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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 The colour in cnidarians 

 
Scleractinian corals and many other cnidarians found in tropical reef areas, 

frequently display intense coloration such as blue, green, pink, red or violet. In 

addition to the overall coloration of the organism, particular zones of the polyp can be 

differentially coloured. These vivid colours are almost exclusively due to local 

expression of particular proteins belonging to the green fluorescent protein (GFP) 

family. The first member of such proteins was isolated from the hydromedusa 

Aequorea victoria (Prasher et al. 1992). In this jellyfish, the GFP is coupled to the 

calcium-sensor protein, aequorin (AEQ). In presence of calcium, a photochemical 

reaction occurs and AEQ emits blue photons, which are absorbed by the GFP 

chromophore and in turn this energy is re-emitted in the form of intense green 

fluorescence (Prasher et al. 1992, Wilson & Hastings 1998, Prendergast 2000). In 

nature, these pulses of light associated with a body part, usually around the mouth 

and basal part of the tentacles, and are used for predation and protection purposes 

(Morin 1974).  

 

In contrast to the hydrozoan jellyfish A. victoria, the staghorn coral: Acropora 

millepora and other reef building are not bioluminescent organisms but many of its 

GFP-like proteins have the potential to emit fluorescence when excited with the 

appropriate light. Further, fluorescence energy transfer or FRET occurs between the 

batteries of differently coloured proteins (located on both tissue layers but 

preferentially at the endoderm associated with the symbiont algae), leading to a 

combinatorial pattern of fluorescence polyp under appropriate conditions (Cox & 

Salih 2005), i.e in some orange/yellow A. millepora colonies, each polyp mouth is 

green fluorescent and the rim of each corallite is also green fluorescent (Figure 1.1a, 

b). Yellow or green colonies shown green endodermal fluorescence in the 

coenostum area, and at the tentacle tips (Figure 1.1c). In a red colony showing the 

polyps tentacles extended, complete endodermal green fluorescence is observed 

(Figure 1.1d).  
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Figure 1.1 Adult A. millepora corals observed under fluorescence (GFP2 filter). 

A-D) Side, top, close-up, and top view of live coral branches respectively 
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1.2 GFP-like protein structure and classification 

 
To date, quite a large number of GFP-like proteins have been cloned from 

anthozoans such as scleractinian corals, soft corals and anemones. These animals 

have provided the richest source of GFP proteins and GFPs awaken biotechnological 

interest due to their capacity of auto catalytically form a chromophore by an internal 

reaction between key amino acids and without any additional reactive but molecular 

oxygen to complete its biogenesis (Lukyanov et al. 2000, Lukyanov et al. 2005, 

Bulina et al. 2006). This extraordinary property of self-assembly allows to use GFPs 

as tags when fused to target proteins, thus, permitting visualisation within the living 

cell where the fluorescence protein is being expressed, and therefore track i.e protein 

interactions, gene expression etc. This technology has been successfully applied in 

several model organisms, creating a total revolution in the way that biological 

processes are observed (van Roessel & Brand 2002, Verkhusha & Lukyanov 2004). 

 

The basic anatomy of GFP is described by eleven beta sheets, folded forming a 

cylinder-like shape structure, the interior of which is protected from the surrounding 

environment and locate the chromophore (see three dimension reconstruction of this 

protein in the chapter 4). According to the chromophore structure, the protein can be 

classified as fluorescent -i.e cyan, green, yellow, and red- and non fluorescent 

chromoproteins displaying colorations such as purple and blue-  (Labas et al. 2002). 

Some of these proteins, by random and directed mutagenesis, can be transformed 

from non-fluorescent to fluorescent type, with the advantage of some far-red mutants 

suitable for multiple labelling with low auto fluorescence (Fradkov et al. 2000, Bulina 

et al. 2002). Other mutations, in turn, favours the shift of colour fluorescence with the 

time, acting as a timer (Terskikh et al. 2000). The compact and enclosed beta barrel 

conformation of GFP-like proteins, confers extended life to the fluorescence when 

the protein is exposed to drastic changes in temperature or pH. Hydrozoan GFPs, 

are mainly monomeric whereas in most Anthozoans the protein complex is 

tetrameric. Each beta barrel weight in the range of 29-33 kDa and composed by 220-

240 amino acids (Wiedenmann 2000, Matz et al. 2002, Shkrob et al. 2005). 

 

1.3 Evolution of the GFP-like proteins 

 
The identification of GFP homologues in several bilaterians such as crustacean and 

amphioxus (Masuda et al. 2006, Deheyn et al. 2007), indicates that the GFP-like 
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protein family is likely to predate the split of the Cnidaria and the Bilateria. However, 

the evolutionary history of this family of proteins, is fraught with complications; the 

phylogenetic analyses at the protein level of GFP-like genes from many organisms 

have yielded topology trees that are difficult to reconcile with formal taxonomy 

(Shagin et al. 2004) and that ultimately have suggested multiple origins of red 

fluorescent and blue chromoproteins. Secondly, the evolutionary scenario 

complicates further due to the amazing topological similarity found between the GFP-

like proteins and the G2F Nidogen domain.   

 

The G2F protein domain has no chromophore and functions as a binding module or 

laminins, collagens, and other protein components of basement membranes, which 

together form a thin extracellular layer that supports the nervous system (Ekblom et 

al. 1994, Kadoya et al. 1997, Kim & Wadsworth 2000, Hopf et al. 2001). The 

biological relevance of these molecules became apparent when Kim and Wadsworth 

(2000), using the nematode Caenorhabditis elegans as a model, demonstrated that 

deletion of the nid-1 gene developed nerves in the wrong position. 

 

The remarkably, similarity between G2F and the GFP-like proteins suggest common 

ancestry, however it is still unclear whether the G2F domain lost its capacity to form 

the chromophore and was recruited as binding element or if the GFP-like protein 

gained the capacity of autocatalytic chromophore biogenesis and latter was recruited 

to the bioluminescence system, as a secondary emitter (in some marine hydrozoans) 

or as, still debated, photo-protector/photo-enhancer mechanism in many reef dweller 

non-bioluminescent cnidarians (Salih et al. 2000).  

 

The recently sequenced genomes of the sea anemone Nematostella vectensis and 

the amphioxus Branchiostoma floridae (Baumann et al. 2008), revealed that both 

organisms express several copies of the GFP-like homologues and also the G2F 

cnidogen domain. Therefore, further comparative studies dealing with the GFP-like 

structure and function may lead to a better understanding of the relationships and 

evolution of the ß-can structures, that ultimately may shed light on the functionality of 

a putative precursor protein on the Urbilateria common ancestor. 

 

 

 



 5 

1.4 Ecological and biological aspects of GFP-like proteins in corals 

 
The fascination for the study of coloration in reef cnidarians was promoted by the 

introduction of diving portable UV/blue lamps. Since then a number of ecological 

studies have used the GFP proteins as markers. For example, Rinkevich & Loya, 

(1985) found that there are not apparent differences in growth rates between 

morphotypes of Stylophora pistillata, however the purple-red morphotype, is more 

aggressive than the yellow morph. The yellow is eventually excluded by competition 

with the purple-red morph. Similarly, to the adult coral population studies; the 

uncomplicated quantitation of fluorescence has been used in early polyp stages to 

infer population dynamics of corals (Baird et al. 2006).  

 

Other relevant work includes the combination of ecological and genetic studies over 

different colour morphs in the massive coral Montastraea cavernosa, the results 

suggested that the same basic gene repertoire may ultimately give rise to differences 

in the final colour morphology of the colony (Kelmanson & Matz 2003). In addition, 

some apparent correlations have been found between GFP spectral characteristics 

and depth habitat of the M. cavernosa coral colony (Kao et al. 2007). 

 

The first note on the fluorescence of scleractinian larva was reported from the Red 

sea Coral Stylophora pistillata. This work reported that green fluorescence is 

associated with the mouth tissue, and mentions its putative photo protective role in 

adult corals (Rinkevich & Loya 1979). Recent work on the mushroom coral Fungia 

scutaria, shows that GFP-like proteins are up-regulated when the embryo is 

approaching to the planula stage and that the spatial distribution of the green/red) 

fluorescence is mainly restricted to endodermal cavity and (green) mouth tissue 

(Hollingsworth et al. 2006). 

 

Since its early description in reef cnidarians until today, the primary context in which 

biological roles for GFPs have been discussed is in terms of their potential for either 

enhancing symbiont photosynthesis or protecting symbionts from excess light. 

Photo-enhancing has been suggested, specially where the bearing organism is living 

under low light conditions, providing to the dinoflagellate symbionts photosynthesis-

quality photons (Kawaguti 1969). Photo protection is invoked for those organisms 

exposed to intense solar radiation, for example on the reef flat; the proteins may act 

as shields, absorbing high energy photons and transforming them to low energy ones 

or heat, hence potentially reducing photo inhibition, which could otherwise lead to 
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coral bleaching due to the disruption of the symbiosis (Salih et al. 1998, Salih et al. 

2000, Salih et al. 2004). Despite the appeal of these hypotheses, they are supported 

only by weak and equivocal experimental evidence (Mazel & Fuchs 2003, Mazel et 

al. 2003), leaving open the biological roles of these proteins. 

 

1.5 Importance of evolutionary developmental studies (Evo-Devo) 

 
Comparison of gene expression data through development and among organisms 

has provided some important insights into the origins and evolution of certain traits. 

For instance, the detection of mesoderm specific genes during cnidarian diploblastic 

development has led to a much better understanding of the original roles of these 

genes in cell proliferation, that predated functions in specifying the third germ layer in 

triploblasts. In a similar way, the present work deals with temporal expression of 

GFP-like genes during coral embryogenesis and later development in an attempt to 

better understand the association of the formation of a new individual and the spatial 

variation of the FP genes. Finally, as homologous genes have recently been 

described in several bilaterians, the present work may serve as platform to compare 

the dynamics of GFP-like gene expression between the coral and bilaterian 

organisms. 

 

 

1.6 Scope of this study 

 

This research aimed to study the characteristics of the GFP-like protein repertoire in 

Acropora millepora, in terms of gene structure, protein characteristics, and 

expression patterns during development. The overall goal were to elucidate in a 

model system, the defining features of these molecules and to explain why are they 

so abundant and diverse in corals. Basic information could lead to better 

understanding of the significance of colour diversity on coral reefs and to gain 

insights into to possible biological functions of individual proteins 

 

This thesis is divided in six chapters: General introduction, materials and methods, 

three data chapters (Chapters 3 to 5), and a last section devoted to general 

discussion and further directions. 
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The experimental chapter three reports the analyses of intron-exon structure, 

transcription factor binding site analyses and phylogenetics of nuclear loci encoding 

two GFP homologues. The chapter four report the biochemical and biophysical 

characterization of selected proteins derived from the Expression Sequence Tag 

(EST) collection from early stages of coral development, emphasising in the 

description of the evolutionary protein ―hot spots‖, and its relation with the current 

phenotype. Chapter five describes the spatio/temporal expression of the GFP 

mRNAs and proteins during coral development in order to determine the time of 

onset of expression and the type of cells that express the message. 
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CHAPTER 2 

MATERIAL AND METHODS 

 

2.1 Nuclear gene cloning, sequencing and assembling 

2.1.1 [ -32P] radioactive probe generation by PCR   

 
This section details the generation of radioactive probes by Polymerase Chain 

Reaction (PCR) using a method modified from (Saiki et al. 1988). A non-fluorescent 

chromoprotein and a fluorescent protein cDNA clones were chosen due to their 

abundant allelic variation within the A. millepora cDNA library and those clones are 

as follows: AmilCP597 -Acropora millepora ChromoProtein absorbance maxima at 

597nm- and AmilGFP517a –A. millepora Green Fluorescent Protein emission 

maxima at 517nm-. Amplicons derivated from pre settlement A. millepora cDNA 

library were then sub cloned into pGEMT (Promega) and named 2:2 and 52c2 

respectively.  Note: sub-cloning of 2:2 was performed by L. Tomljenovic 

 

To clone the chromoprotein amilCP and amilFP nuclear genes, radioactive PCR 

reactions were prepared as follow; in a 500 µl PCR tube, approximately 180 ng (1 µl) 

of plasmid DNA was added to a ice cold mixture containing: 5 µl of 10X Taq 

polymerase buffer, 1 µl of 0.1 mM dATP, 1 µl of 10 mM dTTP, 1 µl of 10 mM dGTP, 1 

µl of 10 mM dCTP, 4 µl of 25 mM MgCl2, 1 µl of 20 µM correspondent gene specific 

forward and backward primers, 0.5 µl of Taq DNA polymerase (10 U/µl, promega), 5 

µl of [ 32P] dATP, and 28.5 µl of PCR-grade water.  

 

For probe generation of amilCP, the AmilCP597; clone 2:2 cDNA was used in 

conjunction with the forward f1 primer (5’-GGAGAGCAGACAGAGAAGC–3’) and the 

backward f2 primer (5’- GGAATCATTGGTGACAGTACA–3’) . The [ 32P] labelled 

probe of amilFP was achieved using the clone 52c2 (AmilGFP517a) as template, the 

forward f3 primer 5’-CACTGTTATATCTGCACTG-3’, and the backward primer f4 5’-

GGAAACAGACCATCAATCTGT-3’.  

 

PCR control reactions for both amilCP and amilFP nuclear genes were carried out 

without the addition of [ 32P] dATP. 
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PCR reactions were thermo-cycled under the following profile (designed to amplify a 

fragment of approximately 220 bp fragment): Initial denaturation of 3 minutes at 

95ºC, then 32 cycles of denaturation at 95 ºC for 45 seconds, annealing at 50 ºC for 

45 seconds, and polymerisation at 72 ºC for 1 minute, then a final one long step of 3 

minutes at 72 ºC and finally the reaction was cool down to 4 ºC. The PCR products 

were stored at -20 ºC until need. 

 

2.1.2 Agarose gel electrophoresis and storage of radioactive probes 

 

Agarose gel electrophoresis described by (Sambrook & Russell 2001) was a regular 

procedure not only to determine expected amplicons from library screenings, but also 

for fragments separation after restriction enzyme digestions, verification of the quality 

of genomic and plasmid DNA extractions, or during Southern assays  (Southern 

1975). 

 

PCR amplifications using [ 32P] nucleotides were not resolved by electrophoresis 

assay. Instead, the control reactions, were used to indirectly confirm the success of 

the amplification. In this case, 10 µl of the PCR control reaction were mixed with 3 µl 

of loading ―Orange G‖ buffer (0.2 % w/v Orange G, 40 % w/v Sucrose) then loaded 

into 1 % TAE (40mM Tris-acetate, 1 mM EDTA pH 8.0) agarose gel (pre casted with 

0.4 µg/ml of Ethidium Bromide), run at 85 volts for approximately 45 minutes and 

finally visualised/photographed under UV light (365 nm). Upon confirmation of a 

single product of approximately 220 bp, the radioactive product was clean up 

(Quiagen) from the excess of primers and radioactive unincorporated nucleotides. 

Radioactive probes were then resuspended in TE buffer (10 mM Tris pH 8.0, 1 mM 

EDTA pH 8.0) and keep at -20 ºC until required.  

 

2.1.3 Competent cell preparation for viral infection 

 

Nuclear genomic fragments corresponding to the amilCP gene were obtained by 

DNA hybridisation. from a genomic library constructed using -gem11 vector 

(Promega) . 

 

The strain LE392 of E. coli was used to propagate the phages, Infected bacteria 

were incubated overnight at 37ºC into LB-agar media (10 g Tryptone, 5 g yeast 
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extract, 10 g NaCl, bacto Agar 15 g and water to a litre, pH 7.5), then single colonies 

were picked and inoculated into 10 ml of LB media and incubated overnight.  

 

One millilitre of the overnight culture was inoculated into 50 ml LB media containing 

10 mM MgSO4, 0.2 % Maltose and incubated for 1.5 hours. Bacteria harvested by 

centrifugation at 4X103 rpm 10 minutes. Cell pellet was resuspended into an ice cold 

solution consisting of 10 mM MgSO4, to the volume required to reach 2.0 of 

absorbance at 600 nm. 100 µl of these competent cells were used as a host for the 

lambda phage carrying the genomic library. These competent cells were viable for up 

to 6 days at 4 ºC. 

 

2.2 Tittering the genomic libraries 

2.2.1 Phage library titration 

 
Approximately 350 x103 plaque forming units (pfu) were screened with the 

radioactive probe. For this purpose, the Acropora millepora genomic library tittered 

by serial dilutions in the range of 101 to 107, using 10 µl of the master library into 90 µl 

of SM buffer (Per Litre: 5.8 g NaCl; 2 g MgSO4.6H20).  

 

100 µl of fresh E. coli suspension were infected with the desired  phage dilutions 

and mixed by pipetting. Viral infection was carried at 37 ºC for 10 minutes, then 

gently mixed with 3ml of melted top agarose and plated on top of pre-warmed 90 mm 

LB-agar plates (per litre: 10 g of Tryptone, 5 g NaCl, 7 g agarose, MgSO4 to final 

concentration of 10 mM), Plates were incubated overnight at 37ºC. Visible phage 

plaques were counted. According to the dilution and the total volume of the master 

library, it was estimated the volume necessary to reach a density of 3.5 x 105 pfu was 

calculated.  

 

2.2.2 Cosmid library titration 

 
Amplified library was tittered as described before for the cloning of the nuclear CP 

gene, plated onto 90 mm LB-ampicillin plates, and incubated overnight at 37 ºC. 

Once the efficiency of the library was determined the desired number of colonies 

were obtained due to the storage capacity of the cosmid vector is about 3 to 5 time 

bigger to lambda vector it was decided to plate 9X 104 cfu for the screening using the 

FP probe.  
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2.2.3 Acropora genomic Cosmid library amplification and storage 

 
The FP gene was identified from the genomic library constructed using a cosmid 

vector (Super-Cos, Invitrogen). Since the cosmid vector contain ampicillin resistance 

the library was amplified with antibiotic enriched media due to this enhances the 

chances to detect low represented clones.  

 

Briefly, 125 ul of master library sterilized 600 ml flasks (X4) containing 50 ml of LB-

ampicillin [50 mg/ml] and incubated at 37ºC, 150 rpm and for approximately 6 hours. 

Bacteria cells were harvested by centrifugation at 4X103 rpm and 4 ºC for 15 minutes 

and finally, resuspended in 20 ml of chilled LB-ampicillin. 300 µl of freshly made 

bacterial suspension were used to titter the amplified genomic library, Bacteria 

sample was also cryopreserved by adding 4 ml of sterile glycerol, mixed, aliquoted 

and preserved at -80ºC for further use.  

 

2.3 Genomic  lambda library screening 

2.3.1 Blotting and marking of membranes  

 
Desired density of phages were spread with top agarose using six 180 mm petri-dish 

as described by (Ausubel et al. 1996); Nylon membrane discs (137 mm, Hybond-C 

Extra, Amersham Biosciences), were overlain on each plate and blotted for 1 minute   

Plates were marked with non-symmetrically side pin-holes distributed and recording 

the plate identity. Upon detection of positive clones. The holes in the membranes 

gaps  served as alignment guide.  

 

2.3.2 Blotting and marking of membranes (Cosmid library) 

 
3X104 colony forming units (cfu) were spread on top of nylon membranes that were 

overlaid in LB-agar plates (180 mm).  Bacteria grew at 37 ºC for an overnight period.  

 

Bacterial growth was stopped by placing the plates in a 4 ºC incubation for 2 hours. A 

copy of the master plate was made by carefully removing the membrane from the 

plate and placed over (bacterial colonies facing upwards) a sterilized 3M paper with a 

sheet of clean 3 mm glass underneath.  A new nylon membrane was placed exactly 

on top of the one which contained the colonies, then an overlaid of 3M paper and a 
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glass sheet afterwards. The two membranes were pressed against each other while 

the edges were perforated using a sterilized needle. Copies were placed over a new 

LB-ampicillin plates (bacteria facing upwards).  The master membranes were 

returned to their respective plates and stored at 4 ºC until need, while the copies 

were incubated 4 hours at 37 ºC then also stored at 4 ºC. 

 

2.3.3 Preparation of the membranes for phage DNA hybridisation  

 
After the blotting, the DNA was fixed to the nylon membranes using the alkali method 

(Benton & Davis 1977). Membranes were exposed (DNA facing up) to a denaturing 

solution (0.2 M NaOH; 1.5 M NaCl) for a lapse of 3 minutes followed by other 3 

minutes into neutralisation solution (0.5 M Tris.Cl (pH 7.4); 1.5M NaCl; 1 mM EDTA), 

and another 5 minutes in a two rinses with a 2X SSC solution [20X; 3 M NaCl, 0.3 M 

Na3-citrate. 2 H2O, adjusted to pH 7.0]). The membranes were air-dried and finally 

the phage DNA was cross linked by 3 minutes exposure at UV (362 nm) light in a 

commercial transilluminator. 

 

2.3.4 Preparation of the membranes for cosmid DNA hybridisation  

 
Nylon membranes were treated as follow: 2 minutes on top of pre-wetted 3M paper 

with 0.5 M NaOH, 3 minutes on top of a 3M paper pre-wetted with 1 M Tris-HCl, 

pH7.6, then 3 minutes on top of a 3M paper pre-wetted with 1M Tris HCl (pH 7.6), 

1.5M NaCl, and ultimately, two rinses with the last buffer in order to remove bacterial 

debris. The membranes were air-dried over a 3M paper and DNA cross-linked by 

exposing them (DNA facing downwards) at UV light (362 nm) in a commercial 

transilluminator for 3 minutes each.  

 

2.4 Hybridisation and DNA recovery of the positive plaques 

2.4.1 DNA Hybridisation 

 

The technique for DNA hybridisation of both lambda and cosmid DNA fixed in nylon 

membranes was the same but the radioactive probes were specific to amilCP or 

amilFP respectively  
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To reduce background and detect the positive clones from the population of the 

blotted plaques/colonies, the membranes were pre-hybridised with rocking at 65 ºC 

and for 1 hour into approximately 40 ml of hybridisation solution (5X SSPE, 5X 

Denhart’s solution, 0.5 % (w/v) SDS). Following incubation, pre-hybridisation solution 

was replaced by the same volume of fresh hybridisation solution containing 50 l of 

previously denatured radioactive DNA probe. Hybridizing membranes were placed in 

a sealed container and incubated overnight with constant rocking at 65 ºC.  

 

2.4.2 Washing the unbound products and detection 

Subsequently to DNA hybridisation, the radioactive liquid was discarded and the 

membranes were washed twice with 50 ml of low stringency washing buffer (2X 

SSC, 0.1% SDS), at 50 ºC for 15 minutes then for  washed for 10 minutes at 55 ºC 

using 50 ml of medium stringency washing buffer (1X SSC, 0.1% SDS), and a final 

15 minutes wash at 65 ºC using 50 ml of high stringency washing buffer (0.1X SSC, 

0,1% SDS). Radioactivity was measured with a Geiger counter to ensure that the 

noise of the unbound material disappeared, leaving behind the signal of the positive 

clones.  

The membranes were wrapped with plastic film, then attached to 3M paper and 

subsequently a sensible screen was overlaid, this assemble was inserted inside a 

cassette. Clear radioactivity signal was detected after a lapse of 4 hours at room 

temperature.  

Positive clones were detected using a chemo-luminescent detector (Phosphor 

Imager ®, GE-healthcare). The radioactive signal was captured and the image 

enhanced by edition-visualization software, and then printed on a 3A-size paper. The 

positive clones were identified by aligning the specific side-holes of individual plate-

membranes and comparing it with the images of the respective plate/master-

membrane. Detected positive cores were resuspended in 200 l of SM buffer with 

the addition of one drop of chloroform. Samples were stored at 4 ºC.  

Note: The picked E.coli colonies from the cosmid library were inoculated into 1 ml of 

LB-ampicillin and they grew at 37 ºC for 3 hours then stored at 4 ºC until needed.  
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2.4.3 Secondary screening 

Due to the high density of phages/bacteria from the primary screening, a second 

round of screening was carried to achieve lower density (approximately pfu/cfu per 

90 mm plate respectively), and thus ensuring single positive clone isolation. .Single 

clones were expanded and either stored or used for DNA extraction and further 

sequencing.   

 

2.4.4 DNA purification from the nuclear genomic clones 

 

After the overnight expansion of single clones in 50 ml of phage media. 50 l of 

chloroform was added to prevent bacteria contamination, samples were placed at 

4ºC.  

The phage DNA was extracted using midiprep-lambda Quiagen kit following the 

procedures of the manufacturer. Alternatively, phage DNA was purified as described 

in (Lockett 1990). In brief, cell debris was cleaned from the solution containing 

phages by centrifugation at 4X103 rpm for 10 minutes. The phage capsids were lysed 

and precipitated from the preparation by incubating the samples with proteinase K to 

final  concentration of 100 g/ml for approximately 1 hour at 56ºC, followed by the 

addition of polyethylene glycol 8000 (10 % w/v). The sample was placed in an ice 

bath for 3 hours and finally spined down at 1X105 rpm for 30 minutes. The 

supernatant was decanted in new tubes and DNA extracted twice with equal volume 

of phenol/chloroform and twice with equal volume of chloroform. DNA was 

recovered, concentrated (section 2.4.5) and stored in appropriate conditions. 

 

Positive and single cosmid clones in E.coli grew in10 ml of LB-ampicillin at 37 ºC 

overnight, then DNA extracted using commercial midiprep-plasmid Quiagen kit 

following the instruction of the manufacturer. The eluted DNA was measured and 

stored at -20 ºC. 
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2.4.5 DNA precipitation and storage 

 

DNA precipitation described by Sambrook & Russell (2001) was a routine procedure 

not only for recovery and concentration of phage DNA but also for DNA from 

plasmids, excised bands from gels, or low yield PCR products etc.  

Phage DNA was precipitated from the aquose phase by the addition of 2 volumes of 

ice cold 100 % v/v ethanol and 0.1 volumes of 3 M of sodium acetate (pH 5.2). This 

mixture was incubated 45 minutes at -20 ºC, spined down at 1.3X105 rpm for 30 

minutes and supernatant discarded by decantation. Residual salts were removed by 

the addition of 500 l of 70 % v/v ethanol. The DNA pellet was recovered by 10 

minutes centrifugation at 1.3X105 rpm, supernatant discarded and the tube air-dried. 

The DNA was finally resuspended in TE or ddH2O. The protein-free DNA obtained 

was measured by its absorbance at 260 nm, and stored at -20 ºC until required.  

 

2.4.6 Restriction enzyme digestions genomic fragments to detect 
differences 

 

Restriction enzyme digestion assays were conducted as per Sambrook & Russell 

(2001) and it was an habitual procedure not only for differentiate between genomic 

clones but also to achieve clean GFP-like cDNA fragments for subsequent cloning e 

into expression vectors. 

Before sequencing, 20 l restriction enzyme reactions were assembled using 

approximately 1 g of phage/cosmid DNA from each clone into total reaction, 10 

units of either or both Bam HI, Hind III, and XbaI (Promega). According to the vectors 

map, the first two enzymes target the multi cloning region, thus releasing the desired 

fragment and determining he molecular size. In all cases, the reactions were 

incubated at 37 ºC for 3 hours then, the products were resolved through agarose gel 

electrophoresis. Gels were stained with ethidium bromide and visualized under UV 

light. 

2.4.7 Southern blot and subcloning 

 
The southern assay, performed as described in Sambrook & Russell (2001) modified 

from Southern (1975), was chosen because at the moment of the amilCP fragment 

sequencing, some regions appeared unreadable due to the high content of guanine 
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and cytosine. Consequently, the southern blot aimed to detect fragments that cross-

reacted with the original probe used to screen the library, and further those 

fragments were subcloned and sequenced.  

 

Genomic DNA was digested and DNA fragmentation was resolved by agarose 

electrophoresis. The gel was washed once with distilled water for 20 minutes with 

continuos movement. The water was replaced by denaturing solution (1.5 M NaCl, 

0.5 M NaOH) in gentle agitation for 45 minutes. The gel was rinsed with water and 

neutralized with a solution containing: 1 M Tris HCl pH 7.4, 1.5 M NaCl, 1 mM EDTA 

and for a lapse of 30 minutes and with movement. With a clean scissors, a piece of 

Nylon (Hybon-C) paper of the size of the gel was excised and poured over the gel, 

the gel itself was resting over 3 layers of 3M (whatman) paper pre-wetted with 

transfer buffer (10X SSC). Over the nylon paper, two layers of 3M paper and 10X the 

thickness of the gel of paper towels, a sheet of glass and a weight were 

accommodated. The DNA was transferred to the paper overnight and finally DNA 

was cross-linked to the membrane for 3 minutes under UV light. 

 

The DNA Hybridisation with a radioactive probe was performed as described earlier. 

After several washes and detection time in the range of 3-12 hours (using phosphor-

imager screens (Molecular Dynamics). Positive bands were selected/excised from 

the agarose gel, and DNA recovered using Qiagen gel extraction kit and subcloned 

into pBluescipt (invitrogen) for sequencing.  

 

2.4.8 Sequencing and gene assembling 

 
The sequencing of the genomic fragments was initiated using the vector priming sites 

by dedeoxy chain terminator procedure (Sanger et al. 1977) at the JCU sequencing 

facility. Upon sequence analyses, specific primers were designed to continue the 

sequencing process by primer walking.  

 

The sequence of amilCP gene was assembled (Sequencher 4.8), and the 

intron/exon boundaries were used to design amilFP-based primers targeting those 

spliced donor-acceptor sites. The designed primers were used in a long-PCR 

procedure using as template 100 ng of the cosmid DNA clone in each case. The 

profile of the amplification was adjusted to amplify up to 5 Kb. The PCR products 
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were compared for its relative size using a standard agarose gel electrophoresis and 

subsequently cloned into pGEMT vector (Promega). 

 

2.5 Recombinant protein characterization 

2.5.1 PCR amplification of the amilGFP517a from the presettlement 
cDNA library 

 
The AmillGFP517a (pGEMT clone 52c2) was the only GFP that was cloned pulled 

out by PCR from the pre-settlement cDNA library. A combination of T7 universal 

primer and a gene specific primer targeting the first 6 amino acids from the FP and 

CP contig was used for PCR amplification. 

 

The cDNA encoding the remaining three of the proteins selected for bacterial 

expression were chosen among the approximately 9000 EST tags conforming the 

A.millepora EST collection. The selection criteria was based in the amino acid 

alignments given in Chapter 3 (See figure 3.1 and 3.2 for details), the abundance of 

transcript representation as well as the nucleotide/protein substitutions that were 

considered to have influence in the chromophore formation/maturation  

 

The amilGFP517a cDNA was isolated from the cDNA library using approximately 

100 ng of denatured DNA. The PCR mixture included: 2.5 µl of 10X Taq Polymerase 

buffer (Promega), 2.5 µl of 2 mM dNTP mix [final 200µM], 2 µl of 25 mM MgCl2 [final 

2 mM], 1 µl of 20 µM [final 800 nM] forward ―FP1‖ (5’-GACTTGGTGGCTATAGAGA-

3’) primer, 1 µl of 20 µM [final 800 nM] T7 (5’-GACTTGGTGGCTATAGAGA-3’) 

reverse primer, 0.1 µl of 10 Units/µl Taq DNA Polymerase (Promega) [final 0.04 U], 

and approximately 15 µl of PCR-grade water to a total volume reaction of 25 µl. The 

PCR reaction was submitted under a profile designed to amplify a fragment of 

approximately 680-700 bp fragment: Initial denaturation of 3 minutes at 95 ºC, then 

32 cycles of denaturation at 95 ºC for 45 seconds, annealing at 50 ºC for 45 seconds, 

and polymerisation at 72 ºC for 1 minute, extension for 3 minutes at 72 ºC and finally 

the reaction was cool down to 4 ºC. The PCR product was confirmed by standard 

agarose gel electrophoresis and stored at -20 ºC.  

 

 

 



 18 

2.5.2 Gel extraction and ligation into PCR-based propagation vector 

 
20 µl of the PCR reaction was mixed with 3 µl of loading ―Orange G‖ buffer (0.2 % 

w/v Orange G, 40 % w/v Sucrose) then loaded into 1 % TAE (40 mM Tris-acetate, 1 

mM EDTA pH8.0) agarose gel (pre-casted with 0.4 µg/ml of Ethidium Bromide), ran 

at 85 V for approximately 45 minutes and visualised/photographed under UV light 

(365 nm).  

 

The 700 bp band was excised from the gel using a clean stain-steel blade, and DNA 

extracted using Qiagen gel extraction Kit following the instructions of the 

manufacturer. The eluted DNA from the PCR band was measured for its 

concentration at 260 nm and stored at -20ºC until needed. 

 

For the ligation of the PCR product into pGEMT vector (Promega), approximately 

300-500 ng of band-extracted DNA was added to an ice cold mixture containing 1 µl 

of 10X T4 ligase buffer, 1 µl of T4 ligase (10 U/µl, Promega) [final 1.0 U], 1 µl of 50 

ng/µl vector pGEMT [final 5 ng/µl] and DNAse free water to a total volume of 10 µl. 

The assembled reaction then was mixed by pipetting and incubated overnight at 4ºC. 

These ligations were used for transformation into NM522 E. coli competent cells. A 

single positive clone named 52C2 was isolated and sequenced, and its DNA used as 

a template for the generation of the restriction sites at the edges of the ORF region. 

 

2.5.3 Cloning of the GFP-like proteins from the EST collection 

 
The plasmid DNA was kindly provided by Dr David Hayward (Australia National 

University) by the specific request using the EST clone identity for that purpose. The 

plasmid DNA from each clone was blotted by Dr Hayward onto 3M papers, wrapped 

in kitchen plastic and send to me by mail. DNA was recovered from the paper with 

20µl of Mq H2O and incubated overnight at 4 ºC. The eluted plasmid was used to 

transform into NM522 cells by standard heat shock. Plasmid DNA was recovered 

and a glycerol stock from single colony transformed bacteria was stored at -80 for 

further work.  
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2.5.4 PCR-based introduction of restriction sites and subcloning into 
expression vector 

 
 A non-directional strategy for subcloning amilFP or amilCP-based was elected. PCR 

primers were designed to contain either Bam HI or SalI restriction sites.  Primer 

sequences are given further ahead in the text in the form of table.  

 

The following EST clones were used: C015-a8 (re-named AmilCP601), C012-C9 (re 

named AmilGFP517b), C018-g5 (AmilRFP602), and pGEMT clones 52c2 

(AmilGFP517a), and 2:2 (AmilCP597). 

 

Approximately 100 ng of the required plasmid DNA was added to a chilled 25 µl PCR 

reaction mixture containing 2.5 µl of 10 X Taq Polymerase buffer, 2.5 µl of 2 mM 

dNTP mix [final 200 µM], 2 µl of 25 mM MgCl2 [final 2 mM], 0.1 µl of 10 Units/µl Taq 

DNA Polymerase (Promega) [final 0.04 U], 1 µl of 20 µM of forward primer and 

backward primers. See the table bellow. Each primer was used to a final primer 

concentration in the reaction of 800 nM.  

 

Table 1 Primers characteristics; CP correspond to chromoproteins and FP to 
fluorescence genes.   

 

 

 

 

 

 

 

 

 

PCR reactions were thermally treated using Hybad and Eppendorf thermocyclers 

under the a profile designed to amplify a fragment of approximately 680-700bp 

fragment: Initial denaturation of 3 minutes at 95 ºC, then 32 cycles of denaturation at 

95 ºC for 45 seconds, annealing at 50 ºC for 45 seconds, and polymerisation at 72 

ºC for 1 minute, an extension of 3 minutes at 72 ºC and finally the reaction was cool 

down to 4ºC. Approximately 20 µl of each PCR reaction were resolved by agarose 

gel electrophoresis. Upon confirmation of amplicon and size, the DNA bands were 

excised from the gel extracted (QIAquick, Quiagen) and measured using OD 260 nm. 

Forward ID Sequence 

CP-BamHI 5’-CGCGGATCCAGTGTGATCGCTAAAGAAATG-3’ 

FP-BamHI 5’-GCGGATCCG CTCTGTCAAAGCACGGTCT-3’ 

CP-SalI- 5’- GCGTCGACCTATGCAACCAAAG GTTTTCG-3’ 

FP-SalI 5’-GGGTCGACGATGGCTCTGTCAAAGCACGGT-3’ 

  

Backward ID Sequence 

 CP-BamHI  5’-GCGGATCCC TAGGCGACCAAAGGTTTGC-3’ 

FP-BamHI 5’-GCGGATCCTCAAGCCAATG CAGATCGA-3’  

CP-SalI- 5’-GCGTCGACCTATGCAACCAAAGGTTTTCG-3’, 

FP- SalI 5’-GCGTCGACTCAAGCCAATGCAGATCGAGA-3’ 
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The PCR fragments were cloned into pGEMT vector as described before for the 

clone 52c2. Once each of the desired cDNAs were inserted into pGEMT, 

confirmation of insert present and size was carried by restriction assays; The 

plasmids were subjected to restriction enzyme digestion in which approximately 1 µg 

of plasmid DNA were added to an a ice cold mixture containing: 2 µl of 10X 

restriction enzyme buffer (Promega), 1 µl of the restriction enzyme (Bam HI or SalI 

depending on the clone) [10 U/µl] and DNAse free water to 20 µl, mixed by pipetting 

and incubated for 2.5-3 hours at 37 ºC and then digested samples were resolved by 

agarose electrophoreses an the desired band purified (QIAQuik Quiagen). The 

fragments were stored at -20ºC until need for direct ligation into previously digested 

and dephosphorylated expression (pQE, Qiagen) vector. 

 

2.5.5 Dephosphorylation of the expression vectors 

 
Incompatibility of the restriction enzyme buffers in double digestion required that the 

expression vector had to be opened with one enzyme then dephosphorylated to 

prevent the re-ligation. For this reason, pQE30, pQE32 (Quiagen) and pProEX-B 

(Invitrogen) vectors were first digested with Bam HI or SalI (approximately 1.5 µg of 

vector with 12 U of enzyme) as described above. After the 2.5 hour incubation, the 

entire 20 µl reactions were added to a mixture of 20 µl of 10X CIAP buffer, 5 µl of 10 

U/µl Calf alkaline Phosphatase [final 0.25 U] and 155 µl of DNAse free water, to a 

total 200 µl reaction, and further incubated at 37 ºC for 45 minutes. The reaction was 

cleaned using commercial PCR cleaning column procedures. The eluted 

dephosphorylated vector then was measured for its concentration and mixed in 

appropriate vector:insert ratios to be used in DNA ligation 

 

2.5.6 Cell strain preparation and transformation  

2.5.6.1 Competent cells preparation and its storage 

 
Glycerol stocks of E. coli NM522 and BL21 strains were used for plasmid 

propagation and competent bacterial cells this research were produced using CaCl2, 

according with the methodology in Sambrook & Russel (2001).  

 

In short, 5ml of single colony overnight liquid culture, were inoculated into pre-

warmed 500 ml of LB media for about 4 to 5 hours until the OD reached 0.3. 
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Bacterial cells were harvested by centrifugation at 4X103 rpm 10 minutes and the 

pellet resuspended with 30 ml of chilled solution containing: 80 mM MgCl2 and 10mM 

CaCl2, a second round of centrifugation was done and finally resuspended into 2 ml 

of ice cold 10 mM CaCl2. The cell suspension was incubated at 4 ºC overnight to 

increase the cell competency. Aliquots of competent cells (50 µl) in a solution 

containing DMSO were snap frozen with liquid nitrogen and finally cryopreserved at -

80ºC stored until required. 

 

2.5.6.2 Bacterial transformation with plasmid vectors 

 

Transformations using cryopreserved competent cells were allowed to thaw at room 

temperature and incubated for 10 minutes on ice, then transformed as described by 

Sambrook & Russell (2001), using the entire reaction of ligation. 500 µl of LB media 

were added to transformed cells samples and incubated for 1.5 hours at 37ºC. Cells 

were pelleted in a top bench micro centrifuge at maximum speed for 1 minute, LB-

media decanted and cells resuspended into fresh 80 µl LB and ultimately plated onto 

90 mm LB-agar plates containing 100 mg/ml of ampicillin, 20 mg/ml of Xgal and 1.0 

mM IPTG (BL21 cells were plated without Xgal) and incubated overnight at 37 ºC. 

 

2.5.7 Screening and protein purification 

2.5.7.1 Bacterial visual screening for the presence of target insert 

 

Overnight 37ºC incubated plates of bacteria containing pGEMT plasmids were 

placed at 4 ºC for about 1 to 2 hours to allow colour development; for blue-white 

selection and in addition, to stop the bacterial growth. Three to four white bacterial 

colonies were piked from each plate and inoculated into 5 ml of fresh LB-ampicillin 

media, and then incubated at 37 ºC for 8 hours. Plasmid DNA was extracted from 4 

ml culture (QIAprep Spin Miniprep Kit, Qiagen). Upon quality and quantity of DNA 

was calculated by optic density at 260 nm and electrophoresis, the samples were 

sequenced, to confirm DNA identity.  A fraction of the O/N bacterial cultures was 

cryopreserved by the addition of 150 µl of sterile glycerol, mixed by pipetting and 

snap frozen in liquid nitrogen and stored at -80ºC until needed. 
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In the case of transformations using expression-based plasmids containing the ORF 

of the GFP-like proteins, after the initial overnight incubation at 37 ºC, the plates were 

transferred to a dark container at 20 ºC for a period of 4-5 days, then each plate was 

visually screened under a epifluorescent dissection microscope (LEICA, MZ FL III, 

Wetzlar, Germany) equipped with a 100 W Hg lamp and sets of 550/40 nm excitation 

filter (green light), and 450/40 nm excitation filter (blue light). The positive 

coloured/fluorescent colonies were resuspended into 6 ml of fresh LB-ampicillin 

media, overnight incubated at 37 ºC and plasmid DNA extracted/sequenced from 4 

ml culture as described above. 1 ml culture was cryopreserved as described above, 

and the left one millilitre culture was expanded into fresh media as detailed below.  

 

2.5.7.2 Bacterial re-protein purification 

 
Expression/purification of re-proteins was performed as described in the 

QIAexpressionist handbook (Qiagen) under the non denaturant protocol, modified 

from (Janknecht et al. 1991). 

 

Habitually, 1 ml of overnight culture was inoculated into 1.5 L autoclaved sterilized 

flask (wrapped with aluminium foil) with 200 ml of LB-ampicillin, incubated with 

shaking (120 rpm) for approximately 2 hours at 37 ºC then protein expression 

induced with the addition of IPTG to a final concentration of 1 mM and the 

temperature and motion adjusted to 20 ºC and 80 rpm, respectively for approximately 

4-5 days. After this long incubation the bacteria were harvested by centrifugation into 

50 ml falcon tubes at 4X103 rpm for 15 minutes. The cell pellet was resuspended in 

10 ml ice cold PBS pH 7.2 (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4
.7H2O, 1.4 

mM KH2PO4), and incubated one hour on ice with the addition of lysozyme to a final 

concentration of 1mg/ml. Cells were disrupted by 3 to 6 sonication strokes with 

intervals of 10 seconds. In order to dissociate inclusion bodies preparations included 

a final concentration of 1.8 % Triton X-100 (Sigma) to the sonicated cell-buffer 

mixture and incubated at room temperature for 1 hour with slow shaking.  

 

Cell lysates were transferred to 30 ml centrifuge tubes and spined down at 2X104 rpm 

for 20 minutes. In some occasions due to the fluorescent and chromoproteins were 

clearly visible in the pellets after this last centrifugation, a second round of sonication 

and triton X-100 incubation were performed until the vast majority of the protein 

turned soluble.  
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2.5.7.3 Histidine affinity chromatography 

 
A two step strategy was used for recombinant protein purification by an initial batch 

interaction, followed by column chromatography.   

  

Sonicated cell lysates containing the re-proteins were transferred to 50 ml falcon 

tubes containing 2 ml of Ni-NTA super flow resin (Qiagen). The affinity matrix and 

recombinant protein interacted for a period an hour on ice and at constant 60-80 rpm.  

 
The second step included gravity-flow chromatography. Lysate/Ni-NTA agarose bead 

slurry was loaded into disposable bottom sealed chromatographic columns (Bio-

Rad). Once the matrix settled down, the bottom seals were opened to clear 

unwanted solution by flow by gravity, -Collecting part of this flow through as well as 

the posterior washes to monitor of the purification processes-. The columns were 

washed twice to remove non retained proteins with 10 ml of PBS, then with 10 ml of 

low stringency wash (PBS, 5 mM Imidazole), followed by 10 ml of medium stringency 

wash (PBS, 10 mM Imidazole), and a final 10 ml of high stringency wash (PBS, 20 

mM imidazole). Due to the color of the protein allowed monitoring trough the 

purification process  

 

Histidine-tagged proteins were eluted with PBS containing 250 mM imidazole; 500 µl 

fractions were collected and the visually most colored elution reveled the most 

concentrated purified proteins fractions, Bradford assay (Bradford 1976) and  

standard curve using bovine serum albumin (Promega) were used to calculate 

protein concentration . 

 

2.5.8 Recombinant protein characterization 

2.5.8.1 Electrophoretic characterization in SDS-PAGE assays  

 
analysis of recombinant protein by SDS-polyacrylamide gel electrophoresis was 

performed as described by Laemmli (1970), using Mini-PROTEAN II electrophoretic 

chambers (BioRad). Approximately 35 µg of recombinant protein were mixed in a 1:1 

ration with protein loading buffer (100 mM Tris.Cl pH 6.8; 4 % SDS; 0.2 % 

bromophenol blue; 20 % glycerol; 200 mM DTT) denatured for 5 minutes at 95ºC and  

loaded into 13 % SDS-PAGE gel. Protein migrated in a glycine based buffer (3 g 
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Tris, 14.4 g Glycine 1 g SDS, and distilled water to 1 L) at 100 V for 1 hour. The 

protein gel was stained with coomasie blue solution (40 % Methanol, 10 % Glacial 

Acetic Acid, and 0.25 g Brilliant Blue R-250 per 100 ml of solution) for 3 hours, fixed 

and de-stained with several changes of a solution made of 40 % Methanol and 10 % 

Glacial Acetic Acid, until the background coloration disappeared, and finally 

photographed on the transilluminator.  

 

2.5.8.2 Spectroscopic characterization of the recombinant proteins. 

 
Spectral measurements were taken at room temperature with approximate 0.35 µg/µl 

of re-protein. 250 to 700 nm absorbance scans with a resolution of 0.5 nm were done 

by triplicate at room temperature (measured using DU-650 Beckman 

spectrophotometer, USA).  

 

The fluorescence scans were acquired from a LS-50B, Perkin Elmer, luminescence 

Spectrometer and were also made at 0.5 nm of resolution at room temperature. 

Excitation scans were done in 350 to 700 nm emissions collected at 580 (for the 

case of AmilGFP517a-b), and 650 nm (for the case of AmilRFP602), with 15-10 

excitation-emission slit path in nanometres. Emission spectra data was taken exiting 

the molecules at 470 and 537 nm.  

 

Resulted data reading values were processed with Excel (Microsoft). In order to 

compare between spectral signatures, its respective peaks in the visible region were 

used to normalize the spectra. The average of the three replicates per value were 

used to calculate the actual spectral curve. The fourth derivate of the dependent 

variable (absorbance, excitation, emission) with respect of the energy of the photon 

(wave length in nanometres) was calculated following the method purposed by 

(Butler & Hopkins 1970, Terao et al. 1985). Briefly, the relativised data was 

background reduced by applying the average between values in 5 nm ranges. This 

smoothed values were used to calculate the 1th derivate with a three nanometre 

increment. For the calculation of the 4th derivate, same 3 nanometre increment was 

chose (using in this case the data coming from the first derivate calculation). The 

difference was divided by three and multiplied by -4. The fourth derivate values were 

incorporated into the original spectral signature representation as secondary Y axis 

values as a function of wavelength.  
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2.6 In vivo and in situ detection of the GFP-like genes 

2.6.1 Coral colony sampling and general embryo manipulation 

 
Coral spawning was followed during the 2004 mass spawning in Magnetic Island 

located at 19° 9’ 25.28’’ S, 146° 51’ 53.02’’ E.  

 

Three days before the predicted spawning day several exploratory diving or 

snorkelling campaigns were performed along the local reef looking for orange, red 

and yellow Acropora millepora morphotypes. The selected colonies were tagged with 

a buoy then sampled by chiselling and moved near the shore to be monitored for 

seedling signals. During the afternoon of the predicted day, the colonies were 

transferred to small pools on the beach filled with 0.5 µm-filtered seawater. Five 

colonies of each colour-morph were placed together into these pools then when the 

spawning occurs; the bundles (small spherical aggregations of egg and sperm) were 

transferred to different 60 litres containers to allow the fertilization and development 

take place.  

 

Two hours after fertilization the first cell cleavage occurs, then the embryos were 

washed twice in filtered sea water and let them develop in 190 mm petri dishes 

(approximately 1000 embryos per plate) always taking care no mixing the colour 

offspring. The next morning, the embryos were moved to laboratory conditions at 24 

°C, 10:14 light-dark (50 µmol quanta cm-2 sec-1) conditions. The embryos were 

continuously changed with fresh filtered seawater every 12 hours, then once reached 

the planulae stage sea water changes were once every two days.  

 

2.6.2 Live fluorescence microscopy and embryo fixation during the coral 
development 

 
During all the developmental process, series of sampling at specific time points were 

made. Live material were photographed and filmed in a epifluorescence microscope 

Olympus (Accu-Scope 3016) equipped with a 100 W lamp and the following set of 

filters:  
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Table 2 Filters used for live fluorescence 

Filter Specifications/applications 

WIB Designed to detect the FITC/PI fluorochromes, the filter has the windows of 460-490 
nm and 515 and up for the excitation and the emission photon characteristics 

FITC designed to detect green signal with 490  20 and 510  20 nm of excitation and 
emission windows 

TR designed to detect far red fluorescence with 590  20 and 610  20 nm of excitation 
and emission windows 

Cy3  designed to detect red/orange fluorescence signal with 550  20 and 560  20 nm 
excitation and emission windows  

DAPI  from the chemical 4,6-diamidino-2-phenylindole-2-HCl, (designed to detect blue 

fluorescence signal with 350  20 and 460  20 nm of excitation and emission 
windows 

 

To observe under the epifluorescent microscope the coral embryos, approximately 

20 to 30 organisms were concentrated into 100 µl of seawater in a single concave 

glass slide, then slowly half of the water was retired by pipetting and replaced with 50 

µl of 0.5 uM MgCl2. The added salts allowed the relaxation of the embryos, which 

specially at the planula stage, the active swimming greatly impeded the proper 

focusing of the objets. Embryos were allowed to relax after approximately 2-5 

minutes then the excess of water-buffer was adjusted by pipetting prior the 

incorporation of the top cover slip taking care of don’t leave air bubbles in the 

preparation. From these preparations, short movies (20 seconds) were taken on 

MPEG format, then using iMovie HD software (Apple), single frame pictures were 

selected, and further edited in Photoshop (Adobe) when required. 

 

Coral embryos form representative developmental stages were fixed for in situ 

assays (15 minutes, rocking at 60 rpm) in 4 % formaldehyde in Millipore filtered sea 

water buffered with Hepes pH 8.0, then washed twice with Hepes-sea water buffer 

and stored at 4 °C for up to 6 days and finally dehydrated by several washes of 

increasing percentage of methanol and stored at -20 ºC until need. For quantitative 

RNA procedures, approximately 0.2 volumes of the cryotube was filled with living 

material from important developmental stages. Excess of seawater was pipetted out 

and the tubes preserved under liquid nitrogen until need. 

2.6.3 Riboprobe creation (DIG labelling protocol) 

 
The following protocol is a modification made by Dr. Dave Hayward (ANU) from 

Stratagene manual. The plastic wear (tubes, tips) and the solutions were RNAse 

free. The labelling reactions were assembled (in a total volume of 20 µl) as followed: 

One microgram of plasmid DNA (pBuescript) digested with Xba 1 (Promega) 

corresponding to the EST clones C008e4 (AmilCP) and C012c9 (AmilFP) was added 
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to each tube containing a mixture of 4 µl 5X reverse transcriptase buffer, 2 µl DIG-

NTP mix, 1 µl RNAsin RNAse inhibitor, 1.7 µl of 100 µM DTT, 1.5 µl T7 RNA 

Polymerase, and water to 20 µl.  

 

The reactions were incubated at 37 ºC for 3 hours. After the incubation, each 

reaction was stopped with the addition of 2 µl of 0.2M EDTA. At this point a 2 µl 

sample was taken from each tube to be analysed by agarose gel (1%) 

electrophoresis. The rest of the reaction was precipitated by adding 2.2 µl of 3 M 

NaOAc pH 5.2 and 50 µl of 100% ethanol then leaved overnight at -20 ºC. Cold-

precipitated reactions were spined down in a normal top bench centrifuge at 1.3X104 

rpm for 25 minutes, liquid discarded by pipetting, vacuum-dried the RNA pellet, water 

resuspended in 50 µl and stored at -20 ºC until required. 

 

2.6.4 Riboprobe fractionation 

 
The in situ detection is based on the antisense-generated probe and organism sense 

RNA interaction, the probabilities of hybridisation are directly related with the size of 

the probe, the smaller the higher the efficiency of the molecule to travel across the 

tissues and hybridise with the sense mRNA.  For this purpose the RNA probe was 

hydrolysed into small pieces OF approximately 250 bp. The hydrolysis was made by 

addition of 5.5 µl of 0.2 M Carbonate buffer to 50 µl of each of the riboprobes then 

incubated at 60 ºC for a calculated time (necessary to obtain fragments of about 0.25 

Kb) according to the following formula:  

Time (minutes) = (Lo – Lf)/(K)(Lo)(Lf) 

 where 

Lo = starting length (in Kb) 

Lf = final length (in Kb, 0.25 is recommended) 

      K = 0.11 (strand excision constant in Kb/minutes) 

Because both GFP-like mRNA’s were almost the same length (approximately 0.7 Kb 

in length) the value for the time of incubation was 22.8 minutes. 

After the hydrolysis, the probes were precipitated with the addition of 2µl of 3 M 

NaOAc pH 5.2, 2 µl tRNA [10 mg/ml] (Sigma), and 150 µl of 100 % ethanol. The 

reaction was incubated overnight at -20 ºC, spined down at 13200 rpm for 25 

minutes, liquid discarded by pipetting, vacuum-semidried and finally was 

resuspended in 80 µl of probe buffer (50 % formamide, 50 % TE, 0.1 % Tween-20) 

and stored at -20ºC until needed. 
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2.6.5 Whole mount in situ hybridisation. 

2.6.5.1 Coral embryo preparation 

 
A pool of approximately 30-50 embryos from each developmental stage (See Table 

3) were treated in different tubes (2 ml eppendorf RNAse free), and the solutions 

(800 µl each time) used for the preparation of the embryos were directly added and 

remove from the same tube using RNAse-free tips, taking care of not damaging or 

pulling off the embryos each time.  

 

Table 3 Developmental stages of Acropora millepora  

Developmental stage Period of time after fertilization (in hours) 

Prawn chip  11 – 13 
Donut 18 – 24 
Sphere to pre pear  30 – 35 
Pear  50 – 64 
Planula  72-  88 
Post-settlement  96 hours 

 

The methanol-stored embryos were moved from -20 ºC to room temperature, and 

then partially hydrated with a 5 minutes wash into 70 % methanol. During this 

process an small proportion of embryos from all stages were dissected under the 

stereo-microscope. The sections and whole embryos were further hydrated into 50% 

methanol for 5 minutes then rinsed into PBS pH 7.2 (137 mM NaCl, 2.7 mM KCl, 4.3 

mM Na2HPO4 . 7H2O, 1.4 mM KH2PO4) and PBT buffers (1x PBS, 0.1 % Tween 20) 

5 minutes each. Finally embryos were incubated overnight into RIPA buffer (150 mM 

NaCl, 1 % Nonidet-P40, 0.5 % Na deoxycholate, 0.1 % SDS, 1 mM EDTA, 50 mM 

Tris pH 8.0).  

 

 

 

2.6.6 Whole mount in situ hybridisation 

 
RIPA treated embryos were rinsed twice into PBS buffer, then dehydrated by passing 

them (approximately 5 minutes each rinse and repeating twice the final 100 % rinse) 

through increasing concentrations of ethanol (50, 70, 90, and 100 %). In the last 

dehydration step, the volume of 100 % ethanol was reduced to 250 µl then 250µl of 

xylene was added and mixed by tube inversion and incubated at room temperature 
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for 10 minutes. The mixture xylene-ethanol was replaced by pure xylene and let it 

stand for 3 to 4 hours at room temperature. Following this process, the embryos were 

fairly clear, so special care was taken to avoid pull them off.  

 

Hydration was achieved as follow: one wash through 50:50 Ethanol:Xylene, three 

times 100 % ethanol, then 25:75, 50:50 75:25 of PBT:ethanol mixtures, respectively 

and finally three times into PBT (5 minutes washes each on a rotator). The volume of 

PBT was adjusted to 250 µl and 250 µl of in situ hybridisation solution (50 % 

Formamide, 4 x SSC, 50 µg/ml Heparin, 1X Denhardt’s solution, 5 % Dextran 

sulphate, 0.1 % Tween-20, 500 µg/ml denatured salmon sperm DNA) was added, 

mixed and incubated at room temperature for 15 minutes then replaced by 250 µl of 

100 % hybridisation solution, incubated also at room temperature for other 15 

minutes, and for the pre hybridization process the solution was replaced with new 

400 µl of hybridisation solution then incubated-rotating at 56.5 ºC for 2-3 hours. 

Finally the volume was adjusted to 250 µl and the probe was added-mixed (2µl of 

hydrolysed-probe into 20µl of hybridisation solution) and incubated without 

movement for approximately 48 hours at 56.5 ºC.  

 

2.6.7 Washing the unbound material form the preparations 

 
After the hybridisation process, the embryos were washed extensively (3 x 20 

minutes each) using pre-warmed (hybridisation temperature) in situ-wash solution 

(50 % Formamide, 4 x SSC, 0.1 % Tween) then leave them rotating at hybridisation 

temperature in the oven overnight. For the antibody reaction, a 30 minutes wash (in 

situ wash solution) at room temperature was made then replaced with 50:50 in situ 

wash:PBT for 15 minutes followed by six consecutive (15 minutes each) washes into 

PBT. AntiDIG-AP was diluted 1:1600 into PBT then added to each tube then 

incubated at room temperature with rotation for 2 hours. Embryos were 30 minutes 

washed in PBT, and a finally fresh PBT was replaced to each tube and incubated 

overnight at 4ºC. 

 

2.6.8 Detection and documentation of the spatial mRNA signal. 

 

For the developing reactions; embryos were washed in PBT six times, 30 minutes 

each followed by two (5 minutes each) washes into NTMT buffer (100 mM NaCl, 5 

mM MgCl2, 0.1 % (v/v) Tween-20, 100 mM Tris pH 9.5) then replaced with 
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NBT/BCIP (Alkaline phosphatase substrate buffer, Kit IV, Vector) or BM purple 

(Alkaline phosphatase Substrate (Roche)), prepared according to the manufacturer 

and let them develop by rotating in the dark for about 25-30 minutes. Color  develop 

was stopped changing the embryos into PBT. At this point, embryos were observed 

and photographed under the stereo-microscope (LEICA, Wetzlar, Germany) 

equipped with a 100 W Hg lamp and sets of 550/40 nm excitation filter (green light), 

and 450/40 nm excitation filter (blue light). 

 

To enhance the clearness of samples the PBT was replaced with 70 % glycerol 

(rotating 2-3 days at 4 ºC) and finally stored at 4 ºC. After the glycerol treatment a 

second round of more detailed photographs were taken.  

 

2.7 Northern blotting procedures 

 
Total RNA from six developmentally important stages was isolated by the guanidine 

thiocyanate/phenol:chloroform technique. Coral tissue was mixed with RNAwiz 

(ambion) then using liquid nitrogen grounded with mortar and pestle.  Aliquots of 

tRNA were used to isolate only the mRNA using polyATract mRNA Isolation System 

IV (Promega) following the manufacturer instructions. Approximately 2 µg of poly (A) 

+ RNA from each stage was denatured in the presence of 2.2% formaldehyde then 

loaded in a (pre-stained with ethidium bromide) agarose (1 %) gel in 1X Mops buffer. 

The samples were separated at 100 V for 60-90 minutes. After the separation, the 

gel was blotted on Nylon membranes (Hybond-C Extra, Amersham Biosciences), 

then UV fixed by exposure on the transilluminator for 2 minutes. 

For the RNA detection, membranes were hybridised either with CP or FP radioactive 

probes (same as used to clone the nuclear genes) as described in the section 2.4. 
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CHAPTER 3 

CHARACTERISATION OF TWO GFP LOCI FROM THE CORAL ACROPORA 

MILLEPORA 

 

3.1 Introduction 

 

Coelenterate bioluminescence has always been of scientific interest to serve in 

clarifying the mechanisms by which light is produced by an organism. Early works 

showed that a combination of two protein extracts, a photo protein and a green 

fluorescent protein (GFP) from several Aequorea jellyfish were able to reproduce 

green light emissions in vitro (Cormier & Totter 1964). Similar results were obtained 

from protein extracts from the sea pansy Renilla (Morin 1974, Ward & Cormier 1975, 

1979). Although the absorbance of both GFPs was different, the emission maximum 

was identical. Such differences were attributed to the protein environment 

surrounding the same chromophoric structure, but the extent of the evolutionary 

relationship between those proteins has remained unclear. 

 

In 1992, Prasher and colleagues cloned the first GFP gene from Aequorea but were 

unable to reproduce a heterologous recombinant protein, although they detailed the 

hydrozoan fluorescent protein (FP) gene structure. The jellyfish gene spanned 2.6 kb 

and was interrupted by three introns, two of which were along the coding region and 

the other in the 5’-UTR. Then, in 1994, Chalfie et al. were able to clone and express 

the GFP cDNA into bacterial and eukaryotic living systems. This achievement was a 

breakthrough in biology, opening the possibility to track target proteins fused with 

GFP, without the requirement of a cofactor for fluorescence. 

 

The years following the successful GFP cloning and consequent recombinant 

expression were devoted to elucidating and modifying the fluorescence 

characteristics to produce a palette of tags for multiple detection. However, after 

several mutational attempts, no red fluorescent protein (RFP) was observed until two 

groups in 1999 succeeded in cloning a homologue from non-bioluminescent 

cnidarians (Matz et al. 1999, Wiedenmann 2000). In the next few years, the number 
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of GFP-like proteins cloned mainly from reef cnidarians had increased dramatically, 

enabling the classification and investigation of phylogenetic relationships. However, 

due to the relatively small number of amino acids involved in chromophore synthesis, 

the results of conventional phylogenetic analyses within the GFP family were 

unclear, revealing, for example, multiple independent origins of red variants (Shagin 

et al. 2004). 

 

In an attempt to better understand the evolutionary relationships within the GFP 

family, the gene structures of two GFP-like genes corresponding to a fluorescent and 

nonfluorescent chromoprotein locus from Acropora were determined and compared 

against GFP-like genes belonging to the scleractinian Montastraea, the soft coral 

Discosoma (Carter et al. 2004), the starlet sea anemone Nematostella and the 

jellyfish Aequorea (Prasher et al. 1992). Moreover, whilst this research was being 

prepared for submission, a large-scale GFP-like genomic sequence from the 

cephalochordate Amphioxus became available (Baumann et al. 2008). Although a 

direct comparison of the cnidarian and the bilaterian GFP structure will not be 

addressed here, features such as intron number and position will be discussed.  

 

Using the GFP-like region immediately upstream of the transcription site initiation as 

a point of reference, genomic data from three cnidarian species were screened for 

transcription factor (TF)-binding sites. This comparison was expected to reveal 

similar TFs across different species. Although experimental confirmation is required 

to verify whether such shared TFs are able to bind and perhaps control the GFP-like 

expression, the assay represents a good starting point. Finally, phylogenetic 

analyses were performed to ―localise‖ the Acropora GFP genes into the scleractinian 

lineage and interphylum using cnidarian and bilaterian molecules. 

 

3.1.1 Statement of Goals 

The main aim in characterising the structure of genes representing the two major 

gene GFP-like variants is to clarify evolutionary relationships between these and with 

the genes encoding other related proteins. It is well established that common 

features of intron/exon organization are conserved and reflect evolutionary 

relationships, with an overall trend towards intron loss in many lineages. During 

evolutionary time, gene structure often becomes simplified, usually by loss of introns 

towards the 3’ end of the gene. By comparing the organization of the Acropora GFP-

like genes it is possible to infer relationships with the ancestral GFP locus. Using the 
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structural information for the anthozoan GFP-like loci, a series of comparative 

analysis were carried over the corresponding regions of non-coding DNA in search 

for common transcription factor binding sites. The purpose of comparing the GFP-like 

promoters is primarily to understand which genes could be involved in the regulation 

of GFP-like transcription. Although the putative binding elements identified in this 

study must be verified experimentally, this study will provide the basis for further 

exploration into the transcriptional regulation of the GFP-like loci spatially, temporally 

and in response of external stimuli. 

 

Another important aim of this work was to clarify relationships of the Acropora GFP-

like genes through the use of phylogenetic analysis. Although some aspects of these 

analyses were inconclusive due to the limitations of the approach, the results 

highlight the clear difference between GFP variants expressed in larvae and adult, 

the which functional significance of which is as yet unclear. 

 

3.2 Results 

3.2.1 Gene structure comparison across the phylum Cnidaria 

 
To clarify relationships between the Acropora GFP genes, we characterised the 

intron/exon structures of representatives from the two major clades. Both genes were 

cloned using conventional PCR-radioactive labelled fragments targeting the third 

exon as a probe (Figure 3.1A). In the case of amiCP, the fragment containing the 

gene was cloned from an array of 350,000 phages in a lambda genomic library, 

whereas in the case of amilFP, the fragment containing the gene was cloned from an 

array of 90,000 cfu in a cosmid library; 17 and 6 positive clones were detected from 

the primary screening for amilCP and amilFP, respectively. Several single positive 

clones were digested with EcoRI and BamHI to identify differences in banding 

patterns and estimate the sizes of the inserts (Figure 3.1B). When possible, the 

digestions were blotted against the same probe to identify fragments for subcloning 

(Figure 3.1C). 

 

Assembly of the amilCP gene was accomplished using a combination of primer 

walking from the edges of the 12-kb (amilCP clone 123) lambda fragment, as well as 

by subcloning XbaI- and BamHI-digested fragments into pBluescript and subsequent 

sequencing and assembling via sequence overlap. The 5’-end of the corresponding 

cDNA was located next to the T7 promoting region of the lambda clone. 
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Given that the amilFP (clone cos9.4) fragment was approximately 32 kb, assembly of 

the gene was accomplished using the amilCP spliced donor–acceptor sites as a 

model to generate gene-specific primers for use in a long-range PCR reaction. The 

produced fragments were cloned into pGEMT and sequenced. The 5’-end of the 

respective cDNA of the amilFP was located approximately 6000 bp from the T3 

promoter region of the cosmid clone. 

 

Once the linear fragments were obtained for both genes, the splicing sites were 

determined by manual alignment of the cDNAs (amilCP597 and amilGFP517a) 

against the genomic fragment (Figure 3.5A and B for amilCP and amilFP, 

respectively). Both Acropora GFP-like genes were interrupted by four introns in 

almost identical positions (Figure 3.2, red arrowheads). Although the introns sizes 

differed significantly, the phases were conserved between the genes (Figure 3.2, 

right and left numerals in parenthesis). The classic polyadenylation signal AATAAA 

was observed 85 nucleotides downstream of the FP ORF gene, whereas the less 

common ATTAAA signal was located 109 nucleotides downstream of the CP gene 

(data not shown). 

 

When comparing the Acropora GFP loci with other cnidarian GFP-like genes cloned 

from the scleractinian Montastraea faveolata (GenBank Accession No. ABC68475), 

the corallimorpharian Discosoma sp. (GenBank Accession No. ABC68474; Carter et 

al. 2004), the actinarian Nematostella vectensis (Figure 3.6) and the hydrozoan 

Aequorea victoria (GenBank Accession No. P42212; Prasher et al. 1992), the first 

two exons were very similar in all anthozoans, whereas the remaining exons were 

similar in the scleractinians/actinarians. It appears that the last introns of the 

corallimorpharian GFP-like loci ―DspX‖ were lost during the evolution of this gene. In 

all but the second intron of the corallimorpharian GFP-like loci, the classical splicing 

site 5’-GU-AG-3’ had changed to 5’-GA-AG-3’. The jellyfish gene structure showed 

two introns, one near the chromophore tripeptide site (Figure 3.2, green 

arrowheads), thus differing considerably from those of the anthozoans. Intron sizes 

differed dramatically between genes; however, intron 2 appeared to display less 

variation in length, showing a size range of 624 nucleotides (Figure 3.2). 



 35 

 

Figure 3.1 Cloning of the nuclear GFP-like genes.  
(A) ORF nucleotide sequence comparison of the cDNAs applied as template to generate the 
probe used to clone the nuclear genes. GFP (amilGFP517a) and CP (amilCP597) correspond 
to the fluorescent and nonfluorescent phenotype of the protein product. The arrows indicate 
the actual priming site and direction of transcription in a PCR reaction. The primers f1-f2 and 
f3-f4 amplify the CP and FP gene templates, respectively. The codons that encode the 
chromophore structure are listed inside the blue box. (B) Results of the restriction enzyme 
digestion with EcoR1 over randomly selected clones from the Cp screening. (C) Southern blot 
analyses of two independent clones digested with BamH1. Lanes on gel: 1, uncut clone; 2, 
DNA ladder; 3 and 4, clones 123 and 313 (AmilCP), respectively. Lanes on membrane (mirror 
image): 4’–1’ correspond to the lane numbers on the agarose gel. 
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Figure 3.2 Comparison of the intron position over the amino acid alignment from several sequenced cnidarian GFP-like genes. 
Coloured downward pointing arrows at the top of the alignment represent the positions, and in parenthesis, the phase and size (in nucleotides) of the introns 
from each gene depending on the cnidarian class. The abbreviations nvecFP, amilFP, amilCP, mfavFP, discFP and avicFP represent Nematostella vectensis, 
Acropora millepora, Montastraea faveolata, Discosoma sp. and Aequorea victoria fluorescent protein (FP) and chromoprotein (CP), respectively. Inside the 
blue box is the tripeptide motif responsible for the chromophore formation. Boxes were made using a 0.2 fraction of sequences that agree for shading. 
Shading is relative to the avicGFP509. 

3
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3.2.2 Comparison of cis regulatory regions  

 

Genomic cis regulatory regions are responsible for proper spatiotemporal gene 

transcription. These discrete small DNA regions will bind to specific TFs/proteins. 

Given that the GFP-like gene structure is essentially the same across the Anthozoa, 

the possibility exists that aspects of transcriptional regulation might also be 

conserved. To test this idea, upstream regions from the start codon of the GFP-like 

genes from the symbiotic corals A. millepora, M. faveolata and the sea anemone N. 

vectensis were compared using an online TF search engine (www.ifti.org/cgi-

bin/ifti/Tfsitescan.pl). In general, the analyses detected two common groups of 

sequences of six to seven nucleotides each interspersed along the DNA fragments 

(Figure 3.3A, coloured nucleotides). The more abundant of these sequences 

belonged to the FOX family (Figure 3.3b, blue boxes) with up to three sites observed 

in the amilCP and nvecFP, whereas the other belonged to the Nkx family (Figure 

3.3b, red boxes). In situ assays of these TF homologues in some anthozoans have 

revealed strong specific signals in the oral region and endoderm of the planula (de 

Jong et al. 2006). Green fluorescence was also observed in living coral larvae in the 

mouth tissue as well blue ―chromoprotein‖ endodermal colouration (see results, 

Chapter 5).  

 

 

 

 

http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl
http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl
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Figure 3.3 Upstream region (from the start codon) comparison of GFP-like 
genes from anthozoans.  
(A) Nucleotide sequence of the 330-bp uptream region of A. millepora, M. faveolata and N. 
vectensis GFP-like genes showing conserved binding sites along the fragment. The cyan 
rectangle represents the Kozak sequence, the arrowhead indicates a purine residue 
characteristic of the binding site, the orange boxes represent the TATA-box consensus 
sequence and the blue, green and red rectangles represent the binding sequence for the 
transcription factors FOX, HNF and Nkx, respectively. (B) Diagrammatic representation of the 
sequences from above. The solid rectangles represent the sequence motifs encased in the 
rectangle of the same colour. The horizontal lines represent DNA strands. 
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3.2.3 Evolutionary relationships between GFP-like genes 

 
According to current knowledge, the GFP-like genes evolved with the emergence of 

metazoans, expanding greatly in diversity in the early linage of cnidarians with, for 

example, many bioluminescent medusae or colourful anemone/corals. More recently, 

a few bilaterian species such as copepods and amphioxus have shown GFP-like 

homologues in their genomes (Bauman et al 2008). Genes coming from amphioxus 

were publicly available by the time this thesis was submitted, therefore not included 

in the interphylum phylogenetic analyses. However, it is expected that the tree 

topology presented here will not change drastically as all bilaterian-based sequences 

clustered together as observed in the present work, see below. 

 

To clarify patterns of gene relationships that correspond to this extraordinary 

diversification, conducting a phylogenetic analyses is necessary; however, this 

conventional approach, especially in the GFP-like family, has failed to resolve issues 

such as multiple origins of red variants along different lineages or apparent clustering 

of distantly related species (e.g., corallimorpharians and scleractinians). Many of 

these inconsistencies may be attributable to the lack of knowledge regarding the 

biological role of variations and the selective pressures under which variations occur. 

Despite some irregular scenarios in the reconstructed evolutionary pathways, until 

the specific functions of the red and green fluorescent or chromoproteins are 

revealed, conventional phylogenetic analyses have the power to outline general 

trends; in particular, when only one taxon, in this case A. millepora, is compared 

against several other taxa, the interpretation of the phylogeny is simplified. 

Several Acropora larval GFP-like clones were used to compare the relationships 

within scleractinians and the rest of the metazoans. 

 

The coral-derived neighbour-joining (NJ) tree (Figure 3.4A) places proteins from 

members of the suborder Faviina, for example, Montastraea, Favia and 

Trachyphyllia, at the base of the tree. Going inside the branches, two major clades 

are observed constituted by the chromo and FPs (Figure 3.4A, blue and green 

rectangles, respectively). Acropora hyacinthus CP was at the base of all CPs, 

whereas Montipora sp. GFP was found to be the closest fluorescent-relative to the 

CP clade. Note that the larval-derived A. millepora CPs were more similar to their 

homologue in A. palmata than to their own adult-derived sequence (A. millepora-CP-

matz), which cluster with Acropora tenuis and Goniopora tenuidens CPs. 
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In the case of the FP clade, sequences derived from this work formed part of the 

basal clade (as in the case of larval CPs), whilst adult-derived sequences were 

different from their larval counterpart, for example, AmillGFP-matz and the 

AmillGFPa and b.  

 

In the more comprehensive analyses (Figure 3.4B), sequences derived from this 

work were also clearly resolved into two major clades (Figure 3.4B). In the case of 

the CP-like genes, the analyses indicated Scleractinia as being a sister group and 

corallimorpharian RFPs as the closest relatives. In contrast, the Acropora FPs were 

more similar to Zoanthidea-like genes rather than their coral counterparts. In general, 

Actinaria, Bilateria and Hydrozoa-―related‖ sequences formed well-defined clusters, 

whereas Octocorallia GFPs were found at the very base of the whole tree.   
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Figure 3.4 Phylogenetic analyses of the GFP-like genes using the neighbour joining 
algorithm to construct the tree.  
(A) Scleractinia-based analyses. (B) General interphylum comparison. Red arrowheads point to 
sequences derived from Acropora millepora adult tissue. In both trees, the sequences derived from 
this work were depicted by coloured rectangles depending of the colour of the protein product. 
Numbers in each node represent the proportion of 1000 bootstrap iterations. Scale bars represent the 
number of substitutions per site. Sequence accession number and reference are given in Table 4. 
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Table 4. Information related to all GFP-like proteins used to construct the general 
interphylum evolutionary tree. 
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3.3 Discussion 

 

3.3.1 Acropora GFP-like loci: An ancient gene structure 

 
The present work details the structure of two nuclear genes encoding for two 

products belonging to the fluorescent and non-fluorescent protein family. It is clear 

from the EST collection that there are more than these two alleles, however it was 

out of scope of this thesis to quantify the total number of genes in the acropora 

genome. Although the intron number of certain non-sequenced alleles could diverge 

(as for the amphioxus GFP gene array, see below) from the structural description 

presented here, the following evolutionary discussions summarised some common 

trends amongst the available data, however, it is possible that in the future, when the 

whole set of GFP-like genes from Acropora and the other organisms mentioned here, 

that a more comprehensive picture of the evolution of the GFP-like family will be 

possible.  

 
Sequencing of the two Acropora GFP-like loci revealed very similar/identical 

intron/exon structures: four introns interrupted the gene (Figure 3.2). This fact, 

together with the structural similarity of both proteins (Figure 3.4; Chapter 4), argues 

for a common origin. This similarity in the intron position appears not to be exclusive 

to the Acropora GFP-like genes when compared against its homologues in M. 

faveolata (a common massive Caribbean coral) and the actinarian N. vectensis, 

which implies that this signature was present in the common Anthozoa-like ancestor. 

The soft coral Discosoma sp. GFP-like gene, however, is interrupted by only two 

introns instead of four, splitting the gene in the similar first positions of the 

coral/anemone loci. In this context, the phylogenetically broader gene structure 

comparison argues for an intron-rich scenario for genes belonging to ancient 

lineages, with a common trend to reduce its number (intron loss) according to the 

time of origin of the new bearing taxa. This effect can be amplified with a possibly 

different ecology/physiology that promotes its strong divergence (Rogozin et al. 

2003, 2005, Sverdlov et al. 2004). In the present work, for example, Actinaria 

represents one of the more ancient cnidarian lineages dating its origins from 560 to 

720 million years (Myr) (Chen 2002); Scleractinia originates at some point 

approximately 250 Myr ago and Corallimorpharia represents the most recent 

(Anthozoa, Hexacorallia) form, dating its origins to about 130 Myr ago (Chen et al. 

2002, Medina et al. 2006). The gene structure comparison of the GFP gene amongst 
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the anthozoan cnidarians appears to follow the ―normal‖ intron loss (time–taxa-

derived) toward the 3’-end of the gene in the case of the corallimorpharian GFP-like 

gene. 

 

In relation to the discrepancy in the GFP-like gene structure between jellyfish and 

anemones/corals, the reasons that could explain this difference are based on the 

general agreement based on anatomical and genetic evidence in considering 

anthozoans to be more primitive than hydrozoans (Bridge et al. 1992, 1995, Collins 

2002, Collins et al. 2006). The anthozoan-based GFP-like gene has retained its 

primitive structure, changed basically through time in number rather than in position 

of the intron; the hydrozoan homologue, however, has experienced major gene 

organization, considering that since the time of the first evolved jellyfish (bearing the 

GFP-like gene) from an anthozoan-like ancestor, the deviation in the original gene 

organization was amplified by the new adult planktonic lifestyle and bioluminescence 

acquisition, which implies different selective forces acting on its evolution. 

 

Despite the bilaterian genes not being aligned against those of cnidarians, the 

amphioxus genome yielded a total of 12 different GFP-like alleles having an intron 

average equal to 3.41 per gene, with the two first introns at a similar position on the 

coral/anemone loci and the rest scattered on the second-third of the molecule. Some 

of the genes, however, contain only the first two introns, whilst others have up to five 

introns (Baumann et al. 2008). The intron-rich structure and the partial alignment of 

some of them against the anthozoan genes argue for a close relationship. Indeed, 

none of the sequenced amphioxus are bioluminescent (Deheyn et al. 2007), the 

same as in the several scleractinian species from which GFPs have been cloned. 

Thus, the biological role may be also related. Finally, a current notion of gene loss 

within the ecdysozoan lineage (Miller et al. 2007, Putnam et al. 2007) could predict 

different arrangements and complexity for the GFP homologue in marine 

crustaceans (Shagin et al. 2004, Masuda et al. 2006).  

 

Sequencing of the CP locus suggested the possibility of tandem organisation of the 

GFP loci. Indirect evidence, based on Southern blotting (Figure 3.1C) and a 

complete assembled gene with a fraction of another, both present in the same 

lambda clone, points to an organisation type ―head to tail‖ with approximately 2.8 kb 

between each unit. The possibility of tandem-arrayed GFP-like genes provides 

starting material for the evolution of new genes, allowing an increase in genome 

complexity (Graham 1995). In Acropora, this type of arrangement has been found in 
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many homeobox and nuclear receptor genes (Grasso et al. 2001, Hislop 2003, 

Hislop et al. 2005). In other cnidarians, such as Nematostella, snail and mox genes 

also were duplicated (Martindale et al. 2004), and recently, the genome draft of the 

starlet anemone revealed five copies of FP genes close to neurotoxin domains 

(Putnam et al. 2007). 

 

3.3.2 Possible transcriptional GFP regulation  

 
By comparing the immediate upstream DNA regions from equivalent genes of 

different anthozoan species, cis regulatory elements (or TF sequences) can be 

identified. These regions are protected from random drift during evolutionary time 

periods (Iwama & Gojobori 2004). Regulatory sequences normally lie outside the 

coding sequences and are intermixed in a highly variable sequence background. The 

detection of TF sequences in cnidarian genomes using a bilaterian weight matrix is 

not unusual (Thomsen et al. 2004) and points out that the TF proteins may retain 

their binding specificity during the course of evolution. 

 

The phylogenetic footprint analyses showed that sequences that bind to members of 

the FOX and Nkx were present in three different anthozoans (Figure 3). These TFs 

have been observed to be involved in cnidarian foot and axial patterning (Siebert et 

al. 2005). Acropora and Nematostella expression analyses of these TFs have shown 

specific mouth and endodermal localisation. GFP-like mRNA and protein are also 

observed in the mouth and endodermal tissue (see Chapter 5). The apparent TF and 

FP tissue overlapping may suggest that the spatial arrangement of the FPs in 

Acropora may be under the regulation of these TFs. Although the information 

observed in the upstream region needs to be corroborated by experimental analyses, 

those TFs are anticipated to affect the GFP expression. Furthermore, TFs have been 

found to be sequence-specific, and thus the spatial binding-site arrangement 

differences observed amongst the upstream GFP genes may account for specific 

positional gene expression between corals and anemones. 
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3.3.3 Phylogenetic relationships of Acropora GFPs 

 
The interphylum evolutionary tree locates an octocoral FP sequence in the basal 

node and clearly distinguishes the hydrozoan and bilaterian sequences as separate 

clades (Figure 3.4B), consistent with previous studies based on less comprehensive 

coral data sets (Labas et al. 2002, Shagin et al. 2004). However, in the GFP-based 

coral tree, Astrangia, Fungia and Meandrina FPs form a solid cluster (see Figure 

3.4A), which correlates with 16S and mitochondrial DNA data used to investigate 

phylogenetic relationships within the Scleractinia (Romano & Palumbi 1997, Medina 

et al. 2006). Furthermore, Lobophyllia hemprichii ―EosFP‖ and Favia favus GFP are 

clustered with the rest of the favid corals, nearly at the base of the trees. This trend is 

also supported by morphological and 28S and 16S genes, indicating a robust clade 

and suggesting that the common ancestor dates at the origins of the Scleractinia 

(Romano & Palumbi 1997, Daly et al. 2003, Medina et al. 2006).  

 

In both the interphylum- and the coral-based phylogeny, adult and larval GFPs from 

A. millepora were located apart. In a closer look to the alignments shows that most of 

the substitutions faces outside the ß barrel (Figure 6.2, Appendix). Moreover, this 

protein divergence is also reflected in their spectroscopic characteristics (see 

Chapter 4). Whether the amino acid differences, and therefore whether the different 

optical features between adult and larval GFPs promote some benefit to the 

organism or could have implications in their usage during the life of the coral, still 

remains unclear and warrants elucidation. 

 

Finally, despite the abundance of anthozoan and hydrozoan FPs, the intraphyla 

evolutionary tree may have major gaps; for example, no scyphozoan or cubozoan 

GFP-like FPs (if they exist) have been identified. The evolution of the GFP-like 

genes, at least in the early branches, is far from being understood, although within 

the Scleractinia, this ―marker‖ may be useful in clarifying the complex colour 

phenomena and their origins. A more accurate reconstruction of these genes will be 

possible as more sequence data become available. 
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Figure 3.5 Schematic representation of the Acropora millepora GFP-like loci and putative gene neighbours.  
(A) Acropora millepora chromoprotein (AmilCP) intron/exon structure followed by the lipoxygenase-like locus along lambda clone (123) from the 
genomic library. (B) Acropora millepora fluorescent protein (AmilFP) gene organisation, sequenced from a cosmid clone (9.4) in the genomic 
library. The numbers under the shaded bar represent the length of the fragment in base pairs. The figure was produced using the software 
Sequencher 4.2.1 and exported to Illustrator for further elucidation. Complete sequences are given in the Appendix.  
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Figure 3.6: Schematic representation of the Nematostella vectensis GFP-like loci.  
The figure was exported using the software package Sequencher 4.2.1. The accession numbers of each of the constitutive sequences are 
depicted on top of the respective fragments. Numbers under the shaded bar represent the length of the fragment in base pairs. The exons of 
the nvecFP gene are represented by arrows. The green arrow represents a catalase-like exon. The complete sequence is detailed in the 
Appendix.
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3.4 Conclusion 

 

Based on gene-specific PCR over the lambda and cosmid clones of 12 and 32 kb 

long, respectively; two Acropora GFP-like nuclear gene sequences were elucidated, 

revealing similar intron/exon sequence structures, possible tandem-arrayed 

organization and a lack of linkage.  

 

Phylogenetic analyses clearly separated the amilCP and amilFP genes in two well 

specified clades, whereas adult derived sequences seemed to differ from their larval 

counterparts.  

 

Similar patterns of transcription binding sites were found upstream of three different 

GFP-like genes, suggesting possible implications in regulatory expression. 
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