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Abstract 

Sea anemones (Order Actinaria) are a diverse order from the Class Anthozoa.  They are 

found in all marine habitats at all depths and their symbiotic relationships play an important 

role in energy transfers especially in the benthic-pelagic community.  The evolutionary 

background and phylogenetics of the class is poorly understood due to a lack of 

correspondence between taxonomic and molecular data (Daly et al. 2008).  Therefore, a 

deeper exploration into Cnidarian molecular biology is needed to establish these as an 

evolutionary model organism.   

Gene discovery from various marine invertebrates has facilitated the recovery of anti-cancer 

drugs, antibiotics and reporter genes (Faulkner, 2000; Allen and Jaspars, 2009).  The most 

commercially lucrative products from sea anemones are fluorescent and chromoproteins (FP/ 

CP), which are used as non-invasive real-time reporter genes.  The applications for these 

proteins are extensive and range from monitoring cellular processes such as protein 

localisation and interactions to imaging (Alieva et al. 2008).  Therefore, novel FP and CPs 

have potential for commercialization.   

The aims of the project were to analyze basic molecular diversity of the sea anemones 

Pseudactinia varia, Pseudactina flagellifera and Bunodosoma capensis and evaluate a new 

screening method to isolate novel FP and CPs.     

To assess the basic molecular diversity, of the sea anemones and their associated symbionts 

16S rRNA and 18S rRNA clone libraries were generated.  The sea anemones used in this 

study clustered together with those of the Family Actiniidae.  The bacterial associations 

observed based on the closest relative BLAST analysis were dominated by Proteobacteria 

(gamma, alpha and epsilon) as well as Bacteroides.  The associate bacterial symbionts 
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possibly produce compounds that range from polyunsaturated fatty acids, poly-

hydroxyalkanoates to anti-microbial compounds that aid the host in various processes.   

In order to screen for FPs and CPs from sea anemones three types of cDNA libraries were 

generated to be screened either by sequence based or activity based approaches.  Novel 

primers were designed which could be applied for the screening of a variety of Anthozoans.  

A positive control was also designed and synthesised in order to test the capability of the 

designed primers and optimise the amplification.  Although amplicons were generated from 

gDNA and cDNA libraries from each of the sea anemones they were found to be non-specific 

products.  The detection limit is likely to be the limiting factor.  The construction of an 

activity based library was not achieved due to technical constraints, which highlights the need 

for new molecular tools in this field or improvements to the existing ones. 
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1. Chapter One: Literature Review 

1.1. Marine “blue” biotechnology 

Marine or “blue” biotechnology is defined as the use of marine organisms, at the whole, 

cellular or molecular level to provide solutions benefiting society (Pomponi, 1998).  Focused 

interest in blue biotechnology has recently shown practical consequences in many fields, 

particularly in pharmacology and ecology.  The current global market for blue biotechnology 

is estimated at US $2.4 billion with an expected 10% annual growth (Allen and Jaspars 

2009).   

The oceans cover approximately 70% of the earth and represent the largest biome.  They are 

characterised by extreme environmental factors such as high pressure, very high or low 

temperatures and low nutrient content.  The vast majority of its biodiversity remains 

unexplored and untapped.  South Africa is surrounded by approximately 3 800 Km of 

coastline and has easy access to diverse marine habitats rich in endemic species.  Together 

with the growing South African science community, this presents a large potential for 

innovative and sustainable development of a marine biotechnology industry.   

 

1.2. Cnidaria: Order Actinaria 

Marine invertebrates such as sponges, corals, sea anemones, and jellyfish are a diverse and 

ecologically important group of animals.  These cnidarians are simple askeletal animals 

which posses radial symmetry.  Their body plan is divided into two forms, namely medusa 

(jellyfish) and polyp (sea anemones and corals).  The polyp form (a stage which all medusa 

undergo) is generally sessile or has very slow and limited movement (Bridge et al. 1995).  

Their soft bodies and lack of an acquired immune system as well as physical protections 

(such as spikes, shell etc.) makes any Cnidarian a prime candidate for predation.  Their 
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survival can, however, be attributed to their extremely well developed chemical defences that 

are now being more fully realised (Pawlik, 1993).  

Members of the Order Actinaria (sea anemones) are a diverse and successful group of 

invertebrates found across a variety of marine and freshwater bodies, ranging from the 

tropical and temperate to cold waters.  They are noted for their diverse symbiotic 

relationships which form an integral part of energy transfer especially in the benthic-palegic 

zone.  Approximately 1 100 species of Actinaria have been described, but the evolutionary 

component of their ecological success is yet to be understood (Daly et al. 2008). 

The established taxonomic classification is based on morphological characters such as polyp 

organization, tentacle/coelenteron relationship, the siphonoglyph and mesenteries 

characteristics etc. (for a comprehensive list see  Daly et al. 2003).  The challenge relating to 

taxonomy and assigning phylogenetic relationships includes the inconsistent patterns, lack of 

correspondence between ecological, morphological and biological variables and the drawing 

on presence or absence of features instead of synapomorphies.  This has led to poorly 

distinguished families, genera and species within the group.  Molecular techniques that use 

key marker genes to determine relatedness and resolve evolutionary lineages have recently 

been employed to aid in taxonomic classification (Daly et al. 2008).  

Many drugs, secondary metabolites and useful peptides have been isolated from marine 

invertebrates and are currently under clinical trials for treatment of cancer, HIV and other 

diseases (for reviews see Hay and Fenical 1996; Faulkner, 2000; Proksch et al. 2002).  Of 

these examples, the most recognised molecular tool to have emerged from the phylum 

Cnidaria and marine invertebrates is the Green Fluorescent Protein (GFP). 
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1.3. History of fluorescent and chromoproteins 

1.3.1. Green fluorescent protein from Aequorea victoria 

The GFP, as named by Morin and Hastings (1971), was discovered by Shimomura et al. 

(1962) during their work on the characterization of aequorin, a 21.4KDa calcium-dependent 

photoprotein from the bioluminescent Aequorea jellyfish (Niwa et al. 1996).  These 

researchers demonstrated that pure aequorin results in blue chemiluminescence with an 

emission peak at 407 nm (Johnson et al. 1962).  However, A. victoria tissues had a green 

glow.  In response to this finding a second light emitting protein, the GFP, consisting of 238 

amino acids with an approximate mass of 26 kDa was also isolated.  This protein has the 

natural ability to emit light without being involved in an enzymatic reaction.  The 

fluorescence is generated by absorbing light of a specific wavelength and re-emitting it in 

another.  The characterized excitation (395 nm and 470 nm) and emission (508 nm) spectra of 

GFP (Johnson et al. 1962) was linked to that of the green luminescence of living Aequorea 

tissues.  Morin and Hastings (1971) suggested a radiationless energy transfer mechanism 

whereby the GFP acts as a secondary emitter which is excited by light emitted by aequorin.   

 

A) B)  

Figure 1.  Photographs of Aequorea victoria illustrating its various biological light systems. A) the glow of GFP 

fluorescence under black light and B) illumination of aequorin bioluminescence. 
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The gene encoding GFP contains all the necessary information for synthesis of the 

chromophore which is responsible for the fluorescence observed.  Post-translational 

modifications that make fluorescence possible are processed without the need of coelenterate-

specific enzymes, external co-factors (other than oxygen) or chaperones (Prasher et al. 1992; 

Tsien, 1998).  This was demonstrated when the gene for GFP was cloned (Prasher et al. 

1992) and shown to efficiently express in other eukaryotic and prokaryotic organisms with 

resulting fluorescence (Chalfie et al. 1994; Inouye and Tsuji 1994; Inouye et al. 1997).  

Subsequently, through several site directed mutations, genetic variants of GFP were 

developed (see Figure 2) emitting in the blue (Yang et al. 1998), cyan (Heim and Tsien 

1996), enhanced green (Heim et al. 1995), yellow (Wachter et al. 1998) and red (Mishin et al. 

2008) regions of the visible spectrum. 

 

 

Figure 2. Chromophore structures resulting from site directed mutations of A. victoria’s GFP. Various 

chromophore colours are labelled accordingly.  The image is from (Shaner et al. 2007). 

1.3.2. Anthozoan fluorescent and chromoproteins  

In 1999 Matz and co-workers published a study detailing a group of proteins in non-

bioluminescent anthozoans which absorb and re-emit light as fluorescence similar to the 
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Aequorea GFP.  Despite the similar tertiary structure the isolated anthozoan fluorescent 

proteins (AFPs) share low (approximately 26-30%) amino acid sequence homology to GFP.  

AFPs have a monomeric size ranging between 25-30 kDa, share considerable homology with 

each other and comprise a diverse spectrum of colours.  Brightly coloured proteins sharing 

substantial homology to anthozoan fluorescent proteins have also been isolated from 

anthozoans.  These anthozoan chromoproteins (ACP) are able to absorb light but not re-emit 

it, thus resulting in displays of colour or very weak fluorescence (Verkhusha and Lukyanov 

2004). 

Anthozoan fluorescent and chromoproteins display unique characteristics such as optical 

highlighting (Ando et al. 2002; Ando et al. 2004; Chudakov et al. 2007; Patterson et al. 1997) 

and novel chromophore structures (Pletneva et al. 2007).  Additionally their extensive 

spectral diversity is promising for multi-labelled imaging as well as Fluorescent Resonance 

Energy Transfer (FRET) analysis (Pollok and  Heim 1999; Karasawa et al. 2004; Chudakov 

et al. 2005; Verkhusha and Lukyanov 2004; Shaner et al. 2007).  Most wild-type fluorescent 

proteins are, however, unsuited to biotechnological applications and need to undergo 

extensive mutagenesis to achieve the desired qualities.  Through rational design and directed 

evolution, characteristics such as oligomerisation, fluorescent brightness, photostability, 

temperature or pH sensitivity etc. can be improved (Yang et al. 1998; Nagai et al. 2002; 

Miyawaki et al. 2003; Chudakov et al. 2006; Chan et al. 2006; Nienhaus et al. 2006; Stiel et 

al. 2008; Piatkevich and  Verkhusha 2009). 

To date,  approximately 100 fluorescent and chromoproteins have been characterised in only 

4 phyla: Cnidaria (Matz et al. 1999; Fradkov et al. 2000; Gurskaya et al. 2001; Yanushevich 

et al. 2003; Wiedenmann et al. 2004; Shkrob et al. 2008; Delong et al. 2006; Ip et al. 2007; 

Vogt et al. 2008), Ctenophora (Haddock et al. 2009), Anthropoda (Masuda et al. 2006; 

Wilmann et al., 2006), and Chordata (Baumann et al. 2008; Bomati et al. 2009).  Anthozoan 
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fluorescent and chromoproteins represent the largest percentage and widest spectral diversity 

of such proteins isolated thus far (Labas et al. 2002; Alieva et al. 2008). 

1.3.3. Photoconvertable fluorescent and chromoproteins 

Optical highlighters are FPs and ACPs that can be converted to a fluorescent state or shift the 

fluorescent emission spectrum when excited with different wavelengths of light (Miyawaki, 

2002; Ando et al. 2004; Shaner et al. 2007; Vogt et al. 2008).  The process can be either 

irreversible, such as in the case of photoactivated and photoconvertable proteins, or reversible 

in the reversibly switchable proteins. 

The photoactivated fluorescent proteins (PAFP) and photoconverted fluorescent proteins 

(PCFP) are triggered by illumination with UltraViolet (UV) or violet light.  Photoactivated 

FPs are switched from a dark to fluorescent state like the example PA-GFP (Patterson and 

Lippincott-Schwartz 2002).  Photoconverted fluoresecent proteins undergo a shift in 

fluorescence emission from green to red and examples include Kaede (see Figure 3 A) (Ando 

et al. 2002) and Eos (Wiedenmann et al. 2004; Nienhaus et al. 2006).  As the light stimulus in 

both groups is UV or violet it results in cleavage of a bond, thus rendering the process 

irreversible. 

Reversibly switchable fluorescent proteins (RSFP) are triggered by laser illumination which 

induces rotation of a bond that results in a trans to cis isomerisation, as illustrated in Figures 

3 B and 4 (Nienhaus et al. 2008).  The bond rotation is reversible by either switching the 

wavelength of the light or by turning off the light source.  Examples of proteins capable of 

reversible dark to fluorescent switching include Dronpa (Figure 4) (Ando et al. 2004; Shaner 

et al. 2007; Stiel et al. 2007; Asselberghs et al. 2008) and KFP (Figure 3B) (Henderson and 

Remington 2006; Lukyanov et al. 2000). Iris, a mutant of Eos, is the only current example of 

a RSFP able to switch from a dark state to either green or red fluorescence depending on the 

wavelength of illumination (Adam et al. 2008). 
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A  

B  
 
Figure 3. Chromophore structures of Optical Highlighters Kaede and the kindling fluorescent protein (KFP). A) Cleavage due to irradiation with UV light results in a 

irreversible red-shift for the Kaede protein’s chromophore.  B) After yellow light (525-580 nm) laser excitation, KFP undergoes trans/cis isomerisation and red fluorescence 

is observed.  The chromophore returns to the dark state soon after light stimulus is switched off. Images adapted zeiss (http://zeiss-

campus.magnet.fsu.edu/articles/probes/index.html) 
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Figure 4. Chromophore state during reversible switching in Dronpa. From left to right: the mature chromophore before laser excitation; (middle) at 405 nm illumination 

inducing a trans/cis rotation; (far right) the resulting green fluorescence.  Illumination with light at 488 nm results in a cis/trans isomerisation resulting in loss of fluorescence.   

Images adapted zeiss (http://zeiss-campus.magnet.fsu.edu/articles/probes/index.html) 
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1.4. Applications of fluorescent proteins 

Research in molecular biology and related fields has been accelerated through the use of 

fluorescent proteins as non-invasive probes.  Researchers are able to investigate cellular 

processes in living systems using fluorescence microscopy and novel molecular techniques. 

FPs are used to monitor the movements and interactions of individual or groups of protein(s), 

cell(s) and whole organisms.  GFP and its spectral mutants are also commonly used as tools 

to quantitate experimental data (Chudakov et al. 2005).  

Typical experiments include quantitative gene expression, detection and quantification of 

promoter activity (Figure 5), protein localization and interactions (Figure 6), cell division, 

intracellular transport pathways, and chromosome replication and organisation (March et al. 

2003; Verkhusha and  Lukyanov 2004; Wachter, 2006; Ehrenberg, 2008).  Additional 

examples of FPs applications, as shown in Table 1, include their use as biosensors for 

monitoring pH, Ca
2+

(Stepanenko et al. 2008) or arsenic concentrations (Hu et al. 2010).  The 

application of FPs in imaging has greatly improved spatial resolution of cellular structures 

(Chudakov et al. 2007).   

The success of FPs as molecular markers can be attributed to their non-toxicity, small 

monomeric size, high stability, lack of requirement of external co-factors besides oxygen and 

the capacity to be engineered as fusion constructs (March et al. 2003).  The natural 

oligomeric state, low intrinsic fluorescent intensity and overlapping excitation and emission 

spectra are, however, obstacles to the use of FPs as tools in molecular biology. 
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Figure 5. Applications of GFP and FPs.  A) use of fluorescent markers in detection of promoter activity and B) 

protein tagging for monitoring heterologous expression or localisation in live cell imaging. Adapted from 

Chudakov et al. 2005. 

 

 

 

Figure 6. The use of fluorescent markers in FRET analysis to explore A) protein-protein interactions B) enzyme 

substrate interactions or enzyme activity B) ligand interactions C) substrate ligand interactions and D) protease 

activity.  Adapted from Chudakov et al. 2005.   
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Table 1 Examples of fluorescent proteins as tools in molecular biology 

Application Experimental procedure and results Reference 

Biosensor for arsenic 

 

The ArsR and its promoter region were cloned as a fusion construct into a vector containing 

phiYFP.  The system was able to detect arsenite (As
3+

) and arsenate (As
5+

) in a time and dose-

dependent manner.  

(Hu et al. 2010) 

FACS and SIGEX high-

throughput screening 

A novel technique for high-throughput screening of catabolic genes was developed.  An operon 

trap-GFP vector was used to create a shotgun clone library which was screened by substrate 

induced catabolic gene expression in a semi-automated fashion using fluorescent activated cell 

sorting.  

(Uchiyama et al. 

2005; Yun and 

Ryu 2005) 

Biosensor for 

pathogenic Listeria 

monocytogenes 

A sensitive screen to distinguish various strains of L. monocytogenes was developed by mating 

different fluorescent vector constructs with bacteria isolated from a sample.  This screen can be 

used under non-sterile conditions to distinguish between various strains of L. monoctogenes. 

(Andersen et al.  

2006) 

Detection of DNA 

methylation states 

A fluorescent protein was split into two sections; one half was fused to target DNA and the other 

to the trans interacting element.  If the two meet the fluorescent protein would form a functional 

unit and the interaction would be detected by fluorescent microscopy.  If the site was methylated 

no fusion would occur and no fluorescence would be observed. 

(Furman et al. 

2009) 
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1.5. Chromophore characterisation, synthesis and structure 

1.5.1. Chromophore characterisation and synthesis 

All GFP homologs, including anthozoan fluorescent and chromoproteins, synthesize a 

chromophore capable of fluorescence or vivid colour without any external cofactors other 

than oxygen (Inouye and Tsuji 1994; Cody et al. 1993; Ehrenberg, 2008).  The chromophore 

is formed through multiple autocatalytic reactions of an internal tripeptide Xaa-Tyr-Gly 

(Figure 7) to generate a p-hydroxybenzylidene imidazolinone functional group (Tsien, 1998). 

   

 

Figure 7. ClustalX  alignment of protein sequence from fluorescent and chromoproteins across Cnidarian spp. 

The red box highlights the chromophore residues, while the green star indicates the highly conserved Gly 

residue. 

 

The chromophore of GFP was first isolated in 1993 (Tsien, 1998) and its chemistry described 

in 1996 (Niwa et al. 1996).  Models describing the chromophore synthesis were published as 

early as 1994 (Heim et al. 1994; Cubitt et al. 1995).  Experimental studies to verify the 

models utilized sequential kinetics to resolve the steps involved in chromophore synthesis 

(Reid and Flynn 1997; Tsien, 1998).  Recent studies made use of site directed mutagenesis 

and high-resolution crystallography to test the hypotheses and ascertain whether or not the 

proposed models are accurate (Barondeau et al. 2003; Barondeau et al. 2005). 
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The process of autocatalytic chromophore formation as per the original model by Heim and 

co-workers is illustrated in Figure 6.   The protein folds into its native 3D conformation after 

which the tripeptide amino acid sequence (Xaa-Tyr-Gly) undergoes torsional rearrangement 

and cyclization.  In GFP this rearrangement facilitates nucleophilic attack of the amide 

nitrogen of Gly on the carbonyl carbon of Ser (representing Xaa in the tripeptide sequence; 

see Table 2) to form an imidazolinone heterocyclic ring system.  The newly formed double 

bond is dehydrated and the imidazolinone is conjugated to the phenol ring of Tyr by reducing 

the alpha/beta carbon bond with the oxygen as an electron acceptor.  This generates a pi-

conjugated system due to the delocalized electrons that are part of, and in the surrounding 

environment of, the chromophore (Heim et al. 1994; Reid and  Flynn 1997; Tsien, 1998; 

Barondeau et al. 2003; Barondeau et al. 2005). 

The wavelength of light that is absorbed is dependent on local chemistry and amino acid 

substitutions in and near the chromophore (Turcic et al. 2006; Miyawaki et al. 2003), as well 

as the planarity of the chromophore.  Mature red chromophores and red shift optical 

highlighters undergo an additional oxidation reaction that extends the pi-conjuation system of 

the chromophore which results in a colour shift to red fluorescence (Miyawaki et al. 2003).   

It is thought that chromophores emitting light in the range 500-525 nm (green light) are in the 

simplest form.  This is supported by the fact that yellow, orange and red chromophores all 

contain a green intermediate chromophore.  This may also be why it has been suggested the 

cyan fluorescent protein, CFP, (and its chromophore) are the result of independent 

convergent evolution.  The CFP chromophore has a structure similar to the GFP’s 

chromophore, however, none of the other (YFP, OFP or RFP) proteins are observed to have 

this chromophore as an intermediate (Shagin et al. 2004).   
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Figure 8. The autocatalytic process of chromophore formation.  The above model is based on GFP isolated from 

A. victoria, adapted from Tsien (1998). 

 

1.5.2. Structural differences between FP and CP chromophores 

The chromophore structure of chromoproteins and fluorescent proteins differs across all 

phyla.  Chromoproteins possess a trans non-coplanar chromophore while, with one exception 

(eqFP611), fluorescent proteins have a cis coplanar chromophore (Shagin et al. 2004).  The 

chromophore structure of Anthozoan fluorescent proteins can be divided into four groups: 

GFP-like (Figure 9), DsRED-type (Figure 10), Optical Highlighters (Figures 3 and 4) and 
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zoanFP538 (Figure 9) ( Cody et al. 1993; Inouye and Tsuji 1994; Field et al. 2006; Alieva et 

al. 2008; Ehrenberg, 2008).   

Typically cyan and green fluorescent proteins in Anthozoa have a GFP-like chromophore 

structure (Figure 9).  ZoanFP538, the only naturally occurring anthozoan yellow fluorescent 

protein, has a unique 3 ring chromophore structure as illustrated in Figure 9.  This is due to a 

secondary nucleophilic attack, which occurs after dehydration and before oxidation that 

results in cleavage of the polypeptide backbone and yellow fluorescence (Alieva et al. 2008).  

The red chromophores contain two subsets: those that have a DsRED chromophore and then 

the eqFP611 chromophore, which is a unique exception.  The difference between the two is 

illustrated in Figure 10.   

Additional research on Scyphozoan/hydroid fluorescent and chromoproteins led to the 

discovery of a novel yellow fluorescent protein (phiYFP) and a purple chromoprotein 

(anm2CP) (Yanushevich et al. 2005).  Furthermore, a mutant of A. victoria emitting in the red 

spectrum was recently engineered in addition to those that already exist; and the GFP mutants 

now cover the entire visible light spectrum (Mishin et al. 2008).  Thus there is a high degree 

of spectral diversity in groups other than Anthozoans.  However, as the chromophores are 

highly conserved, there is not a high degree of structural diversity of the chromophores of 

hydroid FPs and CPs.   
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A    B  
 
Figure 9. Mature chromophore structures of a YFP and GFP. A) zoanFP538 has a unique three-ring system chromophore, a stark contrast in comparison to B) the GFP-like 

chromophore structure which is observed in all hydroid (jelly), green and cyan chromophore structures.  Images adapted zeiss (http://zeiss-

campus.magnet.fsu.edu/articles/probes/index.html)  

 

A    B  

Figure 10. The structural differences in RFP chromophores.  A) The chormophore of DsRED is cis coplanar and B) the  chromophore of the far-red eqFP611trans coplanar.  

Both RFPs were isolated from Anthozoans.  Images adapted zeiss (http://zeiss-campus.magnet.fsu.edu/articles/probes/index.html) 
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Table 2 Spectral and structural characteristics of fluorescent and chromoproteins 

 Excitation  Emission Tripeptide Features  Structure  Reference  

Blue fluorescent proteins (440-470nm) 

EBFP 383 445 Ser-His-Gly FRET partner for GFP Monomer* (Patterson et al. 1997;Yang et al. 

1998) 

mTagBlue    Brightest blue probe  Monomer* (Subach et al. 2008) 

Cyan  (470-500nm) 

ECFP 439 476 Ser-Trp-Gly Trp instead of Tyr Monomer* (Cubitt et al. 1995; Heim and 

Tsien 1996) 

AmCyan1 454 486 Lys-Tyr-Gly Model of FP evolutionary studies Tetramer  (Matz et al. 1999) 

MiCy 440 495 Gln-Tyr-Gly Only dimeric AFP Dimer  (Karasawa et al. 2004) 

Green (500-520nm) 

GFP 395 475 508 Ser-Tyr-Gly The first fluorescent protein 

discovered 

Weak dimer (Heim et al. 1994; Cubitt et al. 

1995) 

EGFP 488 508 Thr-Tyr-Gly “Gold standard” and most widely 

used fluorescent protein 

Monomer* (Cubitt et al. 1995) 

Amanzi-

green 

492 505 Gln-Tyr-Gly < 6% sequence homology to GFP  Tetramer   (Karasawa et al. 2003) 

ZoanGFP 496 506 Asn-Tyr-Gly Novel chromophore structure  Tetramer  (Matz et al. 1999) 
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Yellow (525-555nm) 

EYFP 514 527 Ser-Tyr-Gly Mutations not of chromophore 

tripeptide 

Monomer* (Nagai et al. 2002) 

zYFP538 528 538 Lys-Tyr-Gly Novel chromophore structure Tetramer  (Matz et al. 1999; Pletneva et al. 

2007) 

PhiYFP 525 537 Thr-Tyr-Gly Unique example of a mutagenesis 

study and natural protein structure 

overlapping 

Monomer* (Shagin et al. 2004) 

Orange (555-580nm) 

Kusabira 

orange 

548 559 Cys-Tyr-Gly FRET partner for CFPs Tetramer (Karasawa et al. 2004) 

OFP 548 573 Gln-Tyr-Gly FRET partner for CFPs Tetramer  (Ip et al. 2007) 

Red (580-630nm) 

DsRed 558 583 Gln-Tyr-Gly Most commercially valuable RFP Tetramer  (Matz et al. 1999) 

zRFP574 553 574 Asp-Tyr-Gly Novel chromophore structure Tetramer  (Matz et al. 1999; (N. Pletneva et 

al. 2006; N. Pletneva et al. 2007) 

eqFP611 595 611 Met-Tyr-Gly The most far red RFP naturally 

occurring 

Tetramer   (Wiedenmann et al. 2002) 

Chromoprotein 
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asCP 595  Met-Tyr-Gly Kindles naturally Tetramer  (Lukyanov et al. 2000) 

Rtms5 591  Gln-Tyr-Gly Unique environment surrounding 

chromophore 

Tetramer  (Beddoe et al. 2003; Turcic et al. 

2006) 

gtCP 580  Gln-Tyr-Gly coral CP Tetramer  (Gurskaya et al. 2001; Martynov et 

al. 2001) 

aeCP597 597  Met-Tyr-Gly Positive control used in this study Tetramer  (Poponov et al. 2005) 

hcCP 578  Glu-Tyr-Gly Mutated to Optical Highlighter Tetramer  (Gurskaya et al. 2001) 

cjBlue 610  Gln-Tyr-Gly Longest absorption spectra Tetramer  (Chan et al. 2006) 

Optical Highlighters  

Kaede 508 

572 

518 

580 

His-Tyr-Gly Green to red fluorescent shift Tetramer  (Ando et al. 2002) 

Eos 505 

569 

581 

600 

His-Tyr-Gly Green to red   Tetramer  (Wiedenmann et al. 2004; Nienhaus 

et al. 2006) 

Dronpa 503 518 Cys-Tyr-Gly Dark to green fluorescent reversible 

shift and natural monomer 

Monomer (Ando et al. 2004) 

HcRED 598 645 Glu-Tyr-Gly Dark to red fluorescent kindling Tetramer  (Gurskaya et al. 2001) 

KFP 580 600 Met-Tyr-Gly Dark to red kindling reaction  Tetramer  (Yanushevich et al. 2003) 

*Engineered to monomeric state; Red text indicates Sycphozoan/Hydroid FPs 
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1.6. Spectral diversity of anthozoan FP and CP 

The range of visible light extends from ~400 – 780 nm.  The fluorescent proteins emitting in 

this range are blue (440-470 nm), cyan (470–500 nm), green (500-525 nm), yellow (525-550 

nm), orange (555-580 nm) and red (< 580 nm).  Blue and cyan FP are excited by near UV-

range and blue spectrums of light, green FPs by blue light, yellow FPs by cyan light, orange 

and red FPs by green and yellow light, respectively (Wiedenmann et al. 2002). 

No naturally occurring BFPs have yet been discovered.  The first engineered BFP was an A. 

victoria derivative and was designed as a FRET partner for GFP (Yang et al. 1998).  The 

major concerns with using BFPs in research are background autofluorescence, light scattering 

and the use of UV-excitation as this is detrimental to living organisms even in low doses 

(Olenych et al. 2005; Shaner et al. 2007).   

As for BFPs, autofluorescent background is a challenge to applications employing CFP and 

GFPs.  The most noteworthy feature of CFP is its application in FRET analysis together with 

YFPs and OFPs.  Despite being very similar to GFPs, CFPs are thought to have evolved 

separately (as discussed previously) and this is why they have been used in evolutionary FP 

studies (Henderson and Remington 2005).  GFPs are the most abundantly dispersed FP 

throughout all the species studied (Alieva et al. 2008).  This group is the most widely used 

molecular probe and EGFP has long been the “gold standard” to which the fluorescent 

brightness of all other FPs are compared (Heim and Tsien 1996).  

ZoanFP538 is the only existing anthozoan YFP and emits at 538 nm, the midpoint of the 

overlapping emission spectra of GFP and RFPs.  This may be why YFPs are potentially 

considered to be the most versatile FP for use as probes and very important for FRET 

analysis due to their ability to couple GFP to RFP as an intermediate (Shaner et al. 2007).   

Two naturally occurring OFPs, namely Kusabira orange and orange fluorescent protein (see 

Table 2), have been documented thus far and both are from anthozoan species. These OFPs 
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are used in FRET analysis together with CFPs, but besides this no other outstanding usable 

features have been highlighted (Karasawa et al. 2004; Chudakov et al. 2005; Ip et al. 2007).  

A bright stable far red fluorescent protein would be the pinnacle of FP technology for 

imaging deep tissues since RFPs have low autofluorescence and there would be little 

background interference from cells.  This group of FPs also displays the potential for use in 

multi-labelled FRET analysis in combination with cyan, green and yellow FPs (Fradkov et al. 

2002).   

Blue and purple chromoproteins contain a similar trans planar chromophore to eqFP611.  

They have also been successfully mutated to produce FPs that emit further in the red 

spectrum, perhaps due to the long wavelength absorption that they demonstrate (Shaner et al. 

2007).  Future application of ACP may include fusion targets that are monitored in a stable 

and permanent fashion (Yanushevich et al. 2003; Shkrob et al. 2008).  Finally, each class of 

fluorescent protein adds another dimension to multiple labelled imaging (Krishna and Ingole 

2009). 

 

1.7. Structure 

Fluorescent and chromoproteins share a general tertiary structure known as a β-can structure.  

This structure is composed of 11 anti-parallel β-sheets which form a cylinder through which 

an α-helix containing the tripeptide sequence (responsible for fluorescence/colour) is 

threaded (Figure 11 A) (Ormo et al. 1996). Anthozoan fluorescent and chromoproteins are 

different from GFP in that they have a quaternary structure (Figure 11 B).  The tetramer of 

AFP/ACP is a dimer of dimers where each monomeric subunit forms contacts with 2 other 

subunits.  These contacts play a role in stabilizing the pi-conjugation structures of the 

chromophores (Nienhaus et al. 2006). 

 

 

 

 

 



41 
 

A B  

Figure 11.  Tertiary and quaternary structure of hydroid and anthozoan FPs. A) General structure of FP (2Y0G 

from PDB).  Anti-parallel β-Sheets form a barrel through which an α-helix containing the chromophore moiety 

(ball stick structure), is threaded.  B) Anthozoan FPs, such as the red FP (3E5W) from Entacmaea quadricolor, 

have a quarternary structure as opposed to the monomeric or dimeric structure of hydroid FPs.   

 

1.8. Speculated function 

Exact functions of fluorescent and chromoproteins are not known.  It is thought that 

fluorescent proteins and chromoproteins have distinctive purposes in their respective host 

organisms and that within each group a variety of functions are supported. 

 Speculative functions have included signalling and communication (Field et al. 2006; Gruber 

et al. 2008).  This may, however, be speculation as a result of inferring function based on 

bioluminescent systems.  The possibility that FPs are used as a UV filter-protection for 

endosymbionts, particularly in the case of GFP which occurs in high abundances, is another 

function that may be proven in future.  However, examples where lower concentrations of 

FPs are observed have yet to be assigned a potential function (Salih et al. 2000; Labas et al. 

2002). 
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More recently, suggested functions of fluorescent proteins included roles in the host stress 

and innate immune response as antioxidants or oxygen radical quenchers (Palmer et al. 

2009).  One study found that purified FP extracts from infected or stressed tissues were able 

to scavenge harmful reactive oxygen species.  Another study suggested that FPs generally 

have the ability to act as light-induced electron donors (Bogdanov et al. 2009; Bogdanov et 

al. 2010).  The research showed that a diverse range of FPs was able to undergo 

photoreduction and photooxidation, depending on external factors such as oxygen 

concentration and the presence of appropriate electron donors or acceptors.  The study 

included biologically relevant examples such as NAD+, FAD and CytC, all of which were 

reduced through the photooxidation activity of EGFP.  Though promising, much more work 

is needed to infer biological function. 

 

1.9. Engineering fluorescent and chromoproteins 

The majority of FP and CP are not innately suitable for biotechnological applications.  

Specifically, the tetrameric structure of AFP and ACPs places a large metabolic burden on 

the heterologous host (March et al. 2003).  Additionally fluorescent brightness, stability, 

maturation rates and temperature sensitivity are not always ideal for deep imaging (or 

imaging in general) when background autofluorescence is high (Heim and Tsien 1996; 

Karasawa et al. 2003; Shaner et al. 2007; Ehrenberg 2008).  To improve the suitability of 

AFP and ACP for applications in  molecular biology, techniques such as  random 

mutagenesis (generally error-prone PCR) and directed evolution or a combination of both are 

used to engineer more robust fluorescent probes (Loos et al. 2006; Baird et al. 2000; Müller-

taubenberger and  Anderson 2007).  Due to the intrinsically long wavelength absorption 

maxima of chromoproteins, these are ideal targets for creating far-red FP by conversion using 

site-directed and random PCR mutagenesis (Gurskaya et al. 2001; Bulina et al. 2002; 
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Poponov et al. 2005; Wilmann et al. 2005; Shkrob et al. 2008; Piatkevich and Verkhusha 

2009). 

To generate monomeric FPs, site directed mutagenesis, principally at the C-terminus of FP 

(Chudakov et al. 2005; Stepanenko et al. 2008), is used to disrupt the oligomerisation of the 

tetramer.  However, as the quaternary structure is important for chromophore stabilization 

this generally results in a loss of fluorescence.  To recover fluorescence, rescue mutagenesis, 

generally through error prone PCR, is performed and desired mutants are selected for further 

enhancements.  The first mutant monomeric anthozoan FP was mRFP1, a DsRED derivative 

which was obtained after 33 mutations (Nienhaus et al. 2006; Shaner et al. 2007).   

An unusual observation was made when phiYFP, the yellow fluorescent protein found in the 

jellyfish Phillidium, was discovered.  Mutations induced in the lab resulting in an A. victoria 

GFP derivative, EYFP (see Table 2), were found to match the natural amino acid positions in 

native phiYFP. Furthermore, the crystal structure of the phiYFP indicated that the 

chromophore structure was the same as that of EYFP (Yanushevich et al. 2005).  

A survey of the literature suggests that despite being well characterised, FP and CP are poorly 

understood in terms of biological context.  A deeper understanding of the biological 

importance of the various structural states of both the protein and chromophore will greatly 

benefit mutagenesis efforts.   

 

1.10. Aims and objectives  

South African coastal waters are rich in sea anemone species which have largely been 

unexploited in biotechnology.  FPs and CPs are present in most anemone species and the 

opportunity therefore, exists to find novel FP/CPs which could contribute to the South 

African blue biotechnology industry.  Furthermore, characterisation of the FP/CPs isolated 
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from the organisms could lead to an increase in our understanding of their in vivo functions.  

The aims of this project were to: 

1. Generate cDNA gene banks of coloured or fluorescent sea anemones using 

SMARTer
TM

 In-Fusion
TM

 technology. 

2. Screen the libraries for fluorescent and chromoproteins based on sequence homology 

and functional characteristics. 

3. Characterize the spectrophotometric and properties of isolated FP/CPs. 

4. Identification of 18S rRNA and 16S rRNA products from sea anemones and 

associated symbionts 
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2. Chapter 2 - South African sea anemones of the Order Actinaria: Phylogeny and 

associated symbionts  

Grouping or classification of organisms based on their DNA sequences, phylogenetics, has 

become a popular technique in taxonomy.  The question of which DNA sequences to use has, 

however, been a constant debate.  A good phylogenetic marker must meet various criteria.  

Firstly the marker must be conserved in all the organisms to be studied and contain variable 

regions for defining closely related species.  Examples of popular phylogenetic markers 

include 16S / 23S (prokaryotic studies) and 18S / 28S (eukaryotic studies) rRNA genes, 

Cytochrome genes and 12S or 16S mitochondrial rRNA genes (Daly et al. 2008). 

Ribosomal RNA genes serve as valuable phylogenetic markers.  They are ubiquitously found 

in all cellular life-forms and have been used to infer universal relationships (Head et al. 

1998). Using rDNA sequences as phylogenetic markers does, however, have drawbacks such 

as rDNA heterogeneity.  Furthermore, the use of molecular typing is hampered by PCR bias 

and artifacts, contaminating DNA, interpretation of the data and relating it to existing 

taxonomic relationships (Ashelford et al. 2006; Daly et al. 2008; Haas et al. 2011). 

Amplified ribosomal DNA restriction analysis (ARDRA) is a technique used to visualize 

variations in groups of similar sequences.  The method relies on amplification of the rRNA 

gene and digestion of the product with various restriction endonucleases.  This generates a 

unique banding pattern or fingerprint (Stakenborg et al. 2005).  The fingerprint assists in 

preliminary identification as the banding pattern of an unknown sample may be compared to 

those of a reference organism.  The weakness of this technique is that one pattern may 

represent more than one species-type or that two different patterns may exist for the same 

species-type and thus the results must be verified by sequencing (Dahllöf, 2002).   

In this study, the phylogenetic relationships of Pseudactina varia, Pseudactina flagellifera 

and Bunodosoma capensis sea anemones from South African coastal waters were examined 
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using the 18S rRNA gene as a marker.  Furthermore, 16S rRNA clone libraries provided a 

rudimentary evaluation of observed bacteria associated with the sea anemones. 

  

2.1. Materials and Methods 

2.1.1. Sample collection 

Sea anemones were collected (from South African coastal waters) and stored by the UCT 

zoology dive team under the supervision of Andrea Plos.  Once collected from UCT, samples 

were kept in purified sea water at room temperature overnight before dissection. 

2.1.2. General microbiology  

The bacterial strains, plasmids and primers used in this study are shown in Table 5 (Appendix 

B).   Esherichia coli strains were grown on LB agar or in LB broth supplemented with 

appropriate antibiotic (see Appendix A). Strains were incubated at 37 °C for ~16 hours, 

unless otherwise stated. When incubating strains in broth cultures, the broth cultures were 

agitated by shaking at 150 to 225 rpm.  Glycerol stocks were prepared in medium containing 

50% glycerol and stored at -80°C. 

2.1.2.1. Electrocompetent cells 

GeneHogs and BL21 E. coli were streaked out to obtain single colonies.  A starter culture, 

originating from a single colony that was inoculated in LB broth and grown overnight at 37 

°C, was diluted 1 in 100 in fresh preheated LB broth.  Cells were grown at 37 °C until early 

log phase (OD600 0.4-0.45), chilled on ice for 30 minutes and then harvested at 4000 g for 15 

min at 4 °C.  The cells were made competent by washing them in ice cold sterile water 4 

times followed by a wash in ice cold 8.7 % glycerol.  All washing steps as well as aliquoting 

were done in a cold room on ice. Final aliquots were snap frozen in liquid nitrogen and stored 

at -80°C. 
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2.1.2.2. Electroporation  

Electrocompetent cells were thawed on ice and upto 5µL of dialysed ligation was used in the 

standard reaction along with appropriate controls.  Cells were electroporated using the 

GenePulser (Bio-Rad) with the following settings: 1.8 Volts, 200 Ohms (Ω) and 2.5 µFarads 

according to the manufacturer’s instructions.  Immediately after electroporation 950µL of 

SOC was added and cells were recovered at 37°C with shaking for 1 hour.  To observe 

transformed colonies for screening, 100 µL of transformation mix was plated onto 

appropriate antibiotic containing media. 

2.1.3. General molecular techniques 

2.1.3.1. Genomic DNA extraction 

Tissue samples were dissected and stored in RNAlater according to manufacturer’s 

instructions.  To extract genomic DNA (gDNA), ~100mg of tissue was removed and washed 

3 times using 1 X TE to remove any chemicals that could inhibit further downstream 

applications.  The gDNA extraction protocol used was a modified version of the Pearson et 

al. 2002 protocol: Tissue was disrupted in liquid nitrogen using a pestle and mortar.  

Powdered tissue was homogenised in 500µL of lysis buffer and incubated at 37 °C for 30 

minutes, followed by the addition of 300µg of Proteinase K.  The samples were incubated for 

a further 2 hours 30 minutes with frequent mixing.  The lysate was cleared and the 

supernatant extracted with equal volume of phenol and chloroform: iso-amyl alcohol (24:1).  

The phases were separated by centrifugation  at 12 000 g for 10 minutes at 18°C and the 

aqueous phase was transferred and re-extracted with 500µL of chloroform: iso-amyl alcohol.  

The phases were separated as before and the aqueous phase transferred to a sterile tube where 

1/10 volume 3M sodium acetate (pH 5.5) and 2.5 volumes ice-cold absolute ethanol were 

added.  After gentle mixing, precipitated gDNA was transferred using a sterile bent Pasteur 
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pipette to 70 % ethanol and washed.  gDNA was resuspended in 1X TE pH 8.0 and quantified 

(Pearson et al. 2002). 

2.1.3.2. Agarose gel electrophoresis 

The appropriate amount of agarose was weighed out and added to 1 X TAE and boiled until 

dissolved.  The mix was cooled to ~50°C and ethidium bromide to a final concentration of 1 

µg/mL was added after which the gel was cast and set.  Gels were electrophoresised at 8 

V/cm for approximately one hour. 

2.1.3.3. Polymerase Chain Reaction (PCR) 

For each PCR the reaction contained 1 X appropriate buffer, 0.2-0.8 µM of primers, 0.2-0.4 

mM dNTP and appropriate units of DNA polymerase to amplify the respective target.  PCR 

parameters included initial denaturation at 94°C for 2-5 minutes followed by 25-35 cycles of 

denaturation at 94°C for 30-45 seconds, annealing at variable temperatures appropriate for 

each primer set and elongation at 72°C (for the approximate time calculated as per 

Kbp/second for the polymerase used) and final elongation at 72°C for 5-20 minutes.  

2.1.3.4. General DNA manipulation techniques  

Plasmid isolations for sequencing were performed with Qiagen mini-prep kit (Qiagen) 

according to manufacturer’s specifications.  All other plasmid preparations were extracted 

using the alkaline lysis protocol.  All digests were performed with enzymes from Fermentas 

(Inqaba Biotech, SA, Jhb), according to manufacturer’s instructions, unless otherwise stated.  

DNA was quantified on the NanoDrop ND8000 (Thermo Scientific, USA,) according to the 

manufacturer’s instructions.  All DNA purifications were performed using the Nucleospin 

extract II kit (Machery-Nagal) according to manufacturer’s instructions. 

2.1.4. Construction of 16S and 18S rRNA clone libraries  

Genomic DNA was extracted as in section 2.1.3.1 and analysed on gels cast as in 2.1.3.2.  

The gDNA extraction protocol of Pearson et al. (2002) was modified to extract 
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polysaccharide-free genomic DNA from sea anemones (Figure 12).  Decreasing the amount 

and time of sample incubation from 72 hours to 21
2   hours in the presence of SDS during the 

lysis resulted in a decrease in the amount of co-extracted polysaccharides that was co-

extracted.  The purified gDNA was suitable for downstream applications such as PCR.   

To survey the associated microbial diversity and to identify closely related sea anemone 

species, gDNA was extracted from tissue of the foot or wall from each sea anemone and 

subjected to 18S rRNA and 16S rRNA PCR.  The 16S and 18S rRNA genes were amplified 

using the F1 and R5 and EukA and EukB primer sets, respectively. PCR reactions to amplify 

the 18S and 16S rRNA genes were performed as described in section 2.1.3.3.  The template 

amount varied in the PCR reactions: 10 ng of gDNA was used in the 16S rRNA and 100 ng 

in the 18S rRNA; DNA template, forward and reverse primers were substituted with mQ 

water in control reactions.  General microbiology and DNA molecular techniques and 

plasmid isolations were performed as in sections 2.1.2 and 2.1.3.4.  Sequencing was done by 

Macrogen (Korea). 

2.1.5. DNA sequence analysis 

Representative DNA sequences of the Order Actinaria were retrieved from GenBank 

(http://www.ncbi.nlm.nih.gov/genbank/) and compared to the 18S rRNA sequences from the 

sea anemone clone libraries.  Nucleotide sequences were aligned using MAFFT online tool 

(http://mafft.cbrc.jp/alignment/server/) I-GNS-i algorithm and 20PAM/k=2 model.  The 

resulting alignment was used to construct a phylogenetic tree in MEGA 4.0 using the 

Neighbor-joining algorithm under the Maximum Composite Likelihood model and a gamma 

distribution of 1.0 performed with a bootstrap value of 1000.   BLAST analysis was done 

using sequences of approximately 1.5kb with sequence coverage of 97-100% and yielded 

matches between 94-99%. 
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2.2. Results: Phylogeny and associated symbionts of South African sea anemones  

2.2.1. Construction of diversity clone libraries 

Except for P. flagellifera, a single product of ~1.5kb and ~1.8kb were obtained when the 16S 

and 18S rRNA genes were amplified, respectively (Figure 13).  The 16S rRNA amplicons are 

expectedly fainter than the 18S rRNA amplicons because of the gDNA extraction protocol 

and tissue used.  The amplified products were cloned into pGEM-T-easy, transformed into E. 

coli GeneHogs and spread onto LB agar supplemented with 100 µg/µL ampicillin, 80 µg/µL 

X-gal and 1 mM IPTG.  Following blue white selection, 48 putative clones from each library 

were verified by M13 PCR (see Figure 42 in Appendix D).  The resulting amplicons were 

subjected to ARDRA using AluI and resolved on a 2 % agarose gel.  38 unique ribotypes (22 

for the 18S and 16 for the 16S) 17 (B. capensis) 9 (P. varia) and 12 (P. flagellifera) were 

sequenced to obtain phylogenetic data and used in subsequent analyses.  Any sequences 

shorter than the expected products were discarded as non-specific products. 

In the 18S ARDRA, a dominant ribotype was observed within all the samples (Figure 14).  

Representatives of this dominant riboytpe in each sample along with other unique ribotypes 

were sequenced and used in BLAST analysis.  All of the 18S sequences compared best to 

18S rRNA genes from various other anemones.  There were no 18S rRNA sequences 

indicating the presence of Symbiodinium spp, dinoflagelletes and micro-eukaryotic algae, a 

surprising result given as these are known symbiotic associations (Hill et al. 2011) 

Sequenced clones from the 16S rRNA libraries of P. flagellifera and B. capensis were similar 

to various known endosymionts associated with marine invertebrates (Rosa et al. 2000; 

Ivanova and Mikhailov 2001; Verlag et al. 2003; Schuett et al. 2005; Haine 2008; Lopez et 

al. 2008; Wang et al. 2008).  The clones originating from the P. varia 16S rRNA library, 

however, contained only vector sequence.   Results from the NCBI BLASTn analysis of 16S 

rRNA sequences from the P. flagellifera library showed Colwellia sp. BSw20195 and 

 

 

 

 



51 
 

Arcobacter sp. MA5 as the closest known relatives.  Similarly the NCBI BLASTn results 

from 16S rRNA sequences in the B. capensis library showed Brevundimonas sp. Tibet-IX23, 

Shewanella sp. N6, Polaribacter sp. NF3-11, Colwellia sp. BSw20188, Alteromonas sp. SN2, 

uncultured Bacteroidetes and uncultured Flavobacteriales phylotypes as the closest known 

relatives to the sequenced clones.   

 

 
 

Figure 12. Genomic DNA extracted from sea anemones using a modified Pearson et al. 2002 method.  

Approximately 1 ng of P.varia and 100 ng each of P. flagellifera and B. capensis were loaded on a 1% agarose 

gel.  For λ-PstI and λ-HindIII marker sizes see Appedix C. 
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Figure 13. PCR amplicons of 16S and 18S rRNA genes from gDNA extracted from various sea anemone 

species.  The marker is 100 bp plus O’generuler (Appendix C).   

A  
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B   

C  

 

Figure 14. Survey of prokaryotic and eukaryotic diversity associated with sea anemones species.  ARDRA 

patterns from clone libraries of A) B. capensis B) P. varia and C) P. flagellifera.  The top 48 lanes (unblocked) 

are the 18S rRNA clones and the bottom 48 blocked lanes are 16S rRNA clones.  The marker in all gels is 

100bp plus O’generuler (see Appendix C) 
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2.2.2. DNA sequence analysis 

The phylogenetic trees in Figures 15 and 16 are consistent with trees found in literature (Daly 

et al. 2003; Daly et al. 2008).   The Order Actinaria clusters in a monophyletic nature to the 

Order Scleractina.  However, within Actinaria the families demonstrate examples of para- 

and polyphyletic disposition.  As expected, the 18S rRNA sequences from the sea anemones 

P. varia, P. flagellifera and B. capensis clustered with other sequences from the family 

Actiniidae.  P. varia and P. flagellifera cluster together as members of the same genus.  This 

is not the case with B. capensis.  Even though the sequence of B. grandis is included in the 

tree B. capensis does not group closest with it, but rather with Anthopleura krebsi.  However, 

according to literature, Havoclava and Bundosoma (Daly et al. 2008) as well as Anthopleura 

and Bunodosoma (Heestand, 2009) are known to cluster with each other.  Furthermore other 

examples of species form the same genus not clustering together can be seen with Antipathes 

and Hormanthia.  Even within the Family Actiniidae a similar example can be seen where 

Actina midori does not cluster together with A.equina and A. fragecea but rather with 

Metedwardsia akkeshi. 
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Figure 15. Phylogenetic tree constructed using NJ in Mega 4.0 to show the relationships within the Order 

Actiniaria.  The orange block highlights the Family Actiniidae and is enlarged in Figure 16.  The red blocks 

indicate sea anemone species studied in this thesis. 
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Figure 16. Sub-tree of Family Actiniidae (from Figure 15 of Order Actinaria tree).  The tree shows the 

polyphyletic nature of the Family because within the family Actiniidae four other Actinaria families are 

clustered. Samples from this thesis are blocked in red.  

 

2.3. Discussion 

Unique ribotypes from P. varia, P. flagellifera and B. capensis 18S clone libraries were 

sequenced.  These were found to cluster with sequences of the Family Actiniidae.  The family 

Actiniidae contains 44 genera and upwards of 200 species.  There is no distinguishing 

characteristic that clearly describes this family, as opposed to Actinernidae which is 

distinguished by an unusual arrangement of mesenteries (Daly et al. 2007).  It is the general 

consensus that Actiniidae is probably not monophyletic as phylogenetic studies using DNA 

sequences that include representatives from Actiniidae and those from other families in 
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Endomyaria (super family) have failed to recover its members as sister taxa (Daly et al. 

2007).   

The use of rRNA and other mitochondrial genes as phylogenetic markers has been reliable as 

data generated display similar trends using various genes (Daly et al. 2003; Daly et al. 2008).  

However, when trying to relate phylogenetic studies to an evolutionary time line for various 

characters e.g. development of basilar muscles, a trait which is assumed to be lost and 

recovered numerous times in Actinaria, the use of rRNA and mitochondrial genes does not 

seem logical (Won et al. 2001).  This is a possible reason why the data presented in this and 

other studies is contradictory.  Furthermore, the morphological characters used in 

distinguishing various groups generate lineages that are misleading (Heestand, 2009).  

Concerns about heteroplasy make phylogenetic analysis more challenging as generally 

characters used in phylogenetic analysis are derived from a single common ancestor.   

The sequenced 16S rRNA showed a range of organisms which are thought to have 

endosymbiotic relations with marine invertebrates.  A study by Rhower et al. (2002) on the 

bacterial diversity in corals showed that marine invertebrates provide a structural matrix that 

host diverse and ecologically structured prokaryotic communities.  Additionally, many of the 

bacterial associates are previously and yet uncultured species.  Further analysis in the study 

revealed that different species (regardless of geographical location and developmental stage) 

host distinctive communities illustrating that the association is non-random.  Lastly, the study 

reported that bacterial communities were spatially arranged in an organ specific manner 

within the corals (Rohwer et al. 2002).  This shows the importance of the site where the tissue 

is taken from and was confirmed in another study by Zongjin et al. 2010 which showed that 

different bacterial communities dominate different sections of the sea anemone (Zongjun et 

al. 2010). 
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When investigating the characteristics of the 16S clones’ closest related organisms the most 

notable is that almost all display prominent molecular adaptations for psychrotolerance 

(Murray et al. 2007).  This was not unexpected as the samples originate from the southern 

Atlantic oceans.   The symbiotic associations observed in this study are, like in most marine 

environments, dominated by Proteobacteria (gamma, alpha and epsilon) as well as 

Bacteroidetes and play various roles in the sea anemone ranging from protection to nutrition.  

The bacteria are either transferred within the planula stage of reproduction with the sea 

anemone or can be acquired by ingestion (Werren and Neill 1879).   

The psychrotolerant microbes such as Cowellia and Shwanella are known to produce and 

accumulate compounds such as PUFA and poly-hydroxyalkanoate compounds, which can 

serve as both carbon and energy stores for starvation periods (Russell and Nichols 1999; 

Murray et al. 2007).  Shewanella has an additional suggested role of metal detoxification 

(Wang et al. 2008).  In addition, some microbes such as Alteromonas play a role in host 

defences by producing various anti-microbials (Ivanova and Mikhailov 2001) or toxins 

(particularly) in the tentacles of the anemone (Schuett and Doepke 2010).  
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3. Chapter Three - cDNA technology and eukaryotic gene discovery 

Recovery of bioactive compounds such as proteins (including enzymes which serve as 

biocatalysts or hormones for their medicinal uses) or polysaccharides (for drug discovery) 

can be achieved by various methods.  Organic extractions are common and well established 

in the chemical industry (Gold and Bethell 1977) but gene discovery, a fairly new technique 

in comparison, offers the alternative of retrieving the genetic component the results in the 

specific activity (Gu and Wang 2011).   

Unlike for prokaryotes a genomic approach for gene discovery in eukaryotes is not often 

successful.  This is because eukaryotic genes often contain large intronic sequences; they lack 

conserved motifs in promoter sequences (Bailly et al. 2007) and therefore cannot be 

expressed by bacterial hosts.  Furthermore, due to the large size and variation of eukaryotic 

genomes (Wood et al. 2002; Aury et al. 2006) it is unrealistic that a substantial fraction of 

gene content would be expressed and recovered in various bacterial or many eukaryotic 

heterologous hosts (Tringe et al. 2005; Delong et al. 2006).  To circumvent these problems 

mature mRNA molecules (containing no introns) can be converted to double stranded 

complementary DNA (cDNA) using reverse transcription.  The processed cDNA can be 

cloned, expressed and screened for the desired gene or function by sequence homology or 

detection of resulting bioactivity in prokaryotic hosts (Grant et al. 2006).   

The general protocol for construction of cDNA libraries is described in Figure 17.  The most 

critical step when isolating intact RNA is to rapidly inactivate the RNases present in the cell 

(Chomczynski and Sacchi 1987).  This is achieved by the addition of guanidium 

thioisocyanate.  The process of generating cDNA is performed by a multidomain enzyme, 

reverse transcriptase, which has both RNA and DNA dependant polymerase activity and 

RNaseH specific activity (Das and Georgiadis 2004).  Reverse transcriptases are found in all 

retroviruses and are used to convert the single stranded RNA genome into DNA that can be 
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intergrated into the host’s DNA (Georgiadis et al. 1995).  They have been adapted for 

biotechnological applications in cDNA synthesis wherein mRNA template is converted to 

single stranded DNA that can be amplified and cloned as double stranded cDNA (Izuno et al. 

2010). 

The culture independent approach where cDNA of a sample is directly cloned into 

appropriate vectors for expression studies presents a workable alternative for novel 

eukaryotic gene recovery (Grant et al. 2006).  This has been made possible due to advances in 

RNA stabilisation and isolation; mRNA enrichment and cDNA technology enabling the 

isolation of full-length cDNA for library construction (Grant et al. 2006).  Today commercial 

enzymes such as MonsterScript (EPICENTRE) and other polymerases are able to reverse 

transcribe up to 15 Kb. 

Screening cDNA libraries is dominated by two strategies, namely PCR-based amplification 

and probe hybridization.  PCR-based approaches rely on prior sequence knowledge and 

primer design for successful screening (Munroe et al. 1995).  Advances in PCR screening 

have been possible through new primer design strategies, pooling schemes, and improved 

thermal cyclers.  The improvements to thermal cyclers include decreased sample volumes, 

increased sample numbers per run, and decreased required cycling time (Alfandari and 

Darribere 1994; Campbell and Choy 2002).   

Techniques such as ELISA, western blots and other immunoscreening assays make use of 

probe hybridization to screen for structurally intact protein targets.  Hybridization, however, 

is not restricted to protein or metabolite detection and can also be used in sequence-based 

screens such as in southern blots (Onishi et al. 1995; Campbell and Choy 2002).  A major 

bottle neck in screening active extracts has been recovery of sufficient proteins or active 

compound for detection.  To simplify hybridization-based approaches, which are labour-

intensive and time consuming, high-throughput expression screening and purification of 
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proteins in E. coli (Vincentelli et al. 2011) has been applied. Furthermore, automated robot 

technology such as robotic plaque/colony pickers and gridders reduce the labour involved in 

handling and arraying cDNA libraries.  The application of high-throughput microtiter plate 

techniques and MALDI–TOF-MS stream-line the analysis of gene products and detection of 

new biological activity of yet uncharacterized proteins (Kornbluth et al. 1988; Tanaka et al. 

1999; Bussow et al. 2000).   

 

 

Figure 17. The major steps required to construct a cDNA library.   

 

Vectors used to construct libraries that would be screened based on detection of activity have 

promoters on the plasmid that allow the recombinant DNA target to be transcribed and 

expressed from the host’s machinery.  The vectors used in constructing libraries for sequence 
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based screening do not have promoter sequences and only allow for the recombinant DNA 

target to be amplified as the vector is replicated (Garrett and Grisham 2005).   

 

Table 3 Vectors used to construct cDNA libraries for various screening approaches 

Vector  Screening approach  Vector source cDNA synthesis 

pSMART2IF Sequence based Clontech  SMARTer 

pLINKet Activity detection Modified pET21a SMARTer 

pEGFP-N3 Activity detection Clontech Modified SMARTer 

 

In this study functional screening and sequence base approaches were designed.  This chapter 

describes the construction of 3 cDNA libraries for each of the sea anemone samples and the 

modifications to the techniques. 

 

3.1. Materials and Methods 

3.1.1. RNA extraction 

Total RNA was extracted using a single step acid phenol-chloroform guanidium-thiocyanate 

protocol (Chomanzyski and Sacchi 1987).  All tips, tubes, glassware, solutions and 

equipment used were RNase free.  Tips and solutions were double autoclaved and most 

solutions were treated with 0.1% DEPC.  Glassware was washed with 0.5M sodium 

hydroxide and rinsed using double autoclaved DEPC treated water.  All surfaces were wiped 

down using 10 % bleach and an RNase removal solution (3 % hydrogen peroxide, 0.1M 

Sodium hydroxide and 0.1 % SDS).  Tissue samples stored in RNAlater (Sigma) were 

washed three times in 1X PBS pH 7.2 to remove any inhibitory chemicals. 
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Tissue (500mg) was ground to a fine powder in liquid nitrogen with a pre-chilled mortar and 

pestle.  The powdered tissue was homogenized in 5 mL Solution D (see Appendix A) after 

which the following were sequentially added on ice: 1/10 volume 2 M sodium acetate (pH 

4.0), 5 mL water-equilibrated phenol (~pH 4.3) and 1 mL chloroform: isoamyl Alcohol 

(24:1).  The tubes were inverted to mix after each addition. The lysate-mixture was vortexed 

for 10 seconds and placed on ice for 15 minutes.  The organic and aqueous phases were 

separated by centrifugation at 10 000 g and 4°C for 20 minutes.  The aqueous phase (i.e. top 

layer) was transferred to a fresh tube without any of the interphase to which 1 mL 

chloroform: isoamyl alcohol (24:1) was added.  After thorough mixing the sample was placed 

in ice for 15 minutes.  The phases were separated as before and again the aqueous phase was 

transferred to a new sterile tube.  One volume of ice-cold isopropanol was added and the 

sample was inverted to mix.  The samples were placed at -20
o
C for approximately two hours 

to precipitate RNA.  The RNA was collected as a pellet by centrifugation at 10 000 g and 4
o
C 

for 20 minutes.   The precipitated RNA pellet was re-dissolved in 1.5 mL Solution D and 

precipitated with 1 volume of ice-cold isopropanol at -20
o
C for 1 hour.  RNA was collected 

by centrifugation at 10 000 g and 4
o
C for 20 minutes. The pellet was washed with 70% 

ethanol and collected as before, air-dried for 10 minutes and re-suspended in 100 µL of 

RNase-free mQ water.  Aliquoted RNA was stored at -20°C until needed. 

3.1.1.1. MOPS/Formaldehyde gel electrophoresis 

A 1% MOPS formaldehyde gel was prepared by adding 1% [w/v] agarose to RNase free mQ 

water and boiled.  After cooling 10 X MOPS running buffer, 37% formaldehyde and 10 µg/µl 

ethidium bromide were added to final concentrations of 1 X, 5% [v/v] and 1 µg/mL, 

respectively.  The gel was cast, set and electrophoresed in 1 X MOPS running buffer at 50 

V/cm for 3 hrs. 
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3.1.2. cDNA library construction in pSMART2IF 

3.1.2.1. SMARTer
TM

 cDNA synthesis 

All cDNA libraries to be screened by sequence homology were constructed using the In-

Fusion™ SMARTer™ cDNA library construction kit (Clontech, USA) according to 

manufacturer’s instructions with minor modifications. 

For first-strand cDNA synthesis 1 µg of total RNA was primed using the 3’CDS primer 

(supplied by manufacturer) at 72°C for 2 minutes followed by 42°C for 3 minutes.  

Immediately after priming a master mix containing first strand reaction buffer, 2.5 mM DTT, 

1 mM dNTP mix, 1.2 µM SMARTer II A oligonucleotide, 10 units RNase inhibitor and 100 

units SMARTscribe
TM

 reverse transcriptase was added and the samples were incubated at 

42°C for 90 minutes to complete first strand extension.  Unused first strand cDNA was stored 

at -80°C. 

Second-strand synthesis was carried out by long distance PCR.  Duplicate reactions were set 

up each containing: 2 µL of first strand cDNA, 1 X HF Phusion buffer (Finnzymes, OY, 

Finland), 200 µM dNTP (Fermentas), 240 µM 5’ PCR primer II A (Clontech) and 4 units 

Phusion polymerase (Finnzymes, OY, Finland) in a final 100 µL reaction volume.   The 

cycling parameters for synthesis were as follows: Initial denaturation at 95°C for 1 minute, 

denaturation at 95°C for 15 seconds, annealing at 65°C for 30 seconds, extension at 68°C for 

6 min.  The number of cycles was determined experimentally by monitoring formation of 

product of the appropriate size by gel electrophoresis over an increasing number of cycles. 

3.1.2.2. Size fractionation and purification 

 Double stranded cDNA was electrophoresised on a 1% agarose gel.  Fragments between 1 

and 3-Kb were excised and purified from the gel using the Nucleospin Extract II kit 

(Machery-Nagel) according to the manufacturer’s instructions. 
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3.1.2.3. In-Fusion
™

 Cloning and cDNA library recovery 

Cloning reactions for each sample were set up according to manufacturer’s instructions with 

vector to cDNA ratios of 1:1.5, 1:2 and 1:2.5.  The entire ligation reaction was drop dialysed 

on a 0.025 µm VSWP membrane (Millipore), diluted to a final volume of 12 µL and 

transferred for storage until needed.  The dialysed recombinant vector was transformed into 

E. coli GeneHogs as in section 2.1.2.2.   

The entire transformation mix containing the cDNA from P. varia was spread onto LB agar 

plates supplemented with 100 µg/µL ampicillin, 80 µg/µL X-gal and 1 mM IPTG and 

incubated overnight.  Plasmid DNA containing the cloned cDNA was isolated from the 

transformed E. coli using the Qiagen midi-prep kit after the cells were scraped off the LB 

agar plates.   

For the P. flagellifera and B. capensis libraries 100 µL of each was spread onto LB agar 

supplemented with 100 µg/µL ampicillin, 80 µg/µL X-gal and 1 mM IPTG for library 

verification.  To reduce library amplification the remainder of the transformation mixture was 

added to 15 mL pre-warmed (37°C) SOC containing 150 µg/mL ampicillin and incubated at 

37°C for an additional hour.  The cDNA plasmid library was isolated using the Qiagen Mini-

prep kit according to manufactures instructions.   

3.1.2.4. PCR-based screening 

Degenerate primers AfpF2, AfpF3, AfpF6, AfpR, dCPfwd and dCPrv were used to screen the 

cDNA libraries for anthozoan fluorescent and chromoproteins (AFP and CPs) (Table 5 in 

Appendix B).  A touch-down PCR protocol such as outlined by Korbie and Mattick (2008) 

was applied when screening the cDNA libraries.  The annealing temperatures for the various 

degenerate primers were optimised across a gradient ranging from 52 to 72°C. Optimal 

template and primer concentrations were determined using a positive control (dApc) and 

reactions were set up according to standard PCR (see 2.1.3.3). 
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3.1.3. cDNA library construction in pLINKet 

3.1.3.1. pLINKet vector synthesis 

A linearized In-Fusion cloning vector for construction of cDNA libraries, which could be 

screened based on function, was prepared by adding two 15 bp linker molecules 

(TTGATACCACTGCTT) to pET21a during an inverse PCR as illustrated in Figure 35.  For 

a single reaction a standard PCR (see 2.1.3.3) was set up using Phusion polymerase in the HF 

buffer system. Template, primer concentrations and annealing temperature were optimized.  

Parental pET21a background was removed after PCR synthesis by treatment with DpnI.  The 

pLINKet vector was checked on an agarose gel (see 2.1.3.2) and a single band was gel 

excised and purified using the Nucleospin Extract II kit according to manufacturer’s 

instructions. 

 

 

Figure 18. Synthesis of pLINKet.  Primers including 15 bp linker sequences are used in inverse PCR with 

pET21a as template to generate a linear vector pLINKet. 

 

3.1.3.2. cDNA synthesis 

SMARTer cDNA synthesis as in 3.1.2.1 was performed using total RNA extracted in 3.1.1. 
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3.1.3.3. Size fractionation and In-Fusion cloning 

cDNA was size fractionated by gel excision and purified as in 3.1.2.2.  In-Fusion cloning was 

carried out as per SMARTer
TM

 In-Fusion
TM

 cDNA library construction protocol.  Reaction 

buffer, cDNA and pLINKet vector in a 2:1 ratio were setup in parallel with various control 

reactions: (i) a positive control (2kb lacZ fragment) supplied with the In-Fusion cloning kit 

was used to verify that the pLINKet vector could clone insert, (ii) no insert and (iii) no 

enzyme reactions.  The transformants were plated onto LB supplemented with IPTG, X-gal 

and ampicillin (as in Appendix A). 

3.1.3.4. Vector and library verification 

Prior to cloning, the pLINKet vector was verified for functionality (replication and antibiotic 

resistance).  The vector was restricted using XbaI and HindIII, blunted using T4 DNA 

polymerase, re-circularized using T4 DNA ligase and transformed into E. coli GeneHogs.  

The transformation mix was spread onto LB agar supplemented with IPTG and ampicillin (as 

in Appendix A).  Finally the vector ends were sequenced using the T7 promoter and 

terminator primers.   

3.1.4. cDNA library construction in pEGFP-N3 

3.1.4.1. Modified cDNA synthesis 

An alternative approach to constructing a functional library was to modify the SMARTer
TM

 

cDNA synthesis reaction.  This was achieved by designing primers FUNF and FUNR (see 

Table 5 in Addendum B) that contained SalI and NotI restriction sites for directional cloning.  

The forward primer also contained an AGGAGG consensus ribosomal binding sequence. 

An outline of the modified cDNA synthesis protocol is illustrated in Figure 19B together with 

the original SMARTer
TM

 cDNA synthesis in Figure 19A.  Briefly, all remaining first strand 

synthesis reactions were subjected to 3 rounds of second strand conversion as previously 

described in section 3.1.2.1.  Excess 5’PCR primer (sequence not provided by Clonetech) and 
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dNTPs that could interfere with subsequent rounds of double stranded cDNA synthesis were 

removed by ExoSAP (GE Healthcare, USA) treatment according to manufacturer’s 

instruction.  Modified primers (100 µM) were added and cycled as in 3.1.2.1 for 21 cycles.  

3.1.4.2.  Cloning cDNA library into pEGFP-N3 

Double stranded cDNA was digested with SalI and NotI and prepared as in 3.1.2.2. T4 DNA 

ligase (Fermentas) was used to clone sticky end cDNA fragments into SalI and NotI 

linearized pEFGP-N3 vector in a 2:1 insert: vector ratio.  The libraries were transformed into 

E. coli BL21 DE3 pLysS and spread onto LB agar supplemented with kanamycin (as in 

Appdendix A). 

 

A     B   

Figure 19. SMARTer cDNA synthesis.  A) Illustration of the addition of linker molecules in the first strand 

synthesis. B) the modifications to the SMARTer cDNA synthesis  
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3.2. Results of cDNA library construction  

3.2.1. Total RNA extraction  

The integrity of the total RNA extracted from P. varia, P. flagellifera and B. capensis was 

checked on a 1% MOPS formaldehyde gel (Figure 18).  The approximate 2:1 ratio of the 28S 

to 18S rRNA transcripts indicate that intact high quality RNA was extracted.  To determine if 

gDNA was co-extracted with the RNA a PCR reaction was set up using eukA and eukB 

primers.  After 35 cycles no amplification bands were present indicating the absence of 

gDNA (Figure 43 in Addendum D). 

 

A   B   C  
 
Figure 20. Total RNA extractions from sea anemones A) Pseudactina varia B) Pseudactina flagellifera and C) 

Bunodosoma capensis.  The 18S and 28S rRNA transcripts are labelled accordingly. 

 

3.2.2. cDNA synthesis 

Approximately 1 µg of total RNA was used as template in the construction of each of the 3 

cDNA libraries using the In-Fusion SMARTer cDNA synthesis library construction kit.  

Smaller DNA fragments are favourably biased in a PCR reaction.  Thus the optimal number 

of cycles that would limit the bias effect as well as recover rare transcripts during the second 

strand synthesis was determined experimentally for each sample.  The PCR parameters were 

set so that each sample was subjected to at least 15 cycles of amplification after which a 

small amount (30 µL) was removed and subjected to further cycling.  Aliquots (5 µL) were 

28S rRNA 

18S rRNA 
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taken at 18, 21, 24 and 27 cycles.   The cDNA products in the aliquots were visualized on an 

agarose gel and it was observed that 24 cycles produced the highest yield of cDNA in the 

correct size range (from 0.6 to 3kb) (Figure 21).  

3.2.3. Insert size & diversity and library size 

Colonies obtained from plating 100 µL of the total transformation mix were examined and 

>95% contained insert.  Random clones obtained from the library transformations were 

selected and the plasmid DNA extracted.  The size of cDNA inserts was determined by 

restriction endonuclease digestion using XbaI and EcoRI (Figures 22-24).  Insert sizes ranged 

from 0.4 kb to 2.5 kb with an average insert size of 1.1 kb for P. varia, 0.9 kb for P. 

flagellifera and 0.8 kb for B. capensis.  Additionally the forward and reverse screening 

primers (In-Fusion SMARTer cDNA synthesis library construction kit, Clonetch) were used 

to amplify cloned cDNA from each of the libraries in order to determine the size of inserts, 

which was found to vary between 0.5 kb to 2.8 kb (Figure 25). 

Based on average insert size and the estimated number of clones in each library (~15 000 in 

P. varia and ~22 000 in P. flagellifera) it was found that both the amplified P. varia and non-

amplified P. flagellifera libraries each covered approximately 15 Mbp of cDNA.   Using the 

size of the nearest relative genome, namely Nematostella vectensis (the starlet anemone) 

which is 450 Mbp, the calculated genome coverage of the cDNA libraries was only 3%.  

However, based on the recent genome draft and transcriptomic data for N. vectensis, the 

starlet anemone was said to contain between 18 000 and 22 000 genes with an average insert 

size of 0.9 kb.   Therefore, the calculated percentage of expressed genetic material captured in 

each cDNA library is between 76-93%.  

To establish that the cDNA cloned was from the sea anemone and not from contamination, 

randomly selected clones were sequenced (Macrogen) using M13 forward and reverse 

primers.  Table 4 contains the tBLASTx (http://www.ncbi. nlm nih.gov/BLAST/) results of 
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the sequence data from the 19 respective clones.  The sequences returned showed a bias 

toward transcriptional regulators (CnidEFs), transcripts of small cysteine rich proteins 

(SCRiPs) unique to Cnidarians and surprisingly two 16S rRNA transcripts of uncultured 

bacteria. 

 

 

Figure 21. Experimental determination of cycling for double stranded cDNA. The control provided with the kit 

is human placental RNA which has a prominent transcript of ~900 bp.  For λ-PstI marker sizes see Appendix C. 
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A  

B  

Figure 22.  Double digests performed with XbaI and EcoRI on random colony plasmid preps to determine insert size for 

the library of P. varia.  The pSMART2IF vector backbone is clearly marked and consistent in all digests.  Clones 

contained inserts which ranged from 0.4 kb to 1.2 kb.  The markers are 100 bp plus O’generuler and λ-PstI for band sizes 

see Appendix C. 
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Figure 23.  Double digests performed with XbaI and EcoRI on random colony plasmid preps to determine insert size for 

the library P. flagellifera.  The pSMART2IF vector backbone is clearly marked. Colonies contained insert which ranged 

from 0.4 kb to 2.5 kb. Marker is 100 bp plus O’generuler (see Appendix C). 

  

  

Figure 24. Double digests performed with XbaI and EcoRI on random colony plasmid preps to determine insert size for 

the B. capensis library.  The pSMART2IF vector backbone is clearly marked. Colonies contained insert which ranged 

from 0.3 kb to 1.2 kb. Marker is 100 bp plus O’generuler (see Appendix C). 
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Figure 25.  Diversity of insert size when 1 µL cDNA is used in a PCR using the forward and reverse screening primers 

from the SMARTer cDNA kit.  (For λ-PstI molecular band sizes see Appendix C) 

 

Table 4 BLAST analysis of sequenced inserts from random pSMART2IF library clones  

Closest tBLASTx results E-value  

Pseudactina varia 

Uncultured prokaryote clone deadsea_1992_DSAA-DSG2_3G03Rev genomic sequence 0.046  

Mycobacterium marinum M, complete genome 1.0  

Leishmania braziliensis complete genome, chromosome 18 2.6  

Uncultured actinobacterium clone HSB-E05 16S ribosomal RNA gene, partial sequence 2e-12  

Uncultured bacterium clone GL81-Act13 16S ribosomal RNA gene, partial sequence 4e-28 

Nematostella vectensis predicted protein mRNA, complete cds 1e-95  

Pseudactina flagellifera 

Nematostella vectensis predicted protein partial mRNA  1e-32  
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Aiptasia pulchella clone 2C7 mRNA sequence 

Aiptasia pallida CnidEF mRNA, partial cds  

Anthopleura elegantissima CnidEF mRNA, complete cds   

2e-18 

9e-14 

4e-12  

Gallus gallus hypothetical protein LOC772907 (LOC776475), partial mRNA  3e-09  

Nematostella vectensis predicted protein mRNA, complete cds (BLASTx)  7e-14  

Nematostella vectensis predicted protein partial mRNA   1e-19  

Phyllostachys edulis cDNA clone: full insert sequence   0.18  

Bunodosoma capensis  

Nematostella vectensis predicted protein partial mRNA  0.003  

Symbiodinium sp. clade C3 from Acropora aspera CCAAT enhancer-binding protein-like 

mRNA sequence  

Nematostella vectensis predicted protein partial mRNA  

3e-18 

2e-23  

Acropora millepora small cysteine-rich protein 2 (SCRiP2) mRNA, complete cds  2e-04  

Nematostella vectensis predicted protein partial mRNA  2e-66  

 

 

3.3.  PCR Screening of cDNA libraries and genomic DNA 

3.3.1. Degenerate primers for screening for anthozoan fluorescent and chromoproteins 

To screen the cDNA libraries based on sequence homology, degenerate primers were designed 

specific for AFPs and ACPs.  More than 80 sequences representative of all fluorescent protein 

colours as well as chromoproteins from sea anemones and corals were collected from NCBI 

genebank and aligned using MAFFT’s online (http://mafft.cbrc.jp/alignment/) G-INS-i algorithm and 

the BLOSUM80 scoring matrix.  Two areas of conservation were selected as indicated in Figure 26 

for the design of degenerate primers (Table 5 in Appendix B) which could potentially serve as 

“universal” screening primers.  Furthermore, these regions are not conserved in fluorescent and 

chromoproteins from jellyfish and non-anthozoan organisms (Figure 27).  Therefore, they would 

target a variety of AFPs and ACPs from the Order Anthozoan.  Despite the high degree of 
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conservation at the protein level an alignment of the nucleotide sequences of the conserved regions 

identified (Figure 28) revealed that the sequences were more degenerate than initially thought.  The 

degeneracy of the screening primers designed ranged from 48 to 256. 

 

 

Figure 26. Exert of MAFFT alignment of various AFPs and ACPs.  Blocked sequences are the sites that primers were 

designed to and star indicates the XYG motif of the tripeptide sequence. 

 

 

Figure 27. Exert of MAFFT alignment of fluorescent and chromoproteins from Cnidaria.  Blocked regions show the 

difference in the conserved regions selected for primer design of AFP and ACPs screening. 
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Figure 28. Exert of MAFFT alignment of nucleotide level to which primers were designed.  The blue block is where the 

forward primers were designed to and the red block the reverse primers.  Codon bias of each organism resulted in the 

degeneracy of the primers that were designed. 

 

3.3.2. PCR optimization on dApc positive control   

After being unable to procure an AFP or ACP as positive control, a synthetic positive control (dApc) 

was designed and synthesised to be used as template in a PCR reaction.  The purpose of the positive 

control was to prove that the degenerate primers were indeed capable of ampilifying AFP and ACP 

cDNA targets.  The synthetic positive control template was based on the sequence from Actina 

equina aeCP597 (blue chromoprotein) and formed the main scaffold.  Additional conserved 

sequences from other fluorescent proteins (corresponding to the region the primers were designed to) 

were incorporated onto the scaffold sequence (Figure 29).  The motivation for using the aeCP597 

sequence was because A.equina is from the same Family (Actiniidae) as the sea anemones used in 

the libraries constructed.  The synthesized positive control dApc (Biomatik, USA) and the expected 

amplicon sizes resulting from amplification using the various primer sets based on the sequence are 

shown in Figure 29.   

The effects of the type of polymerase used, primer concentration, template amount and influence of 

non-target DNA were explored.  It was observed that high fidelity polymerases like Phusion 
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(Finnzymes) (in GC buffer only), and high fidelity hot start polymerases such as PrimeSTAR 

(Takara) and AmpliTaq Gold (Applied Biosystems) were able to amplify the target from the positive 

control.  The PrimerSTAR polymerase was most successful in amplification and was therefore, used 

in subsequent screening (unless otherwise stated).   

 

  

Figure 29. Positive control dApc and expected product sizes.  Primer binding sites are indicated by respective arrows.  

The blue line and blocks represents sequence from A. equina’s aeCP957sequence.   The various blocks represent where 

other non-aeCP597 sequence was inserted: purple-sequence from Corynactis californica GFP; orange-sequence from 

Ricordea florida GFP and green-AfpR (sequence from Eusmilia fastigiata CFP. A-F are possible amplicons.   

 

The forward and reverse primer concentrations were individually increased from 0.2 µM to 0.8 µM 

and used at a concentration of 0.6 µM unless otherwise stated.  Figures 30 and 31 illustrate that the 

primers were specific to AFPs and ACPs as they were unable to bind and amplify EGFP (jellyfish 

FP).  However, the primer sensitivity was low as the minimum amount of template that could be 

successfully amplified was 0.5 ng (see Figure 32) which equals approximately to 1.27
9
 copies of the 

Non-specific 

products 
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target DNA added per reaction. In each of the various primer sets, however, a secondary non-specific 

product is amplified (Figure 30).   

 

   

Figure 30. cDNA screening optimisation of template concentrations and annealing temperatures.  Positive control dApc 

was used as template in a PCR screen using PrimeSTAR and 0.4 µM of each primer.  The red boxes indicate expected 

amplicons. Marker is 100 bp plus (see Appendix C). 

 

Figure 31. Assessment of degenerate primer sets’ binding capability and specificity on different templates using 

PrimeSTAR and 0.4 µM of each primer.  Marker is 100 bp plus (see Appendix C). 
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Figure 32. Determining detection sensitivity of dCP primer set within cDNA libraries by spiking with dApc- using 

PrimeSTAR and 0.6 µM of each primer.  Low range DNA marker molecular sizes are in Appendix C. 

 

3.3.3. PCR-based cDNA library screening using degenerate primers 

PCR amplification using cloned cDNA as template with the respective primer sets under optimised 

conditions did not yield any observable product.  This may have been due to the stringency of the 

cycling parameters or that the products were not at a level detectable by agarose gel electrophoresis.  

Therefore, touch-down PCR, a technique which accounts for the variations in the annealing 

temperatures of the degenerate primers was used to increase binding and amplification of target 

sequences.  Additionally second round PCR, where a previous PCR reaction serves as template, was 

used to increase the yield of product so that it would be detectable by agarose gel electrophoresis.  

After applying both techniques amplicons of correct size as well as larger non-specific products were 

observed.  Figure 33 shows that nonspecific products were amplified when cDNA was screened with 

various primer sets in a touchdown PCR using an initial annealing at 63°C decreasing at 1°C per 

cycle over 15 cycles thereafter.  The alternative approach where PCR amplicons from an initial 

library screen were used (3 µL of “dirty” PCR reaction) in a second touch-down PCR yielded more 
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promising results.  The products were cloned into pJET and the size was verified by amplifying the 

insert from the clone using pJET primers (Figure 34).  The cloned products were sequenced and were 

found to be either primer dimers or non-specific products of approximately 250 bp and 1.2 kb.   

  

Figure 33. Results of the touch-down PCR screen on P. varia and P. flagellifera cDNA libraries reveal that amplification 

is observed only with the dCP primer set. The product size ranging from ~300-1200 bp was, however, an indication the 

amplification is non-specific. DNA ladder is 100 bp O’generuler (see Appendix C). 

 

 

 

 



 
 

82 
 

 

Figure 34. Products from a PCR with cDNA template and dCP primer set which was used in a subsequent touch-down 

PCR with various primer sets.  The resulting amplicons where cloned into pJET and colony PCR with vector primers was 

performed.  Clones A7, A9, C11, D9 and D12 were sequenced.  DNA ladder is 100 bp O’generuler (see Appendix C) 

 

3.3.4. PCR-based screening of gDNA using degenerate primers 

The gDNA was screened using the previously designed degenerate primers in an attempt to recover a 

partial portion of the gene for AFP or ACP.  Figure 35 shows a 1.2 kb product was consistently 

amplified in each sample using the dCP primers in a touch-down PCR protocol using initial 

annealing conditions between 70.5-71.5°C (depending on primer and gDNA sample used) with a 

decrease of 1°C/cycle for 15cycles. 

The amplified fragment was cloned (see Figure 36) and subjected to Restriction Fragment length 

polymorphism (RFLP) using AluI.  The RFLP fingerprints, as seen in Figure 37, delineate three 

distinctive phylotypes with one being unique to B. capensis. One clone of each phylotype from each 
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of the sea anemone samples was sequenced.  Two additional clones of each phylotype originating 

from the P. varia gDNA were also sequenced to confirm that the RFLP patterns were indeed unique 

sequences. 

Sequence comparisons using the BLASTx and tBLASTx algorithms against that the NCBI database 

revealed the gDNA amplicons were nonspecific PCR products.  For all sequences, except one, the 

closest BLAST relative was a viral insert similar to gag-pol of Schistosoma japonicum.  However, 

the unique clone from B. capensis showed similarity to N. vectensis Zinc finger proteins. 

 

 

Figure 35. Gel images of the degenerate PCR using touch-down PCR on gDNA from sea anemones.  Low range DNA 

marker molecular sizes and DNA ladder is 100 bp O’generuler are in Appendix C. 
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Figure 36. A and B are gel images of a pJET colony PCR – the amplicons from clones containing the correct insert size 

were subjected to RFLP using AluI.  Molecular weight markers λ-PstI and Low range DNA marker sizes are in Appendix 

C. 
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Figure 37. RFLP fingerprints of amplicons from gDNA_dCP.  Gel images are labelled accordingly and the molecular 

weight markers λ-PstI and Low range DNA marker sizes are in Appendix C. 

  

3.4. Construction of Functional cDNA libraries 

The following sections will cover the construction of cDNA libraries for activity based screening in 

expression vectors pLINKet and pEGFP-N3.  The linker molecules necessary for the In-Fusion 

cloning are added by inverse PCR to the chosen expression vector.  The pLINKet vector was 

synthesised in the course of this study to be used in combination with the In-Fusion SMARTer 

cDNA synthesis library construction kit (Clonetech) as the kit does not have a functional vector.  

pEGFP-N3 is a commercially available vector that encodes a fluorescent protein that is used as a tag 

to track protein expression and localization in cells.  The fluorescent protein was excised and cDNA 

was cloned in its place.  In order to accomplish this, the SMARTer protocol was modified as later 

described. 

3.4.1. Functional library construction: pLINKet synthesis  

A single 5 473 bp product was amplified under the following  experimentally determined conditions 

(see Figures 38 and 39): 2 ng pET21a, 0.4 µM of each primer, 0.5 mM dNTPs, 1 X HF phusion 
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buffer and 1 unit of Phusion in 100 µL final volume.  The cycling parameters were initial 

denaturation at 96°C for 60 seconds followed by 25 cycles of denaturation at 95°C 10 seconds, 

annealing at 60°C for 20 seconds and extension at 68°C for 5 minutes and 40 seconds ending with 

final extension at 68°C for 5 minutes.   

Restriction endonuclease digestion of the linearized vector using XbaI and HindIII removed the 

linker molecules that were added during the PCR.  The vector was then re-circularised using T4 

ligase and transformed into E. coli GeneHogs and BL21 DE3 pLysS.  The transformants obtained 

serve as an indication that the origin of replication and antibiotic resistance marker of the vector were 

still functional.  Sequencing of the vector (Figures 38 and 39) revealed that the linker addition was 

successfully incorporated and in the correct orientation for In-Fusion cloning.     

 

 
 

Figure 38. Optimization of pLINKet PCR synthesis.  Effect of amount of template and primer concentration; lanes 1-12 

represent a gradient of annealing temperatures from 52-62°C. Molecular weight marker λ-PstI is in Appendix C. 
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Figure 39. Optimization of PCR reaction volume and primer concentration with annealing temperature fixed at 60°C.  

Control A-10 µl of and Control B-5 µL loaded from a previous PCR optimization in a final volume of 25 µL for 

comparative analysis.  Molecular weight marker λ-PstI is in Appdenix C. 
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Figure 40. pLINKet sequencing results using the T7 promoter primer- Linker molecule sequence incorporated is indicated in red box. 

 

 

Figure 41. pLINKet sequencing results using the T7 terminator primer- Linker molecule sequence incorporated is indicated in red box. 
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3.4.2. pLINKet cloning using positive control LacZ 

Attempts to clone with the synthesized pLINKet were largely unsuccessful.  The transformation and 

cloning controls showed that the cells were highly competent (approximately 4.7X10
8
 CFU/µg of 

DNA), viable and sensitive to ampicillin.  Ligation controls included reactions where either no 

enzyme or no insert were added.  These respective controls were used to verify that the parental 

pET21a was digested to completion and that pLINKet was not re-circularising.   

Of the several vector preparations that were synthesised and used in cloning experiments, only one of 

the preparations yielded parental colonies.  The sequencing results of this vector preparation are 

shown in Figures 38 and 39.  The rapid peak drop just after the linker sequence suggests that the 

vector product from the PCR synthesis is indeed a linear molecule.  However, the continuation of the 

sequence after the linker region confirms that this preparation of vector did contain a proportion of 

parental molecules. 

3.4.3. Functional library construction: modified SMARTer
TM

 cDNA synthesis 

As an alternative to the In-Fusion library cloning, conventional restriction digest cloning was used to 

construct libraries in pEGFP-N3.  For this the cDNA synthesis needed to be modified to incorporate 

the restriction sites into cDNA linker molecule ends.   The cDNA synthesis was successful as 

products were visualized by gel electrophoresis.  Digested cDNA was cloned into pEFGP-N3 and 

successfully transformed into E.coli BL21 DE3 pLysS as colonies were obtained on LB agar 

supplemented with kanamycin (as in Appendix A).   However, the libraries consisted mainly of 

vector without insert as the vector had not been completely digested and in the process of cloning 

had simply re-ligated. This was confirmed by both colony PCR using the modified SMARTer cDNA 

primers (Figure 42) and digestion of plasmid DNA using NotI and SalI (Figure 43). 
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Figure 42. Colony PCR from each functional library created through the modified cDNA synthesis.  No amplification was observed in any of the experimental reactions indicating 

no inserts were taken up. VLC -vector ligation control showing the background colonies were due to re-ligation of a partial vector digest. Molecular weight markers λ-PstI is in 

Appdenix C. 

                     

Figure 43. Plasmid DNA was extracted from individual colonies and digested with NotI and SalI.  The resulting digest confirms no insert was taken up and that partially digested 

vector had re-ligated.  Molecular weight marker λ-PstI sizes is in Appdenix C. 

pEFGP-N3 vector backbone 

EGFP gene  
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3.5. Discussion  

The use of new cDNA technologies was evaluated with respects to its application in eukaryotic gene 

discovery with special focus on cloning AFP and ACP.  The advances in both cDNA synthesis and 

library construction using novel methods were considered.  cDNA technology is a fickle technique 

that requires high level transcription of the target gene (especially in the case of rare or less abundant 

transcripts), if this is not the case the likelihood of finding the target using this (cDNA) approach is 

unlikely (Gilbert et al. 2008).  A specific and sensitive screen, especially when sequence homology 

based screens are performed, is critical to success (Stangegaard et al. 2006). 

Unlike for genomic DNA library construction where partial restriction digests are performed to 

ensure the cloning of complete open reading frames, cDNA needs to be fully digested before 

cloning.   This is problematic as there is the likelihood that the particular restriction enzymes chosen 

could cut within the target cDNA sequence. While prior knowledge of sequence would help, 

mutations and sequence variation between genes of interest are common and thus there would be no 

guaranteed prediction that a particular target gene would not be cut within the target sequence. 

The addition of linker (or adapter) molecules to cDNA and ligation independent cloning is gaining 

popularity in the field of eukaryotic gene discovery (Bystrova et al. 2010).  Linker addition negates 

the requirement for restriction digestion, while ligation independent cloning does not have the 

disadvantage of low efficiency cloning as with blunt end ligation.  In the past, linker addition was a 

tedious and problematic stage during cDNA synthesis.  The advances in these techniques over the 

years can be observed in the development of kits utilizing a mutant of the M-MLV reverse 

transcriptase with a deletion in its RNaseH activity (Georgiadis et al. 1995; Das and Georgiadis 

2004; Izuno et al. 2010).  This reverse transcriptase demonstrates the ability to remove the mRNA 5’ 

cap and adds a sequence onto this end.  This has allowed researchers to add linker molecules to both 

ends during a single reaction when synthesizing cDNA (Song et al. 2010).  This maximizes yield and 

adds sensitivity to the construction of cDNA libraries.  Old techniques required the synthesis of 

cDNA before linkers could be attached.  These extra steps and complications to the process of 
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constructing cDNA libraries resulted in contamination and loss of yield. The advances in ligation 

independent cloning, when combined with the SMARTer
TM

 cDNA synthesis, removed the problem 

of restriction enzyme cloning.   Additionally, only transcripts with a 5’ cap are converted in the stage 

of second strand synthesis and thus the libraries created are selective for full length transcripts (Zhu 

et al. 2001).   

The In-Fusion SMARTer cDNA library construction kit has proven to be an effective technique for 

creating libraries needing to be screened based on sequence homology.  The most important 

considerations when using this method would be the preparations prior to cDNA synthesis: 

extraction of high quality mRNA; design and optimisation of primers or probes for the screening 

approach.   

The SMARTer
TM

 cDNA synthesis is applicable for the next stage of eukaryotic gene discovery, 

namely deep sequencing of cDNA.  A recent study has found this approach to gene discovery to be 

very promising (Johansen et al. 2010).  The workflow outlined in the paper was to synthesise cDNA 

that could be sequenced using next-generation sequencing and following intensive bioinformatic 

analysis of select targets for expression trials.  The SMARTer
TM

 synthesis could be modified and 

applied to this approach by incorporating the linker molecules necessary for sequencing in the first-

strand reaction.  As both linker molecules are attached in a single step directly to the starting material 

the bias introduced by PCR and other intermediary steps can be negated.  The need to construct a 

library falls away and the screening process is streamlines. 

In this study there are 3 possible reasons why no positive targets were identified.  Firstly, the amount 

of starting material used in the RNA extraction was 5 times that recommended in the literature.  This 

may mean the target transcripts were “diluted” to levels that could not be detected with the primers 

that were designed.  Pigmented tissue (i.e. tissue that was brightly coloured or fluorescent) was used 

for the RNA extractions in the likelihood of increasing the presence of the transcripts for the protein 

targets.  However, it has been noted that the AFP and ACP are extremely stable and possess a 

relatively long half-life (Leutenegger et al. 2007).  The possibility that the mRNA transcripts for any 
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AFP or ACP were no longer in the cells is thus a likely explanation as to why the targets were not 

detected in the sequence based screens.  This highlights the second reason that the primer design is of 

utmost importance when screening based on sequence homology.  Even though the sequences were 

highly conserved at the amino acid level, the nucleic acid level was fairly degenerate due to codon 

biases in different species.  The primers designed may not have been sensitive enough to detect the 

respective targets.  

The cDNA libraries constructed to be screened by activity were also unsuccessful for various 

reasons.  The libraries in pLINKet, a functional vector for In-Fusion
TM

 cloning, were unable to clone 

any insert.  The In-Fusion
TM

 cloning is a form of ligation independent cloning.  The enzymes 

involved in this process are polymerases that have exonuclease activity.  The In-Fusion
TM 

enzyme 

has 3’ exonuclease activity that creates sticky ends by removing the nucleotides at the end of the 3’ 

strand.  For this process to occur, the 3’ ends need to be hydroxylated (Aslanidis et al. 1994; Li and 

Evans 1997; Berrow et al. 2007).  One possibility that was not explored for the cloning failure was to 

test if the 3’ ends of pLINKet were indeed hydroxylated.  Libraries constructed in pEGFP-N3 and 

screened for activity yielded only background colonies.  The most likely possibility for this was that 

the vector was not completely digested, resulting in religation.   

Possible alternative routes that could have been taken in the sequence based screening approach are: 

Use the degenerate primers listed in some other published studies; redesign of primers using a close 

relative to make the screen more sensitive and specific.  With regards to the libraries constructed for 

activity based screening, a different kit (using a different cDNA synthesis technique) could have 

been used.  However, the kits used in the published studies have been discontinued.  An alternative 

route would be to use an organic extraction to recover the fluorescent or chromoproteins and subject 

them to mass spectrophotometery.  The resulting protein sequence could be used to design new 

primers specific for the targeted AFPs or ACPs to re-screen the cDNA libraries. 
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4. Conclusion  

Addressing the origins and purpose of AFP and ACPs is difficult.  It is clear they serve in a vast and 

variable capacity within the cell; however the suggested functions thus far are supported by weak 

and ambiguous data leaving the biological role of these proteins open to debate.  The phylogenetics 

of both the proteins as well as the host organisms is unresolved (Shagin et al. 2004; Alieva et al. 

2008; Daly et al. 2008).  The poly and para-phyletic nature within the Order of sea anemones, in 

particular, are suggestive of homoplasy; i.e., multiple origins.  If this is the case then it would not be 

surprising that the gene repertoire of these would show a similar trend.  The possibilities of 

convergent evolution and atavism should be taken into consideration for future phylogenetic studies.  

Furthermore, linking host relation and environmental factors instead of looking at the proteins in 

isolation may provide more detailed insight as to biological significance and origin of AFP and ACP. 

Is the pursuit of novel fluorescent and chromoproteins from Anthozoans (or in general) a worthy 

research interest?  From a blue biotechnology viewpoint, recovery of novel AFPs or ACPs is not a 

high priority research project.  Over 100 fluorescent and chromoproteins have been discovered and 

characterized (in part or fully) and the most commonly used remain A. victoria mutants.  

Furthermore, the lack of knowledge about the biological role has frustrated efforts in generating 

mutants of AFPs and ACPs with desired traits.  Furthermore, fluorophore dyes and bioluminescent 

systems are well established alternatives to fluorescent proteins as markers or tags.  In terms of 

biological research, new FPs and CPs need to be considered not only in context of their protein 

classification but also in perspective with the host and environmental circumstances.  The lack of 

insight into the cellular biology of sea anemones, their associated symbionts and the role of FPs and 

CPs in those interactions would surely make for interesting scientific research.   

Marine biotechnology in South Africa should be given serious consideration.  The infrastructure for 

developing a sustainable biotechnology industry is currently under construction.  The lack of a 

developed marine biotechnology industry is a reflection of limited attention in this field.  

Developments in the facilities, tools and necessary expertise to study marine biotechnology needs to 
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be made, but the basis for all of this already exists and just needs to be encouraged.  The potential for 

a prosperous marine community in South Africa is realistic considering the unique coastal waters 

that host a wide biodiversity including many endemic species.  The proximity of national research 

institutes, housed in Universities, to industrial areas allows the interaction between industry and the 

science community to be fostered.   

The National Research foundation has put into place the funding for marine biotechnology projects.  

The Knowledge development fund hosts a program, SEAchange, specific for funding marine 

interests that enable technological development.  In this regard, marine biotechnology may become 

an avenue used to fulfill future government mandates in terms of national biotechnology strategy.  

The great demand for novel pharmaceuticals, nutraceuticals, bioploymers and pesticides can be met 

if the scope for screening is widened to include marine sources.  To accomplish this though the tools 

to exploit marine biotechnology as well as the expertise in this field needs to be developed at a more 

accelerated pace.   
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Appendix A (general recipes) 

Media 

All media components were purchased from Sigma-Aldrich and Merck unless otherwise stated.  

Luria-Bertani (LB) agar was prepared using 1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1 % (w/v) 

NaCl and 1.5 % (w/v) bacteriological agar.  SOB medium (broth) was prepared from 2 % (w/v) 

tryptone, 0.05 % (w/v) NaCl, 0.5 % (w/v) yeast extract and 0.02 % (w/v) KCl.  SOC medium (broth) 

was prepared by aseptically adding 2 M MgCl2 to 0.5 % (w/v) and 1 M (filter sterilised) glucose to 2 

% (w/v) to previously autoclaved SOB.    Psi (ψ) broth was prepared containing 2 % (w/v) tryptone, 

0.5 % (w/v) yeast extract, 0.5 % (w/v) MgSO4 and the pH was set to 7.6 with KOH.  MgCl2 and 

glucose  

The antibiotics kanamycin (kan) and ampicillin (amp) were added as required at final concentrations 

of 50 µg/ml and 100 µg/ml, respectively, unless otherwise stated.  For blue white selection 80 µg/µL 

X-gal and 1 mM IPTG were added to LB agar. 

 

Extraction and Lysis buffers 

Solution D [4M Guanidine isothiocyanate, 25mM Sodium Citrate, 0.5 % Sarcosyl, 0.1M β-

Mercaptoethanol]  

Preparation of solution D: 

25g of Guanidium isothiocyanate was dissolved in 29.3mL of mQ water and double autoclaved. 

To the 4M Guanidium isothiocyanate solution 1.76mL of 75mM sodium citrate and 2.64mL of 10 % 

sarcosyl were added.  This stock solution can be stored at room temperature for at least 3 months. 

To prepare solution D 360µL β-mercaptoethanol/50mL of stock solution was added.  Solution D can 

be kept for 1 month at room temperature.  It is very important to use fresh solution D for extractions 

to achieve the best results. 
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To prepare the lysis buffer for gDNA extraction stock solutions 1 M Tris –HCL, 20% SDS, and 20 

mg/mL Proteinase K were used to prepare 0.01M Tris-HCL, 0.1 % SDS and 300µg of Proteinase K 

lysis buffer fresh each time. 

MOPS/formaldehyde gels 10 X MOPS running buffer containing 0.4 M MOPS, 0.1 M NaAc, 0.01 M 

EDTA pH 7.0 was prepared from stock solutions of filter sterilized 2 M MOPS, 3 M NaAC and 0.5 

M EDTA. 
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Appendix B (strains, plasmid/vectors and Primer sequences) 

Table 5 Strains, plasmid/vector genotypes and primers sequences used in this study. 

Strains 

Name  Genotype  Reference  

GeneHogs F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU 

galK rpsL (StrR) endA1 nupG fhuA::IS2 (confers phage T1 resistance) 

 

BL21 (DE3) pLysS F-, ompT, hsdSB(rB-,mB-), gal, dcm, (DE3), pLysS, CamR  

Vectors and Plasmids 

Name  Properties   Reference  

pUC19 Ampicillin resistance marker; LacZα gene; colE1 origin; high copy number  

pSMART2IF (identical to pUC19) contains In-Fusion linker molecules  

pEGFP-N3  Human cytomegalovirus (CMV) immediate early promoter; Enhanced green fluorescent protein gene; SV40 

early mRNA polyadenylation signal; f1 single-strand DNA origin; Bacterial promoter for expression of 

Kanamycin resistance gene; SV40 origin of replication; SV40 early promoter; Kanamycin/neomycin resistance 

gene; Herpes simplex virus (HSV) thymidine kinase (TK) polyadenylation signal; colE1 plasmid replication 

origin, 500 copy number  
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pET21a T7 promoter  and terminator; T7 and His•Tag coding sequences; lacI coding sequence; pBR322 origin; bla 

coding sequence; f1 origin  

 

Primers 

Name Sequence  Reference 

18S rRNA gene 

EukA 5’-AACCTGGTTGATCCTGCCAGT-3’ Diez, et al. 2001 

EukB 5’-TGATCCTTCTGCAGGTTCACCTAC-3’ Diez, et al. 2001 

cDNA synthesis 

oligonuclotides 

SMARTer II A Oligonucleotide 5'-AAGCAGTGGTATCAACGCAGAGTACXXXXX-3' Clontech 

3' SMART CDS Primer II A 5’-AAGCAGTGGTATCAACGCAGAGTACT(30)N-1N-3’ Clontech 

16S rRNA gene 

F1 5’-AGAGTTTGATCITGGCTCAG-3’ Modified fD1 

Weisburg et al. 1991 

R5 5’-ACGGITACCTTGTTACGACTT-3’ Modified rP2 

Weisburg et al. 1991 

General vector 

primers 

M13 For 5´-CGCCAGGGTTTTCCCAGTCACGAC-3´ Promega  

M13 Rev 5´-TCACACAGGAAACAGCTATGAC-3´  Promega  

pJET1.2 forward 5’-CGACTCACTATAGGGAGAGCGGC-3’ Fermentas Inqaba 

pJET1.2 reverse 5’-AAGAACATCGATTTTCCATGGCAG-3 Fermentas Inqaba 
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Degenerate 

chromoprotein 

primers 

dCPfwd 5’-GGHGGWCCWYTGCCATTTGCYT-3’ 

 Tanya Nyman 

dCPrv 5’-GCATMTGRGGKCCATYRGWAGG-3’ 

Degenerate 

fluorescent protein 

primers 

AfpF2 5’-CCAYTKCCWTTYKCYKYTGA-3’ 

Tanya Nyman 

AfpF3 5’-CCAYTKCCWTTYKCYKYCGA-3’ 

AfpF6 5’-CCTYTKCCWTTYKCYKYCGA-3’ 

AfpR 5’- GGWCCRTYDGSRGGAAARTT-3’ 

Functional cDNA 

synthesis primers 

FUNF 5’- AGTTCGCCAACGCCACCATGGTAGGAGGCGCAGAGTAC-3’ 

Tanya Nyman 

FUNR 5’- AAGTGCGGCCGC_T(30)_N-1N -3’ 
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Appendix C –DNA Markers and Ladders 

A         B  

C        D  
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E  

Figure 44. Commercially available DNA ladders and molecular weight markers used in this thesis. 
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Appendix D (additional Figures) 

M13 PCR of rRNA clone libraries 

A  

B  
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C  

Figure 45. M13 colony PCR from 18S and 16S rRNA diversity libraries of A) P. varia B) P. flagellifera C) B. capensis.  

The top 48 (unblocked) are the 18S rRNA amplicons and the bottom (blocked) 48 are the 16S rRNA amplicons. 
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RNA checks 

A  B    

C  

Figure 46. A) Pseudactina varia B) Pseudactina flagellifera and C) Bunodosoma capensis show 18S rRNA PCR to 

check RNA for gDNA contamination. 
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cDNA positive control optimizations 

 

Figure 47. Effect of various polymerases on amplification.  The high fidelity polymerase pfu was not capable of 

amplifying the target positive control. Phusion polymerase was only able to amplify the target in the HC buffer (which 

contains various denaturants which disrupt any secondary structures formations)  the polymerases where tested across an 

annealing gradient from 52-60°C. 
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