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RESUMO 

A crise ambiental global leva à perda de até um terço das áreas de recifes de corais no mundo. 

Existe uma grande preocupação entre as principais entidades científicas, governamentais e 

filantrópicas que impulsionam ações para socorrer os recifes de corais. Alguns pesquisadores 

tentaram encontrar uma maneira rápida de ajudar os corais. A “hipótese probiótica dos corais” 

(HPC) e, recentemente, MBC’s (Microorganismos Benéficos para os Corais) revisitaram o 

conceito de manipulação do microbioma dos corais para melhorar a saúde e a resiliência dos 

corais. O BMC’s é composto por sete cepas bacterianas isoladas do coral e da água do mar, no 

qual está incluído o gênero responsável pela fixação de nitrogênio, desnitrificação e degradação 

do dimetilsulfoniopropionato (DMSP) e pelo alcance de células de alta densidade. Um dos 

objetivos do presente estudo centrou-se no teste de BMC’s na saúde do esqueleto do coral de 

Pocillopora damicornis, o qual foi infectado pelo patógeno Vibrio coralliilyticus em um 

experimento de mesocosmo testado sob diferentes condições de temperatura. Quatro tipos de 

experimentos de mesocosmos foram criados (o controle, o tratamento com patógeno, o 

tratamento com BMC’s e o tratamento com patógeno e BMC’s juntos) para estudar a saúde, a 

mineralogia e a morfologia cristalina no esqueleto. Para estudar os efeitos da alta temperatura, 

todos os tratamentos foram conduzidos em duas temperaturas diferentes (25C° e 30C°). Três 

replicatas com corais em cada experimento foram comparados com fragmentos de corais do 

experimento controle. A qualidade da saúde dos fragmentos de corais nos oito tratamentos foi 

realizada por análise de composição elementar, porosidade; os diâmetros médios dos poros e a 

morfologia das fibras no esqueleto do coral. No experimento com o BMC’s, foi demonstrado que 

o BMC’s ajuda o coral a absorver e depositar mais cálcio em seu esqueleto afetando a 

porcentagem da porosidade e a morfologia da fibra. O esqueleto do coral no tratamento com o 

patógeno Vibrio coralliilyticus a 30C° apresentou alto teor de composição de carbono, 

porcentagem de porosidade e aumento do tamanho médio dos diâmetros de poros no esqueleto de 

coral, mas a forma das fibras não foram afetadas pelo patógeno. Os resultados com o BMC’s e o 

patógeno mostraram um alto nível de composição de cálcio e porosidade no esqueleto do coral, a 

média dos diâmetros do tamanho do poro e a forma da fibra do coral foram afetadas por este 

tratamento. O tratamento com temperatura a 30C° apresentou alta porosidade e aumento nos 

diâmetros do tamanho do poro médio no esqueleto do coral tal como a forma das fibras. A 

mineralogia do esqueleto do coral de Pocillopora damicornis foi à temperatura a 30C°, o 

patógeno e o BMC’s. Esta pesquisa revelou que o BMC’s pode afetar a estrutura do esqueleto de 

Pocillopora damicornis infectado pelo patógeno Vibrio coralliilyticus ajudando o coral a 

absorver mais cálcio durante condições estressantes. 

Palavras-chave: Mesocosmo. BMC’s. Vibrio coralliilyticus. Pocillopora damicornis. 

Temperatura. Esqueleto. 

 

 

 



 

 
 

 

ABSTRACT  

The environmental global crisis leads to the loss of up to one-third of coral reef areas in the 

world. There is a great concern among major scientific, governmental and philanthropic entities 

propelling actions to help coral reefs. Some researchers have attempted to find a fast way to help 

corals. The “Coral Probiotic Hypothesis” (CPH) and recently BMC’s (Beneficial Microorganisms 

for Corals) revisited the concept of manipulating the coral microbiome to improve coral health 

and resilience. BMC’s is composed of seven bacterial strains isolated from the coral and 

seawater, in which is included the genus responsible for nitrogen fixation, denitrification and 

dimethylsulfoniopropionate (DMSP) degradation and reaching a high density cells. One of the 

objectives of the current study focused on test of BMC’s on coral skeleton health of Pocillopora 

damicornis, which was infected by the pathogen Vibrio coralliilyticus in a mesocosm experiment 

testing under different temperatures conditions. Four types of mesocosm experiments were 

created (the control, treatment with pathogen, the treatment with BMC, and treatment with 

pathogen and BMC’s together) to study the health, mineralogy and crystalline morphology in the 

skeleton. In order to study the effects of high temperature, all the treatments were run at two 

different temperatures (25
o
C and 30

o
C). Three coral replicates in each experiment were compared 

with the coral fragments in the control experiment. The health quality of coral fragments in all 

eight treatments was carried out by analysis of elemental composition, porosity; the mean pore 

size diameters and coral fiber morphology in coral skeleton. In the experiment with BMC’s it was 

shown that BMC’s helps coral to uptake and deposit more calcium in the coral skeleton and 

affects the porosity percent  and coral fiber morphology. Coral skeleton in the treatment with the 

pathogen Vibrio coralliilyticus at30
o
C showed a high level of carbon composition percent, 

porosity percent and increased the mean size pore diameters in coral skeleton but coral fiber 

shape was not affected by the pathogen. The results with the BMC’s and pathogen showed a high 

level of calcium composition percent and coral skeleton porosity, the pore size diameters mean 

and the coral fiber shape was affected by this treatment. Thetreatment with temperature at 

30
o
Cshowed a high porosity and increased in the pore size diameters mean in coral skeleton and 

the coral fiber shape was affected as well. The coral skeleton mineralogy of Pocillopora 

damicornis was temperature at 30
o
C, the pathogen andBMC’s. This research revealed that the 

BMC’s can affect of skeleton structure of Pocillopora damicornis, which was infected by the 

pathogen Vibrio coralliilyticus and help to coral to uptake more calcium during stressful 

conditions.  

Keywords: Mesocosm. BMC’s. Vibrio coralliilyticus. Pocillopora damicornis. Temperature. 

Skeleton. 
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1 INTRODUCTION  

 

Coral reefs are one of the most spectacular and diverse environments on the Earth where 

thousands of marine species live and reproduce (HOEGH-GULDBERG, 1999). Although coral 

reefs comprise less than 0.1% of marine habitats (COPPER, 1994), they are a shelter for more 

than 165,000 reef-dwelling invertebrate (STELLA et al., 2011), 5,000 fish (BELWOOD et al., 

2012) and 1,400 coral (BAIRD et al., 2009) species. The global economic value of the world’s 

coral reefs was estimated as $29.8 billion per year by Cesar et al.in 2003. Tourism and recreation 

account for $9.6 billion of this amount, coastal protection for $9.0 billion, fisheries for $5.7 billion 

and biodiversity for $5.5 billion (CESAR et al., 2003). 

It has also been estimated that coral reefs produce 50% of the total CaCO3 in shallow 

waters and more than 25% of the carbonates in marine sediments on a global scale (MILLIMAN, 

1993). The main source of marine carbonate accumulation and production are the continental 

shelves (including reefs, carbonate platforms and continental shelves), as well as atolls and pelagic 

deep-sea sediments (these can be divided into the external contributions such as rivers inputs and 

CO2 exchange with atmosphere, and internal factors such as planktonic organism, benthic 

foraminifera, mollusks and other benthic calcareous animals) (SCHULZ; ZABEL, 2005) (Table 

1). 

Majority of the calcium carbonate in the coral reefs is stored in the old permeable 

sediments (EYRE et al., 2014). However, due to ocean acidification the dissolution is increased 

and even if calcification rate in coral reefs remains constant, the reef systems lose calcium 

carbonate (EYRE et al., 2014). In fact, the main reason of the observed changes in net ecosystem 

calcification globally is the increased calcium carbonate dissolution because of ocean acidification 

(ANDREAS; GLEDHILL, 2013; EYRE et al., 2014) resulting from global climate changes 

(MCNEIL; MATEAR; BARNES, 2004). The CO2 concentration of the atmosphere is currently 

410.92ppm (source: www.co2.earth).This is 130 ppm greater than the maximum values of CO2 

measured during the preceding 400,000 years by the NASA’s website 

(https://climate.nasa.gov/climate_resources/24/graphic-the-relentless-rise-of-carbon-dioxide/). 

These increased levels of atmospheric carbon dioxide and average temperatures in the oceans plus 

http://www.co2.earth/
https://climate.nasa.gov/climate_resources/24/graphic-the-relentless-rise-of-carbon-dioxide/
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the rise in sea level by 17 cm – all as a result of global warming - have reduced seawater carbonate 

concentrations by ~30 mmol kg
−1

 and acidity by 0.1 pH unit (IPCC, 2007). 

 

Table 1- Calcium carbonate production and accumulation in several habitats in ocean environments 

Habitat 
Area 

× 10
6
 km

2
 

CaCO3 

Production 

× 10
9
 t yr

-1
 

CaCO3 

Accumulation 

× 10
9
 t yr

-1
 

Coral reefs 0.6 0.9 0.7 

Banks/Bays 0.8 0.4 0.2 

Non-carbonate shelves  15.3 0.4 0.1 

Carbonate shelves 10 0.6 0.3 

Deep sea 290 2.4 1.1 

Source: MILLIMAN, 1993. 

 

Because of human activities, coral reefs are exposed to extensive destruction and 

extinction (HOEGH-GULDBERG et al., 2007). Among the major causes of coral reef degradation 

are coral diseases which, in association with global warming, have presenting strong negative 

impact on coral reefs health and resilience in the past decades (BOURNE et al., 2009). It has been 

shown that corals are more vulnerableto diseases at high temperatures because of their decreased 

resistance and increased pathogen growth at these temperatures (WARD; KIM; HARVELL, 2007; 

RODRIGUEZ-LANETTY; HARII, HOEGH-GULDBERG, 2009). Warmer waters effect coral 

calcification (HOWE; MARSHALL, 2002; REYNAUD et al., 2003) and impose their skeleton 

deformation (FOSTER et al., 2015). 

Over the last decades, due to the domination of stressful conditions in the coral areas, 

diseases have increased in intensity,frequency and geographic distribution (ROSENBERG; BEN-

HAIM, 2002). Global warming is known as a main threat to all ecosystems in the world 



18 
 

 
 

(HUGHES et al., 2018), inducing to more common coral diseases in future (BEN-HAIM et al., 

2003b). Carpenter et al. (2008) estimated that one-third of coral species are at risk of extinction 

because of global warming and disease strikes. Disease prevalence as a consequence of 

temperature rise is now a major global concern in reef-building areas (HOEGH-GULDBERG; 

BRUNO, 2010). 

Amongall the causes of coral diseases, pathogenic bacteria of the genus Vibrio are 

responsible for the most recorded cases. In a study at the Nelly Bay fringing reef, at Magnetic 

Island in the Great Barrier Reef (GBR), Majuro Atoll at the Republic of the Marshall Islands, 

Nikko Bay in the Republic of Palau by Sussman et al. (2008), among the nine coral infectious 

diseases observed, six belonged to the Vibriofamily in all aquatic environments, from brackish to 

deep-sea waters (VIDAL-DUPIOL et al., 2011), and are able to infect both corals (VEZZULLI et 

al., 2010) and humans (IGBINOSA; OKOH, 2008) during summer months when the water is 

warmer. 

Despite of these stressful conditions, it has been shown that corals are able to protect 

themselves against pathogens by using microbiome (GLASL et al., 2016) or antibiotics in their 

mucus (RITCHIE, 2006). The “Coral Probiotic Hypothesis” suggests that the coral microbiome 

can help coral resistance in stressful conditions (CPH) (RESHEF et al., 2006). This microbiome 

includes some specific symbionts that improve the coral health and resilience, which is called 

Beneficial Microorganisms for Corals (BMC’s) (PEIXOTO et al., 2017). Based on Peixoto et al. 

(2017) proposition, the usage of BMC as an environmental “probiotic” can help coral to resist 

under stressful conditions. 

The present research studied the effect of pathogenic bacteria, V. coralliilyticus and 

BMC’s on coral skeleton structure. We analyzed the role of consortium of beneficial 

microorganisms for corals (PEIXOTO et al., 2017) in skeleton structure preservation from 

bacterial stressunder different temperature conditions (25ºC and 30ºC). The BMC’s was tested in a 

mesocosm experiment to evaluatethe efficiency of the consortium and its role in the coral skeleton 

protection. Specifically, the mesocosm trial was done using the different temperatures to 

understand coral resilience under increased temperature conditions. 
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1.1 Hypotheses 

 

 H1: The coral Pocillopora damicornis will be able to resist stressful conditions following 

the introduction of benficial microorganisms for corals (BMC’s) without any effect on 

skeletal crystalline structure and element composition of skeletons. 

 H2: The presence of V. coralliilyticus is influential on skeleton mineralogy, crystalline 

structures and element compositions. 

 H3: High seawater temperature can affects health in corals skeleton independent of bio-

induced conditions. 

 

1.2 Justification 

 

The world's coral reef ecosystems are at great risk due to the increased incidence of 

harmful diseases as a result of global warming.Scientists are racing against the clock attempting 

to develop techniques to abate catastrophic damage to the reefs.Studies conducted in natural 

settings (ALBRIGHT et al., 2018)and mesocosm experiments (KROEKER et al., 2013) 

demonstrate ocean acidification and global warming negatively affecting hermatypic coral 

calcification rates. Most studies of coral reefs including the Great Barrier Reef and reefs in the 

Red Sea and Southeast Asia have shown coral grow rates that have decreased approximately 6–

10% since the late 1990's (CANTIN et al., 2010; TANZIL et al., 2013; DE’ATH et al., 2013). 

The environmental damage resulting from man-made catastrophes is not limited to coral 

calcification but also can be found in the micro-structural units within coral skeletons, as shown 

by Foster et al. (2016). Their work has shown that ocean acidification causes abnormal growth in 

crystalline structures and affects mineral composition in Acropora spicifera skeletons. 

Temperature also affects rates of calcification - above 28
o
C calcification, rates decrease 

(HOWE; MARSHALL, 2002). At only 1-2
o
C above the optimum temperature (which differs for 

different scleractinian species - SWART, 1983) the calcification process may stop (COLES; 

JOKEIL, 1978). No major studies addressing the effects of pathogens on coral skeletons are 

found. The current study is the first researchwill use x-ray diffraction (XRD), micro-tomography 

and scanning electron microscopy (SEM) to study mineralogy, element composition and the 
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health of coral skeleton structures under stressful conditions by pathogen V. coralliilyticus. This 

study will provide an additional evaluation of one of the most prominent techniques to minimize 

damage to coral reefs: the use of BMC’s (PEIXOTO et al., 2017) to minimize the damage caused 

by higher water temperatures and V. coralliilyticus on the crystalline structure and mineralogy of 

P. damicornis. 

 

1.3 General Objective  

 

The present research aims to study the effect of both pathogenic and beneficial bacterial 

comsortium on coral Pocillopora damicornis skeleton structure under two different temperature 

conditions (25ºC and 30ºC). 

 

1.3.1 Specific objectives 

 

 To study the impact of Vibrio coralliilyticus on coral skeleton structure, in order to 

examine the effect on the growth structure of coral under different temperatures (25ºC and 

30ºC). 

 To study the role of a consortium of BMC’s in the stability of the corals skeleton 

structure. This consortium will be tested at two temperatures 25ºC and 30ºC). 

 

1.4Theoretical Basis 

 

1.4.1 Coral anatomy and skeleton structure 

 

In order to understand coral calcification, it is necessary to have knowledge on the 

scleractinian corals anatomy. "Coral" is a general term for several groups of cnidarians, only 

some of which build reefs. The reef-building corals are known as scleractinian or stony/true 

corals (CASTRO; HUBER, 2010) and are the most important part of coral reef function and 

structure (MEDINA; COLLINS; TAKAOKA, 2006). Corals seem to have a simple anatomy, 

which includes an upright cylindrical shape with a mouth on the top surrounded by tentacles to 

capture food from seawater (CASTRO; HUBER, 2010). In cross section, corals havea narrow 
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layer of tissues composed of two epithelia, i.e., the oral andaboral epithelia. The epithelial layer 

comprises ectodermal and gastrodermis layers that are separated by a network of collagen, called 

mesoglea (AL HORANI, 2016). The zooxanthellae are located within the endodermal cells 

(BARNES; CHALKER, 1990). It was found that the strain of zooxanthallae can affect the rate of 

growth of juvenile colonies when Little;Van Oppen e Willis (2004) found that corals containing 

the thermally resistant clade D strain grew 2–3 times slower than corals containing clade C1 

zooxanthallae. The oral ectoderm surrounded by seawater and the aboral ectoderm covers the 

skeleton (MUSCATINE et al., 1997). The aboral ectoderm is known as calicoblastic epithelium 

and is responsible for the formation of skeleton (AL-HORANI et al., 2003b) (Figure 1).  

 

Figure 1-Schematic representation of the structure of a coral polyp. Z: zooxanthellae  

Source: Adapted from AL-HORANI et al., 2003b. 

 

The adjacent polyps are linked together by the binding tissues namely ‘coenenchyme’ 

(BAYER et al., 1983). Each polyp produces its skeleton which is called corallite (VERON, 

2000). Scleractinian corals polyps create their exoskeletons from CaCO3 crystals, which are 

secreted by a layer of organic material in the basal ectoderm of the polyp (SORAUF, 1972). The 

aragonite crystals create all the macroscopic skeletal elements, such as walls, septa, and corallite 

(CUIF; DAUPHIN, 2005; STOLARSKI; MAZUR, 2005). 

The entire skeletal structure in scleractinian corals is formed by the collection of 

individual hard calcium carbonates cupped, called ‘corallite’ (PETERS, 1984; VERON, 2000). 

The skeletal deposition between corallites is called coenosteum, which is composed of calcium 
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carbonate and has a spongy and porous structure (RUPPER et al., 2004). Septa (plural of septum) 

are the radial skeletal walls inside and lying to outside of corallite, which in the latter case, they 

are called costae (SPRUNG, 1999). When the septa join together at the center of corallite, they 

become intertwined, forming a tangle namely ‘the columella’ which provides the space for 

gastrovascular cavity in the polyps. The columella is pillar or dome-shaped in the Astrocoeniidae 

and Pocilloporidae coral families. Some corals have pillar-like projections on the inner margin of 

their septa, which is called ‘paliform lobes’ (VERON, 2000). The theca or skeletal wall is a thin 

layer enclosing the corallite (CAIRNS; KITAHARA, 2012). Dissepiments are types of thin 

horizontal tabular structures or blister-like plates formed inside, Tabular endotheca (WELLA, 

1956), or outside, Vesicular exotheca (WELLS, 1956) of the columella left by the polyps 

(CAIRNS; KITAHARA, 2012). The collection of crystal spines that form the septa is called 

‘trabeculae or trabicula’ (AL-HORANI, 2016) and septum make up the skeleton of a polyp 

(WALLACE, 1999) (Figure 2). 
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Figure 2- (a): Schematic view of coral skeleton. (b): the density bands that result from seasonal growth of the 

coral skeleton; (c): Schematic drawing of coral septa; (d): The details at microscale level of the septum, 

trabicula and fiber (middle), four types of crystals (right) 

 

Source: Adapted from AL HORANI, 2016. 
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To understand the process of calcification in the scleractinian corals two microstructural 

units of the coral skeleton must be defined: centers of calcification and coral fibers or crystallites 

(CUIFE et al., 1999). Coral fibers are narrow aragonite crystal structures with the diameters of 

0.04–0.05µm, which make tridimensional forms in coral skeleton (GOFFREDO et al., 2011). 

They are radiated along the crystallographic c-axis of aragonite and assembled as ‘spherulites’ 

that are gathered into the fish head-shaped bundles (GOFFREDO et al., 2011). The trabecula is 

formed by the growth of coral fibers in a vertical spine (WELLS, 1956). Centers of calcification 

are located in the middle of each spine, which forms the aragonite fibers, and there are granular 

sub-micronic crystals grouped in 2–4µm nuclear packets within the centers (BARNES, 1970) that 

provide scaffolding for the further growth of the fibrous skeleton (STOLARSKI, 2003). In fact, 

for the development of fibers, the centers of calcification act as crystallogenic structures 

(BRYAN; HILL, 1941).  

During the coral growth, the crystal-like fibers are built by the addition of few micron-

thick growth layers. The coral skeletal formation can be explained by three different models 

(Perrin, 2003): the first one is the mineralogical model, which describes coral aragonite fibers 

formation by mineralogical processes, the second is the biological model, which explains the 

calcification by biomineralization processes, and the thirdis the physicochemical model 

(BRYAN; HILL, 1941) based on which, the skeletal formation is a consequence of spherulitic 

crystallization by simple analogy between skeletal structures and mineral inorganic spherulites. 

Foster et al. (2016) by using the three-dimensional X-ray microscopy studied the crystalline 

structure in juvenile Acropora spicifera skeletonand realized that the increase of pCO2 (partial 

pressure of CO2) in seawater caused a reduction in overall mineral deposition in the coral 

skeleton and also a deformation and porous skeletal structure in the corals. 

Holcomb et al. (2009) showed that there is a strong relationship between seawater 

saturation state and the coral crystal morphology. They found that when saturation rate increased, 

granular crystals precipitated at the tips of the existing skeletal elements, forming the centers of 

calcification. On the other hand, when the saturation rate reduced, aragonite fibers grew in 

bundles that radiated out from the centers of calcification. In general, the changes in 

physicochemical parameters of seawater affect coral biomineralization cycle. Thus, each growth 

layer in scleractinian corals can represent the actual Environment Recording Unit (CUIF; 
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DAUPHIN, 2005). Accordingly, any change in the chemistry of seawater in reef environment can 

affect the chemical structure of coral skeleton. 

Another microstructural unit of the coral skeleton is the ‘early mineralization zone 

(emz)’, which was previously known as ‘the centers of calcification’ but can better explain the 

growth process in coral skeleton (CUIF et al., 2003). The emz contains small collection of 

calcium carbonatemass,which is embedded in sulfated polysaccharides and other organic 

molecules. In fact, it gives skeleton bulk mass and mechanical strength to the coral skeleton 

(WATANABE et al., 2007) (Figure 2). The emz also has a high amount of organic matter, which 

is packed inside of calcium carbonate grains (GAUTRET et al., 2000). Furthermore, the 

crystallinity of emz is less than coral fibers (CUIF; DAUPHIN, 1998).  

 

    1.5.2 Calcification in scleractinian corals 

  

Scleractinian corals produce 10
12

 kg/year
-1 

to 0.9×10
12

kg/year
-1

calcium carbonate in 

marine ecosystem (MILLIMAN, 1993; MILLIMAN; DROXLERL, 1996). Coral calcification is 

important from both biological and geochemical stand points (SPALDING et al., 2001). 

Calcification, biomineralization, and skeletogenesis are different processes of coral skeleton 

formation. During the calcification, calcium carbonate is deposited in coral skeleton. 

Skeletogenesis is the process during which coral skeleton is formed. Biomineralization refers to 

the fact that all types of biominerals are deposited in coral skeleton (AL HORANI, 2016).Most of 

our knowledge about coral calcification date back to some 30 years ago when the laboratory 

techniques for the study of structural and molecular aspects of biominerals improved. However, 

several questions regarding the biological control of coral calcification and biomineralization 

processes such as skeleton morphogenesis are still unanswered (TAMBUTTÉ et al., 2011). The 

simplest representation of coral calcification can be the following formula (AL HORANI, 2016): 

 

Ca
2+ 

+ 2HCO3 
2− 

= CaCO3+H2O+CO2 

 

Corals need to obtain calcium, bicarbonate and other organic and inorganic 

materialsfrom seawater for calcification. These components are transported to the coral epithelial 

by two mechanisms: paracellular and transcellular pathways. In the paracellular pathway, the 
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transport of the ions is done by diffusion or passive mechanisms. In the transcellular pathway, the 

ions need to enter, cross and exit from the cell, and then their transportation is activated and 

performed by cell energy (ALLEMAND et al., 2004). 

 

1.5.3 Calcium uptake in corals 

 

Calcium is the most important ion for coral calcification (WILBUR; SIMKISS, 1979) 

which is transported by active and passive mechanisms in scleractinian corals (ALHORANNI et 

al., 2003b). Studies have shown that two forms of the Ca-ATPases pumps may play a role in the 

transport of calcium molecules (KINGSLEY; WATABE, 1985; IP et al., 1991; AL- HORANI et 

al., 2003a,b) they are as follow: 

 

1. The IIA Ca
2+

-ATPase pump (including sarco/endoplasmic reticulum Ca
2+

ATPase-SERCA 

channel and plasma membrane-related Ca
2+

ATPase1- PMR1-pumps): that are located in 

intracellular membranes. SERCA is a Ca
2+

 ATPase that transfers Ca
2+

 from the coelenteron to 

inside of calicoblastic directly, and PMR1-type is responsible for the alterations in Ca
2+

 

homeostasis and cytotoxicity within the cells. 

 

2. The IIB Ca
2 +

-ATPase pump including the plasma membrane calcium ATPase (PMCA) Ca
2+ 

pumps: which are responsible for Ca
2+

 export from the cells (Figure 3). 

 

Figure 3- Calicoblastic layer in coral epithelium and the main role in calcification 

 

 

 

 

 

Source: From ALLEMAND et al., 2004. 

SERCA PMR1 

SERCA 
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The Ca
2+

 can be uptaken by passive and active mechanisms to the skeleton site. The 

concentration of Ca
2+ 

inside of coelenterons is less that seawater during the day, while Ca
2+ 

can 

be absorbed by passive mechanism during night (BENAZET-TAMBUTTE et al., 1996). 

However, the concentration of Ca
2+ 

inside the calicoblastic layer is more than in coelenterons, 

and as a result, an active transportation is needed to transfer the ion against its concentration 

gradient to the skeleton. The Ca
2+

-ATPase transports Ca
2+ 

to the skeletonthrough H
+
 exchange 

(IP et al., 1991), and calcification is accomplished by driving the following reaction (AL-

HORANI et al., 2003b): 

Ca
2+

+ CO2+H2O            CaCO3+2H
+
 

During the high activity of Ca-ATPase, the intracellular Ca
2+

concentration remains low 

compared to that in seawater. This concentration gradient is necessary for the calcium to be 

uptaken by diffusion from seawater to the coelenterons (BARNES; CHALKER, 1990). 

1.5.4 CO2, carbonate, bicarbonate and other ions uptake in corals 

The carbon dioxide and bicarbonate can be uptaken to the coelenterons by diffusion, but 

the passive mechanism is not the only way to uptake CO2 and bicarbonate (ZOCCOLA et al., 

2015).With regard to bicarbonate molecules transportation, bicarbonate anion transporter (BAT) 

has a major role in the coral epithelium (FURLA et al., 2000), however no molecular data of the 

BATs in cnidarians are available currently (ZOCCOLA et al., 2015). For carbonate, no 

transporter has yet been found (HOHN; MERICO, 2015). It seems that other carbon species, such 

as bicarbonate anion transporter (BTA) and Ca ATPase-pumps can play a role in carbonate 

transport (HOHN; MERICO, 2012). Another important ion transporter in the coral epithelium is 

Na
+
/K

+
-ATPase (NKA), which uses energy from ATP hydrolysis to export three Na

+
 across the 

cell membrane in exchange for the uptake of two K
+
 (PALMGREN; NISSEN, 2011). By NKA 

activity, in addition to Na
+
 and K

+
 transportation, the secondary transport for other ions such as 

H
+
, HCO3

-
, Cl

-
, PO4

2-
, SO4

2-
, water and nutrients (e.g., amino acids and glucose) is performed 

(PALMGREN; NISSEN, 2011). Despite the fundamental function of NKA in the coral cells, 
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there is little information about its localization or physiological roles in the corals (BAROTT et 

al., 2015). 

Magnesium can be pumped through the calicoblastic ectoderm to the coral skeleton and 

enters to the mineralizing zone directly (MEIBOM et al., 2004). It has also been shown that 

strontium is in the center of calcification (COHEN; MCCONNAUGHEY, 2003) and its levels 

have a relation with coral calcification rate in scleractinian corals (FERRIER-PAGES et al., 

2002). The mechanism of strontium uptake is similar to that of calcium (GOREAU, 1977; 

CHALKER, 1981) and the uptake rates increase with increase in light and temperature levels 

(FERRIER-PAGES et al., 2002; REYNAUD et al., 2004). Zinc plays an important role in cell 

metabolism and is necessary for calcification and photosynthesis (FERRIER-PAGES et al., 

2005). It is uptaken by diffusion at high concentrations and an active mechanism at low 

concentrations (FERRIER-PAGES et al., 2005). 

 

1.5.5 Calcium carbonate chemistry and mineralogy 

 

Calcite and aragonite are two common minerals and biological forms of calcium 

carbonate in the nature (MORSE; MACKENZIE, 1990). A third crystal form (vaterite) can be 

made artificially and is a very rare mineral in natural environments (MORSE; MACKENZIE, 

1990). Aragonite is denser (APPELO; POSTMA, 2005) and 1.5 times more soluble thancalcite at 

25°C (RIEBESELL et al., 2011). The crystal structures of calcite and aragonite are very similar 

(LIPMANN, 1973). Their major difference is in the carbonate molecules orientation and 

organization (FALINI et al., 1995).Experimental studies (e.g. MÜLLER et al., 1972; GIVEN; 

WILKINSON, 1985; STANLEY; HARDIE, 1999) demonstrated that the polymorphic 

mineralogy of precipitation of calcium carbonate is determined by the Mg/Ca ratio of seawater 

(Mg/Ca < 2 = calcite; Mg/Ca˃2=aragonite). 

Other studies (e.g. BUSENBERG; PLUMMER, 1989; KÖNIGSBERGER; 

GAMSLÄGER, 1992; KULIK, 2006) has been shown that the interference of Mg into calcite 

decreases the thermodynamic stability and increases the solubility of calcite. The polymorphic 

mineralogy of the primary reef-forming events during the Phanerozoic Eon has been changed 

from aragonite to calcite various times (STANLEY; HARDIE, 1999). The Mg/Ca ratio of 

seawater has been changed from 1.0 to 5.2 since Late Archaean time (HARDIE, 2003). The 
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structure of calcite is made of layers of alternating 6-fold coordinated calcium ions with layers of 

carbonate ions (MRKGRAF; REEDER, 1985). The structure of aragonite, however, resembles a 

hexagonal closed-packed configuration, where the calcium ions are 9-fold coordinated (DE-

VILLIERS, 1971). 

It has a denser structure in comparison with calcite (APPELO; POSTMA, 2005). The 

basic structural unit in all of carbonate forms is the CO3 group (TUCKER; WRIGHT, 2009). The 

CO3 group in aragonite is virtually identical to that in the rhombohedral carbonate (TUCKER; 

WRIGHT, 2009). In calcite, every CO3 group within each layer has a common orientation, which 

is 180
o
 reversed in each adjacent layer, and Ca atom is coordinated with six oxygen atoms from 

different CO3 groups to form a slightly distorted octahedron. Each oxygen atom in the CO3 group 

is also bound to one carbon and two Ca atoms from the adjacent cation layers (TUCKER; 

WRIGHT, 2009). The C-O bonds in calcite are coincident with the three a-axes, while in 

aragonite the C atom is displaced toward the nearest Ca layer (TUCKER; WRIGHT, 2009). The 

calcium atoms are arranged in pseudo-hexagonal layers, the calcium layers are separated by two 

distinct layers of CO3 group and the Ca atoms are bound to nine oxygen atoms involving two 

atoms at the edge of three CO3 groups (TUCKER; WRIGHT, 2009) (Figure 4). 

 

Figure 4- The crystal structure of (a) calcite and (b) aragonite; the green, grey and red spheres represent 

calcium, carbon and oxygen, respectively. The thin lines represent the unit cell edges 

Source: From SOLDATI et al., 2016. 
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1.6 Structural responses in the scleractinian corals to temperature changes 

 

It has been well-established that environmental parameters affect the formation and 

growth of calcium carbonate structure in the scleractinian corals (HENNIGE et al., 2010). Light, 

water motion (TODD, 2008), nutrients (ATKINSON; BILGER, 1992) and such factors as ocean 

acidification and increase in seawater temperature influence carbonate structures in the coral 

polyps and the morphological forms of their colonies (FOSTER et al., 2016). Interestingly, a 

recent study by Iwasaki et al. (2016) showed that even zooxanthellae may affect corals crystalline 

structure. Their results demonstrated that zooxanthellae play an important role in the vertical 

growth and formation of the skeletal structure in the branches. 

One of the most determinative parameters in coral calcification is temperature (HOWE; 

MARSHAL, 2002). Calcification rate increases notably when water temperature elevates to 25–

28
o
C (COLES; JOKIEL, 1978; KAJIWARA et al., 1995), but at above 28

o
C the calcification rate 

generally declines (HOWE; MARSHALL, 2002). At only 1-2
o
C above the optimum temperature, 

which differs for different scleractinian species (SWART, 1983), the calcification process may 

stop (COLES; JOKIEL, 1978). A possible explanation for the impact of temperature on 

calcification is that temperature affects the activity of calcium ATPase in coral epithelium cells 

(MARSHALL; CLODE, 2004b).A significant correlation has been seen between temperature and 

enzyme-catalyzed reaction in the coral Galaxea fascicularis (MARSHALL; CLODE, 2004b). A 

study by Howe and Marshall (2002) showed that crystal formation in the skeleton of Plesiastrea 

versipora depended on the water temperature. They also discovered that in the presence of light, 

calcium carbonate deposits as small spheroidal crystals, while in darkness, it deposits in the form 

of an amorphous sheet-like cementation. At 21
o
C, it mostly looks like small needle-shaped 

crystals with some spheroidal crystals, while at 15
o
C, as spheroidal crystals (Figure 5). In the 

study of Reynaud et al. (2007) on the effect of temperature on Mg/Ca ratio in the scleractinian 

coral Acropora sp, it was shown that the increase of temperature from 21 to 29
o
C increased the 

rate of calcification 5.7 times and the Mg/Ca ratio in the coral skeleton by 30%. However, an 

earlier study by the same authors (REYNAUD et al., 2003) on the coral Stylophora pistillata 

revealed that the increase of temperature (up to 28
o
C) can reduce the calcification rate by 50%. It 

has been accepted that coral reefs are threatened by changes in environmental conditions 

(STOLARSKI; BOSELLINI; WALLACE, 2016). The increase in sea surface temperatures 
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(SSTs), as a result of global warming, is a major concern, threatening marine ecosystems, mainly 

coral reefs (SOLOMON et al., 2007). With the predictable extreme inconsistency in 

environmental parameters in the future, more investigations are needed to obtain a good 

understanding about corals responses to the changing environmental parameters (MCNEIL; 

MATEAR; BARNES, 2004). If there would not be a significant reduction in greenhouse gas 

emissions in the next two to three decades, the survival of coral reefs worldwide would be 

uncertain (BAKER et al., 2008). Strict attention must be paid to the issue of protection of marine 

ecosystems in order to keep the Earth a habitable planet.  

 

Figure 5- Coral crystal formations at different temperatures. A and B show skeletal deposition at 10
o
C, C and 

D represent skeletal deposition at 15.5
o
C, and E and F show skeletal deposition at 21

o
C. Small spheroidal 

crystals (SP), areas of smooth cementation (CE), non-mineralized spaces (NMS) and needle-shaped crystals 

(N) are also shown in the figure. Scale bar = 3 µm 

 

Source: After HOWE; MARSHALL, 2002. 
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1.7 Biological infections in the corals 

 

The outbreaks ofinfectious disease continue to be an area of concern and researchin the 

world (DASZAK et al., 2000). Biological infections are able to accelerate population declines 

and extinctions of species, therefore they threaten biodiversity in the wildlife (HARVELL et al., 

2002). Many of diseases occur as epidemics and are related with the effects of global climate 

change (DASZAK et al., 2000; HARVELL et al., 2002). An extreme increase in coral diseases 

has been observed during the recent decades on a global scale (ROSENBERG; BEN-HAIM, 

2002). Coral diseases resulting from global climate changes have been known as the major cause 

of coral reef degradation worldwide (HUGHES et al., 2003; WEIL; SMITH; GIL-AGUDELO, 

2006; BOURNE et al., 2009).  

Several studies (e.g. BRUNO et al., 2007; MYDLARZ et al., 2010; RUIZ-MORENOL 

et al., 2012) have already shown that the increase in seawater temperature has intensified the 

outbreaks of coral diseases. Various groups of microorganisms, such as viruses, bacteria and 

fungi can create diseases in corals (POLLOCK et al., 2010). Such diseases as White Band 

Diseases (WBD) I and II caused respectively by pathogenic bacterial groups (KLINE; 

VOLLMER, 2011) and Vibrio charcharii (RITCHIE; SMITH, 1998), White Pox caused by 

Serratia marcescens (SUTHERLAND; RITCHIE, 2004), White Plague caused by some viruses 

(SOFFER et al., 2013), Black Band and Yellow Band caused by the cyanobacterium Phormidium 

corallyticum (RÜTZLER; SANTAVY, 1983) and Vibrio species (CERVINO et al., 2008), are 

responsible for the high mortality and population loss of the scleractinian corals in reefs 

ecosystems (BOURNE et al., 2009).Eighteen coral diseases have so far been known as the most 

common diseases in reef ecosystems (WILLIS; PAGE; DINSDALE, 2004; HARVELL et al., 

2007) (Table 2). 
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Table 2- Some of the most commonly recorded coral diseases 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: HARVELL et al., 2007. 

1.7 Vibrio coralliilyticus 

 

The pathogens of the genus Vibrio are the causative agents of several coral diseases 

(BEN-HAIM et al., 2003a,b; SUSSMAN et al., 2008), whose infection rates can increase in 

corals (VEZZULLI et al., 2010) and humans (IGBINOSA; OKOH, 2008). Vibriocan be found in 

all types of aquatic environments from brackish to deep-sea waters (VIDAL-DUPIOL et al., 

2014). Vibrio coralliilyticus has been reported from most marine environments including Atlantic 

(VIZCAINO et al., 2010), Indian Ocean, Red Sea (BEN-MAIM et al., 2003a), Mediterranean Sea 

(VEZZULLI et al., 2010) and Pacific Ocean (SUSSMAN et al., 2008). Infection by V. 

coralliilyticus has caused bleaching and mortality in corals (BEN-MAIM et al., 2003b; ALVES et 

al., 2010). 

 Coral bleaching resulting from V. coralliilyticus occur mostly at high temperatures (27 

and 29°C) when V. coralliilyticus attack the endosymbionts photosynthetic microalgal 

zooxanthellae (BEN-MAIM et al., 2003b). Tout et al. (2015) showed that with increase in 

Disease Pathogen Coral Species 

Black band P. corallyticum, Desulfovibrio, Beggiatoasp. 19 

White band I gram (-) bacterium 2 

White band II Vibrio carchariae 2 

White plague I gram (-) bacterium 12 

White plague II Aurantimonas coralicida 41 

Aspergillosis Aspergillus sydowii  

White pox Serratia marcescens 1 

Growth anomalies A. end ozoica (algae) and other causes 7 

Red band Oscillatoria sp. and other cyanobacteria 13 

yellow blotch Vibrio sp. ? 11 

dark spots I Vibrio sp. ? 10 

dark bands ? 8 

Porites trematodiasis Podocotyloides stenometra 4 

Skeletal eroding band Halofolliculina corallasia 2 

brown band New species of ciliate not described 2 

Porites ulcerative white spots Vibrio sp. 3 

bacterial bleaching Vibrio coralliilyticus and Vibrio shiloi 1 

White-plague Thalassomonas loyona 5 
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temperature up to 31°C, the abundance of Vibrio in seawater increases by 2–3 orders of 

magnitude and that of V. coralliilyticus by 4 orders of magnitude. A study by Vidal-Dupio et al. 

(2014b) showed that V. coralliilyticus,by making a transcriptomic remodeling in Pocillopora 

damicornis, creates a general weakness in the coral and makes the coral more susceptible to 

infection. They observed that thermal stress altered immune capacities of the coral and facilitated 

the pathogen infection. Almost all the previous studies on the effect of V. coralliilyticus on 

scleractinian corals emphasize that coral bleaching is caused through the impact of the pathogen 

on zooxanthellae endosymbionts, and coral immunology and the infection with V. coralliilyticus 

is strongly temperature-dependent (BEN-MAIM et al., 2003a,b; ALVES et al., 2010;VEZZULLI 

et al., 2010; VIZCAINO et al., 2010;POLLOCK et al., 2010; VIDAL-DUPIO et al., 2014a,b; 

TOUT et al., 2015). 

 However, no study has yet been done showing that V. coralliilyticus can affectcoral 

skeleton directly. This study is the first that focuses on skeleton structure responses in the 

scleractinian coral P. damicornis under V. coralliilyticus stress. 

 

1.8 Skeletal microstructure of Pocillopora damicornis 

 

The coral P. damicornis is distributed over a vast range of reef areas, from the Indo-

West Pacific, Red Sea, Persian Gulf, Indian Ocean, Australia, Southern Japan, and the South 

China Sea to the Hawaiian islands and Mexico (IUCN, 2018). This species of coral can be found 

in all water habitats including reef fronts, mangrove swamps and wharf piles (VERON, 2000) at 

the depths of 1-40m (VAN DAR LAND, 2013). It is used in the aquarium industrywidely; 

Indonesia is the largest exporter of this coral (IUCN, 2018). P. damicornis has a fast growth rate. 

Martin and Tissier (1988) investigated the rate of skeletal extension and morphology of branch 

tips of this coral and found thatits skeletal extension growth rate in the individual branch tips was 

between 0.2 and 2.9 mm in 35 days, while the rate in the individual colonies was between 0.35 

and 1.89 mm. 

Over the last 40 years, the skeletal microstructure of various stony corals has been 

thoroughly studied (VANDERMEULEN; WATABE, 1973; BROWN et al., 1983; MARTIN; 

TISSIER, 1988; NOTHDURFT; WEBB, 2007; BRAHMI et al., 2012; GILLIS et al., 2015). As 

was mentioned, fibers or crystallites and early mineralization zones are microstructural units in 
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coral skeleton; they are composed of organic compounds and mineralions (CUIF; DAUPHIN, 

2005). In the process of coral growth, the fibers are oriented towards the soft tissues of the polyp 

(STOLARSKI; MAZUR, 2005). Coral fibers and centers of calcification have different three-

dimensional forms in different species of scleractinian corals (SORAUF, 1972; CUIF et al., 

1997; PERRIN, 2003; STOLARSKI, 2003). 

The species P. damicornis has very compact branches, which tend to be slightly 

flattened or clavate, and it is hard to recognize the difference between verrucae and branches in 

its colonies (NOTHDURFT; WEBB, 2006). The corallites are 1–1.5mm in diameter and the 

depth of calices is between 0.8 and 1.8mm (NOTHDURFT; WEBB, 2006). The surface of 

coenosteum is covered with 150µm-long cone-shaped spines and the septal width varies from 80 

to 700µm. In P. damicornis corallites, some septa have developed poorly, while the others have 

well-developed spines. Some of the spines are up to 120µm in length and 80µm wide, with 

rounded topless at the base (NOTHDURFT; WEBB, 2006). Trabeculae have radiating fibrous 

microstructure and the fibers are arranged at 60-90 degrees from the centersof calcification 

diagonally, but the fibers within trabeculae are commonly grouped (NOTHDURFT; WEBB, 

2006) (Figure 6). 

 

 

Figure 6- Microstructure of Pocillopora damicornis. A, B: orientation of the fibers in skeleton 

 

 

 

 

 

 

Source: From NOTHDURFT; WEBB, 2007. 
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In Pocillopora sp., the calcification centers are recognized easily from coral fibers, as 

they are in small groups and poorly crystallized. Each group includes 3-5 individual centers and 

each center is formed by fibrous crystals with radiating and slightly divergent from each other. 

The high amount of organic matrix and the small size of crystals in the early mineralization zone 

in Pocillopora sp. increase their sensibility to chemical factors (PERRIN, 2003). 

 

1.9 Consortium of beneficial microorganisms for corals (BMC’s): its composition, property 

and effect on corals 

 

Microorganism communities in corals, which include endosymbiotic zooxanthellae, 

fungi, bacteria, archaea, and viruses, are referred to as ‘coral holobionts’ (ROHWER et al., 2002; 

BOURNE et al., 2009). It has been shown that the microbial component of the holobionts plays 

an essential role in the coral health (PRATTE, 2013), so that any disturbance in coral holobionts 

can affect its health conditions (BOURNE et al., 2009). Changes in environmental parameters 

can modify the associated microbial communities, which probably lead to coral diseases 

(MOUCHKA; HEWSON; HARVELL, 2010). In fact, disease prevalence in corals is a complex 

set of interactions influencing the diversity of associated microorganisms in coral holobionts 

(BOURNE et al., 2009). Reshef et al. (2006) suggested “Coral Probiotic Hypothesis (CPH)”, 

according to which corals live in a symbiotic relationship with a diverse and metabolically-active 

group of microorganisms, so that with changing environmental conditions (e.g. seawater 

temperature) relative abundance of the microbial species changes in a manner that allows the 

coral holobionts to adapt to the new conditions. In parallel Peixoto et al. (2017) proposed the 

term “Beneficial Microorganisms for Corals (BMC’s)”, which explains that the symbiont 

microorganisms are responsible for the maintenance of coral physiological equilibrium. Detailed 

functions of the beneficial microorganisms for corals are illustratedin Figure 7. 

While corals are more than ever exposed to stressful conditions, it has been proven that 

they are able to protect themselves against pathogens by using microbiome (GLASL et al.2016) 

or antibiotics in the mucus (RITCHIE, 2006). The “Coral Probiotic Hypothesis” (CPH) states that 

coral microbiome can help with its resistance against the stressful conditions (RESHEF et al., 

2006). This microbiome includes specific symbionts, called Beneficial Microorganisms for 

Corals (BMC), which improve the coral health and resilience (PEIXOTO et al., 2017). The 
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consortia of these microorganisms act as “environmental probiotics” promoting coral resistance 

in stressful conditions (PEIXOTO et al., 2017). 

 

Figure 7- The possible relationships between corals and their symbionts and symbiotic microbialgroups 

 

 

 

 

 

 

 

 

 

Source: From PEIXOTO et al.,2017. 

 

The identification and application of BMC’s can be done in two steps: first, isolation of 

the microbial organisms that have potential to function as a BMC’s, and their mass culture and 

evaluation of their ability to help with coral resilience in stressful conditions. This is performed in 

both experimental and insitu environments (PEIXOTO et al., 2017) (Figure 8). It has been shown 

that the bacteria isolated from corals are able to prevent the growth of the coral pathogens V. 

shiloi, V. coralliilyticus and Serratia marcescens through antibacterial activity (RYPIEN et al., 

2010; ALGELY et al., 2011; KVENNEFORS et al., 2012).  
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Figure 8- Application of Beneficial Microorganisms for Corals (BMC’s) to increase coral resilience 

 

 

 

 

 

 

 

 

Source: From PEIXOTO et al., 2017. 

 

The first step is to isolate microorganisms from the surrounding water and the target 

coral species in the reef. The second step is to identify and screen the potential BMC’s via testing 

their interactions with the host coral, and the last step is the application of BMC’s in natural 

environments to increase the coral resistance (PEIXOTO et al., 2017). 
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2 MATERIALS AND METHODS 

 

2.1 Preparation of coral fragments  

 

In order to prepare the coral fragments for mesocosm experiments, one healthy clumpof 

the coral Pocillopora damicorniswith 15-20 cm height was purchased from an aquarist who 

cultivates corals in Rio de Janeiro, Brazil (Figure 9). 

 

Figure 9- The Coral Health Chart used to evaluate the coral health. The colour charts are based on the actual 

colours of the healthy and bleached corals. Each coloured square presents the concentration of the symbionts 

in the coral tissue, which is directly linked to the health of the coral; darker colors (B6, C6, D6 and E6) show 

healthiercoral 

 

 

 

 

 

 

 

 

 

 

 

(http://www.coralwatch.org/web/ guest/coral-health-chart). 

 

After the coral colony was available, a piece of the coral (5cm in length) preserved in 

70% ethanol, was carried to the Department of Geochemistry of the Universidade Federal 

Fluminense. In the laboratory, the coral sample was bleached by using hydroperoxide to remove 

the coral tissue and photographs were taken from all parts of the coral body, including the 

corallite structures (MORADI et al., 2014). The coral species identification was performed by 

using the standard reference keys (e.g. CARPENTER et al., 1997; VERON, 2000). 

In order to cut the coral colony and to provide coral fragments for mesocosm 

experiments, a strict protocol was followed to avoid any contamination by exogenous 

http://www.coralwatch.org/web/%20guest/coral-health-chart
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microorganisms. Sterile materials such as Falcon tubes, gloves, Petri dishes, cutting pliers, 

tweezers and glass bottles were used in the samplingand cutting of the coral fragments off the 

colony. For this study, the 2-3cm-long coral fragments were cut from the colony and then stuck 

by quick-drying glue (Super Bonder) to small tiles of 5×5 centimeter area (Figure 10). 

 

Figure 10- A: Coral fragments preparation for mesocosm, B: the required materials; alcohol 70%, cutting 

pliers, tweezers, glass bottle and Petri dishes, C: The glued coral fragment on a tile. A strict protocol was 

followed to avoid any contamination by exogenous microorganisms in order to cut the coral fragments for 

mesocosm 

 

 

 

 

 

 

 

 

 

2.2.Mesocosm system design and components 

 

The mesocosm experiments were carried out in Búzios, Rio de Janeiro. Two rectangular 

glass aquaria each with a size of 190cm×50cm×10cm and 8mm thickness were used as water 

bath for 24 smaller aquaria (15cm×11cm×12cm and 4cm thickness) each with a volume of 1.5 

liter water to hold the coral fragments (Figure 11). 
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Figure 11- Three-dimensional images of the water bath (190cm×50cm×10cm) (A) and a small aquarium 

(15cm×11cm×12cm) (B) used in the mesocosm experiments 

 

 

 

 

 

 

Source: DRAWING PROVIDED BY RAQUEL PEIXOTO. 

 

The rectangular water baths were supported by a unique wood structure with 90cm of 

height, 50cm of width and 410cm in length. Twenty-four white plastic tanks (one tank for each 

small aquarium) of 26-liter volume were placed on four wooden structures 50cm high, 50cm 

wide and 450cm long, (Figure 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 



42 
 

 
 

Figure 12- The mesocosm system used for this study. The experiments included 24 small aquariums with their 

plastic tank’s placed on wooden structures. One air turbine was used in order to provide air to each 

aquarium.A) Silicone hoses to distribute air through the aquariums, B)The rectangular water bath,  

C)Wooden table to keep water bath, D)Plastic tank to provide water circulation within the aquarium 

 

 

 

 

 

 

 

 

 

 

 

 

Each aquarium was connected by a 30cm-longhose to a tank, and one small aquarium 

pump (Sarlo Better S520 Pump) provided water circulation by pumping the water, through the 

tiny silicone hoses, from the tank to the aquarium. Each aquarium had a hole of 15mm in 

diameter on the top connected by a hose to the tank. When there was extra water in the aquarium, 

the water was pumped back to the tank from the aquarium. As a result, whole water of each 

aquarium was replaced by freshwater of the tank 5 times per hour. An HG-370 (Sun Sun) air 

turbine was used for the entire mesocosm system in order to provide air to each aquarium. A 

PVC pipe was connected to the outlet of the turbine and air was led to the tiny air silicone hoses 

on the top of the aquaria through the pipe to provide adequate air for the corals. Every silicone 

hose had its own controller to adjust air flow into the aquaria (Figure 13). 
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                       D 
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Figure 13- A general view of the mesocosm system).Silicone hoses to conduct air to the aquaria; A) A silicone 

hose through which water is transferred from the holding tank to the aquarium; B) An overflow hole to 

provide water circulation; C) Blue hoses to discharge the aquarium water to the 26-liter tanks; D) The PVC 

pipe for conducting air from the turbine to the silicone hoses; E) Shading screen to decrease the intensity of 

light shed to the corals during day time; G) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Several 100 and 150w Atman electric heaters were placed inside the water baths to keep 

the water temperature constant at 25 or 30
o
C. The temperature was controlled by a MT-518RI 

Full Gauge Digital Controller connected to two thermostats, so that the heaters were turned off 

when water temperature raised over the defined ranges, and cool water was pumped to the water 

bath(Figure 14). The cool water was provided by a 3/4 HP (Gelaqua) chiller containing a 1000-

liter freshwater tank at 18-19
o
C. Four submersible Sarlo Better 2700 2740l/h pumps were placed 

inside the cool-water tank to drain the water into the baths. After setting the water temperature 

inside the bath, the warmer water was returned to the tank by two 50mm holes located on every 

side of the water bath. Depending on the required water temperature inside the bath, the 

controller switched the pumps or heaters on or off, so the temperature was maintained constant 
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during the course of the study. The water circulation inside of each of the baths was homogenized 

by two SB 1000A aquarium pumps (Sarlo) (Figure 14). The water used for the experiments was 

artificial sea water (OceanTech) with a salinity of 35 to 37ppt. 

The experiments were performed under natural light. However, a number-70 shading 

screen was inserted just above the bath structure to prevent the intensity of the light reaching the 

corals to exceed 250μmoles.m
-2

.s
-1

at noon. This range of light intensity was in consistence with 

the range occurring in the natural environment of the provided coral samples. 

 

Figure 14- Aquarium pumps and heaters used in the mesocosm system.A) Sarlo Better S520 pump; B) SB 

Sarlo 1000A pump; C) Atman electric 150/100w heaters 

 

 

 

 

 

 

 

 

 

 

 

2.3 The mesocosm experiments procedures 

Three types of treatments (treatments with BMC’s, the pathogen and the pathogen with 

BMC’s) happened in the mesocosm run. In order to study the effects of stress by high 

temperature, all the treatments were run at two different temperatures (25
o
C and 30

o
C). Three 

aquaria each containing one coral fragment were used for every treatment.The temperature of 

25
o
C without any external parameter was used as a control environment and the treatment at 30

o
C 

was considered as that resembling the environment under the high temperature.  

A 

A 

B 

B 
C 

C 



45 
 

 
 

The first experiment was designed to study the effects of BMC’s on the skeleton 

structure of the coral P. damicornis. It was performed at two different temperatures (25
o
C and 

30
o
C). Twenty-four aquaria containing one coral fragment each were prepared according to the 

following distribution, split equally between the BMCs and pathogen portions of the mesocosm: 

 

     25
o
C  30

o
C 

BMC’s     3  3 

Control    3  3 

 

Pathogen    3  3 

Control    3  3 

 

Three aquaria containing 1 coral fragment each were created and maintained at a 

temperature of 25
o
C to determine how BMC’s affect coral skeletal structures - three additional 

aquaria  with coral fragments were prepared and maintained at 30
o
C to determine how BMC’s 

affect skeletal structures under the high temperature scenario. Three aquaria with coral fragments 

were prepared and maintained at 25
o
C as a control - three additional aquaria were prepared and 

maintained at 30
o
C as control portions of the experiment for comparison with the coral fragments 

subjected to BMC’s at both temperatures (25
o
C and 30

o
C) (Figure 15).  
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Figure 15- Schematic representatives of the treatments used in this study of the effects of beneficial 

microorganisms for coral (BMC’s) on the skeleton of P. damicornis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A second experiment was conducted to determine the effect of the pathogen Vibrio 

coralliilyticus on the skeletal structures of coral P. damicornis: 

Three aquaria with coral fragments were prepared and maintained at 25
o
C - three 

additional aquaria were prepared and maintained at 30
o
C.  All were then infected by the pathogen 

Vibrio coralliilyticus and the results were compared with coral fragments inside three control 

aquaria maintained at 25
o
C and three control aquaria maintained at high-temperature (30

o
C – see 

figure 16).  
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Figure 16- Schematic representation of the different treatments to study the effects of the pathogen Vibrio 

coralliilyticus on the skeleton structures of P. damicornis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A third experiment was carried out to investigate the combined effect of the pathogen V. 

coralliilyticus and BMC’s on skeleton structures of P. damicornis. This experiment was also 

accomplished at two different temperatures (25 and 30
o
C), and compared with the control and 

high temperatures (Figure 17). 

 

 

30
o
C 25

o
C 

25
o
C 

30
o
C 

Control  High temperature  

Patogen with high temperature  Patogen 



48 
 

 
 

Figure 17 - Schematic representation of the treatments used to study the combined effects of the pathogen V. 

coralliilyticus and the beneficial microorganism for corals (BMC’s) on the coral P. damicornis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Time schedule of the experiment trial  

 

The mesocosm experiments were run in a 62-day timeline (from 23 September through 

23
rd

 November, 2016) with four sampling occasions (The pre-acclimatization corals, The 

acclimatization corals and the final experimental corals). 

Pre-acclimatization corals: a colony of coral was obtained from an aquarist on September 23, 

2016 and divided into samples for the mesocosm. 
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o
C 25

o
C 

25
o
C 

30
o
C 

Control  High temperature  

BMC’s and pathogen at high temperature  BMC’s and pathogen 
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Acclimatization corals: three coral samples were harvested at the end of the acclimation period 

on October 15, 2016 (shown as T0)and six samples were provided after the water temperature 

was elevated to 30
o
C in October 22, 2016 (shown as T0(30

o
C) and T0 (25

o
C) which they are the 

coral samples maintained at  25
o
C in October 15, 2016, just one week after ending 

acclimatization period. 

Final experimental corals: all twenty-four samples from both temperature groups (25 and 30
o
C) 

were prepared for analysis on November 23, 2016 (Table 3). 

 

Table 3-Time schedule of the experiment trial 

 

The mesocosm was started one day after the coral was fragmented and prepared to be 

distributed within the 24 aquaria. The acclimation period lasted for 23 days, during which water 

temperature in both of the water baths remained at 25°C. On October 15, the acclimation period 

ended and 3 coral samples were taken as “T0” coral samples to see how acclimation affected the 

skeleton structure of P. damicornis.  After this time, water temperature was raised one degree per 

day in the water bath until reaching 30ºC to see how high temperatures can impact the coral 

skeleton in the environments with pathogen and BMC’s. Six samples were taken on October 22 

 Acclimatization T0 T-Final 

September October November 

23 15 16 17 18 19 22 23 26 27 31 3 6 9 12 15 18 20 23 

Acquisition of corals 

from an aquarist 
*                   

Starting the  

acclimation 

*                   

Sampling * *     *            * 

Start experiment  *                  

Rise water temperature 

from 25 to 26 
o
C 

 *                  

Rise water temperature 

from 26 to 27
 o
C 

  *                 

Rise water temperature 

from 27 to 28
 o
C 

   *                

Rise water temperature 

from 28 to 29
 o
C 

    *               

Rise water temperature 

from 29 to 30
 o
C 

     *              

Adding the pathogen        *  *           

Adding BMC’s         *  *          

Water sampling           *  *   *   * 

Water changing  *  *  * *  *  * * * * * * * * * 

The end of mesocosm 

trial 

                  * 
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at two different temperatures (25 and 30ºC, three samples each) as T0(25
o
C) and T0(30

o
C) coral 

samples. 

On 22 and 26 October, the pathogen V. coralliilyticuswere added to the treatments (25 

and 30ºC). To do so, it was necessary to take the coral fragments out of the aquaria for less than 

one minute by using the sterile gloves; the pathogen was attached to whole coral body and the 

coral fragments were then returned to the aquaria (ROSENBERG; BEN-HAIN, 2002; BEN-

HAIN et al., 2003b) (Figure 18). 

 

Figure 18 - Inoculation of the pathogen Vibrio coralliilyticus to the coral P. damicornis 

 

In the next day October 23 and 27 October, BMC’s were also added to the treatments as 

a secondexperiment at two different temperatures (25 and 30ºC) to see how BMC’s affects coral 

skeleton during this experiment. The treatments with pathogen and BMC’s together were 

provided at two different temperatures (25 and 30ºC) also to see the effects of pathogen and 

BMC’s together on coral skeleton (Figure 19). 
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Figure 19 - Inoculation of the pathogen Vibrio coralliilyticus and BMC’s to the treatments. It was necessary to 

take the coral fragments out of the aquaria for less than one minute by using the sterile gloves; the pathogen 

was attached to whole coral body and the coral fragments were then returned to the aquaria 

 

 

Source: ROSENBERG; BEN-HAIM, 2002. 

 

2.5 Inoculation of BMC’s and the pathogen to the treatments 

 

In order to inoculate the BMC’s consortium and the pathogen to the treatments, the 

methods described by Rosenberg and Ben-Haim (2002) and Ben-Haim et al. (2003b) were 

employed: the coral fragments were taken out of the aquaria and were put in sterile Petri dishes 

where 1ml of V. coralliilyticus at a concentration of 10
5
 cells of Vibrio coralliilyticuswas added 

to the coral body (ROSADO, 2019). The concentration of BMC’s in the consortium was 10
7
cells 

of the BMC’s consortium (ROSADO, 2019). The bacteria were addedto the coral fragments 

directly while care was taken to avoid the contact between the micropipette and coral tissue. One 

minute after the inoculation, the fragments were returned carefully to the aquaria. At the end of 
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the experiment, water from all the treatments, including the control, was neutralized with 4% 

chlorine to avoid any risk of contamination of the environment with the bacteria. 

The mesocosm experiments were finished on November 23 when 24 samples (3 coral 

fragments per each treatment at two temperatures (25 and 30
o
C)were taken. All the coral samples 

were kept in liquid nitrogen and sent for the analyses on the Department of Geochemistry of the 

Fluminense Federal University. 

 

2.6 Analyses of physico-chemical parameters of water 

 

During the mesocosm experiment, the physico-chemical parameters of water, such as 

pH, dissolved oxygen concentration and water salinity, were measured daily in each aquarium. 

For pH analysis, were used a portable pH-meter (826 pH mobile, Metrohm), by using two 

solutions with pH 3 and 7, the portable pH-meter was calibrated and used to measure the pH 

during mesocosm trail.For dissolved oxygen, an YSI Pro DO oximeter (Clean) and for salinity 

measurements, a YSI Pro30 (Clean) conductivity-meter. The environmental parameters were also 

measured in the aquarium from where the corals came from. The parameter was used tosetup the 

mesocosm system. At the time of the measurement, about 300ml of water was carefully removed 

from each aquarium and salinity, oxygen, and pH were measured in this volume of water. To 

avoid contamination among the aquaria and treatments during measurements of the parameters, 

each aquarium had its own 700-ml disposable cup. To replace the withdrawn water, following the 

measurements, the same volume of synthetic seawater was added to each aquarium every two or 

three days. 

 

2.7 Evaluation of coral health during the experiments by Morphological observation of the 

coral fragments 

 

Morphological observations of the coral fragments were performed every 3 days based 

the method applied by Ben-Haim et al. (2003a). The lysed coral tissue level was expressed as a 

percentage of coral fragmentsto estimate the size of the diseased and bleached area in the total 

coral tissue (for example, 20% diseased area meant that the coral fragment has lost 20% of its 

tissue). In coral fragments with at least 50% lysed tissue, the bleached skeleton was more 



53 
 

 
 

apparent and the coral was considered as a sick coral that started degradation. The coral fragment 

was considered as a bleached one when it lost more than 90% of its tissue. 

Photographs of all fragments were taken during the morphological observations by using 

an Olympus tough t-g 4 camera. For a better resolution of the images, each tile with the fragment 

(s) was removed from its aquarium in the water bath and placed in another aquarium containing 

the same water conditions. This aquarium was placed on an outdoor table and in front of a black 

paper to provide a black background for a clear presentation of the corals in the photos (Figure 

20). Four photos of each coral were shot from different directions for the complete visualization 

of the whole fragment. 

 

Figure 20 - A: Coral fragments photography; a: Table to support the aquarium. b: Black paper to contrast. c: 

Aquarium to hold the coral fragments. B: A close-up of the coral fragment; a ruler as scale 

 

 

 

2.8 Pathogen Vibrio coralliilyticus YB 

 

The V. coralliilyticus YB strain used for this study was purchased from the German 

company, DMSZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) by Laboratory 

of Microbial and Molecular Ecology of the Universidade Federal do Rio de Janeiro (LEMM). 

 

2.9 BMC’s assemblage  

 

The BMC’s were prepared at Laboratory of Microbial and Molecular Ecology of the 

UniversidadeFederal do Rio de Janeiro (LEMM). The manipulation of coral microbiomes to 

a 

b 
c 
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make the BMC’s has been described earlier (PEIXOTO et al., 2017; ROSADO et al., 2019). 

About 5g of the P. damicornis colony purchased from the market was used as a source to isolate 

the BMCs. The coral colony was kept for 60 days in an aquarium containing artificial seawater 

(Red Sea Salt, Red Sea, USA) at 26°C and pH of 8.1 for acclimation of the coral microbiome to 

the experimental environment before BMC’s isolation was started. The small coral section was 

macerated by pestle and lab mortar (which already was sterilized) and one gram of this macerated 

coral was poured inside a 50mL sterile Falcon tube containing 9 mL of 0.85% sterile saline 

solution. The content of the tube was mixed and homogenized for 16 hours in a shaking incubator 

at temperatures of 26-28
o
C and 120rpm shaking speed. After incubation, by making serial 

dilutions, concentrations of 10
–3

, 10
–4

 and 10
–5

 of the solution were prepared. In this step, 9 mL of 

sterile saline solution (0.85%) and 1mL of the stock solution was mixedinto one 15mL-Falcon 

tube (10
–1

 dilution). Then, 1mL from this solution with concentration 10
–1

 was moved to second 

tube (10
–2

 dilution) and from the second tube, 1mL of the solution was taken to be added to the 

third tube (10
–3

), and following this procedure, for 2 times more the serial dilutions were made 

and three concentrations of 10
–3

, 10
–4

 and 10
–5 

were established. These concentrations were then 

used as culture media for the bacterial sources (Figure 21).  

 

Figure 21 - Serial dilutions with concentrations of 10
–3

, 10
–4

 and 10
–5

to provide different of the stock solution 

 

In the next step, a volume of 0.1mL of each of the serial dilutions (10
–3

, 10
–4

 and 10
–5 

dilutions) was taken and inoculated into two different culture media (marine agar and Luria-
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Bertani (LB) broth) separately. Three Petri dishes for each dilution (triplicate) containing 20mL 

of either of the marine agar (MA) medium (Marine Agar Zobell 2216, Himedia 128 Laboratories, 

Mumbai, India) and LB medium at three different salinities (3%, 8% and 15% of NaCl) to 

provide environment like marine salinity to the coral organisms.Ultimately, there were 54 Petri 

dishesincubated at 28°C for 16 hours to let the bacterial colonies grow in the selected media. All 

the mentioned processes were done inside of a laminar flow cabinet with standard sterile 

conditions. After incubation, the bacterial colonies were placed separately in different Petri 

dishes containing 3% MA medium based on their morphological changes, such as different colors 

and forms. 

In addition to coral bacterial culture, the same culture media were provided at different 

salinities to grow the natural bacterial flora of the surrounding seawater: an amount of 0.2mL of 

the water was added directly to the 18 Petri dishes containing MA and LB media before they 

were left to grow at 28°C for 16 hours. Finally, 53 different bacterial strains were isolated from 

the culture media, of which 30 strains were from the corals and the remaining 23 from the 

surrounding water. 

All the 53 bacterial strains were grown in 3% liquid MB medium (Marine Broth 2216, 

Himedia Laboratories) in 15mL-test tubes at 28°C for 16 hours and then stocked within the 

cryotubes (2mL volume) with 0.2 mL of 80% glycerol in deep-freezer  (  ̶80°C). They were then 

used for the 'antagonism tests' against V. coralliilyticus, catalase activity estimation and 

identification of the genus responsible for nitrogen fixation, denitrification and 

dimethylsulfoniopropionate (DMSP) degradation.  

 

2.9.1 Bacterial antagonist tests  

 

Two different antagonist tests were performed using the isolated bacterial colonies: the 

Agar Diffusion Method described by Giambagi-Mar et al. (1990) and Bioassay Overlapping on 

Agar Technique introduced by Hentschel et al. (2001). Based on the first method, from each 

isolated colony in the MB medium (Marine Broth(, 0.02mL solution was spot-inoculated in a 

Petri dish containing 3% of the MA medium. Only six spots (each spot from a different bacterial 

colony) were inoculated in each Petri dish and were incubated at 28°C for 16 hours (Figure 22).  
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Figure 22- Spot-inoculation of the bacterial colonies in a Petri dish containing 3% MA medium. Six ‘spots’ 

were inoculated in each Petri dish, each representing a distinct bacterial isolate 

 

 

After the incubation, when the colonies grew (Figure 22), 1mL of chloroform-soaked 

cotton was added onto the inner surface of eachPetri dish and the dish was wrapped by a sterile 

aluminum foil. The Petri dishes were left upside down in a laminar flow hood for 30min. The 

chloroform-soaked cottonwas then removed, and the antagonistic activity ofstrains was tested by 

the addition of V. coralliilyticus YB (DSM19607), which had already been cultured in 3% MB 

liquid medium and was inoculated in 3% MA semi-solid medium. Following the addition of V. 

coralliilyticus to the Petri dishes containing different bacterial colonies, the plates were incubated 

at 28°C for 16 h. The bacterial colonies with antimicrobial potential showed an inhibition halo 

aroundthe colony. Inhibition halos ≥ 5 mm were considered as indicative of inhibitory activity of 

the pathogen V. coralliilyticus(Figure 23). 

In the Bioassay Overlapping on Agar Technique (HENTSCHELet al., 2001), six 

bacterial colony spots in the Petri dish with 3% MA medium were incubated at two different 

temperatures (24 and 28°C) for 16 hours. At the same time, V. coralliilyticus was also grown in 

MB liquid medium (3%) and incubated for 16 hours at the two above temperatures. After the 

incubation,  
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Figure 23 - Measuring the diameter of the inhibition halo around the bacterial colony which is an indicator of 

the level of antimicrobial potential  

 

(http://curvetube.com/Microbiology_resourcesCallipers_and_Vernier_Scale/OBtNGU7TZgM.video) 

 

0.1 mL of each of the bacterial culturesat different temperatures was inoculated with Drigalski 

loop into a Petri dish containing bacterial colony spots in MA medium (3%) and was allowed to 

dry in the laminar flow for one hour. The bacterial colony spots were located on the plates with 

the V. coralliilyticus,which was grown at the same temperatures and were incubated at 

temperatures where they were (24 and 28°C) for 5 days. After 5 days, inhibition halos ≥ 6 mm 

were considered as indicative of the inhibitory activity of the bacteria. The bioassay was 

performed by Ben-Haimet al. (2003b) at 24°C and 28°C to figure out the correlation between 

temperature and pathogenicity of V. coralliilyticus. 

 

2.9.2 Identification of the genes related to nitrogen fixation, denitrification and DMSP 

degradation  

 

By using polymerase chain reaction (PCR) the presence of the genes responsible for 

nitrogen fixation, denitrification and degradation of DMSP genes in the bacterial strains were 

tested (HALLIN; LINDGREN, 1999; POLY et al., 2001; VARALJAY et al., 2010).  Total 

genomic DNA was extracted from each bacterial isolated by Wizard Genomic DNA Purification 

Kit (Promega, Madison, WI, USA). Subunits of the nitrogenase (nifH), nitrification (nirK)and 

dimethysulfoniopropinate degradation (dmdA)gene complexes were PCR-amplified from the 

genomic DNAs. For the nifH gene amplification, the primer set PolF (5’-
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TGCGATCCGAAAGCCGACTC-3’) and PolR (5’-ATGGCCATCATTTCACCGGA-3’) (Poly 

et al. 2010), for the nirK gene, the primer set F1aCu (5’-ATCATGGTCCTGCCGCG-3’) and 

R3Cu (5’-TTGGTGTTAGACTAGCTCCG-3’) (HALLIN; LINDGREN, 1999) and for the 

dmdA gene, the primer set D/all–spFP (5’-TATTGGTATAGCTAT-3’) and D/all–spRP (5’-

AAATAAAAGGTAAATCGC-3’) (VARALJAY et al., 2010) were used. The PCR products 

were characterized by 1.2% agarose gel electrophoresis and visualizing on a UV transilluminator 

(BioAmerica - USA) to confirm if there was amplification of the gene. In all the three PCR 

reactions, negative and positive controls were used to validate the results.Details of the PCR 

reactions can be seenin Rosado et al. (2019). 

 

2.9.3 Preparation of the BMC’s consortium 

 

Five bacterial strains isolated from the coral and two from the surrounding water were 

chosen to compose the BMC consortium. After selecting the bacterial strains, they were cultured 

in solid medium to increase the number of colonies and cell masses. The strains were incubated 

in MB medium at 26-28°C for 28 hours and all reached to a density of 3.5×10
6
 viable cells mL

–1
. 

The cells were then collected by centrifugation and washed twice with sterile saline (0.85% g/v 

NaCl) for the elimination of residues from the culture medium. The cells from each culture were 

homogenized together and resuspended in a final volume of 40mL of saline, and stored at 4°C 

until being used in the experiments, more details of the procedure can be found in Rosado et al. 

(2019). 

 

2.10 Coral tissue removal 

 

With some modifications, the Dove et al. (2008) and Dove et al. (1995) method was 

used to remove coral tissue. Coral Fragments were airbrushed (Double Action BD Airbrush -134 

K) with potassium phosphate buffer solution (PH 6.65) to remove the coral tissues (adapted from 

Doveet al., 1995). After cleaning samples the coral skeletons submerged in MeOH (methanol) for 

60 minutes in -20º C to further organic material removal, the lower viscosity of this reagent 

should dislodge material still attached to the carbonate (adapted from BARKER; ELDERFIELD, 

2002), ultra-sonication may not be applied to prevent damage to the coral skeleton. After sample, 
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cleaning with methanol the coral skeletons submerged in 1% solution of sodium hypochlorite for 

3 days to dissolve polyp tissue. Wash with deionized water and dry the samples at 40° C for 3-4 

days prepared the coral fragments to analysis. 

 

2.11 Seawater Micronutrients Analysis  

 

The Flow-Injection Analysis was used to detect seawater micronutrients during 

experiment. According to FIALab 2500 protocol the amount of PO4, NH4 and NO3 was analyzed 

(www.flowinjection.com/2017-applications/methods) in all treatments.  

 

2.12 Quantification of the porosity and the mean of pore size diameters in P. damicornis by 

using the X-ray micro-tomography technique (μ-CT) 

 

Microtomography (μ-CT) can be used to the observation of external and internal 

structures of objects, including hard corals, in three dimension (3D) forms without any 

destructive effect on the object. This technique does not require preparation of samples, such as 

cutting or coating processes (CNUDDE et al., 2006). Porosity and the mean of pore size 

diameters in the coral were analyzed by microtomography at the Laboratório para Aplicações da 

RMN e Petrofísica, Universidade Federal Fluminense, Institute of Chemistry. The porosity is 

defined as “the fraction of the bulk volume that is not occupied by solid matter” (GLOVER, 

2011). The mean of pore size diameters is defined as“the statistical distribution of the radius that 

can be fitted inside a pore” (BHATTACHARYA; GUBBINS, 2006). The Knacktedt et al. 

(2006) method was used to calculate the mean of pore size diameters. Pore size diameters mean 

was calculated by counting the numbers of voxels and faces on the 3D image in the μ-CT. For 

this study, the model VersaXRM-510 micro-tomographer was used. The equipment consisted of 

a detector (CCD camera) which was placed diametrically opposedto the X-ray source and had 

adjustable voltage and electricity current. The μ-CT has an X-ray source with an electrical 

voltage of 0-160 kv and electrical power from 0 to 10w. Its spatial resolution can be of 0.9μm 

and the objective lenses with optical and geometric increase of 0.4x, 4.0x. 20.0x and 40.0x. The 

images were acquired by a detector with 1024 x 1024 pixels. A source of 80 kv, 7w and the 

resolution of 5µm was used for this study. The μ-CT data were recorded as 2D projections 

http://www.flowinjection.com/2017-applications/methods
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(slices) (these slices are also known as microtomograms) at various angles. Then, 3D images of 

the coral were generated using these slices.The software applied for the characterization of the 

images is called “Avizo Fire” that performs 3D analyses on coral images. Initially, the absolute 

porosity of each coral was calculated. For this, the files of the reconstructed samples (txm) were 

opened in order to "crop" the three cubes (each one with 300µm × 300µm × 300µm length) on 

top of the corallite and taking some edge artifacts effects. With the image "cut" a new file was 

generated.The file was passed through a filter (non-local-means filter) to reduce the effects 

caused in the acquisition. This filter homogenizes the gray tones of the images. The file was then 

passed for the phase which called binarize. For this, the function “Edit new label” was used to 

separate the samples into two phases. The first stage unified the scaffold of the samples to the 

same pitch, while the second phase unified the pores. In the label of the binarized sample, a new 

tool called “Volume fraction” was applied. In this tool, an Excel file was generated with the 

calculation of the percentage of each segmented phase. This is the percentage of solid and porous 

phases. The same process was made for each of the three head coral cubes from all the twelve 

coral samples. 

The mean of pore size diameters was estimated trough the other process after binarize 

phase. The files with the already binarized samples were used for this estimation. A tool called 

“Separate Objects” was applied, which generates a new label as well. This tool separated the 

corals with pores and bulk from each other. Label Analysis tool was used to calculate several 

parameters of the pore size distribution. Among these are quantity, mean, minimum and 

maximum sizes, and median, variance, kurtosis and asymmetry. 

Because of the long scanning times (8-14 hours per each fragment) and high cost, in 

order to provide high-resolution 3D images by μ-CT, only one fragment in each treatment and in 

total, 12 coral fragments were scanned (Figure 24). 

 

 

 

 

 

 



61 
 

 
 

Figure 24 - The porosity and pore size distribution were calculated by using Micro-tomography (μ-CT), for 

this calculation, the reconstructed samples (txm) were opened in the Avizo Fire software in order to provide 

the "crop" (A and B) and then, three cubes (300µm ×300µm ×300µm) on top of the head coral has been 

chosen to calculate porosity and pore size distribution inside of this three Standard Cubes (C) 

 

2.13 X-Ray Diffraction 

UsingX-Ray Diffraction the minerals were identified. The coral fragments were 

submitted to X - ray diffraction (DRX - UFF) in X - ray diffractometer, BRUKER D8 

ADVANCE, with LYNXEYE detector using Bragg - Brentano geometry and Cu Kα radiation, in 

A B 

C 

A 

C 
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an angle range 2θ from 3° to 100°, with a pitch of 0.0194° and a reading time of 0.1 seconds 

(TEIXERIA, 2016). The diffractograms were obtained from the calculation of the intensities, 

which is done considering the crystalline structures in coral fragments (LANGFOED; LOUËR, 

1996). 

 

2.14 Energy-dispersive X-ray spectroscopy (EDS) chemical characterization of the coral 

samples  

The EDS analysis for the coral samples was done in the Laboratory MICRON of the 

Department of Geochemistry of Universidade Federal Fluminense by using a HITACHI TM3000 

tabletop scanning electron microscope Energy-dispersive X-ray spectroscopy (EDS) is a useful 

technique to give the chemical elemental composition of a sample, and the relative amounts of 

them (VOUTOU; STEFANKI, 2008). The percentage composition of elements on skeletal 

surfaces of the tip part of corallite were taken and results compared between all treatments. Three 

replicates from all of the treatments of T0, T1, T2 and T3 (36 coral fragments) were used for the 

EDX analysis. The analysis was done using an accelerating voltage of 15.0kv in the scanning 

electronic microscopic mode Analyze. As described by Isa (1986) three points on any fragment 

are enough to measure elements by EDS. However, we choose five points elemental composition 

measurements to increase the resolution (n=15 for each treatment) generating a total of 45 

readings to each treatment. An acquisition time (s) of 60.0s was considered for all samples 

(Figure 25). 

Figure 25- The abundance of chemical elements on skeletal surfaces measured using energy dispersive X-ray 

spectroscopy (EDS) 
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2.15 The morphological observations using Scanning Electron Microscopy (SEM) 

By using Scanning electron microscopy (SEM), the topography and morphology of 

samples was provided. All of replicates from the treatments T0 and T3 (27 coral fragments) were 

prepared to the study of their three-dimensional skeletal microstructures (coral fibers). The 

preparation of coral fragments were done in Laboratório de Taxonomia de Porifera, 

Departamento de Invertebrados, Museu Nacional (TAXPO), Universidade Federal do Rio de 

Janeiro. The 3-5mm-long tips were carefully removed from the apical branches of P. damicornis 

to observe the skeletal microstructurein coral septa (BROWN et al. 1983). The SEM was 

performed at Centro de Tecnologia Mineral (CETEM/MCT) by using a HITACHI TM3000 

tabletop SEM at high vacuum (20kv) on samples coated with gold and with magnifications of 

X2,000 to X20,000. The skeletal microstructures in septa of different corallite were studiedand 

compared within and between treatments (BROWEN et al., 1983; STOLARSKI, 2003; 

NOTHDURFT; WEBB, 2006). Coral samples were prepared for SEM observations by using the 

method described by Leal (2014) with some modifications. The coral samples were embedded in 

Araldite 502 / EMbed 812 resin in order to be fine-sectioned by a diamond saw Extec Labcut 150 

microtome in every direction which was needed for a better observation of coral skeleton by 

SEM. As the coral fragments are very fragile under the microtome, they could be crushed if get 

cut without using epoxy resin. The resin helps to cut the coral samples in required form and size. 

The best form of the embedded coral samples in the resin was chosen to prevent resin penetration 

inside the coral skeleton. With regard to thetoxicity of Araldite 502 / EMbed 812 resin, all of the 

preparation processes were done under the lab fume hood. The required amounts of materials to 

make the resin were as follow:  

 

EMbed-812 25 ml 

Araldite 502 15 ml 

DDSA                55 ml 

DMP-30               1.5-1.9 ml 

 

All components were mixed by a stick and as soon as the resin was prepared, a layer was 

placed on the sample blocks (which may be silicone ice shapes), so that the fragments did not 
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sink at the time of embedding. This layer of resin remained in an oven at 60ºC for at least 48 

hours to polymerize. The fragments were embedded after this step. The coral fragments were 

kept completely dry to be submerged in the resin. They were then submerged serially in absolute 

ethanol (100%) for 10min, 100% acetone for 3 hours, a solution of 2/3 acetone + 1/3 resin 

(Araldite 502 / EMbed 812 Kit) for 2 hours, a solution of1/2 acetone + ½ resin for 12h, and resin 

for 8h. The fragments were inserted on the silicone blocks previously covered with a layer of 

polymerized resin, and fresh resin was added to completely cover the fragments. The blocks were 

taken to the chambers at 60°C to polymerize for 48 hours. After polymerization of the resin, cuts 

of the fragments with 1mm thickness were made by the microtome with 255rpm speed (Figure 26). 

In the next step, the coral lamina of 1mm thick was placedon a metal support covered by carbon 

tape to hold the specimen. In addition to the prepared specimen, a small part of coral tip (3-5mm-

long) on which no preparation was made, was cut and placed on the metal support to confirm that 

the preparation process did not have any secondary effect on the coral microstructure. The 

samples were coated with gold of 20nm-thick for 180 seconds by Sputter Coater to be ready for 

SEM observations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

 
 

Figure 26 - Preparation of coral sections for SEM microscopy. A) The coral fragments were submerged in the 

resin; two coral fragmentswere embedded in each resin block in order to save the used resin. B) A resin block 

with two coral fragments. C) A diamond saw Labcut 150 microtome. D) A section of the coral lamina of 1mm-

tick prepared for SEM microscopy 

 

 

2.16 Statistical analysis  

 

Outlierswere removed from the data. An outlier presents results that get out in an 

extremely different way from the other data. The Past 3 and Excel software packages were used 

to treatdata of the water quality parameters and coral health monitoring during the mesocosm 

running, such as porosity and pore sizes and EDX Analysis in all of the treatments. A one-way 

analysis of variance (ANOVA), followed by a Tukey’s test (COPENHAVER-HOLLAND, 

1988) were done. Data were transformed using Euclidean distance and one-way 

ANOSIManalysis were employed to search for differences between the treatments at P< 0.05. 

The mean of the remaining values (± standard deviation) were calculated and compared together 

and showed by statistic graphs in Excel and Boxplot. 

 

 

A 
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3 RESULTS 

 

3.1 Acclimation (or adaptation period) in the mesocosm experiments 

 

The Acclimation period was run from 22
nd

 September through 15
rd

 October, 2016 for 

these experiments (a total of 23 days). The acclimation (or “acclimatization”) period is the 

preparation of the coral fragments for the mesocosm trail. During the acclimation period every 

effort was made to maintain all of the physical-chemical parameters of water constant (i.e., pH, 

salinity and oxygen content). The pH was maintained between 8.05 and 8.1, salinity was 

maintained between 34 and 35 and dissolved oxygen concentration was held constant at 6.20-

6.50 mg/L with a water temperature of 25
o
C in all of treatments. 

 

3.1.1 Element composition on Pocillopora damicornis skeletal surface 

 

The abundance of elements such as oxygen, calcium, strontium, magnesium etc. on 

skeletal surfaces were measured by energy dispersive x-ray spectroscopy (EDX) in the 

acclimation period and compared with the treatments (n=15 for each treatment). All outlierswere 

removed from data and the mean of the remaining values (± one standard deviation) were 

calculated (Tables 4 and 5). Four elements were observed with high values (≥90%) in all 

treatments (oxygen, calcium, sodium and chlorine) and these elements were called as major 

elements in the treatments. The percentages of major elements in treatment were; Pre-

acclimatization = 99.41%, T0= 94.05%, T0 (25
o
C) =92.8% and T0 (30

o
C) = 91%). 

No statistical differences were found in oxygen composition through one-way ANOVA 

analysis (p=0.175). One-way ANOVA analysis (p=0.957) similarly revealed no statistical 

differences in calcium composition. However the one-way ANOVA analysis revealed the 

significant differences in sodium composition (p=0.0001). Chlorine composition showed strong 

significant differences (p=0.0009) through one-way ANOVA analysis.  
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Table 4- Major elements representing ≥ 90% composition of coral skeletal surfaces during acclimation in the 

mesocosm experiments 

Name Oxygen% Calcium% Sodium% Chlorine% 

Pre-acclimatization 56.62 ± 3.76 

 n= 12 

32.22 ± 3.09 

n=12 

6.59 ± 1.41  

n=11 

4.82 ± 1.23  

 n=11 

T0 51.80 ± 5.24  

n=14 

31.94 ± 7.19 

n=12 

8.26 ± 3.05  

n=12 
6.46± 2.84 

 n=12 

T0(25
o
C) 54.45 ± 6.32 

n=14 

31.90 ± 5.55 

n=11 

2.66 ± 2.24 

 n=10 
3.82 ± 3  

n=13 

T0(30
o
C) 55.67 ± 7.23 

n=12 
31 ± 6.47  

n=12 
3.24 ± 2.92  

n=11 
2 ± 2 

n=11 

 

Three elements (Sulfur, Silicon and Potassium) were observed in one of the 

measurements (represented by one of the “shots” from the EDX apparatus, out of a total of 15 

total measurements) seen in Pre-acclimatization. 

By using one-way ANOSIManalysis a highly significant difference between treatments 

(p=0.019, R=0.056) was observed in minor elements. The ANOSIM showed a high significant 

difference between Pre-acclimatizationand T0 (p=0.001), T0 (25
o
C) and Pre-

acclimatization(p=0.02) but relationship between Pre-acclimatizationand T0(30
o
C) was not 

significant (p=0.19). 

 

Table 5- Minor elements representing ≤ 10% composition of coral skeletal surfaces during acclimation in the 

mesocosm experiments (n=15) 

Name Strontium Magnesium Carbon Phosphorus 

Pre-acclimatization - - 

 

- 

 

- 

T0 0.64 ± 0.6 0.12 ± 0.25 - 

 

0.11 ± 0.22 

T0(25
o
C) 0.45 ± 0.65 - 1.27 ± 3.47 - 

 

T0(30
o
C) 0.49 ± 0.61 0.07 ± 0.17 5.48 ± 8.77 0.02± 0.08 
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3.1.2 Porosity and Pore Size Diameters Mean (PSDM) in coral skeleton measurement 

during acclimation period 

Porosity values and pore size diameters mean (PSDM) in Coral Skeleton were calculated 

by micro-CT techniques. The one-way ANOVA did not show significant differences in porosity 

values between treatments during acclimation period (p=0.134). However, significant difference 

was shown in the PSDM between treatments trough one-way ANOVA (p=0.001) and the highest 

PSDM was observed in T0(30
o
C) (155.92± 126.96) (Table 6). 

 

Table 6- Porosity and Pore Size Diameters Mean (PSDM) Analysis by Micro-Tomography (µ-CT) in coral 

skeleton during acclimation period (n=3) 

Name Porosity PSDM 

Pre-acclimatization 30.33± 1.53 114.75 ± 124.65 

T0 38.67.67± 7.77 117.07 ± 116.63 

T0 (25
o
C) 31 ± 6.24 87.19± 118.68 

T0 (30
o
C) 40 ± 4.58 155.92± 126.96 

 

3.2 The effect of BMC’s on Pocillopora damicornis skeleton structure under different 

temperature regimes 

The mesocosm experiment occurred from 22
nd

 October to 23
rd

 November, 2016, a total 

of 33 days(23 days after acclimation period). All physical-chemical parameters of water 

(including pH, salinity and oxygen) were monitored and checked two or three times per day 

attempting to keep all parameters constant (Table. 7).  
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Table 7- Salinity, pH and dissolved oxygen seawater monitoring during mesocosm treatments with BMC’s 

and control in the mesocosm (n=3) 

Treatment Salinity (ppt) pH Oxygen (mg/L) 

Control (25
o
C) 34-35 8.05-8.1 6.2-6.4 

Control (30
o
C) 34-35  8.05-8.1 5.7-6 

BMC’s (25
o
C) 34-35 8.05-8.1 6.2-6.4 

BMC’s (30
o
C) 34-35 8.05-8.1 5.7-6 

Source: ROSADO et al., 2019. 

 

3.2.1 The Seawater Micronutrients Analysis DuringBMC’s and Control Treatments 

Micronutrients analysis were performed in seawater of treatments including; phosphate 

ion (PO4
3-

), ammonium (NH4
+
) and nitrate (NO3

-
) (Tabale 8). The one-way ANOSIManalysis did 

not showed a significant difference between treatments (p=0.32, R=0.01).  

Table 8- Micronutrients in the treatments during mesocosm trial with BMC’s and control treatments (n=9)  

Name of treatment  PO4
3-

(µg/L)
 

NH4
+ 

(µg/L)
 

NO3
- 
(µg/L)

 

Control (25
o
C) 958.93 ± 29.15  311.55 ± 31.01 55.43 ± 49.40 

BMC’s (25
o
C) 958.22 ± 16.32 318.56 ± 23.36 63.94 ± 46.33 

Control (30
o
C) 945.71 ± 30.70 301.42 ± 15.96 41.88 ± 25.13 

BMC’s (30
o
C) 948.68 ± 26.56 299.15 ± 26.23 62.81 ± 51.33 
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3.2.2 Coral health assessments by checking morphological change in coral samplesduring 

mesocosm 

Coral fragments were photographed during mesocosm to assess coral health during the 

experiment. Several photos (without Flash) were taken of the fragments and compared to see the 

variation in the appearance on coral morphology and color (Figure 27). 
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Figure 27- Comparative images of P. damicornis corals pre-treatment (left side; 28
th

 October, 2016) and the 

conclusion of the experiment (right side; 17
th

 November, 2016) at two different temperatures (25ºC and 30ºC) 

with and without BMC’s 
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3.2.3 Measurement of chemical element composition of skeletal surface of Pocillopora 

damicornis 

 

The mean of the values (± standard deviation) were calculated. Oxygen, calcium, 

sodium and chlorine were detected in all measurements (major elements). The mean of these four 

elements in each coral sampleis shown in table 9. 

 

Table 9- The mean of four major elements composition together in each coral sample during BMC’s and in 

the control treatments 

Treatment   O2, NaCl and Ca (mean%) n 

BMCs (25
o
C) 98.29%  14 

Control (25
o
C) 97.93% 13 

BMCs (30
o
C) 97.43% 14 

Control (30
o
C) 92.74% 13 

 

Of particular interest, was the maximum percentage of calcium (36.78% ± 7.45%) 

observed in coral fragments with BMC’s treatment at 25
o
C and the minimum value of calcium 

(23.53 ± 6.36) observed in treatment without BMC’s at temperature 30
o
C. Treatments with 

BMC’s (30
o
C) showed higher calcium composition (33.32 ± 5.21) in comparisonwith treatment 

without BMC’s at 25
o
C temperature (29.77 ± 7.52). The ANOVA analysis showed a highly 

significant difference in calcium composition between treatments (p=0.0002, F=11.48). Tukey 

tests also showed highly significant differences between BMC’s at 25
o
C and both control 

treatments at 25
o
C (p=0.02) and 30

o
C (p=0.00006). The correlation between BMC’s at 30

o
C with 

control treatment was highly significant too (p=0.0007). These results emphasize that BMC’s can 

increase calcium composition and help coral calcification under different temperature regimes 

(Figure 28 - Table 10). 
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Table 10- Major elements representing ≥ 90% composition of coral skeletal surfaces during BMC’s and in the 

control treatments 

Treatment Oxygen% Calcium% Sodium% Chlorine% 

BMC’s (25
o
C) 50.09 ± 10.97 

n= 14 

36.78 ± 7.45 

n=13 

6.42 ± 3.44 n=10 5 ± 2.41  

n=10 

Control (25
o
C) 52.60 ± 9.23  

n=13 

29.77 ± 7.52 

n=12 

8.36 ± 5.76 n=13 7.20  ± 5.93 

 n=13 

BMC’s (30
o
C) 53.22 ± 7.97 

n=14 

33.32 ± 5.21 

n=13 

6.26 ± 3.28 n=12 4.64 ±2.64  

n=12 

Control (30
o
C) 49.13 ± 8.25 

n=13 
23.53 ± 6.36  

n=13 
11.34 ± 5.03 n=13 8.74 ± 3.8 

n=13 

 

 

Figure 28- Calcium percentage in coral skeleton under different temperatures during BMC’s and in the 

control treatments (n=15 for each treatment) 

 

Treatments with BMC’s at 30
o
C showed the maximum value for oxygen percentage 

(53.22 ± 7.97), while control at 30
o
C showed the minimum value (49.13 ± 8.25). No statistical 

differences in oxygen composition were observed through one-way ANOVA analysis (p=0.61, 

F=0.611) (Figure 29- Table 10). 
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Figure 29- Oxygen percentages in coral skeletons during BMC’s and control under different temperatures 

(n=15 for each treatment) 

 

The control treatments at 30
o
C showed the maximum value for sodium chloride 

percentage (11.34 ± 5.03 and 8.74 ± 3.8; Na and Cl respectively), while BMC’s at 30
o
C showed 

the minimum value (6.26 ± 3.284 and.64 ±2.64; sodium and chloride respectively). The ANOVA 

did not show significant differences between treatments in sodium value (p=0.43) but a 

significant relation was observed between treatments in chloride composition (one-way ANOVA, 

p=0.05, F=2.745). However, no significant differences between treatments was observed in the 

Tukey tests (BMC’s (30
o
C) compared to Control (30

o
C) p=0.06 and BMC’s (25

o
C) with Control 

(25
o
C) p=0.57) (Figure 30-Table 10). 
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Figure 30 - Sodium chloride (NaCl) percentages in coral skeletons during BMC’s and control treatments 

under different temperatures (mean%, n=15 for each treatment) 

 

 

The percentage of minor elements making up skeletal surfaces in different treatments 

was measured and is shown as mean ±SD (Table 11). 

 Three elements Tungsten (2.02%), Nickel (1.2%) and Silicon (0.25%) were observed in 

one of the measurements (representing one of the EDS shots out of 15 total 

measurements) in BMC’s at 30
o
C treatments 

 Phosphorus (0.41) was seen in just one measurement (again, one of the EDS shots out of 

15 total measurements) in Control at 25
o
C treatment. 

 
 

Table 11- Minor Elements (˂ 10%) composition on coral skeletal surfaces during BMC’s and in the control 

treatments (n=15) 

Treatment Strontium% Magnesium% Sulfur% Aluminum% 

BMC’s (25
o
C) 0.55± 0.7 0.05± 0.13 0.03 ± 0.11 - 

Control (25
o
C) 0.88 ± 0.67 0.16 ± 0.25 0.04 ± 0.1 - 

 

BMC’s (30
o
C) 1.09 ± 0.51 0.3± 0.34 0.17± 0.2 0.11± 0.17 

Control (30
o
C) 0.46± 0.55 0.04± 0.11 

 
0.03± 0.11 - 
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The ANOSIManalysis showed a significant difference between treatments (p=0.0091, 

R=0.091). The one-way ANOSIM analysis showed significant differences between BMC’s 

(30
o
C) and Control (30

o
C) (p=0.0006) but the relation between Control (25

o
C) and BMC’s 

(25
o
C) was not significant (p=0.12). However, significant differences were observed between 

BMC’s in two different temperatures (25
o
C and 30

o
C) (p=0.0098). 

 

Figure 31- Percentages of minor elements in coral skeleton of P. damicornisduring BMC’s and in the control 

treatments (mean+SD, n=15 for each treatment) 

 

 

Results showed that: 

 Strontium had the highest percentage of the minor elements in all treatment 

 The treatment with BMC’s at 30
o
C had the highest percentage of the minor elements 

(strontium, magnesium, sulfur and aluminum) between treatments 

 The control with temperature at 30
o
C had minimum percentage of the minor elements 

 Aluminum was observedonly in treatment with BMC’s (30
o
C) (figure 31). 

 

3.2.4 Porosity and Pore Size Diameter Meam (PSDM) in coral skeleton during treatments 

Porosity values in treatments were calculated using micro-CT techniques (MICRO 

TOMOGRAPHY) (Table 12). The one-way ANOVA analysis showed a highly significant 
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difference in porosity values between each treatment (p=0.0093, F=8.907). The Tukey test also 

showed significant differences between: 

 BMC’s (25
o
C) and Control (25

o
C) (p=0.03) 

 Both control treatments (25
o
C and 30

o
C) (p=0.012)  

 Control (25
o
C) and BMC’s (30

o
C) (p=0.007) displayed a highly significant difference 

 Control (30
o
C) and BMC’s (30

o
C) (p=0.97), however did not display a significant relation 

(Figure 32-33). 

 

Figure 32- Coral Skeleton Porosity during BMC’s and in the control treatments (n=15 for each treatment) 
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Figure 33- Results of µ-CT show increasing porosity due to higher temperatures and treatment with BMC’s 

on coral skeleton of P. damicornis 

 

 

The pore size diameter meam (PSDM) in treatments was calculated by micro-CT 

techniques (Table 12). The PSDM between treatments was highly significant (one-way ANOVA 

p=0.00001, F=18.63).The Tukey test, showed highly significant differences between treatments: 

 BMCs at two different temperatures (25-30
o
C) (p=0.00001)  

 Control (30
o
C) with BMC’s (25

o
C) (p=0.0008)  

 Control (30
o
C) and BMC’s (25

o
C) (p=0.39) however did not display a significant relation. 

 

The results shown by Micro-CT indicate the following: 

 

33.33± 2.31 21.67± 4.62 

37 ± 5 35.67± 3.79 
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 At 30
o
C temperature the control and treatment with BMC’s have maximum values of 

porosity (35.67± 3.79 and (37 ± 5respectively.). 

 The highest amount of pore size distribution was observed in the treatment with BMC’s 

at 25
 o
C [See Table 6 for mean ±SD of porosity and PSDM]. 

 These experiments showed that BMC’s affected coral skeleton porosity at both 25
o
C and 

30
o
C – for the control treatment porosity was only affected at 30

 o
C (Table 12). 

 

 

Table 12- Porosity and pore size diameters mean (PSDM) shown in Micro-tomography (µ-CT) measurements 

for BMC’s and in the control treatments (n=3) 

Treatment Porosity% PSDM% 

BMCs (25
o
C) 33.33± 2.31 134.08± 80.05 

Control (25
o
C) 21.67± 4.62 85.03 ± 87.76 

BMCs (30
o
C) 37 ± 5 86.70± 107.34 

Control (30
o
C) 35.67± 3.79 105.70± 115.47 

 

 

 

3.2.5 Microstructure observation by SEM in coral skeleton of P. damicornisunderBMC’s 

and Control treatments  

The septa was selected as the coral region for further analysis of crystalline structure 

following comments in Isa, 1986 whereby in coral corallite, the spine, septa, thecal walls and 

costae are the most active places for crystal formation. The septa in all three coral fragments in 

each treatment were investigated in the apical and lateral views. Five types of fibers were 

observed in the coral skeleton at the treatments (Table 13). 
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Table 13-Presence/absence of different types of fibers formation in the coral skeleton underBMC’s and 

control treatments pointed by SEM 

 

Treatments 

blade-like 

fibers 

Compressed 

blade-like 

fibers 

granulated  Bulk shapes Needle fibers   

Control (25
o
C)  

and Pre-acclimatization 

+ - - - - 

BMC’s (25
o
C) - + + + - 

BMC’s (30
o
C) + - + - - 

Control (30
o
C) + - + - + 

 

3.2.5.1 Fibers morphology in Pre-acclimatization and Control at 25
o
C treatments 

Only one kind of fibers morphology in both pre-acclimatization and Control (25
o
C) 

treatments was identified. It was called “Blade-like fibers”. In all parts of septait was observeda 

dense and compactblade-like fibers inpre-acclimatization and control at 25
o
C treatments. Coral 

fibers in both treatments presented approximately the same size (Figure 34). 
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Figure 34- The corallites in P. damicornis in Pre-acclimatization and in the Control at 25
o
C in SEM views. The 

“Blade-like fibers”were observedin both P-Coral and in the Control (25
o
C) treatments. Morphology of micro-

structures in septa under different magnifications: panels A, B, C, and D show P-Coral treatment with 

different magnifications; panels E and F show the Control (25
o
C) treatment coral fragment micro-structures. 

Images show normal blade-like fibers in the crystalline in P. damicornis fibers in both treatments [Panel D 

shows lateral view of septa – all other panels are apical views] 
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3.2.5.2 Fibers morphology in the BMC’s at 25
o
C 

Three different crystal morphologies in the coral fragments in treatments with BMC’s at 

25
o
C were observed by SEM. The figures 35 and 36 show two fragments in BMC’s at 25

o
C with 

three different fibers structures of coral septa. It is shownfibers deformities in coral skeletons. 

Figure 35-Corallite microstructure in P. damicornis under BMC’s at 25
o
C evidenced by SEM. Three different 

crystal morphologies in P. damicornis: Panels A, B and C show the “Compressed blade-like fibers” in the 

skeleton. In this type of fiber, the growth is compressed and the borders and edges of each fiber are not 

detectable 

In panel D different deformation of fibers structures in one part of coral septa . In panel D, blue arrows 

identify ‘Blade-like fibers” - on the left and right sides of the coral (marked as “a and b”) we can see the 

granulated crystalline (a) and bulk shaped structures (b) (×5k) 
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Figure 36- Corallite microstructure in P. damicornis with BMC’s (25
o
C) by SEM, in some fragments the bulk 

shape and granulated crystalline was the shapes of coral fibers.  

Panel A: Bulky shape in fibers structure in septa of P. damicornis in BMC’s (25
o
C) Panel B: bulky shape of 

fibers structure inapical view of coral spine 

Panels C and D: bulky shape and granulated-shape fibers structures in different fragments in BMCs (25
o
C) 

treatments (Magnification ×5k; Scale=2µm)  

 

 

 

Observation by SEM showed three crystal morphologies: these results showed that 

BMC’s at 25
o
C highly affect shapes in fibers structure. Treatments P-Coral and Control (25

o
C) 

displayed significant differences in fibers morphology when compared with treatments with 

BMC’s (25
o
C) (Figures 35, 36). 
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3.2.5.3. The fibers morphology in the BMC’s at 30
o
C 

SEM observations of coral fragments during treatment with BMC’s (30
o
C) showed 

differences in fibers morphology in comparison with other treatments (T0, Control 25
o
C and 

BMC’s 30
o
C). Additionally, two fibers morphologieswere foundin coral skeletons during BMC’s 

30
o
C treatment: blade-like fibers and the granulated-shape (Figures 37 and 38). 
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Figure 37- Corallite microstructure in P. damicornis under BMC’s at 30
o
C by SEM, Rectangles A and B show 

two different part of corallite. A; shows the spine (A) and septa (B) in P. damicornis. (C) and (D) showing two 

different fragments under different magnifications in BMC’s (30
o
C). The fibers structures in some fragments 

are identified as the Blade-like fibers with regular form and size compared with treatment BMC’s at 25
o
C 
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The “granulated” fibers structure was other form of coral fibers observed in BMC’s 

(30
o
C) treatment. Detection of distinct crystalline borders and edges between fibers are extremely 

difficult. Coral fibers in this form are highly compacted (Figure 38). 

Figure 38 - The granulated fibers structure in septa of P. damicornis in BMC’s at 30
o
C 

 

 

3.2.5.4. The fibers morphology in the Control at 30
o
C 

Of particular note was the presence of three fibers shapes in Control at 30
o
C;Needle 

fibers, blade-like fibers and the granulated-shaped fiberstogether. SEM images in BMC’s at 30
o
C 

showed these two forms individually, however, in the Control at 30
o
C the results were different 

(Figure 39). 

 

 

B 
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Figure 39 - Corallite microstructure in P. damicornis in the control at 30
o
C  by SEM 

Panels A, B and C: Needle fibers with the granulated fibers in septa in different fragments of P. damicornis in 

Control 30
o
C 

Panel D: Blade-like fibers in septa 

 

 

 

3.2.6 Using X-ray Diffraction (XRD) to identify the mineralogyof the coral fragments 

X-ray diffraction is one of the most important analytical techniques to identify 

mineralogy. Only aragonite was present in the structure of coral samples on the different 

treatments (Figure 40). 
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Figure 40- Difractogram showing the dominant mineralogy of coral fragments during BMC’s and in the 

control treatments as dominated just by aragonite 

 

 

3.3 The effect of pathogen Vibrio coralliilyticus on Pocillopora damicornis skeleton structure 

under two different temperature scenarios 

All physical-chemical parameters of water (including pH, salinity and oxygen) were 

recorded during experiments (Table 14). 

Table 14 - pH, salinity, and dissolved oxygen of the seawater monitored during treatments with the pathogen 

Vibrio coralliilyticus and in the control  

Name of treatment Salinity (ppt) pH Oxygen (mg/L) 

Control (25
o
C) 34-35 8.05-8.1 6.2-6.4 

Control (30
o
C) 34-35  8.05-8.1 5.7-6 

Pathogen (25
o
C) 34-35 8.05-8.1 6.2-6.4 

Pathogen (30
o
C) 34-35 8.05-8.1 5.7-6 

Source: ROSADO et al., 2019. 
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3.3.1   Seawater Micronutrients in the Treatments with Pathogen and Control 

 

Micronutrients analyzed in the seawater included:phosphate ion (PO4
3-

), ammonium 

(NH4
+
) and nitrate (NO3

-
) (Table 15). The one-way ANOSIManalysis showed a significant 

difference between pathogen treatments together at both temperatures (25
o
C and 30

o
C) (p=0.02), 

however, correlation between all treatments together was weakly significant (p=0.08, R=0.05). 

The results showed that treatment with pathogen at a temperature of 30
o
C had maximum 

values of ammonium and nitrate (321.22 ± 26.23 and 60.05 ± 55.08 respectively) but no 

meaningful differenceswere observed on the effect of pathogen on water micronutrients in the 

treatments. However, the comparative charts showedthat the treatment with pathogen at 30
o
C 

increased the value of nitrate and ammonium ions in the seawater during the experiments. 

 

Table 15- Micronutrients in the treatments with the pathogen Vibrio coralliilyticus and in the control 

Name of treatment  PO4
3-

(µg/L) NH4
+ 

(µg/L) NO3
- 
(µg/L) 

Control (25
o
C) 958.93 ± 29.15 

n=9 

 311.55 ± 31.01 

n=9 

55.43 ± 49.40 

n=9 

Pathogen (25
o
C) 956.96 ± 17.94 

n=11 

291.88 ± 20.38 

n=11 

47.03 ± 26.91 

n=10 

Control (30
o
C) 945.71 ± 30.70 

n=9 

301.42 ± 15.96 

n=9 

41.88 ± 25.13 

n=9 

Pathogen (30
o
C) 952.81 ± 24.04 

n=11 

321.22 ± 26.23 

n=11 

60.05 ± 55.08 

n=10 

 

3.3.2 Coral health assessments by checking morphological change in coral samplesduring 

mesocosm run 

Coral fragments were photographed during mesocom run to assess coral health and to 

estimate the bleaching percentage (Figure 41). The bleaching percentages in the treatments with 

pathogen and control in 25
o
C were zero in all fragments. However, at the end of experiments, 
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color reduction was observed in coral fragments in the treatments with pathogen. Coral fragments 

in temperature of 30
o
C had a bleaching percentages ≥45% and treatments with pathogen under 

30
o
C had the highest bleaching percentage (between 70-95%) between all treatments. 

 

Figure 41- Comparative images of P. damicornis corals pre-treatment (A; 28
th

 October, 2016) and the 

conclusion of the experiment (B; 17
th

 November, 2016) at two different temperatures (25ºC and 30ºC) during 

treatments with the pathogen Vibrio coralliilyticus and the control 

 

3.3.3 Measurement of element composition of skeletal surface of Pocillopora damicornis 

The percentage composition of elements after removing outliers (Tables 16 and 18). 

Table 16- Major elements representing ≥ 90% composition of coral skeletal surfaces during treatments with 

the pathogen Vibrio coralliilyticus and in the control 

Name Oxygen% Calcium% Sodium% Chlorine% 

Pathogen (25
o
C) 59.15 ± 8.14 

n= 13 

27.40 ± 4.8 

n=12 

5.59 ± 2.08 

 n=10 

3.90 ± 1.89 

n=13 

Control (25
o
C) 52.60 ± 9.23  

n=13 

29.77 ± 4.51 

n=12 

8.36 ± 5.76 

 n=13 
7.20  ± 5.93 

 n=13 

Pathogen (30
o
C) 57.47 ± 10.76 

n=13 

26.80± 4.22 

 n=13 

3.23 ± 3.6 

 n=13 
1.38 ± 1.43  

n=12 

Control (30
o
C) 49.13 ± 8.25 

n=13 
23.53 ± 6.36  

n=13 
11.34 ± 5.03 

 n=13 
8.74 ± 3.8 

n=13 

A 

A 

B 

B 

A 

A 

B 

B 
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Oxygen, calcium, sodium, and chlorine were detected in all measurements (major 

elements). The mean of these four elements in each treatment is shown in table 17. 

Table 17- Mean values of four major elements composition together in each coral during treatments with the 

pathogen Vibrio coralliilyticus and the control 

Treatment   O2, NaCl and Ca (mean %) n 

Pathogen (25
o
C) 96.53% 13 

Control (25
o
C) 97.93% 13 

Pathogen (30
o
C) 88.88% 13 

Control (30
o
C) 92.74%. 13 

 

Interesting results were observed in coral fragments with the treatment with pathogen at 

30
o
C;  

 The minimum percentage of major elements (88.88%) 

 The only treatments which carbon composition appeared inthe skeleton surface (7.66 ± 

11.86). 

ANOVA analysis showed a significant difference in calcium composition between 

treatments (p=0.029, F=3.251). Tukey tests also showed a significant difference between control 

at 25
o
C with control treatments at 30

o
C (p=0.017). However, the correlation between pathogen 

and control together in both temperatures were not significant (25
o
C: p=0.66, Pathogen with 

Control at 30
o
C:p=0.34 and pathogen at 25

o
C with Control at 30

o
C:p=0.23). 

Treatments with control at 25
o
C showed the maximum value for calcium percentage 

(29.77 ± 4.51) and treatments with control at 30
o
C showed the minimum value for calcium (23.53 

± 6.36). The percentage of calcium in treatments with pathogen at temperatures of 30
o
C were 

26.80 ± 4.22 and was higher than treatment with control at 30
o
C. These results showed that 

although pathogen V.coralliilyticus did not show a strong effects on coral 

P.damicornisappearance at temperature 25
o
C, he proved to be effectiveon calcium uptake in coral 

skeleton during calcification (Figure 42). 
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Figure 42 - Calcium composition in coral skeleton during treatments with the pathogen Vibrio coralliilyticus 

and the control 

 

ANOVA analysis showed a significant difference in oxygen composition between 

treatments (p=0.02, F=3.245). Tukey tests also showed a significant difference between control at 

30
o
C with pathogen at 30

o
C (p=0.036). However, the correlation between pathogen in both 

temperatures (25
o
C and 30

o
C) (p=0.65) and control in both temperatures (25

o
C and 30

o
C) 

together (p=0.76) were not significant. 

Treatments with pathogen at 25
o
C showed the maximum value for oxygen percentage 

(59.15 ± 8.14) and treatments with control at 30
o
C showed the minimum value for oxygen (49.13 

± 8.25). The results showed that, the pathogen V.coralliilyticus has a high effect on oxygen 

composition on coral skeleton surface (Figure 43). 
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Figure 43- Oxygen percentages in coral skeleton during treatments with the pathogen Vibrio coralliilyticus and 

in the control 

 

The one-way ANOSIManalysis showed a highly significant difference between 

treatments (p=0.0001, R=0.2386). The one-way ANOSIM analysis showed highly significant 

differences between pathogen (25
o
C) and control (30

o
C) (p=0.0003), pathogen (30

o
C) with 

control (30
o
C) (p=0.0002) and between pathogen in both temperatures (25

o
C and 30

o
C) 

(p=0.0024). But the relationship between control (25
o
C) and pathogen (25

o
C) was not significant 

(p=0.11). The minimum percentage of sodium chloride was observed in treatments with pathogen 

at 30
o
C (3.23 ± 3.6 and 1.38 ± 1.43 respectively). The treatments with control at 30

o
C showed the 

highest compositions of Na and Cl (11.34 ± 5.03 and 8.74 ± 3.8 respectively) (Figure 44). The 

results showed that the pathogen V.coralliilyticus can highly decreases the sodium chloride 

composition on coral skeleton surface during calcification. 
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Figure 44 -Sodium chloride percentages in coral skeletons during treatments with the pathogen Vibrio 

coralliilyticus and the control (n=15) 

 

 

The percentage composition of minor elements making up skeletal surfaces in different 

treatments was measured and shown as a mean ±SD (Table 18). 

 

Table 18 - Minor Elements (˂ 10%) composition of coral skeletal surfaces during pathogen and the control 

treatments (n=15) 

Name Strontium% Magnesium% Sulfur% Carbon% 

Pathogen (25
o
C) 0.83± 0.83 0.07± 0.20 - - 

Control (25
o
C) 0.88 ± 0.67 0.16 ± 0.25 0.04 ± 0.1 - 

 

Pathogen (30
o
C) 0.82± 0.71 0.12 ± 0.17 0.13 ± 0.14 7.66 ± 11.86 

Control (30
o
C) 0.46± 0.55 0.04± 0.11 

 
0.03± 0.11 - 

 

 

One-way ANOSIManalysis showed a significant difference between treatments 

(p=0.051, R=0.047). The one-way ANOSIM analysis showed highly significant differences 

between pathogen (30
o
C) and control (30

o
C) (p=0.0063) but the relation between control (25

o
C) 

and control (30
o
C) (p=0.09) and between pathogen (25

o
C) and Control (25

o
C) (p=0.69) was not 

significant (p=0.12). 
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Figure 45- Concentration of minor elements in coral skeleton during treatments with the pathogen Vibrio 

coralliilyticus and the control (mean+SD, n=15) 

Note: the Y-axis is not to scale to allow the display of variations in levels of all elements 

 

 

Results showed that treatment with pathogen (30
o
C) had the highest percentage of the 

minor elements composition in all treatment (Figure 45). 
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3.3.4 Porosity and the Pore Size Diameters Mean (PSDM) in coral skeleton during 

treatments with the pathogen and the control 

One-way ANOVA analysis showed a highly significant difference in porosity values 

between treatments (p=0.02, F=5.106). The Tukey test also showed significant differences 

between pathogen (25
o
C) and control (25

o
C) (p=0.02), however it did not display a significant 

relationship between pathogen (30
o
C) and control (30

o
C) (p=0.77) (Figures 46-47- Table 19). 

 

Figure 46- Coral skeleton porosity percentages during treatments with the pathogen Vibrio coralliilyticus and 

the control (n=15) 
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Figure 47- Results of µ-CT showed that the pathogen Vibrio coralliilyticus are able to increase porosity on 

coralP. damicornis skeleton. In µ-CT images, the empty spaces(pores) in object are shown colorful. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The pore size diameters mean (PSDM) between treatments was highly significant (one-

way ANOVA p=0.000001, F=77.28) (Table19). The Tukey test, showed highly significant 

differences between treatments: 

 Control treatments at two different temperatures (25-30
o
C) (p=0.02). 

 Control (25
o
C) with pathogen (30

o
C) (p=0.02). 

 Control (30
o
C) and pathogen (30

o
C) however did not display a significant relation 

(p=0.93). 

 

Control (25ºC)  Pathogen (25ºC)  

Control (30ºC)  Pathogen (30ºC)  
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 The results shown by Micro-CT indicate the following: 

 

 The control treatment at a temperature of 25
o
C had minimum values of porosity and 

PSDM (21.67± 4.62 and 85.03 ± 87.76 respectively) 

 Treatment with pathogen at a temperature of 25
o
C had maximum values of porosity and 

PSDM (47.33± 6.66 and (173.96± 112.66 respectively)  

 Pathogen at both temperature affect porosity, PSDM, and the elements composition. 

 

 

Table 19- Porosity and the PSDM shown in Micro-tomography (µ-CT) measurements for different treatments 

with pathogen and the control (n=3) 

Name Porosity% PSDM% 

Pathogen (25
o
C) 47.33± 6.66 173.96± 112.66 

Control (25
o
C) 21.67± 4.62 85.03 ± 87.76 

Pathogen (30
o
C) 39.33 ± 13.80 100.80 ± 127.72 

Control (30
o
C) 35.67± 3.79 105.70± 115.47 

 

 

 

3.3.5 Using X-ray Diffraction (XRD) to identify mineralogy in the coral fragments during 

treatments with the pathogen and the control 

Only aragonite was present in crystalline structure of coral samples in different 

treatments by XRD analysis. 

3.3.6 Microstructure observation by SEM in coral skeleton of P. damicornis in the pathogen 

Vibrio coralliilyticus and in the control treatments  

The septa in all three coral fragments in each treatment were investigated in the apical 

and lateral views (Table 20). Three types of fiber structures were observed during treatments with 

pathogen V.coralliilyticus and the Control. 
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Table 20-Fibersstructures observed in the coral skeleton by SEM analysis during treatments by pathogen and 

the control 

 

Treatment 

Blade-like  granulated  Needle 

Control (25
o
C)  

and Pre-acclimatization 

+ - - 

Pathogen (25
o
C) + - - 

Control (30
o
C) + + + 

Pathogen (30
o
C) + + + 

 

3.3.6.1 The Fibers morphology in the pathogen treatment at 25
o
C 

Only one fiber morphology was identifiedin both pathogen and control at temperature of 

25
o
C treatment. The coral fibers in all parts of septa were observedas dense and blade-like fibers 

in both treatments. Coral fibers in both treatments were of approximately the same size and form 

(Figures 48). Coral fibers in both treatments looked like the same as Pre-acclimatization. 

Figure 48- The corallites in P. damicornis in the treatment with pathogen at 25
o
C in SEM views. Morphology 

of micro-structures in septa under different magnifications: The white arrows in panels A shows the center of 

calcification in coral septa. Panel B, shows blade-like fibers in P. damicornis 

 

 

 

10 µm    ×1k  

 

      1µm ×18k  

 



100 
 

 
 

3.3.6.2 The fibersmorphology in the pathogen treatments at 30
o
C 

SEM observations of coral fragments during treatments with pathogen and in the control 

at 30
o
C showed the same fibersmorphologies. Three fibersmorphologies were 

found:thegranulated, needleand blade-like fibers (Figures49). 

Figure 49-The corallites of P. damicornis in pathogen treatment at 30
o
C in SEM 

Panels A, B, D: treatment with pathogen at 30
o
C, blade-like fibers in P. damicornis; C: Needle fibers in septa; 

E: granulated fibers 

 

 

Our results showed that, the pathogen V.coralliilyticus at any temperature (25
o
C and 

30
o
C) is highly effective on porosity, PSDM, element composition but not effective on 

fibersstructures in coral skeleton. 

 

 

 

1mµ ×10k 3mµ ×2.5k 3mµ ×2.5k 
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3.4 The effect of pathogen Vibrio coralliilyticus and BMC’s together (P+BMC’s) on 

Pocillopora damicornis skeleton structure under different temperature conditions 

All physical-chemical parameters of water (including pH, salinity and oxygen) 

arerecordedon Table 21. 

Table 21- pH, salinity and dissolved oxygen of seawater during treatments with BMC’s and pathogen V. 

coralliilyticus (P+BMC’s) and in the control  

Source: ROSADO et al., 2019. 

 

3.4.1 Seawater Micronutrients Analysis during treatments 

Micronutrients seawater in treatments included; phosphate ion (PO4
3-

), ammonium 

(NH4
+
) and nitrate (NO3

-
) (Table 22). One-way ANOSIManalysis did not show a significant 

difference in thetreatments together (p=0.57).  

Table 22- Micronutrients in the treatments with pathogen Vibrio coralliilyticus with BMCs and in the control 

treatments during mesocosm trial 

Name of treatment  PO4
3- 

(µg/L) NH4
+
(µg/L) NO3

- 
(µg/L) 

Control (25
o
C) 958.93 ± 29.15 

n=9 

 311.55 ± 31.01 

n=9 

55.43 ± 49.40 

n=9 

P+BMCs (25
o
C) 927.50 ± 40.47 

n=10 

294.57 ± 17.88 

n=10 

53.21 ± 34.77 

n=8 

Control (30
o
C) 945.71 ± 30.70 

n=9 

301.42 ± 15.96 

n=9 

41.88 ± 25.13 

n=9 

P+BMCs (30
o
C) 931.10 ± 47.57 

n=10 

308.49 ± 22.43 

n=10 

57.79 ± 27.89 

n=8 

Name of treatment Salinity (ppt) pH Oxygen (mg/L) 

Control (25
o
C) 34-35 8.05-8.1 6.2-6.4 

Control (30
o
C) 34-35  8.05-8.1 5.7-6 

P+BMCs (25
o
C) 34-35 8.05-8.1 6.2-6.4 

P+BMCs (30
o
C) 34-35 8.05-8.1 5.7-6 
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3.4.2 Coral health assessments by checking morphological changes in coral samplesduring 

mesocosm trial 

The bleaching percentage was estimated by visualcomparison of the coral fragments. 

The bleaching percentage for coral fragments in the treatments with P+BMC’s and control in 

25
o
C waszero. For the coral fragments at the temperature of 30

o
C the bleaching percentages was 

≥45% (Figure 50) but treatments with BMC’s and Pathogen at 30
o
C, revealed two type of results: 

 

1- One of coral replicate showed up ≤ 55% bleaching percentages (Figure 51, C and D).  

2- Two replicates showed up ≤ 5% bleaching percentages (Figure 51, E and F).   

 

Figure 50- Comparative images of P. damicornis corals pre-treatment (left side; 28
th

 October, 2016) and the 

conclusion of the experiment (right side; 17
th

 November, 2016) at 25ºC with control treatment and P+BMC’s 

(P+C), the bleaching percentages were zero for all of fragments. 
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Figure 51- Comparative images of P. damicornis corals pre-treatment (left side; 28
th

 October, 2016) and the 

conclusion of the experiment (right side; 17
th

 November, 2016) at 30ºC with control (A and B) and P+BMC’s 

(P+C) treatment, the bleaching percentage was ≤ 55% for one fragment (C and D) and ≤ 5% for two 

fragments (E and F) 
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3.4.3 Measurement of element composition of skeletal surface of Pocillopora damicornis 

The data (± standard deviation) were calculated and elements compostion were showen 

on Tables 23 and 24. 

Table 23- Major elements ≥ 90% on coral skeletal surfaces in the treatments with P+BMC’s and in the control 

Name Oxygen% Calcium% Sodium% Chlorine% 

P+BMC’s (25
o
C) 55.41 ± 4.25 

n= 13 

30.08 ± 3.58 

n=13 

5.87± 3.76 

 n=15 

5.09± 3.81 

n=13 

Control (25
o
C) 52.60 ± 9.23  

n=13 

29.77 ± 4.51 

n=12 

8.36 ± 5.76  

n=13 
7.20  ± 5.93 

 n=13 

P+BMC’s (30
o
C) 58.17± 7.02 

n=14 

33.27 ± 6.25 

 n=13 

3.39 ± 2.74 

 n=15 
2.20 ± 1.87 

n=15 

Control (30
o
C) 49.13 ± 8.25 

n=13 
23.53 ± 6.36  

n=13 
11.34 ± 5.03 

 n=13 
8.74 ± 3.8 

n=13 

 

Oxygen, calcium, sodium and chlorine were detected in all measurements (major 

elements). The mean of these four elements in each treatment was:  

 P+BMC’s (25
o
C) = 96.45%  

 Control(25
o
C) = 97.93% 

 P+BMC’s (30
o
C) =97.03% 

 Control (30
o
C) = 92.74%. 

ANOVA analysis showed a high significant difference in calcium composition between 

treatments (p=0.0003, F=7.603). Tukey tests also showed a high significant differences between 

control 25
o
C, with control at 30

o
C (p=0.02), control with P+BMC’s (p=0.0001) at 30

o
C and 

control at 30
o
C with P+BMC’s 25

o
C (p=0.01). However, the correlation of control at 25

o
C with 

P+BMC’s  (p=0.99) was not significant. 

Interestingly, both of treatments with BMC’s and pathogen V.coralliilyticusat 

temperatures 25
o
C and 30

o
C showed the high value for percentage of calcium content (30.08 ± 

3.58 and 30.08 ± 3.58respectively). These results showed that despite of the emergence of disease 

by pathogen V.coralliilyticus, the BMC’s is still able to help coral to uptake calcium and use in 
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calcification. The treatments with control at 30
o
C showed the minimum value for calcium (23.53 

± 6.36) (Figure 52).  

Figure 52- Calcium percentages in coral skeleton in the treatments with Pathogen +BMC’s (P+C) and the 

control at different temperatures 

 

ANOVA analysis showed a significant difference in oxygen composition between 

treatments (p=0.01, F=3.646). Tukey tests showed a significantive difference between control 

with P+C treatments at temperature of 30
o
C (p=0.01). However, the correlation between 

P+BMC’s with control treatment at 25
o
C (p=0.77) and control inboth temperatures (25

o
C and 

30
o
C) together (p=0.63) were not significant. Interestingly, treatments with Pathogen and BMC’s 

at the both temperatures (25
o
C and 30

o
C) showed the maximum percentage for oxygen content 

(55.41 ± 4.25, 58.17± 7.02 respectively) and treatments with control at 30
o
C showed the 

minimum value for oxygen (49.13 ± 8.25) (Figure 53). 
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Figure 53- Oxygen percentage in coral skeleton in the treatments with Pathogen + BMCs (P+C) and in the 

control (n=15) 

 

The significant differences tested using one-way ANOSIManalysis in the sodium 

chloride concentrations in different treatments. The one-way ANOSIManalysis showed a highly 

significant difference between treatments (p=0.0003, R=0.189). The one-way ANOSIM analysis 

showedhighly significant differences between P+BMC’s (30
o
C) and Control (30

o
C) (p=0.0001), 

P+BMCs (25
o
C) with Control (30

o
C) (p=0.014) and between P+BMC’s (30

o
C) with Control 

(25
o
C) (p=0.006) but the relationship between Control (25

o
C) and P+BMC’s (25

o
C) was not 

significant (p=0.26). 

Treatments with Pathogen and BMC’s at the temperature of 25
o
C (5.87± 3.76 and 5.09± 

3.81 respectively) and 30
o
C (3.39 ± 2.74 and 2.20 ± 1.87 respectively) showed the minimum 

value for sodium and chloridepercentage and treatments with control at 30
o
C showed the 

maximum value for sodium and chloride (11.34 ± 5.03 and 8.74 ± 3.8 respectively) (Figure 54). 
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Figure 54- The values of sodium chlorine in different treatments in the experiments with pathogen +BMC’s 

(P+C) and in the control (n=15) 

 

The percentage of minor elements making up skeletal surfaces in different treatments 

was measured and is shown as a mean ±SD. The ANOSIManalysis shows a significant difference 

between treatments (p=0.24, R=0.01) (Table 24- Figure 55). 

Table 24-  Minor Elements (˂ 10%) composition of coral skeletal surfaces in treatments with pathogen 

+BMC’s (P+C) and in the control (mean±SD)(n=15) 

Name Strontium Magnesium Sulfur Aluminum Carbon Phosphorus 

P+C (25
o
C) 0.67 ± 0.77 - 0.02 ± 0.06 - 0.96 ± 3.62 - 

Control (25
o
C) 0.88 ± 0.67 0.16 ± 0.25 0.04 ± 0.1 - - - 

P+C (30
o
C) 0.75 ± 0.69 0.11 ± 0.35 0.06 ± 0.11 0.19 ± 0.75 0.73± 2.15 0.07± 0.20 

Control (30
o
C) 0.46 ± 0.55 0.04± 0.11 0.03± 0.11 - - - 

 

In general, results by EDX analysis showed that coral fragments with treatments with 

pathogen+BMCs at both temperatures presented: 

 Minimum percentage of sodium chloride; 

 Maximum value in calcium and oxygen percentage; 

 Treatments with pathogen + BMCs at (30
o
C) had maximum value in minor elements in 

coral skeleton. 
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Figure 55- Concentration of minor elements in coral skeleton in the treatments with Pathogen +BMC’s 

(P+C) and in the control (mean+SD, n=15) 

 

 

3.4.4 Porosity and the Mean of Pore Size Diameters (PSDM) in coral skeleton during 

treatments 

The one-way ANOVA analysis showed a highly significant difference in porosity values 

between treatments (p=0.01, F=6.311). The Tukey test also showed significant differences 

between P+BMC’s with Control at the temperature 25
o
C (p=0.01), however it was not showna 

significant relationship between P+BMCs with control at temperature of 30
o
C (p=0.1) (Figures 

56 and 57 and Table 25). 
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Figure 56- Coral skeleton porosity in the treatments with pathogen +BMC’s (P+C) and in the control 

(mean+SD, n=15) 

 

 

Figure 57- Results of µ-CT show the increasing porosity and PSDM due to Pathogen and BMC’s treatmentson 

coral fragments . In the µ-CT images, the empty spaces(pores) in object are shown colorfu 
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The PSDM between treatments was highly significant (one-way ANOVA p=0.00001, 

F=56.95).The Tukey test, showed highly significant differences between treatments: 

 Control and P+BMC’s at temperature 30
o
C (p=0.00001); 

 Control (30
o
C) with control (25

o
C) (p=0.01); 

Control (25
o
C) and P+BMCs (25

o
C) (p=17.01) however, did notshowa significant 

relationship. 

 

The results shown by Micro-CT indicate the following: 

 

 The control treatment at a temperature of 25
o
C had a minimum values of porosity 

(21.67± 4.62) and minimum values of PSDM (85.03 ± 87.76); 

 Treatment with P+C at both temperatures (25
o
C and 30

o
C) had maximum values of 

porosity (40.67± 5.86 and 35.33 ± 7.51 respectively.) and PSDM (153.88 ± 105.34 

and141.60 ± 119.37); 

 These experiments showed that Pathogen and BMC’s strongly affected coral skeleton 

porosity and PSDM at both 25
o
C and 30

o
C (Table 25).  

 

 

Table 25- Porosity and the PSDM shown in Micro-tomography (µ-CT) measurements for during control 

and Pathogen with BMC’s treatments (n=3) 

Name Porosity% PSDM mean (µm) 

P+BMCs (25
o
C) 40.67± 5.86 153.88 ± 105.34 

Control (25
o
C) 21.67± 4.62 85.03 ± 87.76 

P+BMCs (30
o
C) 35.33 ± 7.51 141.60 ± 119.37 

Control (30
o
C) 35.67± 3.79 105.70± 115.47 

 

 

 



111 
 

 
 

3.4.6 Microstructure observation by SEM in coral skeleton of P. damicornis in BMC’s and 

control treatments  

The septa in all three coral fragments in each treatment were investigated in the apical and lateral 

views (Table 26). 

Table 26- Presence /Absence of fibers types in the coral skeleton at treatments with P+BMC’s and in the 

control by SEM observations 

 

Treatment 

Blade-

like 

fibers 

Compressed 

blade-like 

fibers 

Granulated 

fibers 

Naduler 

fibers 

Needle 

fibers   

Control (25
o
C) and 

Pre-acclimatization 

+ - - - - 

BMC’s+ Pathogen  (25
o
C) + + - + - 

BMC’s+ Pathogen  (30
o
C) + - - - + 

Control (30
o
C) + - + - + 

 

SEM observations of coral fragments during treatment with Pathogen and BMCs at 25
o
C 

showed different fibersshape in comparison with other treatments (Pre-acclimatization, Control 

and pathogenat 25
o
C). 

 Three crystal morphologies in coral skeletons during P+BMC’s 25
o
C treatment were 

found: 

 

1-  Blade-like fibers presented some little differences (Figure 58, Panel A, B). In some 

septas, they are curvatedbut in general,fibersstructures are similar to control at 25
o
C and 

were abundantin this treatment. 

2- Compressed blade-like fibers (Figure 58, Panels D and C); 

3- Some unique structures, which has been called by this study as “Nodular fibers” 

wereobserved in this treatment. They are as collected groups(Figure 58, Panel E, F, G and 

H), which were found during this treatment in some fragments. 
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Figure 58- The corallites in P. damicornis in the treatment with P+BMC’s at 25
o
C in SEM views. Morphology 

of micro-structures in septa under different magnifications: panels AandB shows the blade-like fibers  

Panels C, and D shows the Compressed blade-like fibers  

The panels E, F, G and H show the Naduler fibers as collected groups, these structures were completely 

unique in coral microstructures and they have been observed just in the treatments with P+BMC’s at 25
o
C. 
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SEM observations of coral fragments during treatment with P+BMC’s (30
o
C) showed two 

fibersmorphologies during treatment; Blade-like and Sharp fibers (Figure 59). 

Figure 59- The corallites in P. damicornis in the treatment with P+BMCs at 30
o
C in SEM views. (A,B,C and 

D) The blade-like fibers in the treatment with P+BMCs at 30
o
C had a crystalline form with similarities to 

control treatments at both temperatures but in some areas the Sharp fibers was also observed (A) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.7 Using X-ray Diffraction (XRD) to identify mineralogy in the coral fragments 

Only aragonite was present in crystalline structure of coral samples in different treatments by 

XRD analysis  

 

3mµ ×2k 2mµ ×5k 

10mµ ×1k 2mµ ×5k 
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C 
D 
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Table 27- Porosity, pore size diameter mean and chemical Elements percentage composition in the coral 

skeleton P. damicornis during mesocosm experiments under different temperatures 

Name Porosity PSDM Sr Mg S Al C P O Ca Na Cl 

Control (25
o
C) 21.67± 

4.62 

85.03 ± 

87.76 

0.88 ± 

0.67 

0.16 ± 

0.25 

0.04 ± 

0.1 
- - - 52.60 

± 9.23 

 

29.77 

± 7.52 

8.36 ± 

5.76 

7.20  ± 

5.93 

 

Control (30
o
C) 35.67± 

3.79 
105.70± 

115.47 

 

0.46± 

0.55 
0.04± 

0.11 

 

0.03± 

0.11 
- - - 49.13 

± 8.25 

 

23.53 ± 

6.36 

 

11.34 ± 

5.03 

8.74 ± 

3.8 

 

BMC’s (25
o
C) 33.33± 

2.31 

134.08± 

80.05 

0.55± 

0.7 

0.05± 

0.13 

0.03 ± 

0.11 

- - - 50.09 

± 

10.97 

36.78 ± 

7.45 

6.42 ± 

3.44 

5 

± 2.41 

 

BMC’s (30
o
C) 37 ± 5 86.70± 

107.34 

1.09 ± 

0.51 

0.3± 

0.34 

0.17± 

0.2 
0.11

± 

0.17 

- - 53.22 

± 7.97 

 

33.32 ± 

5.21 

6.26 ± 

3.28 

4.64 ± 

2.64 

 

Pathogen 

(25
o
C) 

47.33± 

6.66 

173.96± 

112.66 

0.83± 

0.83 

0.07± 

0.20 

- - - - 59.15 

± 8.14 

27.40 ± 

4.8 

n=12 

5.59 ± 

2.08 

3.90 ± 

1.89 

Pathogen 

(30
o
C) 

39.33 ± 

13.80 

100.80 ± 

127.72 

0.82± 

0.71 

0.12 ± 

0.17 

0.13 ± 

0.14 
- 7.66 

± 

11.8

6 

- 57.47 

± 

10.76 

26.80± 

4.2 

3.23 ± 

3.6 

1.38 ± 

1.43 

P+BMC’s 

(25
o
C) 

40.67± 

5.86 

153.88 ± 

105.34 

0.67 ± 

0.77 

- 0.02 ± 

0.06 

- 0.96 

± 

3.62 

- 55.41 

± 4.25 

30.08 ± 

3.58 

5.87± 

3.76 

5.09± 

3.81 

P+BMC’s 

(30
o
C) 

35.33 ± 

7.51 

141.60 ± 

119.37 

0.75 ± 

0.69 

0.11 ± 

0.35 

0.06 ± 

0.11 
0.19 

± 

0.75 

0.73

± 

2.15 

0.07

± 

0.20 

58.17± 

7.02 

33.27 ± 

6.25 

3.39 ± 

2.74 

 

2.20 ± 

1.87 
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4 DISCUSSION 

 

The current research is focused on the effects of BMC’s and pathogens on mineral 

composition, skeletal quality (porosity and mean pore diameter) and crystalline structure of coral 

Pocillopora damicornis under different temperature regimes. This study poses the following 

questions: 

 Is the mineralogy and fiber structure of P. damicornis affected by the pathogen V. 

coralliilyticus under different temperatures? 

 Is the fiber structure and skeletal quality of P. damicornis affected by BMC’s under 

different temperatures? 

 Can a probiotic consortium of BMC’s improve coral health in a scenario of stressful 

conditions of increased temperatures and pathogens? 

 

Three experiments were conducted: introducing pathogens alone, introducing BMC’s 

alone and combining pathogens and BMC’s under two different temperature scenarios: 25ºC and 

30ºC. Coral micro-structure, element composition, porosity and mean pore diameter of coral 

samples obtained from an aquarist were compared with coral fragments under controlled 

conditions. As Ainsworth and Hoegh-Guldberg (2009) showed, coral shows significantly 

different responses to environmental stresses under different conditions.  Even in the natural 

environment the same species of coral might have different rates of growth and skeletal densities 

due to variation in depths (BAKER; WEBER, 1975) and changes in light and temperature 

(MUSCAINE, 1973). Caroselli et al. (2014) showed that increasing seawater temperatures 

increases porosity in the coral Balanophyllia europaea. during the acclimation period, increasing 

the temperature from 25ºC to 30ºC within one week had a significant effect, increasing porosity 

from 30.33±1.53 to 40 ± 4.58 at the end of the experiments period– these results were in line with 

expectations based on the work of Caroselli et al. (2011). However, porosity was reduced to 

35.67± 3.79 at 30ºC in the control treatments at the end of the experiments, which showed 

adaptation to the new environment in the mesocosm. In addition to porosity, most parameters in 

the coral skeletons displayed variation during the mesocosm – this will be discussed in detail 

below. 
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4.1 Acclimation (acclimatization/or adaptation) in Mesocosm Experiments   

 

From the biological perspective, acclimation isa particular time scale during which an 

organism regulates or adapts its vital responses within the community and ecosystem. Based on 

this definition, attempts should be made to recognize stress-related responses by organisms in the 

mesocosm experiments (RIEBESELL et al., 2008). Mesocosm experiments have achieved 

popularity recently in attempts to study the effects of environmental variables such as light, pH, 

temperature, nutrients, etc. on organisms’ biology and ecology in both marine and fresh water 

environments (WATTS; BIGG, 2001). Effective experimentation with mesocosm systems 

requires enough time for corals to adapt to changed environmental conditions.  The acclimation 

period is one of the key challenges in mesocosm experiments (COLES; BROWN, 2003; 

BERKELMANS; VAN OPPEN, 2006.) However, if environmental parameters can be monitored 

and controlled carefully, acclimation may reducethe damage, which may be incurred as a result 

of exposure of the organisms to the new environmental conditions (GEIDERL, 1998).  

This study therefore attempts to maintain minimal changes in seawater physic-chemical 

parameters including pH, oxygen, salinity, and temperature during the acclimation period. Light 

was the sole parameter permitted to differ during the acclimation period to allow the corals to 

adapt to natural sunlight (the coral used here were adapted to artificiallight in the aquaria 

environment). Following the acclimation period, all coral fragments remained under similar 

conditions for twenty-three days “from aquarist aquaria ambient” but since the quality of light 

varied three samples were analyzed following the final acclimation period and compared with 

coral fragments from the aquarist aquaria. Of particular significance: comparative results from 

the analysis of element composition on P. damicornis skeletal surface, porosity, and the pore size 

diameters mean (PSDM) showed remarkable differences between samples in the mesocosm and 

that of the aquaria from the aquarist (Pre-acclimatizationand T0). These results were expected 

based on earlier studies (e.g. GOREAU, 1959; GATTUSO et al., 1999) that showed light as a 

key factor enhancing coral calcification. The study by Reynaud et al. (2007) showed that 

increasing light intensity from 100 to 400 µmol photonsm
-2

 s
-1

 increased calcification 1.7 times 

and increased the Mg/Ca ratio in coral skeletons by 9%. Although light intensity was 

approximately 250 μmoles m
-2

 s
-1 

in the mesocosm (similar to the range occurring in their natural 

environment) the fluctuationof light intensity during sunny and cloudy days, perhaps affected 
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coral fragment skeletons in the mesocosm during acclimation period. Coral fragments in the 

aquaria of the aquaristare cultured under controlled light conditions for twenty-four hours per 

day; this is completely different from the situation in the mesocosm. The amount of calcium and 

oxygen present decreased during the acclimation period - however the concentration of NaCl in 

coral skeletons increased as well. Also, a high concentration of minor elements was observed 

during acclimation.  

As previously indicated, light was the only key parameter, which differed during the 

acclimation period. Decreases in calcium and oxygen composition and increases in porosity and 

pore size can be attributed to light fluctuation as shown in studies by Kawaguti and Sakumoto 

(1948) wherein they state that light enhances calcification (i.e., the rate of calcification is greater 

in conditions of increased light). The result of variation in light levels is increased 

photosynthesis, which is highly correlated with zooxanthellate activity in the scleractinian coral 

(e.g. GOREAU, 1959; GAUTRET et al., 1997; GATTUSO et al., 1999; MARSHALL; 

CLODE, 2002). It is postulated that these chemical and micro-morphological changes in coral 

skeleton structure are a result of photosynthesis and zooxanthellate activities. 

The study by Mollicaa et al. (2017) introduces “ocean acidification” as the most relevant 

factor in the reduction of skeletal density and coral growth. Other studies also emphasize ocean 

acidification (e.g. FABRICIUS et al., 2011; CROOK et al., 2013; COMEAU et al., 2014; 

TAMBUTTÉ et al., 2015) and reject the possible influences of seawater chemistry, light 

exposure, and nutrient levels on coral porosity and skeletal density. This is not true however, as 

shown using micro-tomography in the research conducted for this study. This research 

revealedthat any changes in water chemistry and temperature can influence coral fibers structures 

followed by porosity and PSDM change in coral skeleton. 

Observation of strontium, magnesium, aluminum, and phosphorus levels in coral 

skeletons following acclimation were remarkably high. None of these elements had been found in 

the coral fragments provided by the aquarist. A study by Sinclair (2005) showed that micron-

scale variations in strontium, magnesium and uranium have a vital effect on coral skeleton. He 

showed that an increase in the levels of minor elements (Mg and Sr) on a micron scale could 

decrease coral calcification. Studies by Shirai et al. (2008) and Roche et al. (2011) using micro-

tomography techniques revealed that trace elements potentially influence porosity in coral 

skeletons. Shirai et al. (2008) showed that the ratios Sr/Ca and U/Ca were positively correlated 
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and they had a week negative correlation with the ratio Mg/Ca. The increase of minor elements 

during acclimation can most likely be attributed to the lack of light and reduction in 

zooxanthellate activities in coral fragments. However, the objective of this research was not the 

consideration of the effect of light and zooxanthellate activities on coral porosity and element 

composition in skeletons during adaptation in the mesocosm system – significantly more research 

is needed to determine the role of light on coral chemistry and structural changes in skeletal 

structures. 

 

4.2 The effect of BMC’s on Pocillopora damicornis skeleton structure 

 

Elevated pCO2 and sea surface temperatures in addition to decreased seawater pH 

caused by climate change expose coral reefs to a high risk of extinction (CARPENTER et al., 

2008). This environmental global crisis with associated local impacts including diseases and coral 

reef bleachingis anticipated to lead to the loss of up to one-third of coral reefs in the world 

(CARPENTER et al., 2008).  There is great concern among major scientific, governmental and 

philanthropic entities propelling action to help coral reefs. Numerous national and international 

NGO’s, scientific research centers and universities around the world are working to assist this 

fragile resource. However, application of immature science in situ before more results and 

sufficient testing has created more problems than solutions.  

Some researchers have attempted to increase the resilience of corals facing global 

warming and disease pressures: the “Coral Probiotic Hypothesis” (CPH) revisits the concept of 

manipulating the coral microbiome to improve coral health and resilience (RESHEF et al., 2006). 

It has been shown that the bacterial communities inside coral microbiomes along with 

endosymbiotic dinoflagellates have an important role in coral health and life cycles (ROHWER 

et al., 2002; LESSER et al., 2004). These communities can be found within coral tissues 

(LESSER et al., 2004; KOREN; ROSENBERG, 2006), coral mucus (RITCHIE; SMITH, 1997; 

ROHWER et al., 2002; RITCHIE, 2006; KOOPERMAN et al., 2007), coral skeletons 

(SHARSHAR et al., 1997) and coral gastric cavities (HERNDL; VELIMIROV, 1985; 

AGOSTINI et al., 2012). They are highly sensitive to environmental parameter changes and can 

react to environmental changes in seawater (HOEGH-GULDBERG, 2009).These changes in 

coral microbial communities affect coral physiology and health (BOURNE et al., 2016). The 
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“Beneficial Microorganisms for Corals” Theory (BMC’s) (PEIXOTO et al., 2017) states that by 

extracting a subset of bacteria (the special group of coral symbiont microbiome) from corals 

increasing microbial biomass in laboratory conditions and introducing this subset into a natural 

coral environment in situ can improve the resistance of coral to bleaching events and disease. The 

recently published paper by Rosado et al. (2018) showed that the BMC’s theory was proven in 

mesocosm experiments. The Rosado study focused on coral health by monitoring bacterial 

indicators showing that the microbiome in corals can increase resilience under pathogen and 

temperature stresses. The current study focused on coral skeleton health and crystalline structure 

- completed under the same environmental mesocosm conditions - producing some interesting 

results.  

In the first step of this study, the micronutrients in seawater surrounding coral were 

measured following the introduction of BMC’s. However, the analysis of micronutrients did not 

yield statistically significant results.The amount of calcium composition on the coral skeletal 

surfaces in the treatments with BMC’s was significantly higher than in the control with 

treatments at both temperatures (25
o
C and 30

o
C). These results showed that BMC’s assists corals 

to deposit more calcium ions in their skeletons. Calcium composition on coral skeletal surfaces 

was negatively correlated to oxygen composition. Calcium and, to a lesser extent, inorganic 

carbon are the two most important components for photosynthesis and calcification in the 

scleractinian corals (KENNISH, 1994). Decreases in calcium levels in seawater inhibit 

photosynthesis in the scleractinian corals (AL-MOGHRABI et al., 1996). In fact, the 

calcification process is a result of reactions between Ca and CO3 (GOREAU, 1959). For many 

years, the role of calcium in coral calcification has been established: without calcium, there is 

neither calcification nor coral growth (KAWAGUTI; SAKUMOTO, 1948; GOREAU, 1959.) 

Calcium with Mg and Sr ions is responsible for biomineral crystal formation in coral skeletons 

(MASSA et al., 2017) - therefore, any change in calcium composition will affect the shape of 

crystalline structures (coral fibers) in skeletons. This increase in calcium composition can be 

classified as a highly positive effect of BMC’s on corals. As shown by Marshall and Clode 

(2004) and Massa et al. (2017) calcium has an important role in skeleton formation and other 

physiological processes in scleractinian corals. However, calcium alone cannot control the 

calcification process - the ratios of trace metals to calcium control the calcification processes as 

shown by numerous studies (COHEN; MCCONNAUGHEY, 2003; SINCLAIR, 2005; 
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ROLLION-BARD; BLAMART, 2015). Also showed that the ratios of Li/Ca, Na/Ca and Mg/Ca 

define growth rates and skeletal quality in scleractinian corals and that temperature has an 

indirect effect on the ratios of  Li/Ca, Na/Ca and Mg/Ca and skeletal growth. 

Calcium, strontium and magnesium were significantly higher in skeletal surfaces with 

BMC’s treatments than in the control at 30
o
C (Sr: 1.09 ± 0.51 and 0.46± 0.55 respectively; Mg: 

0.3± 0.34 and 0.04± 0.11). A study by Sinclair (2005) showed that micron-scale variations in 

strontium, magnesium and uranium have a vital effect on coral skeletons. Studies by Shirai et al. 

(2008) and Roche et al. (2011) using micro-tomography techniques revealed that trace elements 

potentially influence porosity in coral skeletons.  Shirai et al. (2008) showed that the ratios Sr/Ca 

and U/Ca were positively correlated and they had a weak negative correlation with the ratio 

Mg/Ca. BMC’s greatly affected the levels of micro-elements during treatments. 

Cohen and McConnaughey (2003) also showed that any change in calcium and 

strontium uptake by corals affect biomineralization processes and subsequently affect micro-

structural features. In addition, they showed that the Sr/Ca ratio of coral crystals provides 

information about the calcification process. The ratios were as follows: 

 

 Sr/Ca = 9.7 mmol/mol at 25ºC in seawater  

 Sr/Ca ration is ~10 mmol/mol, (ENMAR et al., 2000) within the center of calcification  

 Sr/Ca ratio is ~8.6 mmol/mol (ALIBERT; MCCULLOCH, 1997) in the coral fibers 

Strontium and calcium ions enter the coral’s calcifying space by means of passive transport from 

seawater (IP; KRISHNAVENI, 1991; FERRIER-PAGESet al., 2002) and by the Ca
2+

-ATPase 

pump, which actively transports the ions into the calcifying space (YU; INESI, 1995) The active 

transport mechanism is the common pathway for Sr and Ca during daytime (AL-HORANI et al., 

2003). Meibom et al. (2004) showed that variations in Mg, Sr and Ca strongly affect coral fiber 

morphology and mineralization processes in crystalline structures. As shown in this research, 

modification of elemental composition in skeletons by BMC’s could be the cause of new form of 

coral fibers. 

BMC’s affected oxygen levels only in the 25
o
C treatment. Oxygen levels within skeletal 

surfaces were negatively correlated to calcium composition at 25
o
C. Porosity levels in the BMC’s 
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treatments at both temperatures (25 and 30
o
C) (33.33± 2.31 and 37 ± 5 respectively) were 

significantly higher than in the control treatments (21.67± 4.62 and 35.67± 3.79 respectively).  

This research did not study calcification, bulk density and growth rates but did examine 

important skeletal characteristics (porosity, element compositions and fibers structures). We can 

suppose that BMC’s increase the absorption of calcium this will lead to an increase in the growth 

rate by increasing corals porosity.More research is needed to monitor calcification rates, weights 

and densities of coral fragments during treatments with BMC’s, particularly with each individual 

group of bacteria within BMC’s to know the potential positive effects of the bacteria. The results 

showed that BMC’s increase the ratio of calcium uptake, but conversely increase coral porosity 

affects micro-element composition and leading to different form in fiber structures. 

 

4.3 The effect of pathogen Vibrio coralliilyticus on Pocillopora damicornis skeletal  

 

Scientific findings indicate that Vibrio coralliilyticus is apathogen, which negatively 

affects the zooxanthella of coral at high temperatures (e.g. YAEL et al., 2003; CERVINO et al., 

2008; VEZZULLI et al., 2010). As shown by Yael et al. (2003), when P. damicornisis infected 

byV. coralliilyticus at temperatures higher than 27 °C the coral starts to bleach, and the 

zooxanthella concentration can be decreased to less than 12% of healthy coral. There are no prior 

studies designed to investigatetheeffects of the pathogen Vibrio coralliilyticus on coral skeletons 

until now. 

Measurements of seawater showed that nutrient levels (phosphates, nitrates, and 

ammonium) were slightly elevated in the 30°C treatment when the pathogen V. coralliilyticus 

was introduced.  Using one-way ANOSIM analysis showed a significant difference between 

pathogen treatments together at both temperatures (25
o
C and 30

o
C) (p=0.02). As has previously 

been established, any variation in nutrient levels in seawater will affect calcification processes, 

metabolisms, and photosynthesis (HOFMANN et al., 2013).  

Nevertheless, how increase of nitrate level affects calcification? The connection between 

nitrate level and calcification in the coral return to the “Nitrate Reductase Enzyme”. The Nitrate 

Reductase Enzyme converts nitrates to nitrites (MARSCHNER, 2012) and it is highly important 

in calcification processes. Research by Gordillo et al. (2006) showed that nitrate reductase 

enzyme activity in calcifying algae Corallina officinalis is highly dependent on the level of 
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external nitrate available in seawater. Any change in nitrate reductase activity could significantly 

affect the intracellular ATP: NADP
+
/NADPH ratio (CORZO; NIELL, 1991.) These changes can 

affect the Corallina officinalis metabolism, calcification and photosynthesis (HOFMANN et al., 

2013). 

In addition, the mesocosm environment is a controlled system - physiological responses 

and environmental exchanges among organisms in this small space could differ from those in a 

natural environment, as shown by Ainsworth and Hoegh-Guldberg (2009). The increased levels 

of nutrients seen in the mesocosm could not be created by the introduction of the pathogen.  More 

research is needed to understand the critical topic of how the pathogen V. coralliilyticusaffect 

nutrients level in seawater and the biomineralization processes within coral skeletons. Godinot et 

al. (2011) showed that temperatures are able to affect nutrient uptake rates by corals. They 

studied the effects of decreasing pH levels and elevating temperatures on uptake rates of 

inorganic nitrogen and phosphorus by the scleractinian coral Stylophora pistillata. Their results 

showed that decreasing pH when temperature is stable had no effect on nitrate and phosphate 

uptake rates in their short-term study (however, longer-term studies are required to confirm this 

hypothesis.) Additionally, increased temperatures had a significant negative effect on ammonium, 

nitrate, and phosphate uptake rates. More research is needed to define how the pathogen V. 

coralliilyticus affect nutrient uptake rates. 

Measurements of elemental composition of skeletal surfaces of Pocillopora damicornis 

showed that the pathogen V. coralliilyticus negatively affects calcium uptake. Coral fragments in 

treatments with the pathogen had the lowest levels of calcium deposits (23.53 ± 6.36 at 30°C). 

These results showed that the pathogen V. coralliilyticus has a significant effect on calcium 

deposits, which are increasedbecause of higher temperatures. As multiple studies have 

confirmedV. coralliilyticus is more active at temperatures above 27°C (e.g. CERVINO et al., 

2008; VEZZULLI et al., 2010.)  

Oxygen composition was negatively correlated to calcium composition of the skeletal 

surface of P. damicornis - this correlation was highly significant. NaCl levels in 

treatmentswiththe pathogenwere lowest - the treatment with temperature 30°C once again had the 

minimum value (3.23±3.6 and 1.38±1.43 respectively.) High levels of carbon (7.66 ± 11.86) and 

sulfur (0.13 ± 0.14) in the treatment with the pathogen at 30°C were also of interest. Levels of 

strontium and magnesium decreased in treatments with the pathogen at 25°C, however these 
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levels increased in the treatment with the pathogen at 30°C. Treatments with the pathogen at both 

temperatures (25°C and 30°C) had the highest levels of porosity and treatments with the pathogen 

at 25°C had the highest level of PSDM. Of significant interest, the SEM observations did not 

show any difference in coral fibers in treatments with the pathogen at 25°C. 

The Vibrio coralliilyticus is known as animportant pathogen,which infectsP. damicornis 

coral - at temperatures between 26–29°C, the pathogen starts to lysis coral tissue (BEN-HAIM; 

ROZENBLAT; ROSENBERG, 2004). It is unclear why most studies of V. coralliilyticus focus 

on coral tissue and specifically coral symbiodinium, dinoflagellates zooxanthellae (i.g. BEN-

HAIM; ROZENBLAT; ROSENBERG, 2004; LESSER, 2004; VIDAL-DUPIOL et al., 2011), 

while ignoring any changes in environmental parameters around corals (such as light, 

temperature, nutrients and oxygen). These studies show that any environmental change can affect 

coral metabolism, physiology, and calcification (COLES; JOKIEL, 1978; HOWE; 

MARSHALL, 2002; MARSHALL; CLODE, 2004; REYNAUD et al., 2007; VIDAL-DUPIOL 

et al., 2011). 

In conclusion, the original research hypothesis confirmed that the presence of V. 

coralliilyticus is highly influential on skeleton structure, and element compositions, however, no 

mineralogical changes could be observed, possibily due to the short time period of the 

experiment, which was unable to cause a change in the mineralogical pattern. This study revealed 

that the pathogen V. coralliilyticus affectselemental composition of the coral skeleton, porosity, 

PSDM, nutrients in seawater around corals and probablycoral calcification. However, fiber 

structures and skeleton mineralogywere not affected by V. coralliilyticus in this research, at least 

within the time scale observed in this experiment, and thus, more studies are required to 

determine the effect of V. coralliilyticus on coral calcification. 

 

4.4 The effect of pathogen Vibrio coralliilyticus and BMC’s (P+C) on Pocillopora damicornis 

skeleton structure under different temperature conditions 

 

The one-way ANOVA analysis did not show a significant difference between treatments 

with the pathogen Vibrio coralliilyticus and BMC stogetherin levels of phosphates, ammonium 

and nitrates in seawater around corals. The amount of calcium composition on the coral skeletal 

surfaces in the treatments with the pathogen and BMC’s together was significantly higher than in 
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the control treatments.This study showed that BMC’s are able to assist the infected coral to 

increase their uptake of calcium - in spite of the presence of the pathogen, the coral fragments in 

the treatments with BMC and the pathogen had the highest levels of calcium deposits.New 

research by Gibbin et al. (2018) confirmed this idea - they showed that V. coralliilyticus changes 

the metabolic responses and nutritional exchanges between coral P. damicornis and 

theirsymbionts. This is possibly the reason for the high variation in elemental composition in 

treatments solely involving the pathogen treatment with both the pathogen and BMC’s. More 

research is needed to show how BMC’s affects coral metabolism and physiology. 

But BMC’s and the pathogen together had an additive effect on coral porosity and 

PSDM -  showing very high levels and treatments with BMC’s and the pathogen at 25°C had the 

highest levels of porosity and PSDM. As expected, previous results showed that treatment with 

either the pathogen or BMC’s individually had high levels of porosity. BMC’s trigger high 

porosity in corals and create new crystalline structures.  Treatments with BMC’s and a pathogen 

at 25°C displayed three different morphologies. Considering thattreatments with BMC’s alone at 

25°C showed three different fibers morphologies - and treatments with the pathogen alone at 

25°C showed normal fibers morphology - the new coral fiber shapes were undoubtedly a result of 

BMC’s. Numerous studies have demonstrated that skeletal changes depend on crystalline 

structures (BUDDEMEIER et al., 1974; BARNES; DEVEREAUX, 1988; MOTAI et al., 2012). 

High levels of aluminum, carbon, phosphorus and sulfur in treatments with the pathogen and 

BMC’s at 30°C were noteworthy. It can be concluded that BMC’s with a pathogen are able to 

manipulate elements in coral skeletons more than when each is introduced separately. 
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5 CONCLUSION 

 

1- The change in the chemical element compositions in the skeleton of P. damicornis can be 

the cause of the creation of different coral fiber shapes and variation in the porosity and 

the pore size diameters mean (PSDM) of the skeleton. 

2- The temperature tests at 30
o
C, can cause an increase in the porosity and in the pore size 

diameters mean (PSDM) of the coral skeleton, which can affect the P. damicornis 

resistance. 

3- The pathogen V. coralliilyticus increase the level of strontium, magnesium, sulfur, 

oxygen,carbon and porosity and decreases calcium uptake but did not had any effect on 

coral fiber shapes in the P. damicornis skeleton. 

4- BMC’s had a positive effect on calcium uptake by coral skeletonand affects element 

compositions, the porosity, the pore size diameters mean (PSDM), coral fiber shapes in 

the skeleton, of P. damicornis at both temperatures (25
o
C and 30

o
C). 
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