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ABSTRACT OF THE THESIS 

 

Evaluating the Transcriptome of the Settled Polyp of the Robust Coral, 

Montastraea faveolata when Infected with the Competent Symbiont, by 

Microarray Analysis 

 

by 

Aubrie Elise O’Rourke 

 

Master of Natural Science in Quantitative and Systems Biology 

University of Californa, Merced, 2011 

Professor Monica Medina, Chair 

 

 

The robust clade coral, Montastraea faveolata engages in a symbiosis 

with the microeukaryote, Symbiodinium.  We used this experiment in combination 

with results from previous microarray experimentation in coral of the same 

species to provide a time series that begins before metamorphosis and ends 

after the transition from planula to polyp in Montastraea faveolata. This time 

series allows us to evaluate the effects of symbiosis upon the host transcriptome 

at various stages of metamorphosis and days after infection.  The experiment in 

this study takes sixteen day old polyps, infected them at 7days with the 

competent and incompetent symbiont strains and collected them 9 days later. A 



  xi 

microarray analysis was preformed in order to target genes that are involved in 

the calcification process of settled calcifying polyps. A baseline for the genes to 

be expected in a settled polyp was provided by the gene list found in current 

literature that discussed the transcriptomic changes seen in uninfected settling 

polyps of Acropora millepora. Our experimentation revealed genes novel that 

were not found in that study and this suggests that the differential expression of 

these genes is a direct result of the symbiosis and not as a reaction to 

settlement.  In this experiment we found an up-regulation in developmental 

genes and genes involved in vesicular trafficking among other genes that are 

common to the settlement process. We also see that unlike the earlier infection 

time points, settled calcifying polyps are exhibiting significant alternations in the 

transcriptome as a result of infection with the competent symbiont. 
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Introduction 
 

The coral-algal symbiosis is fundamental to the functioning of a healthy 

reef. In healthy corals, the metabolic output of the symbiotic organisms interacts 

and confers to the host the ability to grow, reproduce and resist disease. The 

readily observable bleaching events around the globe serve as the impetus for 

conducting research in order to better understand the breakdown of the coral reef 

ecosystem. Fortunately, molecular experimentation has provided new ways for 

the coral biologist to understand the complexity of this ecosystem and to better 

understand symbiosis. 

 Symbioses are common throughout the plant, fungi, and animal kingdoms. 

A classical example in the plant kingdom includes the symbiotic fungus, 

Mycorrihizae, which lives on the roots of plants. These fungi fix limiting nutrients 

that are critical for plant metabolism and in return gain access to carbohydrates 

from the plant’s metabolism (Smith, 1997). Another example are lichen, these are 

fungus that engage in a symbiosis with either an alga or cyanobacteria. In this 

example, the host maintains a moist environment in which the symbiont can live 

and the photosymbiont generates sugars to be used by the host’s metabolism 

(Bates, 2011).  

Some classically studied animal symbiosis include the parasitic wasp 

Asobara tabida and its bacterial partner Wolbachia, the Hawaiian bobtail squid 

Euprymna scolopes and its symbiotic bacterium Vibrio fischeri. The human body 

also engages in various symbiosis with microorganisms, a prime example being 
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the biota found in the gut that are necessary for healthy digestion. Furthermore, 

the subject of this study, the cnidarian-Symbiodinium association is one of the 

few mutualistic eukaryotic symbioses and one of the most breathtaking as a 

successful symbiosis between the two can create large colorful reef structures 

that support an ecosystem for many other species.   

V. fischeri demonstrate a developmental influence on E. scolopes as it 

actually constructs the light organ in which it will reside, the newly hatched squid 

collects bacteria from the seawater, the bacteria then induce apoptosis in the 

tissue, which then becomes the light organ (Nyholm & McFall-Ngai, 2004). In the 

case of A. tabida, normal female development is dependent on Wolbachia. When 

the females are treated with antibiotics that kill the symbiotic bacteria, the wasps 

are unable to produce mature oocytes, and thus cannot reproduce (Dadeine et 

al., 2001). In the case of the cnidarian, Montastraea faveolata and its 

photosymbiont, Symbiondinium, the host provides a home for the symbiont while 

the symbiont provides sugars to feed the host’s metabolism. There is evidence 

from previous experimentation to suggest that such a symbiosis also enhances 

calcification rates, immunity, and vesicular trafficking within the host.  

 

Previous investigations 

Experiments have been performed in order to better understand the effect 

of symbiosis on the developing polyp in both Fungia scutaria and Monstastraea 

faveolata. In F. scutaria, 6 day old larvae were sampled 48 hours post infection 

and very few measurable transcriptional changes were observed during the 



  3 

onset of the coral-dinoflagellate endosymbiosis (Schnitzler and Weis, 2010).  The 

authors suggest that the choice of sampling time might have missed the window 

of transient differential expression. However, it is observed again from another 

study on M. faveolata where two treatments with different symbionts were used 

to evaluate the onset of symbiosis, that 30 minutes after infection, the 

transcriptomic response did not deviate from that of the control. In the samples 

taken 6 days after infection the host transcriptome again remained unaltered by 

the competent symbiont (one known to successfully infect the host). However, in 

the treatment where an incompetent symbiont (transient infection that does not 

persist inside the host’s tissues) was the infectious agent, the transcriptome was 

significantly altered (Voolstra, 2009).  

In order to see the effect of the competent symbiont upon the calcifying 

polyp, we conducted a symbiont infection experiment with settled sixteen-day-old 

polyps of M. faveolata. Polyps were exposed to one of two symbiont strains, one 

known to establish a successful symbiosis with this host (i.e., a “competent 

symbiont”) and one known to fail in establishing symbiosis in this host (i.e., an 

“incompetent symbiont”). The calcified polyps were collected 9 days after 

infection and host transcriptomes were examined and compared using 

microarray technology. 

The results from our findings in combination with the previous studies 

show a time course which includes planula larvae and unattached 

metamorphosed polyps exposed to the competent symbiont and collected 30 

minutes and 6 days after exposure, in addition to the newly generated time point 
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of settled calcifying polyps exposed to the competent symbiont and collected 

nine days later. The 30-minute time point showed little if any transcriptomic 

change in either treatment. The six day time point revealed that the host 

transcriptome remains unaltered by the presence of the competent symbiosis, 

suggesting that the competent symbiont goes somewhat unnoticed, while the 

incompetent symbiont elliicts large transcriptomic differential expression in genes 

affecting cell adhesion/ cytoskeleton, cell cycle/growth/differentiation, protein 

biosynthesis, protein degradation, response to stress, metabolism, regulation of 

transcription, immune response, and RNA modification.  

The hypothesis for our current experimentation is that at nine days post 

infection we will begin to see the changes in the transcriptome that will suggest 

how the competent symbiont is contributing to the calcification process. The 

acquisition of the correct algal symbiont is important for coral health because 

skeleton deposition is thought to be greatly enhanced by the competent 

symbiosis. This concept is referred to as ‘light-enhanced calcification’ (Kawaguti 

and Sakumoto, 1948).  We expect to see a differential expression of genes 

involved in the calcification process. 

Recent experimentation in the complex coral Acropora millepora, used 

microarray technology to evaluate the transcriptomes of eight day old planula at 

the time points of 30 minutes and 4 hours post exposure to larval settlement cues 

(Grasso, 2011). The results from this experiment provide a baseline and allow us 

to see what genes are differentially expressed in the case of uninfected settling 

larvae. The results of this experimentation find that coral planula appear to 
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anticipate metamorphosis and suggest that the larvae are “primed” for settlement 

and enable the speed at which metamorphosis occurs.  The genes that show 

significant differential expression in this settlement induction experiment include 

genes concerning calcium handling, apoptosis, immunity, stress response, 

calcium metabolism, formation of the skeletal organic matrix, calcium-

sequestering proteins (calreticulin), protein folding (heat shock proteins), cell 

adhesion (lectins).  

In our investigation we expect to see these same types of genes among 

other differentially expressed genes. In our experimental design we have 

introduced the competent and incompetent symbiont to settled calcifying polyps. 

These polyps may still exhibit vestigial signs of their recent metamorphosis in the 

transcriptome. The above mentioned settlement paper give us an idea of what 

we should expect to see, it will be the genes that are not common to the 

settlement gene list that will give us an idea as to what genes are differentially 

expressed as a direct result of the infection by the competent symbiont.  
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Materials and Methods 

Collection and Experimental Setup 

Egg-sperm bundles were collected from adult colonies of Montastraea 

faveolata on 10 September 2009 in Puerto Morelos, Quintana Roo Mexico. From 

the La Bocana cite (20° 52'28.77''N and 86°51'4.53''W) at 4 meters depth. Fine 

mesh nets (1.75 m wide, 2 m high) were placed over 6 colonies before spawning 

and secured to surrounding rocks by small weights without causing harm to the 

colony. Buoyant gamete bundles were collected in plastic jars fixed to the top of 

each cone-shaped net. Gametes from distant colonies were mixed 15 minutes 

after spawning and the fertilized embryos were raised to the swimming planula 

stage in the lab. The embryos were kept in zoox-free water that was sterilized 

with an ultraviolet lamp. Initially the embryos were raised in a large plastic cooler 

(150 liters) with no water flow and a 50% water change was done daily. For the 

experiment, the embryos were allowed to further develop in 1 liter polypropylene 

containers filled with zoox-free water and this water was changed 50% every 2 

days. Seven days after spawning, planulae that were assigned randomly into 

three separate 1 liter treatments (n = 3 replicates per treatment, 75 planulae per 

replicate) were infected with either a competent zooxanthellae symbiont 

(MF1.05b; see below for details about symbiont strains), an incompetent 

symbiont (CassEL1), or no symbiont (control). The final concentration of 

zooxanthellae in each treatment was 1000 cells ml-1. Nine days after infection (16 

days after spawning), settled, infected polyps were collected, preserved  in 
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RNAlater (Ambion), and stored at -80°C. Infection was confirmed using a 

microscope; 5 polyps were taken every 2 days and flattened under a cover slip 

on a microscope slide to check for the presence of zooxanthellae. 

Symbiont strains (Symbiodinium sp.) were chosen based on their rejection 

or acceptance by M. faveolata in previous infection experiments. The strain Cass 

EL1,  (from Symbiodinium Clade A3) was isolated from the zooxanthellate 

jellyfish Cassiopeia sp., from Kaneohe Bay, Hawaii by RNA Kinzie III. The strain 

Mf1.05b (from Symbiodinium Clade B1) was isolated from M. faveolata in the 

Florida Keys by M. A. Coffroth. Cultures of these zooxanthellae were maintained 

in Puerto Morelos at 24°C under 12 hours of light (fluorescent lights with 50 umol 

quanta m-2 s-1) and 12 hours of darkness in F/2 medium containing antibiotics. 

 

Isolation of total RNA from settled polyps 

Settled coral polyps were collected from the experimental containers using 

sterile cotton swabs, which were placed in preservative along with the polyps. To 

isolate total RNA from the swabs, the tubes with RNAlater and cotton swab were 

centrifuged for 10 min at 12,000 x rcf. Swabs were wiped across the interior 

surfaces of the tubes using tweezers to collect any pelleted coral tissue from the 

tubes. The swab was then placed in a mortar containing liquid nitrogen and 

ground into a powder. The powder was removed with a spatula and placed in a 

2.0 ml screw cap tube. To each tube, 1.5 ml of Qiazol (Qiagen) was added. 

Samples were then homogenized for 2 min using a Mini Bead-Beater (Biospec) 

with both 0.1 mm and 0.55 mm silica beads. To each tube, 0.45 ml of chloroform 
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was added; tubes were then vortexed for 30 seconds and incubated at RT for 3 

min. Each sample was centrifuged at 12,000 x rcf for 15 min at 4°C. From the 

aqueous layer, 500 µl was transferred to a new tube and RNA was precipitated 

by adding 500 µl of 100% isopropanol and 5 µl (20 ng/µl) of glycerol. To pellet 

the RNA, tubes were vortexed for 30 s, then incubated at RT for 10 min, then 

centrifuged for 15 min under the same conditions as above. The isopropanol was 

removed and RNA pellets were twice washed with 70% EtOH and centrifuged at 

maximum speed for 5 min at 4°C. The wash and centrifugation step was 

repeated a second time. RNA pellets were then air-dried for 10 min and 

resuspended in 50 ul RNase-free water. The RNA was further purified using the 

RNeasy Mini Kit (Qiagen). The RNA quantity and quality were assessed using a 

NanoDrop ND-1000 spectrophotometer. 

 

Probe preparation and hybridization to microarrays 

For each experimental replicate, 1 ug of total RNA was amplified using the 

MessageAmp II aRNA kit (Ambion) according to manufacturer’s instructions.  

Because some of the replicates did not have enough starting material, this 

procedure was repeated for all replicates a second time.  

For each experimental replicate, 3 µg of aRNA were primed with 3 µl of 

random pentadecamers for 10 min at 70°C.  A reverse transcription was carried 

out with the primed replicates for 2 h at 50°C using a master mix (Invitrogen) 

containing a 4:1 ratio of aminoallyl-dUTP to TTP ( Ambion). After reverse 

transcription, the single-stranded RNA was hydrolyzed by incubating the reverse 
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transcription with 10 µl 0.5M EDTA and10 µl 1M NaOH for 15 minutes at 65°C. 

Following hydrolysis, the reactions were cleaned using the MiniElute Cleanup kit 

(QIAGEN). Cy3 and Cy5 dyes (GE Healthcare) were dissolved in 18 microliters 

dimethyl sulphoxide (DMSO), these dyes were assigned to their respective tubes 

and allowed to couple to the aminoallyl-dUTP groups that were previously 

incorporated into the cDNA. This coupling was carried out in the dark for two 

hours.  The dye-coupled cDNA was cleaned using the MiniElute Cleanup kit 

(QIAGEN).  The appropriate Cy3-labeled sample was combined with the 

appropriate Cy5-labeled sample then added to a hybridization buffer containing 

025% SDS, 25 mM HEPES, and 3x SSC.  The samples were then heated to 

99°C for 2 minutes then pipetted into the space between the post-processed 

microarray and an mSeries Lifterslip (Erie Scientific). The post processing of the 

microarray involved ultraviolet crosslinking at 60mJ, a washing with a ‘shampoo’ 

treatment (3x SSC, 0.2% SDS at 65°C), followed by a blocking step with 5.5 g of 

succinic anhydride dissolved in 335 ml 1-methyl-2-pyrrilidinon and 15 ml of 

sodium borate, and then dried by centrifugation. 

The samples consisted of three treatments with three biological replicates 

each. Each treatment was tagged with the Cy3 dye (green fluorescence).  Three 

microliters from each of the treatment’s amplified RNA was combined to create a 

pooled reference sample. Each treatment was hybridized to the array with a 

pooled reference sample that was labeled with the Cy5 dye (red fluorescence). 
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The microarray consisted of 10,930 PCR-amplified cDNAs spotted in 

duplicate on poly-lysine-coated slides yielding a microarray with 21,860 total 

features. 

 

Data Analysis 

All hybridized microarrays were scanned into GenePixPro and saved as 

TIFF files. A manually constructed annotation grid file was overlaid and fit for 

feature extraction. All nine scanned images were converted to .mev files using 

TIGR Express Converter.  Files with annotation overlay were then loaded into 

MIDAS version 2.19 (TIGR) for normalization of spot intensities. Output from 

MIDAS was then opened in Excel and the log intensity ratio for each gene on 

each of the nine hybridizations was calculated.  Only genes that hybridized for 2 

out of 3 experimental replicates of each treatment were further analyzed.  

SwissProt and GO annotations were included in the log2 ratio file, The file was 

opened with Multiple Experiment Viewer version 4.2 (MeV). A SAM analysis was 

carried out under a 5% false discovery rate (FDR) in order to determine 

differential gene expression. The lists of significant differentially expressed genes 

were generated by their statistical comparison to the uninfected control samples 

(Figures 1,2,3). Microarray results were confirmed by qPCR. The cDNA triplicate 

samples were run on a ninety-six well plate with CCHW7292 as the 

housekeeping gene and run against the genes SCRiP 2,4,8, Peroxidasin 

(AOSF997) and CAON 1465. The qPCR results reflect the microarray results for 

the tested Mf1.05b samples. 
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 RESULTS 
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 Figure 3: (below) Heat map of the differently expressed genes at a 5% false discovery 
rate that are commn to the two treatments, Mf1.05b and EL1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4: (Below) Gene Distance Matrix illustrating how the 3 replicates of the separate 

conditions (control, Mf1.05b, EL1 treatments) are more similar in differential expression pattern to 
themselves rather than to samples of the other conditions. 
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Figure 5: qPCR results confirming the fold-changes found by the microarray results for the 
tested Mf1.05b triplicate samples. SCRiP 2 and 4 were not found by the microarray but 
confirmed to be present by qPCR at a less significant fold change. The red bars signify the 
fold change found with quantitative PCR. The green bars signify the fold change found by the 
microarray analysis for Mf 1.0b samples.  
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Table 1: Significant differentially expressed genes ( 5% false discovery rate) for the Mf1.05b 
samples. First column: Gene ID, second column: Gene Annotation, third column: Fold Change. 
Genes in blue are discussed in body of the paper. 
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Table 1 (continued): Significant differentially expressed genes ( 5% false discovery rate) for the 
Mf1.05b samples. First column: Gene ID, second column: Gene Annotation, third column: Fold 
Change. Genes in blue are discussed in body of the paper. 
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Table 2: Significant differentially expressed genes (5% false discovery rate) for EL1 samples. 

First column: Gene ID, Second column: Gene Annotation, Third column: Fold Change. Genes in 
purple are down-regulated, genes in blue are up-regulated and both are discussed in paper. 
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Table 2 (continued) : Significant differentially expressed genes (5% false discovery rate) for 
EL1 samples. First column: Gene ID, Second column: Gene Annotation, Third column: Fold 
Change.  
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Table 2 (continued) : Significant differentially expressed genes (5% false discovery rate) for 
EL1 samples. First column: Gene ID, Second column: Gene Annotation, Third column: Fold 
Change. 
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Table 3: Significant differentially expressed genes (5% false discovery rate) common to both 
the Mf1.05b and EL1 treatments. First column: Gene ID, Second column, Gene annotation, Third 
column: Mf fold change, Fourth column, EL fold change. 

 

 

Using a five percent false discovery rate, 257 genes were found to be up-

regulated and one gene down-regulated in coral polyps infected with the 

competent symbiont Mf1.05b (Figure 1, Table 1). 244 genes were up-regulated 

and 61 genes were down-regulated in the coral polyps infected with the 

incompetent symbiont EL1 (Figure 2, Table 2). Of the 562 total genes to show 
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significant differential expression between the treatments, 59 genes were 

common to both treatments, three of the genes were down-regulated in the EL1 

treated polyps while up-regulated in the MF1.05b treatment, and the remaining 

were up-regulated (Figure 3, Table 3). 

In order to illustrate the codevelopment of the competent symbiont and the 

host, a microarray experiment was performed where settled calcifying polyps 

were collected 9 days after infection.  Two treatments were performed, one in 

which coral polyps were exposed to a competent symbiont and another where 

polyps were exposed to the incompetent symbiont. Genes that showed 

significant differential expression through microarray analysis are: (1) symbiont 

uptake and maintenance genes, including Rab10, Arylsulfatase B, and a protein 

containing the BEACH domain, (2) classical developmental genes such as  

Notch and its ligand Jagged, as well as FOXO1, (3) immune response genes, 

and (4) calcium sequestration genes as indicated by the numerous transcripts 

containing EF-hand calcium binding domains sequence that is characteristic of 

genes in the extracellular matrix.   

These results suggest that the mechanisms used during the onset of 

symbiosis for the coral host M. faveolata with its microeukaryote Symbiodinium 

may be similar to the processes used when a bacterial symbiosis or parasitism is 

established.  It appears that at 9 days after infection, the competent symbiont in 

Montastraea faveolata has established itself in the host tissue within a 

symbiosome. It is most likely maintained in the coral polyp by the device of the 
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Rab10 gene, and the algae’s numbers are maintained by an up-regulation of this 

gene.   

In addition, Notch signaling is up-regulated which facilitates healthy 

development and cell to cell communication. It appears that the germ line is 

developing, energy out-put is enhanced as mitochondrial genes are up-regulated 

and calcium sequestration is high, immune response genes are in effect, and 

apoptosis pathways are regulating healthy management of the symbiont uptake 

and maintenance. Meanwhile, the incompetent symbiont is causing the host to 

up-regulate apoptosis genes and down-regulate ribosomal proteins necessary for 

translation of amino acids, while causing an up-regulation in innate immunity and 

protein quality control genes.  
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Discussion 

Competent Infection 

Microarray analysis of settled sixteen-day-old calcifying polyps that were 

exposed to competent symbionts nine days prior to sampling allowed for a 

glimpse into the dynamic process of codevelopment that occurs between the 

Montastraea faveolata polyp and the algae Symbiodinium. In order for 

codevelopment to begin, the symbiont must successfully infect the host tissue. 

This may begin by intracellular contact and recognition that is modulated by 

surface macromolecules as occurs in most biological systems where two cells 

interact (Frazier & Glaser 1979). Evidence to support this in the phylum Cnidaria, 

includes studies conducted on the Hydra-Chlorella model where the algal surface 

macromolecules are signaling to the endodermal cells of Hydra (Muscatine & 

Pool 1979) for the uptake of the algae Chlorella. On the other hand, it has been 

proposed that the initial phagocytotic events during establishment of the coral-

algal symbiosis is non-specific and that the selection of the correct symbiont 

occurs after phagocytosis. The microarray study described here provides support 

for the first hypotheses in that a C-type lectin is up-regulated in the analysis, and 

weaker support for the second hypothesis as evidenced by the involvement Ras-

related Rab 10 gene’s differential expression. 

In the first case, the C-type lectin requires the binding of a calcium ion in 

one domain and a second bound calcium ion in a second domain in order for 

glycan from the symbiont or bacteria to initiate intercellular contact. (E. M. Wood-

Charlson and V. M. Weis 2009). It is because C-type lectins are conserved 
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components in the innate immune response that their presence alone cannot 

lead to the determination of whether the initial phagocytotic event is specific or 

non-specific. Being that the specificity qualification is not met, we are led to the 

consideration for the second hypothesis, where competent symbiont recognition 

occurs after phagocytosis. 

Possible qualification of the second scenerio comes from the differential 

expression of the Ras-related Rab 10 within the transcriptomes of the sampled 

polyps. This suggests that the polyp maybe using a post-phagocytotic 

mechanism that has been previously characterized in the gram-positive bacteria, 

Mycobacterium tuberculosis as it infects the gastrointestinal cells of its host.  

Mycobacterium is phagocytosed by its host cell and has acquired the ability to 

survive and replicate by arresting phagosomal maturation. This phagosomal 

arrest has been correlated to the down-regulation of the Rab 10 gene and in 

order for the host cell to combat the infection the Rab10 gene must be up-

regulated (Cardoso 2010). The up-regulation of Rab 10 allows the phagosome to 

fuse with a lysosome and to mature into a phagolysosome where the contents 

within the vesicle are degraded or recycled to the plasma membrane. This 

knowledge allows for inferences about how the competent Symbiodinium is 

infecting the coral gastrodermal cell. 

 

Algal Maintenance 

In this microarray analysis, Rab 10 is upregulated in the competent 

infection treatment, suggesting that at this time point, the polyp is decreasing the 
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numbers of zooxanthellae that have been allowed to replicate within its tissues.  

It is unclear as to whether the initial infection has caused a down-regulation in 

Rab10 as seen in the Mycobacterium infection. We would not necessarily expect 

to see down-regulation in M. faveolata at this time point being that a previous 

microarray (Voolstra et al 2009) has demonstrated that the competent symbiont 

has been taken up by day six. However, the polyp host could be reacting in the 

same manner as the parasitic host, as it strives to maintain a healthy internal 

environment after infection. Specificity by the host for the correct symbiont could 

be taking place at this time as the competent symbiont remains in the polyp but 

its numbers are reduced. The healthy maintainence of the symbiosis is perhaps 

now dependent upon regained endocytic recycling, so that the contents of the 

phagosome can be relayed to other organelles or the necessary receptors can 

return to the plasma membrane (Chen 2006).  

A plausible explanation for the up-regulation of Rab 10 in M. faveolata at 

this time point is that the polyp is subjecting the Symbiodinium to a winnowing 

effect in order maintain a healthy symbiosis. This effect has been observed in the 

scyphistomae of the jellyfish C. xamachana when exposed to the different strains 

of the sybiont S. microdriaticum.  The persistence of the symbiont was evaluated 

by following the fate of the phagocytosed algal cells in the scyphistomae and it 

was observed that despite algal cell division, the competent algal population in 

the scyphistomae declined within the following 2-3 days, stabilized over a period 

of 3-14 days, and then dramatically increased (Colley 1983). Our analysis looks 

at the ninth after day infection where symbiosome trafficking appears to be in 
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flux. This is perhaps done in order for the polyp to keep the zooxanthelle 

population below carrying capacity as it is known that Symbiondinium are 

continuously released from their hosts (Steele, 1977; Hoegh-Guldberg et al., 

1987, Stimson and Kinzie, 1991) as the symbiont continues cell division and 

growth within the polyp.  

Vesicular trafficking is clearly important in the process of phagocytosis, 

and also is important for synaptic transmission. The neurobeachin gene, found in 

mammalian CNS (Wang et al., 2000), that plays a general role in synaptic 

transmission and at the neuromuscular junction shares sequence similarity with a 

transcript (CAGI3054) that was up-regulated in this analysis. However, it is the 

evolutionary ancient C-terminal region of neurobeachin known as the BEACH 

domain that is most likely homologous between transcripts. Neurobeachin is 

thought to be involved in neuron-to-neuron transmission and may modulate non-

neuronal vesicular trafficking and release as evidenced by the role of the BEACH 

proteins in the mouse and Dictyostelium (Su 2004). In our study, neurobeachin is 

further supporting evidence for the importance of vesicular trafficking in 

maintaining the symbiosis. 

Additionally, the current 9 day post-infection microarray study of M. 

faveolata shows the up-regulation of the gene Arylsulfatase B, a 

glycosulfohydrolase involved with desulfation of sulfated polysaccharides. 

Arylsulfatase activity has been found in numerous genera of bacteria, and in the 

digestive glands of a variety of marine animals that consume algae (Hoshi and 

Moriya, 1980; Akagawa-Matsushita et al., 1992; Kim et al., 2005).. This enzyme 
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is thought to facilitate digestion and absorption of algal polysaccharides by 

cleaving the sulfate ester bonds in dietary polysaccharides The up-regulation of 

this gene suggests that maintenance of the symbiont population is very important 

in establishing the symbiosis.  

This microarray captures the transient transcriptomic window where the 

symbiosis has already been established and is being maintained and now the 

codevelopment of the symbiont population and the polyp is observable through 

transcriptomic changes. 

 

Development 

 Among the up-regulated competent specific genes in this study is the 

developmental gene Notch and its ligand, Jagged. Notch plays an important role 

in cell-to-cell communication and is enhanced in polyps that harbor the 

competent symbiont.  A study in Hydra found that Notch promotes differentiation 

of nematoblasts and female germ cells (Käsbauer, 2006). It is known that Notch 

signaling has the potential to create two adjacent cells, which exclude each other 

(de Celis and Bray, 1997). This can be achieved by the repressed transcription of 

the Notch ligand in the Notch-responding cell and inhibition of the Notch-

response in the signal-sending cell. This is demonstrated by another study in 

Hydra where it is found that Notch signaling is required in order for the formation 

of the critical boundary layer between the polyp and the asexual polyp bud to 

form and for the further differentiation of the bud’s foot cells. The boundary is 

thought to be the result of a cascade effect where FGF-signaling is causing the 
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gene of one layer to produce the ligand, Jagged, which binds to the Notch 

receptor of the neighboring layer, and in turn activates the differentiation genes in 

the foot of the bud (Münder, 2010).   

Infection with the competent symbiont Mf1.05b upregulates Notch 

transcription in M. faveolata and it can be inferred from studies in Hydra that this 

allows for successful sexual and asexual reproduction. Further, support for the 

positive affect of the competent symbiont upon the developing germline is the up-

regulation of the gene Methionine aminopeptidase 2. In C. elegans, this gene is 

essential for germ cell development and when down-regulated, the gene 

contributes to sterility (Boxem, 2004). The genetic changes conferred upon the 

host by the symbiont could at this time be established within the germline as the 

symbiont itself up-regulates the sequestration of the germ cells and promotes 

cloning. 

Calcification and Immune response 

In support of the “light enhance calcification” theory, polyps that are 

infected with the competent symbiont show an up-regulation in one of the 

scleractinian cysteine-rich proteins.  It was shown by Sunagawa et al., (2009) 

that this family of proteins groups into the same gene-expression cluster with 

galaxin, which was identified by Fukuda et al. (2003) as a major component of 

the calcifying organic matrix in the coral Galaxia fascicularis .The SCRiPs protein 

exhibits molecular features that suggests its involvement in biomineralization. 

First is the presence of a signal peptide region in order for localization to the 

extracellular matrix. Second, it is a cysteine-rich mature protein, which could 
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interact via disulfide-bonds with other cysteine-rich organic matrix molecules like 

galaxin (Sunagawa et al., 2009).  

While the transcript for this cysteine-rich protein is up-regulated, the 

proteins that are capable of reducing the SCRiPs protein are also up-regulated. 

This includes gamma-interferon-inducible lysosomal thiol reductase and 

thioredoxin. However, it has been found that a rise in intracellular calcium 

induced by growth factors binding to their receptors results in the conversion of 

reduced thioredoxin to its oxidized form (Gitler, 2002). This results in the 

inhibition of thiorexodin reductase coupled to a rise in the formation of peroxide 

and subsequent redox changes which affects thiols and facilitate mitogen signal 

transduction. What this suggests for the polyp is that calcium sequestration may 

continue because the cell is maintaining equilibrium through the use of calcium 

during growth. Additionally, the calcium binding complex calbindin-32 is also 

shown to be up-regulated in this analysis. Calbindin acts as a calcium buffer and 

as a sensor that allows for calcium to cross cell membranes without raising its 

free concentration (Reifegerste, 1993). 

 Classic immune response genes such as the superoxide dismutases 

(SODs) are up-regulated in the competent infection transcriptome. This class of 

enzymes catalyzes the dismutation of superoxide into oxygen and hydrogen 

peroxide. As such, they are an important antioxidant defense in nearly all cells 

exposed to oxygen. Additionally, peroxidasin is up-regulated and it serves to 

oxidize organic substrates in the presence of hydrogen peroxide. The 

CCAAT/enhancer-binding protein gamma known to enhance immune and 
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inflammatory responses is also up-regulated (Akira et al., 1990), further 

regulating the immune response. 

 In the competent infection, apoptosis is occurring as evidenced by the 

presence of a E3 ubiquitin-protein ligase LRSAM1 homolog up-regulation. In 

conjunction with the E2 ubiquitin-conjugating enzyme, ubiquitin is attached to a 

lysine on the targeted protein and the polyubiquination signals for degradation by 

the proteosome. Apoptosis is important for healthy development in any organism 

and also plays a role here. 

 

Incompetent infection 

 Of the polyp samples exposed to the incompetent algae strain EL1, 

significant gene down-regulation is seen. The genes primarily affected are genes 

responsible for eukaryotic ribosomal proteins, such as 60S ribosomal protein 

L10, L18a, L13, L7a, L13, P0, P1, and 40S ribosomal protein S12, S11, S10. 

Ribosomal proteins are necessary for the ribosomal subunits to function; this 

suggests that translation is being negatively affected.  

Additionally, the 10kDa heat shock protein of the mitochondria is down-

regulated, suggesting less chaperone activity to correct for protein folding 

problems.  The mitochondrial import receptor subunit TOM40 is downregulated. 

This is the translocase of the outer mitochondrial membrane and it is the means 

by which proteins enter into the mitochondria. Cytochrome c transcription is 

down-regulated as well. Cytochrome c is essential in the electron transport chain 

of the mitochondria, therefore it can be assumed that the energetic requirements 
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of the developing polyp’s cells are not being met when infected with the 

incompetent algae EL1.  

Furthermore, tubulin is down-regulated in this treatment and may be 

causing a cease in very important vesicle trafficking. Ubiquitin is down-regulated, 

suggesting that apoptosis is not fully operative and no longer managing healthy 

development. The cells also react to the incompetent infection with the up-

regulation of histone deacetylases, which promote chromatin remodeling and 

cause heterochromatin formation, resulting in chromosome compaction and 

altered gene transcription.  

The results of this study when compared to previous experimentation on 

Acropora millepora polyp settlement show novel genes that are differentially 

expressed that may be a direct result of the effect the competent symbiosis has 

on the calcifying polyp, aside from the genes known to be involved in the process 

of settlement in an uninfected polyp. The genes that showed significant 

differential expression in the settlement induction experiment included genes 

concerning calcium handling, apoptosis, immunity, stress response, calcium 

metabolism, formation of the skeletal organic matrix, calcium-sequestering 

proteins (calreticulin), protein folding (heat shock proteins), cell adhesion 

(lectins). We additionally found developmental genes and vesicular genes to be 

significantly differentially expressed with the symbioses is established and 

maintained.  At an earlier time point, during the establishment of the coral-algal 

symbiosis, it was observed that the host transcriptome remains unaltered by 

infection with the competent symbiont. In this study we see a more significant 
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change in the transcriptome of the polyp exposed the competent infection 

suggesting that the competent symbiont is now a noticed and exchangeable 

entity with in the coral tissue.    

The above microarray results have been qualified by qPCR (Figure 4).  

However, microarray results do not substitute for functional studies.  The next 

step would be to employ molecular techniques such as RNA interference, 

morpholino injection and/or in situ hybridization in order to better understand the 

roles of the genes required for the codevelopment of Montastraea faveolata and 

Symbiodinium. The knockdown of lectins on the polyp’s cell surface and/or the 

knockdown of the Rab10 protein point in the direction of resolving just how the 

host recognizes the competent symbiont in the coral/algal symbiosis.  The other 

side of this study would be to look at the affect the host has on the development 

of the symbiont. It can be assumed that at a point in development, the algae’s 

cell division is controlled by the host perhaps in a density dependent manner, 

until such a study is preformed this remains speculation.   

It is through large transcriptomic studies like this one, and its comparison 

to others, that we are able to identify the genes that are shared throughout the 

unicellular and multicellular world. This allows us to gain a better knowledge of 

how species interact and how they differ with other species both environmentally 

and genetically. It is important for the future of coral reefs to keep in mind that the 

gradual process of evolution has brought different organisms together, such as 

the coral and its symbionts. It is of scientific interest and social interest to 
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understand these mutualisms and to conserve this ecosystem, as it is an ancient 

foothold in the web of life. 
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