version 1.4.1717. Trimming and filtering 

were done using the default parameters with a truncation length of 255 bps for the 

forward reads and 200 bps for the reverse reads. The ASVs obtained were then classified 

taxonomically by the naive Bayesian classifier method using the Silva release 138 .1 

database (Quast et al., 2012). The statistical tests and figures related to the coral 

associated microbiota were performed using the ASV count and taxonomy tables then 

obtained, that were analyzed using the Phyloseq package and manipulated using the dplyr 

package in the RStudio software. Dissimilarities in the taxonomic structure of the 

microbial communities found with the 16s rRNA gene amplicon data were analyzed by 

creating principal coordinate analyses based on Bray-Curtis dissimilarities and by using 

ADONIS tests for each timepoint individually using the data normalized as relative 

abundance. To study the differences in the alpha diversity of coral polyp and fragment 
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associated prokaryotes, Shannon indexes were estimated for each sample, and the 

normality of the data of each timepoint was tested using Shapiro-Wilk tests. Differences 

between the two groups were tested through ANOVA (Analysis of Variance) tests for 

timepoints with normal data and through Wilcoxon tests for timepoints with data that did 

not follow normality. To test for significant differences between the two groups in each 

timepoint related to specific ASVs, the DESeq2 package in the R software was used to 

perform Wald tests and filter the results through a False Discovery Rate (FDR) cutoff of 

0.01. All images and statistical tests based on the 16s rRNA gene amplicon data were 

created and performed using the ggplot2 package in R. 

 

2.2.5 Prokaryotic mRNA microbial enrichment, Library Preparation 

and Assembly 

 

Extracted RNA samples were tested on a Bioanalyzer 2000 instrument (Agilent, 

USA) with a RNA nanochip before library preparation, and it was verified that most of 

the obtained material with concentrations detectable by the instrument had RNA integrity 

number (RIN) values higher than 8.0 (Table S1). Using 200 ng total RNA as input, 

mRNA library preparation was performed with the Illumina TruSeq stranded mRNA 

library prep kit according to the manufacturer's specifications for the mRNA capture. 

Total RNA libraries were prepared using the RNA in the supernatant of the first mRNA 

bead capture step. For ribosomal depletion of eukaryotic and bacterial RNA, the total 

RNA in the supernatant of the bead bound mRNA was transferred to a new tube. Total 
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RNA was purified with Ampure RNAClean XP beads and used as input in the TruSeq 

Stranded Total RNA library prep kit according to manufacturer's procedures for "Bind 

rRNA and Remove rRNA" to remove plant rRNA. Finally, the RNA was purified with 

Ampure RNAClean XP beads and used as input in the TruSeq Stranded Total RNA with 

Illumina Ribo-Zero Plus rRNA Depletion according to the manufacturer's specifications 

to amplify the samples with a 19-cycle PCR and generate sequence ready total RNA 

libraries depleted of eukaryotic and bacterial rRNA. The resulting libraries were then 

sequenced together in a NovaSeq6000 S1 Flow cell at the KAUST BioSicence Core 

facility (Thuwal, Saudi Arabia). 

FastQ files resulting from sequencing were imported into the FastQC software in 

order to analyze sequencing quality and retrieve information for further processing the 

data. The sequencing data was then trimmed using the Trimmomatic v0.38 software 

(Bolger, Lohse, & Usadel, 2014) with a 4 bp sliding window and elimination of any reads 

below 36 bp and a 20-quality score. Unpaired reads and sequences aligned with 

sequencing adapters were also discarded. The Sortmerna software version 4.3.4 

(Kopylova, Noé, & Touzet, 2012) was subsequently used to assess the percentage of 

rRNA still found in the sequences and to discard sequences aligned with the RFAM and 

Silva LSU (large subunit) and SSU (small subunit) databases pre-installed in the source 

program, using the ‘paired-in’ and the one alignment parameters. The resulting reads that 

where not aligned with the rRNA from the databases were subsequently mapped to a 

reference genome from P. verrucosa (Buitrago-López, Mariappan, Cárdenas, Gegner, & 

Voolstra, 2020) (available under NCBI BioProject PRJNA551401) using the bowtie2 
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software version 2.4.5. The alignment against the host genome was performed with a 

minimum alignment score of -60 in order to filter out reads that successfully matched the 

coral’s genome.  Reads not aligned to the P. verrucosa genome from each timepoint 

where used together for metatranscriptome de novo assemblies using the Trinity v2.8.5 

software (Grabherr et al., 2011) with a minimum contig length of 150 and using the 

“jaccard_clip” option in order to avoid the formation of large chimeric reads that may 

occur due to the presence of transcriptomes derived from compacted microbial genomes. 

In order to test the quality of the assemblies, the raw-reads used in Trinity were aligned 

against the de novo assemblies using the Bowtie2 aligner in the same configurations 

listed previously, so that the proportion of the reads that were represented in the 

assemblies could be measured. 

Before the sequencing of the samples for the experiment, a subset of three 

samples was used to compare the microbial enrichment using the two previously 

described kits with the enrichment using only the Illumina Ribo-Zero Plus rRNA 

Depletion kit following the manufacturer’s instructions. The subset of treated samples 

was sequenced on a NovaSeq6000 – SP300 Flow cell, and the percentage of rRNA 

between the methods was compared using the Sortmerna software. 

 

2.3 Coral-on-a-Chip Testing 

2.3.1 Microfluidic Platform Design and Construction 
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The microfluidic chip used for polyp maintenance was first designed using the 

software CorelDraw Graphics Suite version 24. The design was used for the cutting of 

polymethyl methacrylate (PMMA) sheets with a VLS 3.5 Desktop Laser Cutter 

(Universal Laser Systems, USA), producing two outer 2mm thick plates of the chip, an 

inner 1mm plate and the material for two lids. The two outer plates were cut with a 

circular center hole designed for the attachment of the lids and had cavities designed for 

the placement of screws to maintain the lids attached to the chip. The inner plate had a 

300 µm deep and 0.5 mm wide channel etched with the laser designed for the water flow, 

with also a 3 mm diameter hole for the placement of the coral polyp. PMMA rings were 

fused with circular glass cover slides by chemical bonding with dichloromethane to 

create the covers for the device. The inner and outer plates of the chip were bonded 

through thermal fusion in an oven, and the circular lids were attached to them with plastic 

screws and stainless steel nuts, with a circular polydimethylsiloxane (PDMS) gasket 

between the pieces to prevent leakage (Figuere 4A). The chip was built in a way that the 

coral polyp could be between two glass coverslips to facilitate visualization under a 

microscope. The inlets and outlets of the chip were finally connected to blunt needle tips 

to enable the connection of the chip to outer tubing (as connected in Figure 4B). 
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Figure 4: Photos of acrylic microfluidic chips designed to maintain live coral polyps in 
the long term and for visualization of coral polyps under microscopes. A- Single 
microfluidic chip. B- Multiple microfluidic chips in water bath systems. 
 

2.3.2 Polyp Bail-out Induction and Experimental Set-up 

 

A 2 cm coral fragment belonging to P. verrucosa was collected from the Al Fahal 

reef and maintained in a 300 L aquarium as described in previous steps, before being 

inserted into microfluidic chips. Bail-out of the fragment was induced by gradually 

pumping high salinity seawater as described in step 2.1.2. Coral polyps were selected 

under a stereomicroscope based on their external morphology and placed into a 

microfluidic chip. The microfluidic chip was connected by a BT100-L multi-channel 
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peristaltic pump (LongerPump, China) to a 500 mL water container filled with filtered 

seawater to maintain a constant water flow rate of 30 μL min−1. The container had a tube 

connected to an air pump in order to maintain water aeration. The water containers, 

microfluidic chips and their connecting tubing were placed into a two water bath 

equipped with a water heater, a temperature control module and a small circulation pump 

for long term polyp maintenance after fixation. The water bath was subjected to a 26 °C 

constant temperature. 

 

2.3.3 Polyp Visualization 

 

After the placement of the experiment, chips containing polyps were taken out of 

their respective water baths and placed on a Axioscope 5 microscope (Zeiss, Germany) 

attached to an Imaging PAM micro equipment (Walz, Germany) in order to measure 

polyp Fv/Fm values through Pulse Amplitude Modulated (PAM) chlorophyll 

fluorometry. Images of the polyps in chips were also taken a IC80 HD camera attached to 

a Leica MDG33 stereomicroscope. 

 

 
3 Results 

3.1 Comparison of Polyps’ Survival Rates of each Bail-out Method 

Tested 

(Adapted from Cardoso et al. 2022) 
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High salinity (HS) induced bail-out by water evaporation was complete after 24 h 

of incubation of coral fragments in Petri dishes at room temperature. Water salinity 

started at 41 PSU, and reached a final salinity of 59 PSU once the process was over 

(Figure 5 A-C). HS induced bail-out by saltwater supplementation was also reached after 

24 h of incubation. The water was initially at 41 PSU and reached a salinity of 52 PSU 

after 12 h and 59 PSU at the end of the process, after 24 h (Figure 5 D-F). In both 

experiments, the increase in salinity was responsible for the induction of tissue digestion 

by the polyps (Figure 5 A-C). After 12 h, the high salinity condition caused the 

contraction of the polyps in conjunction with the gradual thinning of the coenosarc, 

ultimately causing the final detachment of the polyps after 24 h (Figure 5 D-F). The bail-

out induction through calcium-free seawater (CF) was complete after 3h incubation in 

CaFSW followed by a 20h incubation in the 20% DMEM media (Figure 5 G-H). The 

tissue was detached from the skeleton in all three methods after pushing it away with a 

pipette until individualized coral polyps were generated. 
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Figure 5: Stereoscope images of coral fragments during polyp bail-out induction. A-C: 
coral fragment 0, 12 and 24 hours, respectively, after incubation in an open Petri dish 
during the bail-out by water evaporation method. D-F: fragment 0, 12 and 24 hours, 
respectively, after incubation under increasingly saline water during the polyp bail-out 
induction method through pumping of high salinity seawater. G-H a coral fragment 
before and after polyp bail-out induction through incubation in calcium-free seawater. 
Scale bars = 3 mm. 
 
 
Following recovery, it was possible to observe higher survival rates in polyps obtained 

from the two high salinity induced methods. Over 80 of the 250 polyps survived after 5 

days and some polyps were still alive for over 15 days after bail-out (Figure 6). The 

polyps’ survival rates after both HS methods were similar throughout time, and their 

confidence intervals from the Kaplan-Meier estimator were overlaid during most of the 

experiment, although there were still significant differences in their overall survival (log-
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rank test, p = 0.0097). The polyps obtained from incubating coral fragments in calcium-

free seawater showed a significantly reduced survival rate when compared to the other 

treatments (log-rank test, p < 2-16, comparing both HS methods individually to the 

CaFSW method), having only one live polyp after this period (Figure 6). 

 

 
Figure 6: Kaplan-Meier survival curve of coral polyps from 0 to 15 days after bail-out 
with the calcium-free seawater, evaporation and pumping bail-out induction methods. 
Colored lines represent the proportion of live polyps throughout times, while shaded 
areas represent 95% confidence intervals. CaFWS- calcium-free seawater treatment, HS-
eva- high salinity by water evaporation treatment, HS-add- high-salinity by addition of 
saline water treatment. 
 

Due to the higher survival rate found in polyps bailed-out through osmotic stress 

and its higher reproducibility, the method of coral bail-out induced by pumping high-
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salinity seawater was selected for the subsequent studies of the coral polyp microbiome 

and physiology. 

 
3.2 Taxonomic Changes in the Coral Microbial Community after Bail-
out 
 

The group of fragments treated with high-salinity seawater completed the polyp 

bail-out process after 24 hours (as the fragments treated with the bail-out through high-

salinity seawater input in section 3.1). Conversely, control fragments maintained intact 

tissue organization, as expected. Bailed-out polyps maintained their original color (which 

is derived from the presence of their endosymbionts) and a complete external 

morphology divided in a basal region and an oral region with protruded tentacles until up 

to three weeks after the beginning of the experiment (Figure 7). 
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Figure 7: A, C, E, G, I: P. verrucosa individual polyps from the high-salinity treatment, 
scale bars = 500 μm. B, D, F, H, J: fragments from the control treatment, scale bars = 2 
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mm. Individuals were observed immediately, three days, one week, two weeks and three 
weeks after the beginning of the polyp bail-out microbiome experiment, respectively. The 
images illustrate the same individuals sampled for DNA and RNA extractions. 
 
A total of 6,260,676 sequence reads were obtained from the rRNA 16s gene amplicons 

from P. verrucosa fragments (n=30) and 4,888,484 from the 15-polyps pools (n=25) 

collected in different periods of time after bail-out, with a sum of 5896 ASVs being 

classified from the data. The number of reads and OTUs per sample is shown in Table1. 
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TABLE 1: Count of reads and OTUs per sample found from rRNA 16s gene sequencing 
from coral polyps and fragments. 
 

 

 

Sample Group No. of reads No. of OTUs
T0F1 T0 Fragment 208,498 201
T0F2 T0 Fragment 210,940 144
T0F3 T0 Fragment 178,518 219
T0F4 T0 Fragment 164,476 163
T0F5 T0 Fragment 229,998 273
T0P1 T0 Polyp 196,964 202
T0P2 T0 Polyp 210,322 199
T0P3 T0 Polyp 150,346 159
T0P4 T0 Polyp 199,728 217
T0P5 T0 Polyp 185,664 206
T1F1 T1 Fragment 195,978 187
T1F2 T1 Fragment 160,552 96
T1F3 T1 Fragment 195,568 176
T1F4 T1 Fragment 248,676 404
T1F5 T1 Fragment 224,388 191
T1P1 T1 Polyp 227,140 303
T1P2 T1 Polyp 240,592 366
T1P3 T1 Polyp 203,658 387
T1P4 T1 Polyp 249,562 341
T1P5 T1 Polyp 229,256 373
T2F1 T2 Fragment 195,864 132
T2F2 T2 Fragment 256,268 862
T2F3 T2 Fragment 212,156 174
T2F4 T2 Fragment 196,996 314
T2F5 T2 Fragment 196,258 150
T2P1 T2 Polyp 192,174 179
T2P2 T2 Polyp 165,570 110
T2P3 T2 Polyp 168,816 161
T2P4 T2 Polyp 200,256 182
T2P5 T2 Polyp 205,170 151
T3F1 T3 Fragment 173,846 288
T3F2 T3 Fragment 220,070 202
T3F3 T3 Fragment 198,710 99
T3F4 T4 Fragment 275,444 786
T3F5 T3 Fragment 205,424 136
T3P1 T3 Polyp 197,194 482
T3P2 T3 Polyp 142,426 108
T3P3 T3 Polyp 151,220 72
T3P4 T3 Polyp 192,322 185
T3P5 T3 Polyp 197,310 129
T4F1 T4 Fragment 217,798 433
T4F2 T4 Fragment 199,290 274
T4F3 T4 Fragment 215,184 232
T4F4 T4 Fragment 174,718 158
T4F5 T4 Fragment 214,762 550
T4P1 T4 Polyp 192,344 175
T4P2 T4 Polyp 212,960 255
T4P3 T4 Polyp 204,170 298
T4P4 T4 Polyp 152,880 219
T4P5 T4 Polyp 220,440 380
TiE1 Ti Fragment 187,012 180
TiE2 Ti Fragment 244,664 595
TiE3 Ti Fragment 222,442 76
TiE4 Ti Fragment 222,594 495
TiE5 Ti Fragment 213,584 88
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Through the sequencing information, it was possible to study dissimilarities 

between bacterial associations found in coral fragments and polyp tissues (Figure 8). No 

significant differences were found comparing the microbial community structure from 

fragments and polyps immediately or a week after polyp bail-out (ADONIS, p= 0.1575 

and 0.0572, respectively), with significant differences being found in the experimental 

time-point between these two moments, at three days after bail-out (ADONIS, p=0.007). 

Significant differences were also found in the overall communities associated with each 

of these two groups two weeks and three weeks after the beginning of the experiment 

(ADONIS, p= 0.0079 and 0.0097, respectively). No significant differences were found 

between coral fragments or polyps regarding the diversity of their associated microbial 

communities in any of the time points of the experiment calculated by the Shannon index 

(Figure S1, ANOVA, p= 0.988 and 0.694, for timepoints T1 and T4, Wilcoxon, p = 

0.6905, 0.8413 and 0.2222 for timepoints T0, T2 and T3, respectively). 
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Figure 8: Principal coordinate analysis plots based on Bray-Curtis dissimilarity of 
microbial associations found in tissues of coral polyps and fragments predicted by 16s 
rRNA gene amplicon sequencing. A-E: plots of associations found immediately, three 
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days, one week, two weeks and three weeks after the beginning of the experiment, 
respectively. 

The abundance of individual ASVs of coral polyps and fragments was also 

compared, with no ASVs having significant differences in abundance immediately after 

polyp bail-out, while 37 (T1), 5 (T2), 37 (T3) and 81 (T4) ASVs showed significant 

differences in abundance during the other timepoints (Figure 9). These ASVs belonged to 

17 (T1), 5 (T2), 20 (T3), 43 (T4) different genera, and 2 (T1 and T2), 8 (T3) and 9 (T4) 

different phyla, having amplicon variants belonging to the Bacteroidota and 

Proteobacteria phyla representing the majority of significantly different ASVs in all time 

points. 
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Figure 9: Plots showing the fold change in abundance of ASVs found as significantly 
different between coral polyps and fragments using Wald tests. Data points above zero 
show ASVs more abundant in polyps, while points below zero illustrate groups reduced 
in polyps in relation to coral fragments. The genera assigned to each ASV is 
demonstrated in the x axis of the plots, while the phyla assigned are grouped by color. A-
D: plots found three days, one week, two weeks and three weeks after beginning of the 
coral bail-out microbiome experiment, respectively. 
 

In order to observe what proportion of ASVs was still found in both polyps and 

fragments, the ASVs from each time point were divided into common ASVs and variants 

specific to each group and later weighed by relative abundance (Figure 10). High rates of   

common ASVs were found between fragments and polyps after bail-out, varying from 

98.42% (immediately after bail-out) to w62.87% (three weeks after bail-out). 
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Figure 10: Venn diagrams of 16s rRNA gene ASVs found in coral fragments and polyps 
immediately (A), 3 days (B), one week (C), two weeks (D) and three weeks (E) after the 
start of the polyp bail-out microbiome experiment. Lower font values represent 
proportion of ASVs found in common or singularly in each group weighed by relative 
abundance in each experiment timepoint, with higher font values representing rounded up 
percentages of the proportions. 
 

3.3 Coral Fragments and Polyps Prokaryotic Metatranscriptomes 

 

For the further investigation of microbial function associated with or responding to 

polyp bail-out, an enrichment protocol was optimized. To do so, the enrichment trial using 
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a subset of three samples was performed (described in section 2.2.5), and it was possible 

to observe lower concentrations of rRNA in samples enriched using the TruSeq Stranded 

Total RNA library prep kit plant rRNA removal method combined with the Illumina 

Ribozero Plus kit compared to the use of the second kit alone. On average, samples 

obtained from combining the two kits with a 200 ng RNA input had 21.04% of reads 

corresponding to rRNA, while the ones obtained only from using the Illumina Ribozero kit 

had 92.43% of their reads aligned to rRNA sequences (Table S2). Due to the higher 

efficiency of rRNA removal performed by the combined kit method, it was chosen for the 

treatment of the rest of the samples from the polyp microbiome experiment. 

In order to evaluate rRNA depletion and microbial enrichment of coral polyp and 

fragment transcriptomes of the microbiome experiment, the proportion of sequenced reads 

that corresponded to rRNA and that were aligned against the coral host genome were 

calculated. A total of 3,302,101,730 sequence reads were obtained from RNA sequencing 

of the microbial fraction of RNA obtained from coral polyps and fragments. Of the paired-

end reads that passed quality control after trimming, an average proportion of 6.7% 

corresponded to rRNA found by the Sortmerna software, and of the remaining reads, a 

proportion of 54.77% on average successfully aligned to the coral host’s genome. The 

remaining reads belonging to timepoints T0 to T4 that did not correspond to rRNA or to 

host RNA were successfully used for de novo metatranscriptome assemblies, which 

represented an average of 99.33% of the reads used as input, and N50 values of 864, 865, 

848, 792 and 728, respectively. Individual calculations of rRNA, host RNA and assembly 

representation per sample are demonstrated in Table 2. 
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Table 2: Count of reads and proportion of rRNA, host RNA and assembly representation 

per sample found in RNA extracted from coral fragments and polyps. 

 

Sample Group Total reads % Aligned rRNA % Aligned to host genome % Aligned to assembly
T0F1 T0 Fragment 53105952 4.55 48.37 99.49
T0F2 T0 Fragment 81220994 3.27 46.39 99.38
T0F3 T0 Fragment 58550248 5.05 59.52 99.35
T0F4 T0 Fragment 53738726 4.93 50.06 99.67
T0F5 T0 Fragment 62662528 4.87 63.06 99.61
T0P1 T0 Polyp 59891552 5.54 56.42 99.72
T0P2 T0 Polyp 55764884 6.01 59.85 99.74
T0P3 T0 Polyp 54677960 7.33 61.27 99.73
T0P4 T0 Polyp 51615144 7.89 51.69 99.37
T0P5 T0 Polyp 58895824 6.52 52.16 99.7
T1F1 T1 Fragment 58927072 4.25 49.63 98.41
T1F2 T1 Fragment 73701926 7.01 38.15 98.75
T1F3 T1 Fragment 69802508 8 50.1 98.41
T1F4 T1 Fragment 72193572 4.04 51.85 98.44
T1F5 T1 Fragment 57111672 10.29 48.93 98.62
T1P2 T1 Polyp 74074258 5.42 58.89 98.99
T1P3 T1 Polyp 49906518 12.38 59.83 95.7
T1P4 T1 Polyp 72795842 3.77 61.2 99.22
T1P5 T1 Polyp 56251242 8.92 60.49 99
T2F1 T2 Fragment 70907716 5.79 56.93 99.61
T2F2 T2 Fragment 50243332 6.29 53.93 99.55
T2F3 T2 Fragment 62050300 3.92 44.9 99.56
T2F4 T2 Fragment 49259810 9.19 43.7 99.5
T2F5 T2 Fragment 92723376 7.92 40.79 99.71
T2P1 T2 Polyp 48318880 7.9 60.96 99.25
T2P2 T2 Polyp 57330336 6.71 61.36 99.47
T2P3 T2 Polyp 64611282 3.48 65.05 99.64
T2P4 T2 Polyp 60540306 6.77 58.83 99.6
T2P5 T2 Polyp 50294008 5.82 64 99.73
T3F1 T3 Fragment 66567598 10.26 49.86 99.43
T3F2 T3 Fragment 64126268 1.46 59.31 99.55
T3F3 T3 Fragment 72229300 4.51 56.85 99.64
T3F4 T4 Fragment 69715908 7.54 48.68 99.54
T3F5 T3 Fragment 60176890 2.53 56.13 99.6
T3P1 T3 Polyp 74360246 3.29 54.22 99.58
T3P2 T3 Polyp 54629460 4.51 43.56 99.69
T3P3 T3 Polyp 57835458 7.92 56.43 99.58
T3P4 T3 Polyp 62658906 6.16 54.68 99.71
T3P5 T3 Polyp 62200358 32.05 54.64 99.71
T4F1 T4 Fragment 76753074 11.14 58.74 99.5
T4F2 T4 Fragment 62986822 3.56 59.96 99.29
T4F3 T4 Fragment 68914530 7.02 51.28 99.37
T4F4 T4 Fragment 61618896 5.09 55.76 99.54
T4P1 T4 Polyp 62816526 5.57 57.52 99.43
T4P2 T4 Polyp 61824090 10.47 58.5 99.46
T4P3 T4 Polyp 53313728 8.08 55.86 99.64
T4P4 T4 Polyp 45641934 6.65 49.96 99.32
T4P5 T4 Polyp 60682430 4.97 51.16 99.5
TiE1 Ti Fragment 60583496 3.53 64.67
TiE2 Ti Fragment 60240266 4.12 66.17
TiE3 Ti Fragment 61171348 4.13 58.66
TiE4 Ti Fragment 70731342 15.8 51.47
TiE5 Ti Fragment 56014364 4.31 62.87
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3.4 Development of a Novel Coral-on-a-chip System 

 

Polyps isolated from P. verrucosa fragments were collected and placed inside the 

microfluidic device designed for long-term polyp maintenance. After 48 hours with 

constant seawater flow provided by a peristaltic pump, polyps placed inside the 

microfluidic device were able to attach to the chip’s glass slide, and three days after bail-

out still maintained their polarity and external morphology with tentacles and an oral disk 

(Figure 11 A). The transparency of the microfluidic device also allowed for the 

measurement of the photosynthetic potential of coral polyps through microscopic PAM 

fluorometry, revealing the photochemistry of polyp-associated algae on a microscopic 

scale (Figure 11 B-C). 

 

 
Figure 11: Images of P. verrucosa polyps inside microfluidic device. A: Polyp 
successfully fixed to bottom of chip observed through a stereoscope three days after bail-
out from a coral fragment. Scale bar = 500 μm. B-C: Fv/Fm images of a coral polyp 
captured with microscopy imaging PAM device with 5x (B) and 20x (C) objective lenses. 
The color bar represents Fv/Fm values detected through PAM fluorometry in each pixel.   
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4 Discussion 

 

It has been previously reported that the survival rate of polyps submitted to bail-

out approaches and the time required for the process to be completed are highly variable 

(Capel et al., 2014; Serrano et al., 2018; Shapiro et al., 2016). Indeed, the different 

variables, such as coral species and environmental parameters, and the types of 

approaches applied in each study should be carefully chosen as they will play crucial 

roles in the health state of the polyps after their detachment from the skeleton. For 

instance, different coral species, or even corals from the same species that were 

acclimated to different environmental conditions (e.g., corals from the Red Sea), present 

different thresholds to salinity levels. Thus, the use of high salinity levels as a bail-out 

approach will depend on the conditions the corals were pre acclimated together with their 

native tolerance to such factor. For example, coral species that are originally from the 

Red Sea will require a higher salt concentration for bailing out than the same coral 

species from a different location where salinity is not naturally high. After selecting the 

best species to be used to generate micropropagates, the method of bail-out to be selected 

and the laboratory/aquarium conditions will also play important roles in the outcomes. In 

some cases, the maintenance of coral micropropagates under laboratory conditions has 

surpassed the survival time of coral cell cultures by reaching months of survival in both 

azooxanthellate and zooxanthellate corals (Capel et al., 2014; Serrano et al., 2018) 

(Shapiro et al., 2016). The time for the polyp bail-out process to be complete has also 

varied in different studies, ranging from a few hours (Chuang et al., 2021; Shapiro et al., 
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2016; Wells & Tonra, 2021) to weeks (Kvitt et al., 2015) when exposed to the bail-out 

inducer factor.  

Finally, the last variable that should be taken in to account for an optimum bail-

out process is the recovery of the polyps after the exposure to the acute stress that triggers 

their release. It is still unclear if polyps after bail-out remain healthy and ready to be used 

as models for coral biology studies. Indeed, the recovery of the polyps’ tissues after the 

degradation of the coenosarc is a great stress and a matter of concern when using these 

micropropagates. However, several studies, including this present one, have reported that 

polyps have been able to keep the zooxanthellae cells inside their tissues and their 

external morphologies with intact oral-aboral polarization and tentacles weeks after bail-

out (Chuang et al., 2021; Gösser et al., 2021; Shapiro et al., 2016). Previous studies have 

also found that, after being relieved from acute stress, released coral polyps exposed to 

highly saline or heated seawater have been able to recover the expression of genes related 

to processes such as apoptosis, proteolysis, and cell division to levels similar to the ones 

found before bail-out (Chuang et al., 2021; Chuang & Mitarai, 2020; Gösser et al., 2021) 

and even to increase the expression of genes related to tissue healing (Gösser et al., 

2021). Taking these factors together, it is possible to conclude that the healing of the 

polyps begins soon after the bail-out process is finished, but it is still necessary to study if 

different physiological parameters to compare if the metabolism of an isolated polyp is 

similar to a polyp still integrated to a colony. 

As important as the survival rate is the time that polyps stay alive and healthy 

after bailing out of the skeleton. This time can vary among different experiments even if 
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the same techniques are used, and it can be related to the health of the fragments used and 

the proper maintenance of the polyps after the bail-out process. Here, we reported that, 

when the bail-out was triggered by calcium-free seawater incubation, the polyp survival 

was mostly limited to one day. Thus, we concluded that the method was not well suited 

for the long-term survival of P. verrucosa corals from the Red Sea, or a better adaptation 

of the technique must be made. Our results showed a longer survival time when using the 

methods based on the gradual increase in salinity. For further experiments in this study, 

the method of bail-out induction by introduction of high-salinity seawater was chosen for 

delivering a more controlled increase in salinity than the evaporation method, being 

considered more reproducible. The disadvantage of the evaporation method is that it 

gradually increases the concentration of other substances present in the seawater, 

including the coral's metabolic waste, which is potentially toxic for the organism. 

Generating isolated coral polyps by different bail-out induction methods has been 

previously suggested as a method of miniaturization of the coral biological system (Pang 

et al., 2020; Shapiro et al., 2016). Culturing coral micropropagates and using them as 

models could allow researchers to study in vivo processes that happen at the tissue and 

cellular scales that cannot be visualized when analyzing whole coral colonies. Two of the 

commonly cited advantages of using these micropropagates are the possibility of having 

multiple genetically identical replicates while using a highly controlled miniaturized 

environment. These two factors, together, can reduce the variability in coral physiological 

studies and become a useful tool to test treatments and approaches for coral conservation 

projects as well. 
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Evidently, the individual micropropagates have the potential to become a useful 

tool for coral studies at the molecular and cellular scales when they are healthily detached 

from the coral skeleton, also as an alternative to the use of other models, such as coral 

explants (Gardner, Nielsen, Petrou, Larkum, & Ralph, 2015), cell cultures (Kawamura, 

Nishitsuji, Shoguchi, Fujiwara, & Satoh, 2021) or other cnidarian models, such as the 

commonly used Exaiptasia pallida sea anemone (Costa et al., 2021). However, for 

microbiological studies, such as testing the effect of coral probiotics for example, it is 

also interesting to first characterize the microbiome of the polyps after the bail-out 

processes. For them to be a good model for microbiological studies, not only should the 

bailed-out polyps be healthy, but they should maintain a noteworthy proportion of the 

native coral microbiome.. Multiple examples of stress factors have been reported 

impacting coral microbiomes (McDevitt-Irwin, Baum, Garren, & Vega Thurber, 2017; 

Thurber et al., 2009; van Oppen & Blackall, 2019). Thus, it would be possible that the 

acute stress applied to induce polyp bail-out could change the microbial communities 

associated with isolated polyps to a point where they would not be comparable to the 

ones found in coral colonies. As highlighted in session 1.3, coral tissues have highly 

abundant microbial communities associated with them, with members that are capable of 

positively or negatively influencing their host’s physiology (Rosenberg, Koren, Reshef, 

Efrony, & Zilber-Rosenberg, 2007; Egan & Gardiner, 2016; Peixoto, Rosado, Leite, 

Rosado, & Bourne, 2017; Sweet & Bulling, 2017; van Oppen & Blackall, 2019). 

Methods for polyp bail-out induction also cause changes to the water in which the coral is 

inserted, such as the addition of nutrients (found for example in the DMEM medium), 
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antibiotics and salt, which by themselves have the potential of causing selective pressures 

that can change microbial communities (Bent, Miller, Sharp, Hansel, & Apprill, 2021; 

Glasl, Herndl, & Frade, 2016; Morris, Voolstra, Quigley, Bourne, & Bay, 2019; Röthig, 

Ochsenkühn, Roik, Van Der Merwe, & Voolstra, 2016). Therefore, it could also bring 

consequences to the coral polyp physiology, making it potentially less physiologically 

comparable to colonies. 

In order to evaluate the stability of the microbiome associated with genetically 

identical coral polyps overtime, a three week experiment was performed after bail-out. 

Based on the 16s rRNA gene amplicon data we were able to observe that polyps collected 

immediately after bail-out had microbial community signatures almost identical to those 

found in control coral fragments, and that, despite the overall microbiome pattern has 

changed overtime, a high number of coral-associated ASVs was retained in polyps. This 

result supports that bailed-out micropropagates can be good models to study corals not 

only at cellular and molecular scale but also for microbiological studies. The data also 

elucidates that the DNA extraction method used in this experiment was able to recover 

similar microbial communities from the two types of samples (airbrushing in fragments 

versus tissue maceration in polyps), meaning that it did not add any artifact to the 

analysis. 

The lack of difference found in the amplicon data immediately after bail-out 

however does not mean that there was no difference between the microbial communities 

between the two groups at this time point, since there could still be remnant DNA from 

microbial community members from before the bail-out inside polyp tissues in such a 



63 
 

short time scale. Nonetheless, isolated polyps one week after bail-out kept in the same 

environment as coral fragments were still able to maintain microbial communities that 

had no significant difference in their microbiome’s composition or diversity compared to 

the fragments, with only few ASVs from two phyla causing the differences between 

groups. The great majority of the microbial composition of polyps and fragments were 

commonly found in both groups. These results are in agreement with previous 

experiments with coral colonies of another species exposed to short-term high-salinity 

stress (Röthig et al., 2016), although polyp bail-out was not induced in this case. 

Even though the microbiome remained mostly stable during the first week after 

the bail-out process, this pattern gradually changed in the second and third weeks, 

meaning that even though the bail-out induction did not bring significant changes to the 

microbiome after one week, the long-term maintenance of the polyps in Petri dishes 

without attachment did affect the microbiome. It is still necessary to investigate if these 

changes happened because of the lack of skeletal structures that are normally present in 

coral colonies, which themselves might change the coral’s physiology and perhaps the 

microbiome over time, or simply because of the detrimental effect that maintenance as 

free-living organisms can have in the polyp’s health. Due to the limited time that coral 

polyps can survive without fixation, it is likely that the changes in the microbiome in 

relation to fragments could be due to health-related issues of this free-living state. If this 

hypothesis is proved accurate, developing a system that can fix the polyps or keep them 

in a more adequate environment than petri dishes (i.e., microfluidic chips) could prevent 

this shift in the microbiome and increase the survival rates and time of these individuals. 
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In relation to the specific groups that were found to drive differences between 

coral fragments and polyps, it was possible to observe that only ASVs belonging to the 

Bactereidota and Proteobacteria phyla were significantly different at the first time points, 

and still accounted for most significantly different ASVs two and three weeks after bail-

out, when many other different phyla also accounted for the significantly different 

variants. This pattern can partly be explained by the fact that those phyla are between the 

three most abundant ones found in both fragment and polyp samples in most timepoints 

of the experiment (Figure S2). The genera these ASVs belonged to however seemed to 

vary between most of the experimental time points, with no specific genus having the 

number of differential ASVs consistently increasing or decreasing throughout the 

experimental time. 

Even though significant differences in microbiome composition were found in the 

last timepoints of the experiment, during all timepoints most of the bacterial abundance 

was found in taxa shared by polyps and fragments, with over 80% of the abundance being 

common between these two groups up to two weeks after bail-out. This similarity is still 

an advantage in relation to alternative models to keep in vitro cultures of coral biological 

material, such as cell cultures, that would eliminate most, if not all, the coral associated 

microorganisms. In relation to the cnidarian symbiosis model of study Aiptasia, even 

though it has been suggested that it has an overall similar association with 

microorganisms as corals and to have a similar surface topography as corals (Costa et al., 

2021), the basic structure of its morphology is not as similar to corals as a coral polyp 

itself, and the bacterial composition and diversity are unlikely to be as similar to coral 
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fragments as the ones found in isolated corals polyps. Additionally, the microbiome of 

Aiptasia has been demonstrated to consist mostly of a few taxa, with the anemones being 

referred to as a “non-complex” model to the microbiome (Röthig, Costa, et al., 2016). 

While this is useful for presenting a simpler model for microbial compositional and 

manipulation studies, it is still highly likely that this non-complex microbiome will have 

markedly different responses to microbial inoculations of pathogens or probiotics in 

relation to corals. Having isolated coral polyps as an alternative model with a microbiome 

with a complexity similar to coral fragments could therefore be of great convenience. 

 Due to the complexity of the coral associated microbial assemblages and the 

relation between them and the host’s health, it is difficult to determine how similar the 

microbiomes of coral polyps need to be to colonies or fragments for researchers to use 

them as models to study coral microbiology. Common members of the coral microbial 

community have been demonstrated to greatly vary within organisms of the same species, 

with environmental factors, developmental stage and genotypes affecting their 

composition (Hernandez-Agreda, Gates, & Ainsworth, 2017). This natural potential of 

microbiome flexibility makes it challenging to draw the line on the amount of variation 

that is acceptable for different coral organisms to be comparable in microbiological 

studies. Due to the fact that even microorganisms in low abundance in an environment 

can have a deep physiological or ecological effect (Ainsworth et al., 2015), it is important 

to consider the roles that the present microorganisms have to determine the microbiome 

functionality and ultimately its effect on the host. Taking this into account, to have a 

better understanding of the consequences of the changes in the microbiome caused by 
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long-term maintenance of corals as isolated polyps, the functionality of the microbiome 

also needs to be studied. 

RNA sequencing of microbial metatranscriptomes is a common technique used to 

investigate the function of microbes in different environments, as the mRNA being 

produced by the microorganisms can suggest the proteins they are possibly expressing, 

and therefore the roles they may have in a given moment. In samples extracted from 

multicellular eukaryotes, however, most of the RNA found belong to the host, and the 

small proportion of prokaryotic RNA is mostly constituted by rRNA, which is not useful 

for studies of gene expression. In the case of zooxanthellate corals, the endosymbiotic 

algae represent an additional source of eukaryotic RNA contamination for 

metatranscriptomes. In order to investigate the mRNA of microorganisms associated to 

corals, a new protocol combining two commercial kits was tested to reduce eukaryotic 

mRNA by poli-A pull-down, and for the subsequent removal of rRNA from eukaryotes 

and prokaryotes from total RNA samples extracted from polyps and fragments. It was 

demonstrated that only a small fraction of the sequenced data belonged to rRNA 

molecules, demonstrating the efficiency of the protocol on the rRNA removal. Most of 

the putative microbial mRNA, however, when aligned against the host genome, was still 

shown to belong to eukaryotic sequences. This is partly due to the presence of pre-

processed mRNA in the sample, which would not have the poli-A tails necessary for the 

eukaryotic depletion method employed. The high presence of host contamination in 

prokaryotic transcriptomic reads nevertheless is still in line with other metatranscriptomic 

studies of microbes associated to corals and other marine animal hosts utilizing 
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subtractive hybridization methods (Daniels et al., 2015; Díez‐Vives, Moitinho‐Silva, 

Nielsen, Reynolds, & Thomas, 2017; Jarett, MacManes, Morrow, Pankey, & Lesser, 

2017). Due to the successful removal of rRNA and the construction of assemblies that 

represented most part of the sequences used as input for the de novo assembly, the 

methods reported in this study have the potential of assisting the understanding of the role 

of microorganisms in isolated coral polyps compared to intact coral fragments. The 

microbial enrichment method presented in this study also has the potential of being useful 

in future coral metatranscriptomic studies, although the amount of complete bacterial 

transcripts obtained through it should still be studied to confirm its efficacy and to 

properly compare it to other examples from coral studies. Higher RNA input could  also 

be recommended to avoid the necessity of amplifying the sequenced libraries. Future 

annotation and study of differentially expressed genes (DEG) based on the generated 

assemblies will shed further light on the effect that the maintenance of isolated polyps 

might have in the microbiome in the long term. 

Because of the differences found in the microbiome of free-living polyps three 

weeks after separation from the colony, it would be useful to have a stable system that 

could keep the polyps fixated and stabilized in future studies. Due to difficulties in 

keeping isolated coral polyps alive and stable in a manner that they could be closely 

analyzed, microfluidic platforms have been developed in past studies to keep coral polyps 

in controlled conditions in a way they could still be observed through microscopy (Pang 

et al., 2020; Shapiro et al., 2016). Researchers were able to make polyps of different coral 

species, such as P. damicornis, Stillophora pistillata and Seriatopora hystrix attach to 
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these microfluidic devices, and have demonstrated that it is possible to use them to 

observe polyp bleaching, calcification, growth and even the infection of pathogenic 

bacteria in vivo (Pang et al., 2020; Shapiro et al., 2016). In the current study, a novel 

microfluidic chip was designed and optimized, and coral polyps of the species P. 

verrucosa were able to attach to its bottom. The new design makes it possible to keep 

polyps tightly between two thin microscope slide covers, enabling high-scale 

magnification visualization from both the polyp oral and aboral regions. Instead of using 

a laminar flow system for polyp fixation as done by Shapiro et al. (2016), the polyps 

were directly placed inside the chips for fixation, having a constant flow maintained by a 

peristaltic pump instead of syringe pumps that could only be used by a limited time in 

previous studies (Pang et al., 2020; Shapiro et al., 2016). The use of a multichannel 

peristaltic pump as shown in this research enables not only a continuous flow of water 

without the need of emptying syringes constantly, but also enables the use of multiple 

microfluidic chips simultaneously, allowing for experiments with multiple biological 

replicates. 

Finally, the microfluidic device developed in this study was optimized to accept 

the use of a novel method, the microscopy PAM, to evaluate the photosynthetic potential 

of endosymbiotic algae associated with coral polyps. Fv/Fm values have been important 

for coral research to examine the decrease of the electron transport rate (ETR) of the 

zooxanthellae photosystem apparatus, and has been widely used as a non-destructive 

parameter to study signs of coral bleaching and photoinhibition (Jones & Hoegh‐

Guldberg, 2001). The use of the microscopy PAM allowed the visualization of the 
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photosynthetic potential of algae found in different regions of a single polyp, and together 

with the counting of Symbiodiniaceae cell through the study of chlorophyl fluorescence 

(as demonstrated by Shapiro and collaborators in 2016), could be a tool for studying coral 

bleaching in the polyp scale. In the case demonstrated in this study, the bailed-out polyp 

demonstrated an average Fv/Fm ratio close to 0.6, a value expected from healthy adult 

colonies, demonstrating how recently isolated polyps can still maintain healthy 

photosystems in spite of the acute stress needed to trigger the bail-out. As detailed in 

section 1.2, coral bleaching is a phenomenon that starts in the microscopic scale, which 

means that being able to observe it under a microscope in coral polyps could in the future 

assist in the comprehension of the bleaching process in a non-invasive, practical and 

constant manner. 

 

5 Conclusion 

 

In conclusion, by studying polyp bail-out induced by high-salinity seawater, it 

was possible to observe a higher polyp survival than methods inducing polyp bail-out by 

calcium-free seawater incubations. The use of this method also did not seem to cause 

significant changes in the microbiome composition or diversity comparing coral polyps 

and fragments of the same genotype under the same aquarium conditions up to two weeks 

after bail-out, in which the continued maintenance of free-living polyps likely caused 

them to have a microbiome of significantly different composition compared to coral 

fragments. It is still not clear if changes in the microbial composition found two and three 
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weeks after bail-out would still happen in polyps attached to a surface that resumed their 

growth and calcification, or if this pattern would be different if tested in multiple coral 

genotypes, but it is important to highlight that, despite the overall differences, a high 

number of coral ASVs were retained, even without polyp settlement . The coral-on-a-chip 

systems provide a manner to visualize coral physiology in a microscopic scale, and since 

no major restructuring of the microbiome occurred immediately after the process of the 

bail-out process itself, it is still a promising platform to study coral microbiology. The use 

of microfluidic platforms is promising for a more detailed understanding of 

microbiological processes occurring in corals and in the future could be used for 

screenings of different treatments in corals, including the inoculation of beneficial or 

pathogenic bacteria.  
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APPENDICES 

Appendix A: Alpha Diversity of Coral Polyp and Fragment Associated 

Microbiomes 

 

 

 

Figure S1: Boxplots of the Shannon diversity estimated based on ASVs from coral polyp 

and fragments samples constructed from 16s rRNA gene amplicon sequencing. Data 

corresponds to data points immediately (T0), three days (T1), one week (T2), two weeks 

(T3) and three weeks (T4) after beginning of the polyp bail-out microbiome experiment. 
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Appendix B: Main taxonomic groups in coral Fragments and Polyps 

 

Figure S2: Stacked bar graph showing relative abundances of the ten most abundant 
phyla found in coral polyp and fragments samples estimated from 16s rRNA gene 
amplicon sequencing. Data corresponds to data points immediately (T0), three days (T1), 
one week (T2), two weeks (T3) and three weeks (T4) after beginning of the polyp bail-
out microbiome experiment. 
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Figure S3: Stacked bar graph showing relative abundances of the ten most abundant 
orders found in coral polyp and fragments samples estimated from 16s rRNA gene 
amplicon sequencing. Data corresponds to data points immediately (T0), three days (T1), 
one week (T2), two weeks (T3) and three weeks (T4) after beginning of the polyp bail-
out microbiome experiment. 
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Figure S4: Stacked bar graph showing relative abundances of the ten most abundant 
families found in coral polyp and fragments samples estimated from 16s rRNA gene 
amplicon sequencing. Data corresponds to data points immediately (T0), three days (T1), 
one week (T2), two weeks (T3) and three weeks (T4) after beginning of the polyp bail-
out microbiome experiment. 

 



82 
 

 

 

Figure S5: Stacked bar graph showing relative abundances of the ten most abundant 
genera found in coral polyp and fragments samples estimated from 16s rRNA gene 
amplicon sequencing. Data corresponds to data points immediately (T0), three days (T1), 
one week (T2), two weeks (T3) and three weeks (T4) after beginning of the polyp bail-
out microbiome experiment. 
 

Appendix C: RNA Statistics 

Table S1: RNA integrity numbers obtained from the Bioanalyzer instrument for coral 
and polyp samples from the polyp microbiome experiment.  
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Sample Group RIN
T0F1 T0 Fragment 8.6
T0F2 T0 Fragment 8.8
T0F3 T0 Fragment 8.8
T0F4 T0 Fragment 8.4
T0F5 T0 Fragment 8.2
T0P1 T0 Polyp 7.9
T0P2 T0 Polyp 8.5
T0P3 T0 Polyp 8.4
T0P4 T0 Polyp 7.9
T0P5 T0 Polyp 8.3
T1F1 T1 Fragment 8.2
T1F2 T1 Fragment 8.3
T1F3 T1 Fragment 8.4
T1F4 T1 Fragment 8.9
T1F5 T1 Fragment NA
T1P1 T1 Polyp 8.4
T1P2 T1 Polyp 8.4
T1P3 T1 Polyp 8.0
T1P4 T1 Polyp 8.5
T1P5 T1 Polyp 8.3
T2F1 T2 Fragment 8.3
T2F2 T2 Fragment 8.3
T2F3 T2 Fragment 8.1
T2F4 T2 Fragment 7.7
T2F5 T2 Fragment NA
T2P1 T2 Polyp 9.0
T2P2 T2 Polyp 8.5
T2P3 T2 Polyp 8.7
T2P4 T2 Polyp 8.6
T2P5 T2 Polyp 8.6
T3F1 T3 Fragment 8.2
T3F2 T3 Fragment 8.4
T3F3 T3 Fragment 8.3
T3F4 T4 Fragment NA
T3F5 T3 Fragment 8.7
T3P1 T3 Polyp 7.9
T3P2 T3 Polyp 8.4
T3P3 T3 Polyp NA
T3P4 T3 Polyp 8.3
T3P5 T3 Polyp 8.0
T4F1 T4 Fragment NA
T4F2 T4 Fragment 8.1
T4F3 T4 Fragment 8.3
T4F4 T4 Fragment 8.4
T4F5 T4 Fragment 8.7
T4P1 T4 Polyp 8.4
T4P2 T4 Polyp 8.3
T4P3 T4 Polyp 8.1
T4P4 T4 Polyp 8.2
T4P5 T4 Polyp 8.7
TiE1 Ti Fragment 8.3
TiE2 Ti Fragment 8.2
TiE3 Ti Fragment 8.1
TiE4 Ti Fragment 8.1
TiE5 Ti Fragment NA
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Table S2: Comparison of rRNA elimination of microbial enrichment methods for coral 
metatranscriptomes 
 

 
 

Appendix D: Publications related to the Thesis 

Cardoso, P. M., Alsaggaf, A. A., Villela, H. M., & Peixoto, R. S. (2022). Inducing Polyp 

Bail-out in Coral Colonies to Obtain Individualized Micropropagates for Laboratory 

Experimental Use. Journal of Visualized Experiments: Jove(182): This work forms the 

basis for Sessions 1.4, 3.1, Figure 2 and the first two paragraphs of session 4. 

 

 

 

 

 

Library Type Sample Total reads
Reads Mapped 

against Ribossomal 
database

Reads not mapped 
against ribossome 

database

Percentage of reads 
mapped against 

ribossome database

Percentage of reads not 
mapped against ribossome 

database
RNA input (ng) RIN

T1F11 mRNA 3515030 87876 3427154 2.5 97.5 200 7
T1F14 mRNA 4391914 160305 4231609 3.65 96.35 200 8
T1P11 mRNA 2886080 78213 2807867 2.71 97.29 100 8

T1F11 RiboPlus 8214000 7636556 577444 92.97 7.03 200 7
T1F14 RiboPlus 4001574 3677447 324127 91.9 8.1 200 8
T1P11 RiboPlus 6047556 5070271 977285 83.84 16.16 100 8

T1F11 RiboPlant-Plus 3565296 850680 2714616 23.86 76.14 200 7
T1F14 RiboPlant-Plus 2451458 446656 2004802 18.22 81.78 200 8
T1P11 RiboPlant-Plus 2649384 1808734 840650 68.27 31.73 100 8

mRNA capture (poli-A +)

Ribo-Zero Plant + RiboZero Plus

RioboZero Plus


