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ABSTRACT 

The red agar-containing macroalga G. gracilis (Stackhouse) Steentoft, Irvine et 
, 

Farnham has occurred in Saldanha Bay, South Africa for many years. However, in 

recent years a number of collapses in this G. gracilis population were recorded, in 

some instances almost erradicating the entire population. One of the causes of these 

collapses is thought to be bacterial disease about which there is very little known. The 

bacterial pathogens of this macroalga were thus investigated to determine the nature 

of disease occurrence and how G. gracilis responds to such infections. 

A large number of culturable bacterial epiphytes isolated from G. gracilis from 

Saldanha Bay, South Africa, and Luderitz, Namibia were characterised and compared. 

The number of culturable bacteria isolated from the seawater surrounding the 

macroalgae was significantly lower than that which occurred epiphytically on the 

macro algal thalli. Most of the bacteria isolated were Gram-negative, motile rods, and 

many were classified to genus level. Scanning electron microscopy confirmed that a 

large epiphytic population of coccoid and rod-shaped bacteria occurs primarily on the 

main thalli of the rnacroalga and that significantly fewer (and often none) reside on 

the thallus growth tips. Of the total number of bacterial isolates examined from 
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Saldanha Bay and Ltideritz G. gracilis, 39% and 30% were highly agarolytic, 

respectively. In addition, all the agarolytic bacterial strains exhibited proteolytic 

activity. 

To determine whether any of the bacteria isolated above were pathogenic to 

G. gracilis, an assay was required to test for the ability of these strains to induce 

disease symptoms. Since available protocols for the identification of bacteria 

pathogenic to G. gracilis were found to be inadequate, an assay was developed which 

made use of 'axenic' (bacteria-free) G. gracilis in order to allow disease symptoms to 

be directly attributed to the presence of a speci fic bacterial isolate. This assay enabled 

the identification of six pathogens of G. gracilis. All the pathogenic bacterial strains 

were agarolytic, suggesting that this characteristic may be responsible for causing 

macroalgal disease. Using this assay, the highly agarolytic G. gracilis pathogen, 

strain LS2i, was used to study the role that temperature plays in inducing bacterial 

virulence. Results showed that temperature does influence the induction of G. gracilis 

disease symptoms. 

To determine whether the bacterium, LS2i, was a previously-identified bacterial 

species, it was further characterised using biochemical tests together with sequencing 

of the 16S rRNA gene (l6S rDNA). Results show LS2i is a member of the genus 

Pseudoalteromonas and that it may be a new species. 

This bacterium (LS2i) was used as a test case to determine the influence of nutrient 

supply and temperature on its behaviour and how these may induce G. gracilis disease 

sympt<i'ms. To test the effect of nutrient supply, the growth characteristics of LS2i 

and its agarase production were tested in different media supplemented with 

additional carbon sources. The growth rate of LS2i increased when cultured in an 
I 

agarose-supplemented medium. The corresponding agarase activities measured in 

culture supernatants were weakly influenced by the nature of the additional carbon 

sources. Media supplemented with either glucose or galactose exhibited repression of 

LS2i agarase production for the first 6 h of incubation. 

The influence of three different temperatureS (12, 22 and 30°C) on LS2i growth rate 
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and agarase production was compared on two different media. The growth rate 

increased with increasing incubation temperature in both types of media tested. An 

increase in agarase production occurred earlier in the 30°C cultures than in the 22°C 

cultures regardless of the growth medium. However, agarase activity levels in the 

22°C· MB culture exceeded those measured in the 30°C MB culture after 12 h 

incubation, whilst the agarase levels of LS2i (in MB) incubated at 12°C remained 

very low throughout the 12 h incubation period. The effect of temperature on crude 

extracts of the LS2i agarase enzyme was also determined. It was found that the 

enzyme was most active between 22 and 37°C and most stable when stored at 30°C 

over a 5 day period. 

Many terrestrial plants exhibit very complicated defence mechanisms in order to 

protect against pathogen infection and consequent death. To determine whether 

G. gracilis exhibited a similar defence response to infection with LS2i, a comparison 

of total cellular protein isolated from G. gracilis infected with LS2i and healthy 

G. gracilis was carried out using SDS-PAGE. Results showed· that at least four 

additional proteins were produced in response to the bacterial infection, suggesting 

. that the macroalga expressed additional genes whose products play a role in the 

macroalgal defence against LS2i infection. 

A relatively new technique called cDNA-AFLP analysis was employed to isolate gene 

fragments representing genes which were expressed only in response to LS2i 

infection. Nine differentially-expressed gene fragments were identified from cDNA 

prepared from diseased G. gracilis. that were not present in cDNA prepared from 

healthy G. gracilis. Five of the nine cDNA fragments were successfully amplified 

using PCR, cloned into the plasmid vector pBluescript (SK) and subsequently 

sequenced. Analysis of the DNA sequences using BlastN and BlastX searches of the 

GenBank database, showed that the deduced amino acid sequences of two of the 

cDNA fragments possessed homology to proteins which are involved in the defence 

response of terrestrial plants; namely, a disease resistance protein of soybean (Glycine 

max) and the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase of potato 

(Solanum tuberosum). This suggests that G. gracilis responds similarly to terrestrial 

plants when infected by pathogenic bacteria. 
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1 

INTRODUCTION 

1.1 GRACILARJA GRACIliS 
ETFARNHAM 

1.1.1 classification of G. gracilis 

gracilis (Stackhouse) 

commercially important genus of 

1 Renn, 1997). The genus 

et belongs to a 

''''''''""n1'''1"1" et al., 1995; Armisen, 

importance as a source of 

phycocolloid, agar. However, it is v~,,, .. ,,, .. u,_y as a green vegetable in 

Indies (Smith et 1984), asa tablet form in Japan (Armisen, 

1995) as a source abalone aquaculture (Chiang, 1981). 

consists SDj~CH~S and is widely distributed throughout world 

(De 1<l"L1HV, 1994). 

was incorrectly to as confervoides 

a number of countries ",,,,,,,',",u,,vn et al., 1995). The same 

was also misidentified Italy and 

(Hudson) Papenfuss (Bird and 

recognised' and classified on 

reproductive organ features 

biology have provided new tools 

The electrophoresis 

as Gracilaria verrucosa 

tt""T'pnt algal species were originally 

anatomical, 

recent developments in 

the classification of 

with endonucleases, IJ'''''''-'Y,,",'''' 

presence of highly 

level. Goff and Coleman (1988) 

not only between 

Gracilaria speCIes as 

(Bory) Weber-van 

DNA 

between 

Setchell, 

pacifica Abbott), 
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enabling them to distinguish between the three species. The validity of this protocol 

for aiding macro algal systematics was confirmed by Bird and Rice (1990), who 

determined the profiles of eleven "different" G. verrucosa strains from Northern 

Europe, and showed that there were in fact only three different species, despite 

differences between all eleven strains in the traditional classification system. 

In addition to the above methods, PeR-amplification of highly-conserved DNA

coding regions, and subsequent restriction fragment length polymorphism (RFLP) 

and/or sequence analysis of the amplified DNA, have aided in delineating many 

different Graci/aria species. Examples of the DNA-coding regions are: the small

subunit rRNA; rbcL (ribulose-1 ,5-bisphosphate carboxylase); ITS (internal 

transcribed spacers) of the small subunit rRNA; 5.SS rRNA; and ISS rRNA 

(Bhattacharya et aI., 1990; Bird et al., 1990; Scholfield et aI., 1991; Bird et al., 

1994; Freshwater et al., 1994; Goff et aI., 1994; Ragan et al., 1994; Gonzalez et al., 

1996). 

Plastino and Oliveira (1996) described the use of successful crossing between male 

and female specimens from isolated Graci/aria populations in Brazil to distinguish 

between different species and genera. This is based on the theory that specimens that 

can fertilise each other belong to the same species. Their results showed that the male 

reproductive structures, and some features of the female reproductive structures, are 

reliable taxonomic characters, whereas other features such as gross thallus 

morphology and branching pattern are not. All these results emphasise the need to 

combine a number of different approaches when classifying Graci/aria species. 

In 1995, Steentoft et al. re-classified a British speCIes of Graci/aria, which had 

previously been referred to as G. confervoides (Stackhouse) Greville and G. verrucosa 

(Hudson) Papenfuss, as G. gracilis. Detailed characterisation based on morphological 

characteristics indicated that this species had been previously misidentified. This 

species was selected as the lectotype of the Graci/aria genus and new descriptions 

given based on the details of vegetative and cystocarp structure. It is referenced as 

Graci/aria gracilis (Stackhouse) Steentoft, Irvine et Farnham and refers to male, 
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female and non-fertile thalli. 

The most recent taxonomic position of G. gracilis is shown below (Annisen, 1995): 

Division: Rhodophyta 

Class: Florideophyceae 

Order: Gracilariales 

Family: Gracilariaceae 

Genus: Graci/aria 

Species: gracilis 

1.1.2 General characteristics of Gracilaria gracilis 

Gracilaria gracilis normally occurs in the lower intertidal and upper subtidal regions 

of the ocean. It is often attached to a solid surface by a holdfast, which is a crustose 

clump of 5 to 6 fused sporelings from which many erect terete thalli grow. These 

thalli develop lateral branches of varying lengths at irregular intervals along their 

axes. The alga is perennial and can regenerate readily from the holdfast as well as 

from small thallus pieces. 

Although multicellular seaweeds lack the high degree of organisation and 

differentiation that are characteristic of higher plants, they exhibit specific patterns of 

construction. Graci/aria species have a pseudoparenchymatous cellular organisation, 

in which the thalli are formed by the aggregation of single branched filaments. A 

cross-section of these thalli shows large medullary cells positioned in the centre, 

gradually changing to smaller subcortical and cortical cells towards the outer cuticle 

layer (de Oliveira and Plastino, 1994; Steentoft et al., 1995). The cortex is usually 

two cells deep and densely pigmented. The medulla and subcortex consist of a total 

of four to nine cells in width and are unpigmented. The cortical cells contain 

phycobilisomes, on which pigmented phycobiliproteins such as phycoerythrin, 

phycocyanin and allophycocyanin are organised. These pigmented proteins form part 
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of the algal photosynthetic system. They extend the range of wavelengths of light 

absorbed by the alga and are responsible for conferring the reddish-brown colour on 

the thalli (Gantt, 1990; Grossman et ai., 1993). The outer surface of the thallus is 

referred to as a cuticle. Although little is known about algal cuticles, it has been 

shown in some red algae that the cuticle is highly proteinaceous (Dixon, 1973; 

Craigie, 1990; Craigie et ai., 1992). 

The chromosomes of Graciiaria species are extremely small and difficult to count. 

Of the species of Graci/aria investigated, most have been shown to have a 

chromosome number (n) of 24, although a few have been observed to have 32 

(patwary and van der Meer, 1992; Kapraun et ai., 1993). 

The alga reproduces sexually via a Polysiphonia-type life history (de Oliveira and 

Plastino, 1994; Kain and Destombe, 1995) (Fig. 1.1). The diploid tetrasporophyte and 

haploid gametophyte phases are morphologically identical. Some deviations from the 

life cycle have been observed, such as the development of small gametophytic thalli 

on parental tetrasporophytes as epiphytes (Kain and Destombe, 1995). In addition to 

sexual reproduction, G. gracilis can also propagate vegetatively (Goldstein, 1973), 

and in some cases entire popUlations are infertile and rely purely on vegetative 

propagation for a population increase (Engledow and Bolton, 1992). 

Most red seaweeds are comprised of 70-80% water (fresh weight), 25-35% minerals 

(dry weight), 30-60% carbohydrates (mostly sulphated galactans), 7-15% protein, 

1-5% lipids and 2-10% cellulose (Jensen, 1993). The algal cells contain starch grains 

in the cytoplasm which are referred to as floridean starch. These have been shown to 

consist of amylopectin and/or amylose in a number of red algae and provide a 

polymeric storage compound for organic carbon and energy (Raven et al., 1990). 

In the cell wall of Graci/aria species, the intercellular matrix in which the skeletal 

fibres are embedded is composed of flexible chains of differently sulfated galactans 

whose structure is based on alternating ~-D-galactopyranose and a-L-galactopyranose 
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Tetrasporophyte (2n) 

t 
o Carpospores (2n) 

Cystocarp (2n) produces 
carpQspores 

from De Oliviera 

7 

Tetraspores (n) produced 
from tetrasporangia 

Male gametophyte (n) 

.... .. .. 
Release of spermatla In) 
from spermatangium on 
male gametophyte 

Carposporophyte (2n) 

Female gametophyte (n) 

Fusion of spermatia 
with carpogonium (n) 
on female gametophyte 

Polysiphonia-type life-cycle of 
'''''''I.IIIU. 1994). 
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residues (Knutsen et al., 1994; Murano, 1995). This polymer is referred to as agar, 

whilst the alga is referred to as an agarophyte. Agar polymers in cell walls of some 

Graci/aria species may be charged, suggesting that they play a minor role in 

controlling ion exchange between the medium and the cell cytoplast. However, the 

major biological function of agar is to help maintain the integrity of the algal cells and 

provide mechanical strength to the algal thalli (McLachlan, 1985). 

1.1.3 The physiology of Gracilaria spp. 

Most of the studies on the nutrient requirements of Graci/aria species have been 

carried out on G. tikvahiae (McLachlan) and G. verrncosa (G. gracilis). Nitrogen is 

regarded as the most limiting nutrient in marine waters for Graci/aria growth. The 

most important nitrogen sources are the inorganic salts ammonium (NH4 +) and nitrate 

(N03-) (Reed, 1990; de Oliveira and Plastino, 1994). Ryther et al. (1981) showed 

that nitrogen-starved G. tikvahiae can assimilate NH4 + very rapidly, doubling the total 

tissue nitrogen content in less than eight hours. Similar results were obtained by 

Fujita (1985) with G. tikvahiae, who also showed that the alga could support growth 

for 14 days under nitrogen-limiting conditions. This suggests that the alga has a 

mechanism whereby it is able to sustain growth when nitrogen supplies are episodic, 

which has economic implications for pulse-feeding of macro algae cultivated in tanks 

i.e. nitrogen can be supplied on a weekly instead of a daily basis, whilst enabling the 

maximum growth rate of the macro alga to be sustained. This has been demonstrated 

with G. gracilis grown in tanks (Smit et aI., 1997). The major nitrogen storage pools 

in G. tikvahiae are proteins and amino acids: these are the first compounds to be 

metabolised by the alga under conditions of nitrogen limitation. Inorganic NH4 + and 

N03 - have been found in thalli, but contribute little to the total intracellular nitrogen 

pool (Bird et aI., 1982). The red pigment phycoerythrin also appears to be an 

important source of nitrogen under nitrogen-limiting conditions, as the reddish-brown 

colour is lost in nitrogen-limited macro algae and reappears once nitrogen becomes 

available again (Ryther et al., 1981). 
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Compared with nitrogen, phosphorus is not considered a limiting nutrient for most 

marine macro algae (Reed, 1990). 

The growth rate of G. verrucosa has been shown to vary substantially depending on 

the temperature of the water in which it is grown. Hurtado-Ponce and Umezaki 

(1987) showed that under laboratory conditions, the growth rate of G. verrucosa 

increased with increasing temperatures, with the optimum growth rate occurring 

between 25-30°C. Hanisak (1987) has shown similar optimal temperatures (24 to 

30°C) for G. tikvahiae. Friedlander and Levy (1995) showed that the growth rate of 

G. conferta in outdoor ponds and tanks increased above 25°C and Haglund and 

Pedersen (1993) demonstrated a similar positive relationship between growth rate and 

temperature with G. tenuistipitata in outdoor tanks. However, the optimum growth 

rate in field cultivation was reported to vary between 12 and 20°C (Li et al., 1984; 

Ren et ai., 1984). 

1.2 AGAR 

1.2.1 General 

Agar is defined as a hydrophilic colloid which is insoluble in cold water, but soluble 

in boiling water. It is because of its colloidal and gelling properties that it is used very 

successfully for food preparations. It is used by the food industry in baking jellies, 

meringues, pie fillings and various other types of confectionery. It is also used for the 

manufacture of dental impression media (McLachlan, 1985; Glicksman, 1987; Renn, 

1997). Agar gels can withstand autoclaving temperatures without breaking down or 

disintegrating and are therefore able to be used in canned meat products. In addition, 

agar can hold large amounts of sugar without crystallising, becoming opaque, or 

losing adhesive properties, which enables its use in bakery glazes and toppings. Agar 

from Gracilaria is generally not used in microbiological media, as the quality is not 

high enough (agar from Gelidium spp. is used for this purpose). However, high-
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quality Gracilaria agar may be used as a raw material for agarose production. 

Agar was first extracted by boiling the macroalga in water, a process which produced 

a mass of jelly. This extraction process has since been refined in that the seaweed is 

first boiled and the crude extract frozen. When thawed, the water containing soluble 

impurities such as inorganic salts and phycobilin pigments becomes separated from 

the agar and is filtered out. The agar is further hydrolysed with sodium hydroxide to 

increase the gel strength (Chapman and Chapman, 1980). 

1.2.2 The classification of agars 

Agar was originally classified according to its gelling capability (Yaphe, 1984; 

Craigie, 1990). However, since this classification conflicted with the chemical 

structures and postulated biosynthetic pathways of agar, Knutsen et al. (1994) 

proposed a new nomenclature system based on the chemical structures of the 

polysaccharides. 

The basic structure of agar IS comprised of alternating 3-0-linked 

~-D-galactopyranose and 4-0-linked a-L-galactopyranose residues. These residues 

form polymeric chains of repeating disaccharide units called agarobiose, as shown in 

Figure 1.2. In these polymeric chains, various hydroxyl groups on the 

galactopyranose residues may be sulphated, methylated or glycosylated. Sulphation 

of Graci/aria agar polymers occurs predominantly on C-6 of the 4-linked L

galactopyranose residues. More rarely, the residues may be substituted at C-4 and/or 

C-6 by a cyclic pyruvate ketal. The sulphate content for Graci/aria agars is usually 

less then 10% (w/w) while the pyruvate concentration ranges from 0.04 to 2.9%. Up 

to 20% of the D-galactose residues may be methylated (McLachlan, 1985). 

The vanous substitutions discussed above mean that agar often comprises a 

combination of molecules of differently-modified agarobiose units. Although these 

irregularities make it difficult to propose a biosynthetic pathway for agar formation, it 
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is thought that initial agar fonnation involves the development of a regular backbone 

of alternating D-and L-galactopyranose residues. This is followed by substitution of 

hydroxyl groups with sulphates (and/or other substituents), and the subsequent 

elimination of sulphate by sulphohydrolases from C-6 of some 4-linked a-L

galactopyranose residues to produce 3,6-anhydro-a-L-galactose residues. 

o CH,OH 

)-----0 

O-~----r 

OH OH 
D.galactose 3,6-anhyd,o-L-galactose D.galactose 

Agaroblose unit 

• C-G undergoes substitution such as sulphation 

Fig. 1.2 Basic structure of agar showing alternating D-galactose and 3,6-anhydro-L
galactose residues (adapted from Belas et 01.,1988). 

When all the 4-linked a-L-galactopyranose residues exist in the 3,6-anhydrogalactose 

fonn, the molecules are referred to as agarose. The initial linear galactan molecule 

devoid of any substituted residues is tenned agaran, although this has never been 

isolated from any natural source (Knutsen, et ai., 1994; Murano, 1995). 

1.2.3 Agar quality 

The most important properties of agars are that they fonn aqueous solutions at low 

concentrations, fonn thennoreversible gels, are relatively inert, have a significant 

degree of hysteresis (difference between melting and gelling temperature), retain 

moisture and resist hydrolysis by terrestrial microorganisms (Renn, 1990; Renn, 

1997). There are three grades of agar available: bacteriological; sugar reactive; and 

food-grade. Agar from Graci/aria species is nonnally only used as food-grade agar 
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because it has a higher gelling temperature than agars obtained from Pterocladia and 

Gelidium species. 

Agar from Graci/aria species, in general, has a lower gel strength than agar derived 

from the other major agarophytes, Gelidium and Pterocladia (Yaphe, 1984). 

However, this is improved substantially by alkaline hydrolysis of the agar (McHugh, 

1984). It has been found that treatment of agar molecules with alkali at lOO°C 

eliminates the C-6 sulphate ester on the 4-linked L-galactopyranose units, giving rise 

to the more stable 3,6-anhydrogalactose structure (Murano, 1995). This treatment 

thus produces agarose. Polymer molecules in agar usually form helices and the 

interaction of these helices causes gel formation on cooling. It is thought that 

L-galactose-6-sulphate units cause irregularities in the helical structure. Formation of 

3,6-anhydro-L-galactose residues reduces the number of kinks in the helices, thus 

allowing them to align more closely to each other and increasing the gel strength 

(McHugh, 1991). 

Aqueous solutions of agar (1.5% w/v) are usually clear, form gels between 32 and 

40°C, and do not melt below 85°C (Murano, 1995). Gracilaria agar normally has a 

gelling temperature of 40°C. Agarophytes for food-grade agar should give industrial 

yields greater than 8% and a 1.5% solution (w/v) should have a gel strength of 

600 g/cm2 or more (Armisen, 1995). 

In the Graci/aria cell wall, the type of chemical substitution (eg. sulphation), extent of 

substitution, and molecular weight distribution affect the physical properties of the 

agar polymers in the algal thallus. These effects remain when the galactans are 

isolated from the thalli and thus the quality of the gel obtained is ultimately dependent 

on the mode of agar biosynthesis occurring in the alga. Many different physiological 

factors such as tissue age and water temperature (Craigie and Wen, 1984), nitrogen 

availability (Bird et al., 1982) and consequently growth rate (Lignell and Pedersen, 

1989) have been shown to determine agar quality. Christiaen et al. (1987) performed 

extensive experiments on G. verruCosa to show that seasonal changes affected agar 

yields and quality. At higher temperatures, agar yields were decreased and biomass 
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increased, whereas at lower temperatures, agar yield increased and biomass decreased. 

In addition to this, a high content of agarose (and thus good quality agar) 

corresponded to decreased growth rates, while low-agarose-content agar was 

associated with increased algal growth rates. The prevailing culture conditions of 

Gracilaria sordida Nelson and G. verrucosa were also shown to influence agar 

quality by Ekman and Pedersen (1990). Cote and Hanisak (1986) studied a number of 

different Gracilaria species, including G. verrucosa, and showed that there were a 

number of correlations between the different agar properties. Increased gel strength 

was associated with an increase in 3,6-anhydrogalactose content (decrease in sulphate 

content), which was accompanied by an increased melting temperature and gelling 

temperature. An increase in gelling temperature was associated with an increase in 

agar yield. 

Gel quality is assessed using several different rheological parameters such as breaking 

strength, stress-strain relationships and permanent deformation. It is thus obvious that 

the substituent content of the agar will affect these parameters, producing gels with 

different strengths, melting and gelling temperatures. 

1.2.4 The economic importance of Gracilaria agars 

Gracilaria has been exploited as an agar source owing to its abundant biomass, even 

though it does not produce agar of as high a quality as that of the other agarophytes 

(McHugh, 1991). 

Prior to the 1960's, most of the agar from Gracilaria was collected from free-floating 

populations, populations which were temporarily attached to rocks on the sea-bottom, 

and beach-cast thalli. As explained above, biomass yield is dependent on 

environmental factors such as nutrient supply, temperature, season and genetic 

variation within the popUlation, which means that the supply of the alga and 

subsequently, agar, is irregular. In addition, quality ·of agar varies enormously 

(Santelices and Doty, 1989), although alkali treatment of the agar is used extensively 
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for overheads incurred in farming (McHugh, 1991). 

1.3.2 Graciiaria cultivation on a commercial basis 

Gracilaria can be farmed in open waters, or in ponds, tanks or raceways. There are 

three approaches used for planting Gracilaria in open waters: 1) on the seabed, 2) 

on nets or lines, or 3) on floating rafts. In all three cases, Gracilaria can be cultivated 

from thalli or spores. Seeding surfaces with spores is a more attractive method as it 

produces high biomass from small numbers of plants. The spore-settling teclmique 

consists of spores from selected fertile adult thalli being attached to lines (or nets) and 

subsequently developing into plantlets. After some time they are out-planted onto 

bigger rafts (Dawes, 1995). Gracilaria cultured in open waters using these methods 

produces good yields of good quality agar. 

Graci/aria is currently cultivated commercially in a number of countries. In Chile, 

intense cultivation of Gracilaria chilensis on the sea-bottom was initiated after severe 

depletion of natural stocks (Santelices and Ugarte, 1987). By 1992, 80% of Chilean 

Gracilaria harvested was cultivated (Buschmann et al., 1995). In China, 

G. verrucosa is cultivated on rafts which are fixed such that they are exposed at low 

tide and immersed at high tide (Ren et al., 1984). A suspended-rope cultivation 

system has been established in a lagoon on the coast of Namibia for the commercial 

production of G. gracilis. Rope rafts are seeded with algal thalli which are cultured 

for four months, before being harvested to produce agar of good quality (Dawes, 

1995). 

The yields and quality of Gracilaria cultured in ponds, tanks or raceways is often 

more difficult to predict (Santelices and Doty, 1989). Pond farming is more 

complicated in that salinity, which increases due to evaporation, needs to be regulated. 

In Taiwan, Shang (1976) reported the cultivation of four Gracilaria species in ponds. 

G. confervoides (now G. gracilis) was the most extensively cultured as it was most 

adaptable to a wide range of environmental conditions and could be harvested at a 

high rate. The gel strength of agar obtained from this species was generally very low 
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and the Gracilaria was sold mainly to the fresh vegetable market for human 

consumption (Santelices and Doty, 1989). A system of polyculture was also 

successfully practised, involving the rearing of grass shrimp (Penaeus monoden), 

crabs (Scylla serrata) and Gracilaria in the same ponds in order to maximise 

production and reduce labour and capital costs (Shang, 1976; Chiang, 1981). A large 

amount of the Gracilaria farmed was sold to farmers as an abalone feed source 

(Ajisaka and Chiang, 1993). Polyculture of Gracilaria has also been tested in shrimp 

hatcheries in Ecuador (Salazar, 1996). The integrated tank culture of G. chilensis in 

salmonid waste water has also been successfully performed in Chile. This not only 

allows a diversification of production, but decreases running costs, as nitrogen and 

phosphorus are removed from the salmonid waste water by the algae (Buschmann et 

al., 1996; Martinez and Buschmann, 1996). 

A number of small-scale trial ventures using various methods have been carried out in 

other countries with a view to establishing commercial Graci/aria cultivation 

ventures. Friedlander and Lipkin (1982) carried out field experiments to investigate 

possibilities of farming G. verrucosa in the sea off the Israeli coast. Results indicated 

that agar yields were acceptable and the quality was good. 

In 1984, Smith et al. reported the establishment of a pilot plant for the cultivation of 

G. debilis and G. domingensis in order to provide a source of income for St Lucia 

communities in the West Indies. Methods used included threading algal branches 

through rope which was anchored by mangrove sticks driven into the seabed, as well 

as settlement of algal spores on ropes anchored to the seabed. It was suggested that 

reasonable socio-economic benefits could be obtained from such an enterprise. 

The growth rates and yields of a Gracilaria sp. grown in floating cages in the 

Phillipines were tested with a view to undertaking commercial Gracilaria culture. 

The cages were strung with ropes, through which algal fragments were intertwined 

(Hurtado-Ponce, 1990). Phang et al. (1996) reported the trial mariculture of 

G. chiangii (Xia et Abbott) Abbott, Zhang et Xia in mangrove ponds and shrimp 

ponds. The algae did not grow as rapidly as the same species in an inte~idal zone. A 
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successful pilot-plant rope-raft of G. gracilis was set up in Saldanha Bay, South 

Africa, in order to determine the possibility of establishing a commercial raft farm in 

the bay (Anderson et al., 1992). Preliminary field-cultivation trials of G. verrucosa 

were also established in Oslofjord, Norway. The results showed that a higher growth 

rate and larger algal fronds could be obtained, compared with the natural populations 

of the alga (Rueness, et al., 1987). In addition, other countries such as the Phillipines, 

Sri Lanka, Indonesia, Malaysia, USA and Canada have also experimented with 

phycoculture with varying degrees of success (McHugh, 1984). 

1.4 SEAWEED DISEASES 

1.4.1 General 

It has been pointed out by Correa and Craigie (1991) that the onset of disease 

epidemics is favoured when a single plant species is concentrated in high numbers, as 

is the case in agriculture. With the increase in seaweed cultivation all over the world, 

disease epidemics are thus a very real threat, and there is very little knowledge 

concerning seaweed diseases to combat this threat (Andrews, 1976; Correa and 

Craigie, 1991; Correa, 1997). Seaweed diseases can be either infectious, such as 

those caused by transmissible agents (bacteria, fungi, nematodes, other algae or 

viruses), or non-infectious and caused by various physiological factors such as 

temperature extremes or pollution (Andrews, 1976). In both cases, symptoms of 

disease are exhibited permanently on the alga. Recently, it was suggested that some 

infectious diseases of macroalgae may be considered a multi-pathogen phenomenon 

(Correa, 1996). Craigie and Correa (1996) have shown that an infectious disease 

induced in cultivated Chondrus crispus Stackhouse could have resulted from the 

interaction of several organisms including bacteria, fungi, algal endophytes and 

nematodes. 

It is therefore important to select macroalgal strains for cultivation that are disease-
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resistant. However, in order to do this, one has to know which factors make one 

macro algal strain more resistant than another and which factors induce the onset of 

disease. This requires information on specific defence mechanisms in the host 

seaweed, as well as the nature of the host-pathogen interaction in both wild and 

cultivated macro algal populations. If susceptibility, resistance and pathogenicity are 

genetically determined traits, as is thought, it may be possible to generate disease

resistant strains much more easily (Correa, 1996; Correa, 1997). 

1.4.2 Bacterial epiphytes of seaweeds (macro algae) 

Macroalgae serve a number of important functions for marine bacteria in the seawater 

column. Algal thalli provide not only an ecological attachment site for the bacteria, 

but a rich source of nutrients compared with the nutrient-poor seawater. As a result of 

continuous movement and abrasion, damaged thalli are a constant source of organic 

compounds in the form of algal structural products such as agar, alginate and 

carrageenan, as well as algal reserve products such as starch, floridean starch, fats etc. 

(Rheinheimer, 1984; Mow-Robinson and Rheinheimer, 1985). These algal products 

are broken down into proteins and sugars which are utilised by the bacteria. Algal 

thalli also provide dissolved organic carbon, which is released as a result of 

photosynthesis (Sieburth, 1969; Brylinsky, 1977; Jensen et al., 1996). 

Bacteria associated with marine macro algae occur III considerably larger numbers 

than are found free in the seawater column (Laycock, 1974; Mow-Robinson and 

Rheinheimer, 1985; Austin, 1988a; Jensen et ai., 1996). It has also been shown that 

their distribution on the macro algae varies according to the state of thallus 

decomposition. On Laminaria thalli which have decomposing frond tips, the number 

of bacteria colonising this area is much higher than those colonising the middle stem 

and the meristem area (Laycock, 1974; Mazure and Field, 1980). Cundell eta!' 

(1977) examined the differences in microbial populations on the holdfast, internodal 

regions of the stipe and the apical tips of Ascophyllum nodosum (L.) Le Jol and 

showed that there was a complete absence of microorganisms on the apical tips. In 
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addition, tissue exposed by grazing was colonised by very diverse bacterial 

PdPulations. Both Booth and Hoppe (1985) and Corre et al. (1989) showed that 

young algal thalli are relatively free of bacteria, as opposed to older thalli which host 

much higher numbers. There seems to be seasonality in epiphytic bacterial numbers 

in that higher bacterial numbers are associated with macro algae during summer 

months, when water temperatures are higher (Kong and Chan, 1979). Shiba and Taga 

(1980) reported that bacterial numbers were also determined by the physiological 

condition of the algal tissue. The bacterial population was found to be smallest when 

the largest number of germinating thalli were observed on the alga. 

The total lack of bacteria, or low density of bacterial numbers, which has been 

observed on various thallus areas may be due to the secretion of antibacterial 

compounds by algae (Sieburth, 1964a; Sastry and Rao, 1994). In studies with 

A. nodosum, Cundell et al. (1977) suggested that the rate of secretion of tannin-like 

compounds at the apical tips of the thalli was much higher than in the midregion. 

Rosen and Srivastava (1987) discovered that a large number of fatty acids were 

secreted from macroalgae as antimicrobial substances. The location of these 

compounds in the thallus was found to vary with the algal species. Macrocystis 

integrifolia Bory, Nereocystis luetkeana (Mert.) Post. and Rupr., and Laminaria 

saccharina (L) Lamour were found to be relatively epiphyte-free on the younger parts 

of the algae (the sites of active growth and thus possibly of antimicrobial-compound 

secretion). Small amounts of organic acids and polyphenols, which have some 

antimicrobial activity, were also detected in algal extracts. Sastry and Rao (1994) 

showed that extracts from five different macro algae, including the red alga G. cortiea, 

exhibited antibacterial activity against a wide range of Gram-negative and Gram

positive bacterial strains. Lemos et ai. (1985) also showed that a large number of 

epiphytic bacteria, assigned to the Pseudomonas-Aiteromonas group, on the seaweed 

Enteromorpha intestinalis, exhibited antibiotic activities which affected growth of 

other epiphytic bacteria. It is possible that this mechanism has been adopted to 

prevent colonisation by competing strains. 

A large proportion of epiphytic bacteria have been found to be capable of degrading 
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the algal thalli fragments they colonize in order to provide utilisable dissolved organic 

matter. In the North Sea and the Kie1 Fjord, as well as Tolo Harbour in Hong Kong, 

agar-degrading bacteria have been found predominantly in association with red, agar

containing algae, and alginate and cellulose decomposers have been found most 

commonly where brown and green macroalgae exist, respectively (Kong and Chan, 

1979; Rheinheimer, 1984; Mow-Robinson and Rheinheimer, 1985; Rieper-Kirchner, 

1989). Booth and Hoppe (1985) suggested that bacteria living in association with 

certain macro algae may have developed special enzymatic and nutrient uptake 

characteristics for specific substrates of macroalgal origin. 

1.4.3 Bacteria] diseases of seaweeds 

Andrews (1976) summarised the descriptions of three seaweed diseases attributed to 

bacterial action. Both bacteria and fungi were thought to be responsible for black rot 

of macroalgae belonging to the Macrocystis, Pe/agophycus and Egregia genera. 

Bacteria belonging to the Pseudomonas and Vibrio genera were implicated in green 

spot rotting of Porphyra, while some bacteria were found to be present in the 

intercellular spaces of abnormal growths (galls) developing on macroalgae belonging 

to the Chondrus, Cystoclonium and Fucus genera. 

Since 1976, only a few other macro algal diseases attributed to bacteria have been 

described. 'Ice-ice', a white powdery growth observed on a Eucheuma species 

growing in the Phillipines, was thought to be caused by bacteria (Uyenco et al., 1981). 

The same disease, identified in Eucheuma denticulatum (Burman) Collins and Harvey 

and Kappaphycus alvarezii (Doty) Doty from the Phillipines, was shown to be 

triggered by bacteria in laboratory experiments (Largo et al., 1995). Agar-lysing 

(agarolytic) bacteria belonging to the Cytophaga, Flavobacterium and Vibrio genera 

were identified as possible infectious agents. 

Bacteria are also responsible for inducing galls and tumour-like growths on a number 

of marine macroalgae (Apt, 1988). The bacteria induce hyperplasia and hypertrophy 
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which leads to an abnonnal disorganised callus-like cell proliferation. Cell growth 

and division continue, but are not coordinated as in nonnal development, and result in 

the generation of abnonnal growths. Gall-like malfonnations found on the red algae, 

Prionitis decipiens and Polyneuropsis stolonifera, were also thought to be caused by 

bacteria present inside the gall tissue (McBride et al., 1974). Correa et al. (1993) 

reported that an endophytic cyanobacterium, probably a Pleurocapsa species, could 

have been the cause of gall development in the red alga, Iridaea laminarioides Bory. 

The galls developed on sporophytic, cystocarpic and immature thalli of the alga. 

1.4.4 Bacterial diseases ofthe Gracilaria genus 

There are very few reports of bacterial diseases of Gracilaria. G. confervoides 

(G. gracilis), G. epihippisora Hoyle and G. verrucosa (G. gracilis) have been 

recorded as developing galls which were induced by bacteria, although the pathogenic 

species are unknown (Apt, 1988). 

In 1992, Lavilla-Pitogo reported the association of agar-digesting bacteria with 

'rotten-thallus' syndrome in a Gracilaria species. The symptoms of white to pinkish 

discolourations were observed on the tetrasporophytic stage of the alga in tank-held 

stocks. 

The occurrence of "white tip disease" in G. conferta (Schousboe) et Feldman grown 

in seawater ponds was initially reported by Friedlander and Gunkel (1992). The 

initial whitening of the thalli tips progressed to thallus disintegration. Although 

environmental factors such as high temperature, high plant density and lack of 

aeration were identified as the major factors inducing these symptoms, it was shown 

that several strains of agar-degrading bacteria isolated from the white tips and 

inoculated onto healthy G. conferta could induce similar whitening of thalli tips. 

Further work on this disease by Weinberger et al. (1994) showed that one bacterial 

strain, designated OR-Il, was responsible for the disease symptoms. More recently, 

Weinberger et ai. (1997) have shown that a large number of bacterial epiphytes of 
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G. conferta are capable of inducing an apical necrosis on the macroalga. These 

bacteria belong primarily to the Corynebacterium-Arthrobacter and 

Flavobacterium-Cytophaga groups (Weinberger et al., 1997). It appears that a 

balance is struck between bacterial epiphytes and the macroalga such that under 

nonnal conditions, both populations exist in hannony with one another. Disturbance 

ofthis harmony such as destruction of most ofthe epiphytic bacterial population using 

antibiotics, can destroy the balance and induce bacterial infection of G. conferta. 

1.4.5 Selection of superior and disease-resistant Gracilaria strains 

With the increase in Gracilaria cultivation and possible advent of new diseases, it 

makes sense to select Gracilaria strains which are superior not only in agar yield but 

in resistance to diseases. The simplest method for selecting superior strains is to 

perfonn growth studies on wild-type strains and test factors such as growth rate and 

agar yields, taking into account the environmental influences as described by Hansen 

(1984). This is primarily a field- and laboratory-oriented approach which precedes 

any capital-intensive mariculture-design and engineering stages. Levy and 

Friedlander (1990) used this method to test the suitability of G. conferta strains for 

cultivation based on growth rates, pigment content and carbohydrate content, as well 

as morphology, agar content and resistance to epiphytes. 

Another relatively simple method for selecting superior Gracilaria strains is to select 

naturally occurring morphological mutant strains. Several morphological mutants of 

G. tikvahiae were tested for growth rate, epiphyte resistance and agar quality, and 

some strains were shown to be superior in these characteristics compared with the 

wild-type (Patwary and van der Meer, 1983). The discovery of spontaneous 

G. tikviahiae mutants implied that genetic modification had taken place, indicating 

that genetic engineering is a possible method for improving strain quality. 

Transposon elements have been implicated in the naturally occurring mutants of G. 

tikvahiae (van der Meer and Zhang, 1988). 
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In order to engineer algal strains, basic molecular biological tools are required, such as 

tissue-culture techniques and methods for regenerating protoplasts. Despite 

difficulties in obtaining axenic tissues, as well as a lack of knowledge concerning 

substances controlling algal growth and differentiation, there has been much 

development in the selection and propagation of desired strains since the 1950's 

(Polne-Fuller and Gibor, 1986; Polne-Fuller, 1987; Aguirre-Lipperheide et al., 

1995). 

Polne-Fuller and Gibor (l987a) showed they were able to generate G. papenJusii 

callus by sectioning axenic material and regenerating it in a culture medium. Callus 

formation was rare and regenerated thalli were not obtained, indicating the 

requirement for unknown growth factors such as hormones. It has since been shown 

that macro algae do contain hormones such as auxins and cytokinins, common in 

vascular plants, although their role in growth and development still has to be 

elucidated (Bradley, 1991; Evans and Trewavas, 1991). Similar successes with callus 

were obtained by Gusev et al. (1987) and Huang and Fujita (1997) with G. verrucosa 

and G. textorii Hariot, respectively. 

There have been several successes in obtaining protoplasts from Graci/aria species 

(Bellanger et ai., 1990). Cheney et ai. (1986) were able to isolate protoplasts from 

G. tikvahiae and obtained cell masses up to the 16- to 32-cell stage, although attempts 

to regenerate whole plants were unsuccessful. Although whole-plant regeneration was 

not attempted, protoplasts were generated by Bjork et ai. (1990) from G. sordida, 

G. verrucosa (Hudson) Papenfuss, G. tenuistipitata Chiang et Xia and 

G. lemanaeJormis (Bory) Weber-van-Bosse, and yields examined in relation to algal 

growth rate. Although the regeneration rate was low, Yan and Wang (1993) reported 

the regeneration of whole plants from G. asiatica Chang et Xia vegetative tissue. 

Improved yields of G. verrucosa protoplasts and successful cell-wall regeneration and 

cell division was reported by Mollet et al. (1995), although this never extended 

beyond the 2-cell stage. 

The only reported success in using protoplast techniques for the selection of disease-
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resistant strains was obtained with the red alga, Porphyra yezoensis. Polne-Fuller 

(1987) reported the regeneration of fungus-resistant P. yezoensis thalli from 

Pythium-infected single cells. The technology for isolation of single cells and 

protoplasts from multicellular seaweeds is also useful for the mutation and selection 

of disease-resistant mutants which may not exist naturally. 

Although some progress has been made on the effects of plant growth regulators on 

G. verrucosa (Kaczyna and Megnet, 1993), the major barriers to advances in the 

above-described technology are the need for the identification and isolation of 

additional growth and differentiation factors, better understanding of cell wall 

composition and information about optimal culture conditions. 

Another method for selection of superior strains is the introduction of foreign, 

beneficial genes into the alga. Successful nuclear transformation systems have been 

established for several species of unicellular green algae and diatoms, but the 

development of reliable transformation systems for macro algae is technically difficult, 

mainly because of the lack of knowledge regarding tissue-culture methods. 

Identification of particular genes that contribute to a superior algal strain is obviously 

also a requirement for this technique. Methods for introduction of foreign genes into 

organisms include protoplast fusion, introduction of the desired gene on an 

appropriate plasmid, infection with recombinant viruses or other specific pathogens, 

and direct introduction of the gene by electroporation or ballistics (Renn, 1997; 

Stevens and Purton, 1997). Plasmids have been discovered in a number of Gracilaria 

spp., namely, G. lemaneiformis, G. pacifica, G. robusta (Goff and Coleman, 1988) 

and G. chilensis (ViIlemur, 1990). These are high-copy-number plasmids which may 

be useful as vectors for transformation. 

Advances in molecular and cell biology techniques for use with macro algae will 

facilitate mutation and mutant selection, cross-breeding through protoplast fusion to 

form hybrids, reduction of marine macroalgae to single cells and their in vitro 

regeneration, identification of algal biosynthetic pathways for polysaccharides and, 

more importantly, the engineering of disease-resistant strains. Thus, there is a need to 
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develop and identify the appropriate vectors and techniques which may be employed 

efficiently in macroalgae (Renn, 1997). 

1.5 PLANT-PATHOGEN INTERACTIONS 

1.5.1 General 

The reason for any terrestrial plant-pathogen interaction is purely nutritional. When 

pathogens come into contact with plants there are three possible reactions that may 

take place. The first occurs if the plant is immune to the pathogen. There is no 

recognition between the plant and pathogen and thus nothing happens. The second 

occurs if the plant is susceptible (called a host plant), in which case a compatible 

interaction occurs between the plant and pathogen with infection, production of 

pathogen toxins and/or enzymes and subsequent plant death, whilst the continuation 

of the pathogen population is ensured. A virulent phenotype is thus said to have been 

expressed by the pathogen. The third type of reaction occurs if the plant is 

non-susceptible (called resistant or a non-host plant), in which case an incompatible 

interaction occurs between the plant and pathogen, with localised necrosis of plant 

tissue and induction of plant defence mechanisms such as the hypersensitive response 

(HR) which halt further growth and reproduction of the pathogen. An avirulent 

phenotype is thus said to have been expressed by the pathogen (Lamb et aI., 1989; 

Hammond-Kosack et al., 1996). 

1.5.2 Incompatible plant-pathogen interactions 

In an incompatible plant-pathogen interaction, the resistance response exhibited by the 

infected plant is activated initially at the site of pathogen infection (locally) but can 

lead to systemic induction of defence genes as well. The resistance to pathogen 

infection is accompanied by the HR, production of secondary metabolites such as 
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antimicrobial phytoalexins, hydrolytic enzymes, other pathogenesis-related (PR) 

proteins, the generation of active oxygen species, ion fluxes across membranes, 

changes in protein phosphorylation, transcriptional activation of plant defence-related 

genes, as well as production of stmctural defence barriers such as lignin and 

hydroxyproline-rich cell wall proteins and occasionally systemic acquired resistance 

(SAR) (Collinge and Slusarenko, 1987; Dixon et al., 1994; Harnmond-Kosack et al., 

1996; Staskawicz et al., 1995). 

In order for the localised defence responses to be induced in an incompatible 

interaction, the pathogen needs to be recognised by the plant. It has been 

hypothesised that this event follows the gene-for-gene concept, whereby recognition 

occurs by direct or indirect interaction of a plant-resIstance-gene product (R), with a 

corresponding pathogen avimlence gene product (avr) (Flor, 1971). The avr locus is 

thought to be regulated by pathogenesis genes which are normally clustered on the 

bacterial chromosome. In bacterial pathogens they are referred to as hypersensitive 

reaction and pathogenicity (hrp) genes. The avr locus is thought to encode elicitors 

either directly or indirectly. The elicitors (ligands) are thought to be recognised by, 

and bind to, a plant host receptor (intracellular or extracellular), designated the R 

product, which subsequently transduces a signal(s) across the plant cell membrane 

which lead to the expression of a number of plant genes involved in the plant disease

resistance response (Gabriel and Rolfe, 1990). Figure 1.3 summarises these events. 

1.5.3 Bacterial pathogenesis (hrp) genes and cell-wail degrading enzymes 

The hrp genes control factors involved in pathogen attachment to the host plant 

(Hamer et al., 1988) and regulate production of host-cuticle- and cell-wall-degrading 

enzymes and toxin production. It has been shown that the spores of a pathogenic 

fungus, Fusarium solani F. sp. pisi, that produced low levels of cutinase (an enzyme 

which degrades cutin, which is the major stmctural component of the barrier covering 

the surface of aerial parts of terrestrial plants), induced the production of cutin 

monomers from the plant cell wall which acted as chemical signals for the induction 
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\ 

PLANT CEll Lignification 

....-- Signal transduction pathway PR proteins 

Activation of intercellular signals 
HRGP's 

Defence genes 

(a) elicitors enter plant cell and interact directly with receptors 
(b) elicitors bind to receptors in cell wall and transduce response by a phosphorylation cascade 

showing the events that occur an 
aD1H)aU10fl~en interaction (adapted from Gabriel and Rolfe, 1990). 
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of the fungal cutinase-encoding gene, which in turn led to the synthesis of increased 

cutinase levels required for penetration of the fungus into the plant. This process 

allows pathogenic fungi to penetrate the plant in areas other than via fresh wounds 

(Kolattukudy, 1985; Woloshuk and Kolattukudy, 1986). In another example, 

pectin-degrading enzymes were likewise induced and released in response to polymer 

degradation products (Chatterjee et ai., 1985). 

In addition, the virulence of the bacterium Erwinia carotovora. subsp. carotovora 

which causes soft rot in a number of agriculturally important plants has been shown to 

depend on its ability to secrete various pectinases and cellulases which degrade plant 

cell walls (PaIva et al., 1993). These plant cell wall fragments act as elicitors that 

activate plant defence responses such as phytoalexin synthesis (Davis et ai., 1984). 

The cell wall-degrading enzymes have also been shown to trigger local and systemic 

induction of the defence-related gene ~-1,3-glucanase in tobacco (Vidal et al., 1998). 

1.5.4 Bacterial avr genes and plant R genes 

A number of avr and R loci have been identified in bacterial-plant incompatible 

interactions (Dangl, 1995; Martin, 1996). The avrD locus of Pseudomonas syringae 

pv. glycinea has been cloned and shown to determine race-specific incompatibility on 

soybean Glycine max (L.) Merr. (Staskawicz et al., 1984). Enzymes encoded by this 

locus synthesise syringolides which are exported from the bacteria and induce HR in 

soybeans which carry the RPG4 resistance (R) gene. In addition, five avr genes from 

Xanthomonas campestris pv. maivacearum which induce resistance in cotton plants 

have been cloned (Gabriel et ai., 1986), as well as genes from X campestris pv. 

campestris causing black rot in crucifers (Daniels et al., 1984). Another well studied 

incompatible plant-bacterial interaction is that of the tomato (Lycopersicon 

esculentum) Pto R gene product and the P. syringae pv. tomato avrPto avr gene 

product (Tang et ai., 1996). A number of other R genes have been identified in 

various crop plants. These include the N gene in tobacco (Whitham et al., 1994), L6 
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of flax (Lawrence et al., 1995), et al., 1994) as well as several R 

gene homologs in barley (Leister et al., 1998). 

1.5.5 Signal transduction in plants 

recognition of the 

events (possibly 

produce n .. ''';11I('1'C 

it is thought that signal transduction 

reSOOltlSlltHe for activating pathways 

DnenOlvoe exhibited by the plant. 

One of the most recent nyt)01:JleSleS Clon(~erJt1lng u\J.\J' ..... lVU of pathogenic 

and their subsequent reSOOllse 

P. syringae pv. tomato) is 

proteins subsequently 

and avrPto avr 

eX1JreSSe~ in the bacterial cell the 

resembling that used by manImalian 

corresponding R gene products 

cell by a secretion mechanism 

proteins are recognized by the 

cytoplasm, which signals activation the 

(1996) have shown that the bacterial plant defence response (Jones, 1997). 

AvrPto protein physically 

identified as a kinase. 

with plant Pto protein, which has 

1.5.6 The plant hVl ... ""¥,,,,,,, ... ,,Hh/"" .. """, ... .-. ... (HR) 

The plant nYlJer:sensm 

produces a CO"Ofium,au::;u 

spread. It is thought 

may also lead to 

Etten et at., 1994), or 

phytoalexins 

changes in gene pV?,rp'~C1r,n 

occur. 

accompanies the 

Ivva.l1')\JU nec:rOSlS allowing 

the pathogens 

nrl'·tr""n"l,·rI substances called 

antimicrobial 

1996). The HR is associated with a set 

novo protein synthesis is nec:rosls to 

The HR also induces, via some diffusible signal, the systemic activation numerous 
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plant defence The plants subsequently resistance which 

is referred to as acquired resistance (SAR). is acquired to a 

whole spectrum pathogens (fungi, and viruses), which are 

nonnally virulent, at distal to the HR region This response 

increases of uninoculated pathogen, thus 

increasing to infection. observations of 

smaller restriction in plants 

challenged by or an unrelated, necrotising (Staskawicz et al., 

1995). The onset of involves the co-ordinated induction It has 

been shown that plays a key role in SAR although it 

is not known precisely role is (Hunt et al., 1996). 

1.5.7 Production of metabolites 

Secondary 

phenylpropanoid 

VU .... "'tJlVll is a plant response primarily products of 

(Dixon et aI., 1996). 

(Petrose!inum crispum) , 

(Glycine max). In all 

plants with elicitors from 

encoding a number 

Slusarenko, 1987). 

3-methylglutaryl 

with Phytophthora 

response. 

The increased production 

response. Lignin is 

as the antimicrobial phytoalexins and lignin 

.vu..,,,,,,, •. u production has been aeITIO]rISII 

bean (Phaseolus vulgaris) 

tre,ltment of plant cell suspension 

pathogens, resulted 

of the phytoalexin 

a 

accompanied 

potato tubers (Solanum tuberosum 

an important role for this 

is <>ror,l"h.>y component of the 

in parsley 

soybean 

or challenging 

and 

of 

infection 

host 

random condensation ofphenylpropanoid 

an integral part of sec:onOaI"V of vascular IJL~"ALU. 

v,-", .. """.vu during the L ,-,"'L.::t., .... ",,-, n~SP.Dns:e n .... rp'!lc:/~c: structural Oe1:ences 
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cells. Jaeck et ai. (1992) ~v .......... s~ .. n~~''''' induction of enzymes involved in the 

biosynthesis of Ul\ .... "UJ.v virus (TMV). 

In addition to the above ... "" .... ~/"VU 

(HRGP) and callose (a cornOCllleIlt 

hydroxyproline-rich glycoproteins 

penetration by invading ....... .uF, ... .. in wounded 

inoculated tissues of a ..... " .. v .... . 

major structural role in 

(Collinge and 

cell wall by IOnnlI1lg an 

1987). 

1.5.8 Plant patnol~eneSI!;-re 

PR proteins are induced a 

fungi or bacteria 

detected in the early 1970's in 

hypersensitively to TMV. The reSpOlrlSe of tobacco 

system in which the highest number of 

large number of PR protein-encoding 

(Cornelissen et ai., 1986; Jamet and 

production of numerous PR proteins occurs a few 

pathogen, and can account for 10% of 

formed at sites of 

cells or pathogen

HRGP also plays a 

cellulose 

Uu.',""",<;'VH with viruses, 

were first 

tabacum) reacting 

a 

a 

et ai., 1987). The 

of the 

The 

highest levels of PR proteins have been 

(Antoniw and White, 1986), although they have detlect{~d at a 

the infection sites and even, to a lesser extent, in uninoculated 

partially-infected plants. 

All examples of PR proteins have been identified as 

polyacrylamide gels. Many have been and 

distinguishing properties in common. Most of 

stable and remain soluble at low pH, are 

(although they are not protease are .. "v .... ,,'v'"' prf:domlnal1Uy 

of 

on 

are 
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the cytoplasm in the intercellular spaces. PR proteins must be resistant to proteases as 

oxidases, hydro lases, proteases and phosphatases occur in the intercellular spaces 

(VanLoon, 1985). It is thought that the proteins may be secreted through the 

plasmalemma ofthe cell wall. 

A common classification and nomenclature system based on serological relationships 

among PR proteins has been developed (Stinzi et ai., 1993). Five major groups of PR 

proteins expressed in plant resistance responses have been identified. The functions 

of many of these PR proteins are still unknown, although two of the best known are 

the hydrolytic enzymes, chitinase and glucanase, described below. 

1.5.9 Plant hydrolytic enzymes 

Plant hydrolytic enzymes (glycanhydrolases) have been shown to be of particular 

importance in the resistance response. They have been placed in the PR-2 group of 

PR proteins. Chitinase has been shown to have antifungal activity in tobacco plants, 

as endochitinase activity increases in the plants after fungal inoculation 

(Sela-Buurlage et al., 1993). Although chitin does not occur commonly in plants, it is 

a common constituent of many fungal cell walls. It is possible that chitin serves as an 

elicitor to induce endochitinase activity. Endochitinase also has lysozyme activity 

and, therefore, its induction may also be an effective plant defence mechanism against 

invading bacteria. In the interaction between French bean (P. vulgaris) and the 

avirulent pathogen P. syringae pv. phaseolicola, chitinase mRNA was detected 6 

hours after inoculation of leaves with an avirulent isolate (Sela-Buurlage et aI., 1993). 

The enzyme, B-l,3-glucanase, also contributes to antifungal activity in tobacco plants 

(Se1a-Buurlage et ai., 1993). Glucanase mRNA levels were shown to increase in 

response to the infection (Beffa and Meins, 1996). It is possible that this enzyme 

might release elicitor-active carbohydrate factors from B-1,3-g1ucans in fungal cell 

walls. 
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in potato plants (S. 

these enzymes were 

infected leaf cells (Kombrink et 

to 

1988). 

reported to occur in sugar beet (Beta vulgaris) 

.lUll!]:; Ui) , Cereospora betieola (Rousseau-Limouzin 

1.5.10 Other non-host-plant aelen(=e r«~spc)nSles 

There are a of nroleUlS produced during the plant resistance response, 

such as proteinase 

against herbivores 

endogenous plant prC)te~lses. 

up to 10% of 

and Slusarenko, 1 

The production of 

although how this 

reported to occur within 2 to 3 

implicated in the direct 

oxidative cross-linking of plant 

microbial enzymes), and as an 

expression (Mehdy et al., 

are thought to have a role in aerem;e 

",]:;,;uu.,,,. animal proteases not 

eseulentum) these can account 

severe wounding 

1 

snei:les (AOS) is a rapid response to pathogens, 

".U;)l,;;a~,1,;; resistance is not known. It has been 

infection. Hydrogen peroxide has been 

and host cells as part of the HR, due to 

(to render the wanless digestible by 

signal for the regulation of gene 

, 1996). et 

The octodecanoid pathway ..... ' ..... UVL n~sp!om,e which is activated mostly by pathogen 

attacks (Do ares et 1 plant sense release of oligouronides. 

Products of this pathway cause of genes as 

proteinase 
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1.6 MOTIVATION FOR STUDY .LJA ..... 'rlLLJ PATHOGENS OF 
THE RED MACROALGA AND ITS 
RESPONSE TO 

Saldanha Bay (1 1 north Cape Town on the west coast 

South .. UAA"' .... the Saldanha Bay/Langebaan Lagoon _ ... _:_nInnPTl 

et a!., 1993). In 1942, Isaac, 

(1977), rpnnrt,~rl the presence of large quantities of 

more 

in the Saldanha Bay-Langebaan area. Much of this Gracilaria was 

periodically washed up on the northern beach of 

the amounts of beach-cast Graci/aria to 

south-easterly winds. This occurred mostly 

March. Since the 1960's, this 

exported to other countries 

reported of only 

20 years. 

(1 

the onset of heavy 

November and 

and baled, and 

1990). Although Isaac 

form of G. gracilis 

J:Se'lcn··cas vv •• vvuv..... "",'rP.:llcprl from 180 tons (dry weight) in 1951 to a in 

1 2 1990). In 1974 there was a In 

which t'nlTP~~nn1nrlF'rl to dredging and building activities a"''''VvJla,~..u 

construction of an iron-ore jetty in Saldanha Bay 

was minimal for the following 6 

slowly from 57 tons 

1989; Rotmann, 1990). 

1980 to tons 

1.4). production 

amounts ",v •• ",,,,,,, ..... increased 

in 1988 (Anderson et al., 

However, there was <IT'lr'th .... supply in 1989 such that no "''-''''''u-

cast Graci/aria was 1993). Investigations 

Gracilaria populations on were almost totally decimated, 

were being grazed by herbivores such as 

(Dendrofissurella scutellum 

sea urchins (Parechinus angulosus , _____ _ any possible 
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recovery of the beach-cast Gracilaria source (Anderson et ai., 1993). Supply 

increased slightly thereafter, and by 1993 the yield of Gracilaria had reached 377.9 

tons (dry weight). 

E 

Skm 

Fig. 1.4 Map showing layont of Saldanha Bay, South Africa. Inner Bay is the area of 
interest for mariculture (Anderson et ai., 1993). 

Saldanha Bay is one of two sheltered bays on the South African coast which supports 

natural populations of G. gracilis, and is therefore an obvious site for the cultivation 

of this species (Anderson et aI., 1989). There is considerable interest in establishing 

such a mariculture industry in Saldanha Bay. The Seaweed Research Institute (SRU) 

set up a pilot study in Saldanha Bay in 1993 to monitor the growth of G. gracilis 

seeded on a raft, experimenting with different types of rope rafts at different depths. 

They also monitored water temperatures and G. gracilis growth rates and agar yields 

over a period of 4 years in order to obtain data representative of yields that such a 

farm would attain (Anderson et ai., 1996a). Engledow and Bolton (1992) reported 
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that the agar yield (32-34%) from this speCIes, and its environmental tolerances 

(tested in culture) make it ideal for mariculture. 

Quest International were interested in establishing such a farm in Saldanha Bay. 

However, the various collapses recorded were cause for some concern over the 

feasibility and success of G. gracilis farming as a commercial venture in the bay. In 

addition to these collapses, the occurrence of bleached and lesioned thalli observed by 

members of the SRU every summer since 1993 added to the concern. An 

investigation was thus initiated to ascertain the cause of these observations prior to 

setting up a commercial operation, as sudden decimation of the G. gracilis population 

would be financially devastating. 

Some preliminary experiments carried out by members of the SRU suggested that the 

bleaching phenomenon may be caused by bacteria. G. gracilis occurs naturally and is 

farmed extensively in Liideritz Bay (1soE 27°S), Namibia (Rotmann, 1987). To date, 

no thallus bleaching or lesions were recorded in any of the G. gracilis popUlations in 

Liideritz. When bleached, 'diseased' G. gracilis samples collected in summer from 

Saldanha Bay were placed in seawater tanks with fresh, healthy G. gracilis samples 

from Liideritz, the Liideritz G. gracilis showed symptoms of bleaching, which 

suggested that transfer of a biological pathogen(s) had occurred between the two 

popUlations (R. 1. Anderson, pers. comm.). This spread of disease symptoms, as well 

as the observation of degraded G. gracilis thalli during partial die-offs of the Saldanha 

Bay beds (e.g. in January 1993) and the occurrence of thallus bleaching only in 

summer suggested that the pathogen(s) may be bacterial, with the 'disappearance' of 

G. gracilis caused by severe bacterial degradation. 

If this is the case, it is important to try and determine what type of bacteria these are. 

In order to determine why their pathogenic effect on G. gracilis is only periodic, it is 

also important to consider the environmental conditions under which the periodic 

collapses occur. This may also help to explain why Saldanha Bay G. gracilis displays 

disease symptoms in summer while G. gracilis from Liideritz does not. This 

information will help elucidate the mechanism of pathogenesis and may aid in 
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predicting the onset of disease in the future. Forewarning might allow for earlier 

harvesting, which would allow at least some of the crop to be saved, preventing 

financial disaster. 

The objectives of this study were to characterize and compare the bacterial epiphytes 

colonizing a G. gracilis population from Saldanha Bay in summer with a farmed 

G. gracilis population from Liideritz (Namibia). The aim was to determine their 

potential for pathogenicity and, if any pathogens were found, to identify them, and use 

them to develop an in vitro assay for studying the conditions under which 

pathogenesis occurred. Knowledge of these factors will be invaluable when 

considering cultivation of any Gracilaria species in Saldanha Bay. 

In addition, this study looks at the response of G. gracilis to infection. It is not 

unreasonable to expect macro algae to undergo similar cellular responses to bacterial 

infections (e.g. production of R gene products) as those described in terrestrial plants. 

The identification and subsequent characterisation of R genes has enabled much work 

to be done in engineering disease resistance in crop plant varieties (Staskawicz et al., 

1995). In the long term, a similar strategy could be employed using macroalgal 

R-gene homologues to develop macroalgal strains resistant to various bacterial 

diseases. In this study, we investigated whether G. gracilis expressed additional 

proteins in response to challenges by a previously-isolated bacterial pathogen, and 

subsequently identified a number of differentially-expressed macroalgal genes 

involved in the disease response. The study and identification of these genes, and 

further progress made in devising suitable transformation techniques in macro algae, 

may allow one to genetically engineer disease resistance in various Gracilaria species 

in the future, thus favouring them for mariculture. 
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CHAPTER 2 

THE ISOLATION, IDENTIFICATION, AND 
CHARACTERISATION OF BACTERIAL EPIPHYTES OF THE 
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(STACKHOUSE) STEENTOFT, IRVINE ETFARNHAM 

CONTENTS 

2.1 SUMMARY 

2.2 INTRODUCTION 

2.3 MATERIALS AND METHODS 

2.3.1 Sample collection 
2.3.2 Bacterial isolation 
2.3.3 Bacterial enumeration 
2.3.4 Preliminary characterisation of bacterial isolates 
2.3.5 Scanning electron microscopy 
2.3.6 Determination of agaro1ytic activity 
2.3.7 Determination of proteolytic activity 

2.4 RESULTS 

2.4.1 Enumeration of culturable and total epiphytic bacteria 
2.4.2 Characterisation of bacterial isolates 
2.4.3 Scanning electron microscopy 
2.4.4 Determination of agarolytic activity 
2.4.5 Determination of extracellular proteolytic activity 

2.5 DISCUSSION 

39 

40 

41 

41 
43 
43 
44 
45 
45 
46 

47 

47 
47 
55 
58 
60 

61 



Univ
ers

ity
 of

Cap
e T

ow
n

39 

CHAPTER 2 

THE ISOLATION, IDENTIFICATION, AND 
CHARACTERISATION OF BACTERIAL EPIPHYTES OF THE 
AGAR-PRODUCING RED SEAWEED GRACILARIA GRACILIS 

(STACKHOUSE) STEENTOFT, IRVINE ETFARNHAM 

2.1 SUMMARY 

A large number of culturable bacterial epiphytes were isolated from the agarophyte 

G. gracilis (Stackhouse) Steentoft, Irvine et Farnham from Saldanha Bay, South 

Africa, and Liideritz, Namibia. The number of culturable bacteria isolated from the 

seawater surrounding the macroalgae was significantly lower than that which occurred 

epiphytically on the macroalgal thalli. Two different methods used for enumerating 

the total number of isolated bacteria from G. gracilis generated significantly different 

values. Most of the bacteria isolated were Gram-negative, motile rods, and many 

were classified to genus level. Scanning electron microscopy confirmed that a large 

epiphytic population of coccoid and rod-shaped bacteria occurs primarily on the main 

thalli of the macro alga and that significantly fewer (and often none) reside on the 

thallus growth tips. Of the total number of bacterial isolates examined from Saldanha 

Bay and Liideritz G. gracilis, 39% and 30% were highly agarolytic, respectively. In 

addition, all the agarolytic bacterial isolates exhibited proteolytic activity. 
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2.2 INTRODUCTION 

Graci/aria thalli provide an ideal submerged surface for the attachment of a diverse 

variety of epiphytes, which include bacteria, fungi, algae, nematodes and diatoms. 

Although many of the epiphytes exist on the macroalgal surface as non-pathogenic 

symbionts (Correa and Craigie, 1991), some secrete enzymes such as agarases and 

cellulases which are potentially harmful to Gracilaria (Polne-Fuller and Gibor, 

1987b). As a large number of marine bacteria exhibit agarolytic activity, it was 

postulated that they may have been responsible for causing the major collapses of the 

natural populations of G. gracilis at Saldanha Bay in"1974 and 1989, as well as more 

recent collapses. Symptoms such as thallus-bleaching and subsequent disintegration 

of the macroalgal thalli into numerous tiny fragments were observed at Saldanha Bay 

during the 1989 collapse. In addition, G. gracilis thallus-bleaching is apparent every 

summer at Saldanha Bay, to varying degrees (R. J. Anderson, pers. comm.). 

It was thus decided to investigate the epiphytic bacterial population of Saldanha Bay 

G. gracilis. The investigation was initiated on G. gracilis samples collected from 

Saldanha Bay during summer only, as this is when disease symptoms are most 

apparent. The agarolytic and proteolytic activities of the bacterial isolates were 

measured in order to assess their potential for pathogenicity. Healthy G. gracilis from 

a commercially farmed population from Ltideritz, Namibia, was concurrently 

investigated for comparison with the seaweed from Saldanha Bay. G. gracilis is 

farmed very successfully on suspended rope-rafts in the Ltideritz area (Dawes, 1995) 

and, although occasional thallus-bleaching has been observed in the Ltideritz-grown 

seaweed, it does not correspond to any season in particular and no die-offs have been 

recorded to date. 
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2.3 MATERIALS AND lVIETHODS 

2.3.1 Sample collection 

Seaweed, and samples from the surrounding seawater, were collected by SCUBA 

divers in mid-summer (February to March 1994) from different locations at Saldanha 

Bay and Ltideritz (Fig. 2.1a and b). Details of each collection site and seaweed 

sample are described in Table 2.1. Small handfuls of G. gracilis were collected in 

sterile plastic bags and seawater samples (20 ml) were collected in sterile glass 

bottles. All samples were transported to the laboratory the same day on ice. 

a) b) 

BREAKWATER 

'!km 

ATLANTIC OCEAN 1S·E 

Fig. 2.1 Maps showing locations of G. gracilis and seawater sample collections at (a) 
Saldanha Bay and (b) Liideritz. 



University of Cape Town

Table 2.1 List of G. gracilis samples collected and their collection-site details. Samples prefixed with SS were collected from Saldanha Bay and 
those prefixed with LS were collected from Liideritz. Collection-site locations are shown in Fig. 2.1. 

Sample Location of Depth of Date sampled Seawater pH of Description of seaweed 
sample sampling (m) temperature surrounding 

collection (0C) seawater 
SSI raft (R) 0.5 16.02.94 18 7.75 Pale green, with a few bleached ends; 

normal-looking for summer raft algae 
SS2 northeast comer; 5 16.02.94 13.5 7.62 Green with bleached sections all 

deep site (NED) along thalli; tips and some of the 
main axes still red 

SS3 northeast comer; 3 16.02.94 17 7.68 More pale than SS2 sample; bleached 
shallow site sections, similar to SS2 

(NES) 
SS4 wreck site (W) 3 16.02.94 17 7.77 dark red with many tips and small 

sections bleached 
SS5 deep site (D) 6 16.02.94 13.5 7.54 dark red in colour; very few lesions 

visible 

LSI Raft F4 1.5 15.03.94 16 7.39 dark red; no lesions visible 
LS2 Raft F5 1.8 15.03.94 16 7.40 dark red; no lesions visible 
LS3 Raft F5 2 15.03.94 16 7.43 dark red; no lesions visible 
LS4 Raft F5 2 15.03.94 16 7.39 dark red; no lesions visible 

I 

I 

I 

I 

.l>
N 
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2.3.2 Bacterial isolation 

Small amounts (3-7 g) of the freshly-collected G. gracilis samples were weighed out 

(Table 2.2). The samples were separately homogenised in a pre-cooled Waring 

blender containing 40 ml chilled synthetic sea salts (Appendix A). The samples were 

homogenised for four intervals of 15 seconds each. The blender container was cooled 

on ice after each I5-second burst in order to prevent overheating of the sample. 

Duplicate, ten-fold serial dilutions were prepared in synthetic sea salts from 2 m! of 

homogenate. Each dilution (100 ~l) was spread-plated in duplicate onto marine agar 

(MA; Appendix A). The cultures were incubated at 22°C for approximately 5 days in 

the dark. Bacterial isolates were selected according to differences in colony 

morphology. 

Duplicate, ten-fold serial dilutions of 2 ml volumes of sample seawater were prepared 

in synthetic sea salts. Each dilution (100 ~l) was spread-plated in duplicate onto 

marine agar (MA; Appendix A). The cultures were incubated at 22°C for 

approximately 5 days in the dark. Bacterial isolates were selected according to 

differences in colony morphology. 

2.3.3 Bacterial enumeration 

Culturable bacterial counts were determined from the number of colony-forming units 

(CFU) obtained on MA inoculated with the 10-3 and 10-4 dilutions described above 

(2.3.2), and adjusted to CFU per gram (wet wt.) G. gracilis. The number of culturable 

bacteria per mi11ilitre of seawater was determined from standard plate counts. The 

total number of viable bacteria per gram (wet wt.) G. gracilis was determined by 

4,6-diamidino-2-pheny1indole (DAPI) epifluorescence microscopy usmg a 

modification of the method described by Porter and Feig (1980): pre-weighed 

samples (fixed in 5 ml 4% (v/v) formalin) were homogenised in acid-washed glass 

tissue grinders. Bacterial epiphytes were dislodged from the macroalgal surface and 
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dispersed by vortexing the sample in 5 ml 0.1 M tetrasodium pyrophosphate (TSPP) 

and subsequent sonication at 50-60 Hz on ice (Elm a Transsoruc 460 sonicator). Serial 

dilutions of 500-/l1 aliquots of treated sample were made in sterile, de-ionised water 

and labelled with DAPI at a final concentration of 5 mg/ml for 20 min in the dark at 

4°C. The sample mixture was vacuum-filtered on to 25-mm diameter, 0.2 /lm black 

polycarbonate filters (Millipore) which had been moistened with a 1 % solution of 

photographic anti-static wetting agent (Pattersons). The filters were placed on acid

washed glass slides, a cover-slip placed over the filter with a drop of low-fluorescent 

immersion oil placed in between them, and the samples viewed under a Nikon 

Diaphot fluorescent microscope with a 100 W mercury light source, a Nikon Fluor 

16010.17 oil objective and a Nikon DM510 filter block. Bacterial cells were counted 

in twenty different graduated areas on the counting grid and the number of bacteria 

per gram of tissue calculated. 

2.3.4 Preliminary characterisation of bacterial isolates 

Bacterial isolates were tested for Gram reaction by staining cells using the Hucker 

modification of the Gram stain (Bailey and Scott, 1966) and viewing them under a 

light microscope fitted with a 100 x oil immersion lens. The bacterial cell shape was 

simultaneously determined. Bacterial motility was determined by microscopic 

observation of 16-hour bacterial cultures grown in marine broth (MB; Appendix A) at 

22°C. The method of Kovac's (Bailey and Scott, 1966) was used to determine the 

presence of cytochrome oxidase, while catalase activity was examined using 3% H20 2 

(Smibert and Krieg, 1981). The isolates were tested for their ability to metabolise 

glucose aerobically and anaerobically using Bacto OF Basal Medium (Difco) prepared 

in synthetic sea salts (Appendix A). Agarolytic activity was observed using Gran's 

agar test for agar decomposition (Hodgson and Chater, 1981). 
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2.3.5 Scanning electron microscopy 

Seaweed samples, not longer than 1 cm and obtained from the main stem and growing 

tips of G. gracilis, were fixed in 2.5% glutaraldehyde, post-fixed in 1 % osmium 

tetroxide, dehydrated in a series of ethanol solutions of increasing concentration, and 

critical-point dried in liquid CO2 (Eisenman and Alfert, 1982). The samples were 

mounted on aluminium stubs, coated with 20 J.lm AulPd, and examined using a 

Cambridge S200 scanning electron microscope. 

2.3.6 Determination of agarolytic activity 

Agarolytic activity was determined usmg a modified ferricyanide reducing-sugar 

assay (Park and Johnson, 1949). Selected bacterial isolates were grown in 100 ml 

glucose-free (basal) marine broth (BMB; Appendix A) to an optical density (600 nm) 

greater than 1. The culture medium lacked glucose to prevent catabolite repression of . 

agarase production and prevent interference with the reducing-sugar assay. Small 

volumes (1 ml) of the cultures were centrifuged at 12000 x g for 5 min, and the 

supernatant retained on ice. In duplicate, 100 J.ll culture supernatant was added to 

50 J.lI freshly-prepared 1% agarose substrate (Appendix A) and 250 J.ll 20 mM PIPES 

(piperazine-N-N-bis(2-ethanesulfonic acid» solution (Appendix A) in microfuge 

tubes and incubated at 37°C for 1 h. The reaction was stopped by the addition of 200 

J.ll stop reagent (Appendix A), after which 300 J.ll colour reagent (Appendix A) was 

added and the tubes incubated in a boiling waterbath for 2.5 min. The tubes were 

cooled in a waterbath at 22°C, centrifuged for I min at 15 800 x g to remove any 

remaining agarose, and the absorbance of the supernatant determined at 420 nm. 

Agarolytic enzyme activity was expressed as Ilg galactose released/mllh, where the 

concentration of galactose was determined from a standard curVe of absorbance at 

420 nm versus galactose concentration (linear from 0 to 100 Ilg/ml). 
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2.3.7 Determination of proteolytic activity 

Proteolytic activity was assayed quantitatively by scoring for zones of proteolysis 

surrounding single bacterial colonies growing on skim milk agar (Appendix A). 

Alkaline protease activity (the pH of seawater is always greater than 7) was 

determined using a modification of the method described by Long et al. (1981). 

Selected agarolytic isolates were grown at 22°C in peptone marine base medium 

(Appendix A). Aliquots (1 ml) of each bacterial culture were centrifuged for 5 min at 

15 800 x g to remove the bacteria. One hundred microlitres of synthetic azocasein 

substrate (Appendix A) was added to 100)l1 culture supernatant. Each assay was 

performed in duplicate at 37°C for 30 min and terminated by the addition of 200 )ll 

cold 10% trichloroacetic acid (TCA). After incubation at 4°C for 10 min, the samples 

were centrifuged for 5 min at 15 800 x g and 300 )ll of each supernatant added to 

300 )ll 0.5 M NaOH and the absorbance determined at 440 nm. One unit of alkaline 

protease activity was defined as the amount of enzyme that generated an increase in 

absorbance of 0.1 absorbance units in 30 min at 37°C. 
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2.4 RESULTS 

2.4.1 Enumeration of culturable and total epipbytic bacteria 

The mean number of culturable bacteria colonising G. gracilis from Saldanha Bay and 

Liideritz was 4.13 x 105 (SEM=1.54 X 105
) and 9.11 x 105 (SEM=3.13 X 105

) CFU/g 

(wet wt.) G. gracilis, respectively (Table 2.2). The mean number of culturable 

bacteria in seawater sampled from the same sites was found to be significantly lower 

(l0- to 100-fold) using the two-tailed Mann-Whitney U test (P ~ 0.05) (Fowler and 

Cohen, 1992). The mean number of culturable bacteria per millilitre seawater 

sampled from Saldanha Bay and Liideritz did not differ significantly from each other 

(P ~ 0.05) (Table 2.2). 

Direct enumeration of the bacterial epiphytes colonising the surface of G. gracilis by 

DAPI-epifluorescence microscopy was used to determine the total viable bacterial 

population. The number of bacteria colonising G. gracilis from Saldanha Bay and 

Liideritz was similar, averaging 9.45 x 109 (SEM=4.01 x 109
) and 8.73 x 109 

(SEM=5.93 X 109
) cells/g wet weight G. gracilis, respectively. The 10000-fold 

difference observed between the culturable and direct bacterial counts was shown to 

be significant using the two-tailed Mann-Whitney U test (P ~ 0.05). 

2.4.2 Cbaracterisation of bacterial isolates 

The characteristics of 134 culturable bacterial isolates isolated from G. gracilis from 

Saldanha Bay and Liideritz are shown in Table 2.3 (a) and (b), respectively. Table 2.4 

summarises these results. The majority of the bacterial isolates from Saldanha Bay 

and Liideritz were Gram-negative: approximately 98% and 93%, respectively. Of 

those isolated from Saldanha Bay G. gracilis, 24% were highly pigmented (yellow 
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and orange), while ..... 1-..,.. ......... I~~,.n.tolh"'n was evident 29% ... 'v ....... '" from Liideritz-

grown Gracilaria. of the bacterial isolates from were motile. The 

majority of Saldanha were assigned to while the 

Luderitz ."'v .... ".'" were mostly ___ """ .. __ to the Vibrio Alcaligenes 

genera. 

Table 2.2 Number 
column, harvested 

on surface of G. gracilis, and in adjacent water 
...... ' ... u" .. Bay (a) and Liideritz (b). 

a) SALDANHA BAY 

Sample Amount of 
G. gracilis in seawater 
used (g) 

SSI 6.80 4.35 x 6.73 x lOS 7.54 X 109 

SS2 3.00 2.78 x 103 8.68 x 2.13 x 109 

SS3 3.12 3.09 x 103 2.35 x lOS 1.66 X 109 

SS4 5.81 1.78 x 104 2.50 X 105 2.34 X 10 10 

SS5 4.09 3.67 x 104 3.78 X 104 1.25 X 1010 

Mean 1.29 x 104 4.13 x lOs 9.45 X 109 

b) 

Sample Amount of 
G. gracilis 
used 

LSI 5.78 2.13 x 1.51 x 106 4.81 X 109 

LS2 4.29 2.00 x 3.14 x lOS 2.05 x 109 

LS3 6.95 1.00 x 104 1.39 x 106 l.66 X 109 

5.50x 103 4.28 x 105 2.64 X 1010 

Mean 4.46 x 103 9.11 X 105 8.73 X 109 
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Table 2.3 Preliminary characterisation of bacterial epiphytes isolated from G. gracilis from Saldanha Bay (a) and Luderitz (b). 

(a) SALDANHA BAY G. GRACILIS 

IDa AGb GSc Sd Me GIAf Cg Ok GUI opi PIGk GENUS 

SSlb R + + + + yellow Alcaligenes 
SSlc + R + + + + cream . Alcaligenes 
SSld R + + + + + 0 white Pseudomonas 
SSle + R + + + + orange Alcaligenes 
SSlf R + + + + 0 cream Chromobacterium 
SSlg R + + + + cream Alcaligenes 
SSli + R + + + + + F cream AeromonasNibrio 
SSlk R + + + 0 cream Acinetobacter 
SSlI R + + + + + 0 cream Pseudomonas 
SSln R + + + + + F cream AeromonaslVibrio 
SS10 R + + + + F orange Enterobacteriaceae/Pasteurella 
SSlr R + + + cream unidentified .j:>. 

SSlt R + + + + + 0 yellow Pseudomonas 10 

SS2a + R + + + + + F cream AeromonaslVibrio 
SS2c R + + + F cream unidentified 
SS2e R + + + + F orange unidentified 
SS2k R + + + + F cream unidentified 
SS2n R + + + 0 orange Acinetobacter 
SS2t + R + + + + + 0 cream Pseudomonas 
SS2v S + + + + + F cream Acinetobacter 
SS2y + R + + + + beige Alcaligenes 
SS2af + R + + + F orange unidentified 
SS3a R + + + + cream Alcaligenes 
SS3b R + + cream unidentified 
SS3c R + + + + + F beige AeromonaslVibrio 
SS3e + R + + + + + 0 cream Pseudomonas 
SS3i + R + + + + white Alcaligenes 
SS31 R + + + + 0 cream Flavobacte rium 
SS3p R + + + + + 0 orange Pseudomonas 
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IDa AGb GSc Sd Me GIAc Cg Oh GUi OP PIGk GENUS 

SS3q + R + + + + cream Alcaligenes 
SS3t R + + + + F cream Enterobacteriaceael Pasteurella 
SS3w + R + + + + orange Alcaligenes 
SS3y + R + + + + + 0 cream Pseudomonas 
SS3ac R + + + F cream unidentified 
SS3aq + R + + + + cream Alcaligenes 
SS4a + R + + + + cream Alcaligenes 
SS4b R + + + cream unidentified 
SS4e R + + + + cream Alcaligenes 
SS4f R + + white unidentified 
SS4g + R + + + + cream Alcaligenes 
SS4j R + + + + + F beige AeromonaslVibrio 
SS4k + R + + + + + 0 white Pseudomonas 
SS40 R + + + + cream Alcaligenes 
SS4p + R + + + + cream Alcaligenes 
SS4x S + + + + yellow unidentified Ul 

SS5a R + + + 0 white Acinetobacter 0 

SS5c + R + + + + cream Alcaligenes 
SS5d R + + + + yellow Alcaligenes 
SS5f + S + + + + . white unidentified 
SS5g R + + + + + F cream Ae ro monasl Vib rio 
SS5h + R + + + + + 0 yellow Pseudomonas 
SS5i S + + + cream unidentified 
SS51 + R + + + + cream Alcaligenes 
SS5n R + + + yellow Alcaligenes 
SS5p R + + + + cream Alcaligenes 
SS5q + S + + + + + F orange unidentified 
SS5s R + + + + + 0 cream Pseudomonas 
SS5t + R + + + + cream Alcaligenes 
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G. GRACILIS 

Me 

LSla R + + + + orange 
LSlb + R + + + + white unidentified 
LSld R + + + + cream 
LSle R + + + + F cream Enterobacteriaceae/Pasteurella 
LSlf + R + + + + + F white Aeromonas/Vibrio 
LSlg R + + F cream 
LSlh R + + + + F 
LSlj R + + + + + 0 cream 
LSlk + R + + + + + F AeromonaslVibrio 
LSn + R + + + + + F cream AeromonaslVibrio 
LSlm + R + + + + + F cream AeromonaslVibrio 
LSln R + + + + F white 
LSlo + R + + + + + F cream AeromonaslVibrio 
LSlp + R + + + + + 0 cream Pseudomonas 

UI 
LSlq R + + + + + F cream AeromonaslVibrio 
LSlt R + + + + + F cream AeromonaslVibrio 
LSlx S +, + + + + F white unidentified 
LSly R + + + + + F cream AeromonaslVibrio 
LSlz + R + + + + + F beige AeromonaslVibrio 
LSlaa R + + + + orange 
LSlab R + + + white unidentified 
LSlac S + + + orange unidentified 
LSlad R + + + + orange unidentified 
LSlae R + + + + + F cream Aeromonas/Vibrio 
LS + R + + + + + 0 orange 
LSlah + R ,+ + + + + 0 cream Pseudomonas 
LS2a R + + + + cream 
LS2b R + + + + white 
LS2c S + + + cream unidentified 
LS2d + R + + + cream unidentified 
LS2e R + + + + cream 



University of Cape Town

IDa AGb GSc Sd Me GIAc Cg Oh GUi O? PIGk GENUS 

LS2f R + + + + + F cream AeromonaslVibrio 
LS2g R + + + + + F cream AeromonaslVibrio 
LS2h + R + + + + cream Alcaligenes 
LS2i + R + + + + + 0 beige Pseudomonas 
LS2j R + + + + cream Alcaligenes 
LS21 + S + + yellow unidentified 
LS2m + S + + orange unidentified 
LS2n + S + + white unidentified 
LS20 R + + + + + F yellow AeromonaslVibrio 
LS2p + R + + + + + F orange AeromonaslVibrio 
LS2q + R + + + + + F beige AeromonaslVibrio 
LS2r + R + + + + + F beige AeromonaslVibrio 
LS2s R + + + + orange Alcaligenes 
LS2t R + + + cream unidentified 
LS2u R + + + + + F cream AeromonaslVibrio 
LS2v + R + + + + cream Alcaligenes 

Va LS2w + R + + + + cream Alcaligenes IV 

LS2x R + + + + clear Alcaligenes 
LS2y + R + + + + orange Alcaligenes 
LS2z + R + + + + + F cream AeromonaslVibrio 
LS2aa + R + + + + + F beige AeromonaslVibrio 
LS2ab R + + + + beige Alcaligenes 
LS3a R + + + + orange Alcaligenes 
LS3b R + + + + orange Alcaligenes 
LS3c S + + + + cream unidentified 
LS3d R + + orange unidentified 
LS3e R + + + + + F cream AeromonaslVibrio 
LS3f + R + + + + cream Alcaligenes 
LS3g R + + + + + F cream AeromonaslVibrio 
LS3h R + + + + yellow Alcaligenes 
LS3i R + + + + + 0 orange Pseudomonas 
LS3j R + + + + yellow Alcaligenes 
LS3k R + + + + + F cream AeromonaslVibrio 
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Me GENUS 

LS31 R + + + + + F cream AeromonaslVibrio 
LS3m R + + + + F white 
LS3n R + + + + + F AeromonaslVibrio 
LS4a R + + + F cream unidentified 
LS4c R + + + + + F white AeromonaslVibrio 
LS4d + R + + + + + F orange AeromonaslVibrio 
LS4f R + + + + F unidentified 
LS4g S + + + + unidentified 
LS4h R + + + + + F cream AeromonaslVibrio 
LS4i + R + + 

R AeromonaslVibrio 
AeromonaslVibrio 

a Bacterial isolate 
b 

Gram stain U'l 
d Cell S, w 

e ... .,.J.v".,.l~J 

Growth in air 
g Catalase 
h 

j OF test: F. -, unable to utilise 
k 
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Table 2.4 Summary of the characteristics of the bacterial isolates from G. gracilis from 
Saldanha Bay and Luderitz. 

Saldanha Liideritz 

58 76 
1 5 

57 71 
rods 53 68 
cocci 5 8 
motile 49 72 
agarolytic 23 23 

yellow 6 8 
cream 35 34 
orange 8 14 
white 6 10 
beige 3 9 
clear 0 

Genus 
Acinetobacter 4 0 
AeromonaslVibrio 6 29 
Alcaligenes 21 20 
EnterobacteriA ctinobacillus 0 
EnterobacterlPasteurella 2 4 
Flavobacterium 0 
Chromobacterium I 0 
PseudomonaslAlteromonas 10 6 
Unidentified 13 16 
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2.4.3 Scanning electron microscopy 

Scanning electron mIcroscopy was employed to investigate the distribution of 

epiphytic bacteria on the surface of bleached and healthy G. gracilis. There was no 

significant difference between the bacterial populations associated with healthy 

(Fig. 2.2a) and bleached (Fig. 2.2b) macroalgal tissue in tenns of their numbers and 

appearance. Although the culturable isolates from G. gracilis were predominantly 

rod-shaped (Table 2.4), large numbers of both coccoid and rod-shaped bacteria were 

observed under the scanning electron microscope. It is possible that the cocci 

observed by scanning electron microscopy could have been rod-shaped bacteria which 

had contracted during sample preparation. Alternatively, the coccoid bacteria either 

did not grow on the synthetic laboratory media used in this study, or they became rod

shaped following growth on the nutrient-rich laboratory media. Besides the bacterial 

epiphytes, some fungi and large numbers of diatoms were observed. Bleached tissue 

appeared to be disrupted and a number of 'holes' were detected which were surrounded 

by large masses of bacteria, diatoms and fungi (Fig. 2.2c). 

It appears that the cuticle of G. gracilis provides an ideal surface for bacterial 

attachment. Accumulation of bacteria and other epiphytes was often observed in the 

nodal areas (where growth tips are joined to the main thallus) of the macroalga. 

Significantly fewer bacteria, and often none, were observed in the vicinity of the 

thallus tips (Fig. 2.2d). 
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----------------------10~m 

b) 

----------------------10~m 

Fig. 2.2 Scanning electron micrographs depicting the epiphytic bacterial populations 
colonising the main thallus tissue of healthy (a) and bleached (b) G. gracilis. Fig. 2.2c 
shows a portion of disrupted tissue surrounded by various epiphytes, while Fig. 2.2d 
shows the lack of epiphytes on tissue near the end of small growth tips. 
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c) 

d) 
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2.4.4 Determination of agarolytic activity 

F arty percent of the Saldanha Bay bacterial isolates, and 30% of the LUderitz isolates, 

exhibited agarolytic activity (Table 2.4) (observed by the presence of zones of 

hydrolysis surrounding single colonies growing on MA). The variation in activities of 

the agarases produced by these isolates are shown in Table 2.5. Four of the agarolytic 

bacterial isolates from LUderitz G. gracilis (isolates LSlf, LSll, LSlm and LSlo) 

were no longer viable on laboratory culture media and thus were not assayed. Since 

the isolates grew at very different rates, agarase and protease production were assayed 
, 

once the cultures exceeded an optical density (600 nm) of 1. Culture absorbance 

values could not be determined for isolates SS2a, SS3e, SS5f, SS5t, LS2p and LS2y 

due to interference by cellular particulate matter in the culture supernatant. Since it 

was assumed that epiphytic bacteria would have to export their agarases in order to 

degrade the G. gracilis thallus, only extracellular agarase activity, expressed as the 

amount of galactose produced per millilitre culture supernatant per hour, was 

determined and compared between isolates. The bacterial agarase activities ranged 

from 0.07 (isolate SS2y) to 85.84 ~g galactose released/mllh (isolate LS2i). 

The following six bacterial isolates grew very slowly, and consequently, were assayed 

at culture OD values below 1.0: SSle, SS3q, SS4g, SS5h, LS2h, and LS2r. A 

possible reason for the slow growth rate of these bacterial isolates could be that the 

nutrient medium, or incubation temperature, was not optimal. Apart from SS4g, these 

isolates exhibited below-average agarase activities. This agreed with the qualitative 

assay of bacterial agarase activity following growth on marine agar, where these 

isolates exhibited very small zones of hydrolysis after 49 h incubation at 22°C. 

Interestingly, isolate SS4g produced a very large zone of agarolysis on MA after a 

similar incubation period at 22°C. 
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Extracellular agarase and protease activity of the agarolytic bacterial 1"''''"4L''''''' 

Ic 
SSle 50 0.903 0.48 0.79 

SSli 39 1.078 35.53 0.96 

SS2a 39 NT 6.36 1.21 

SS2t 39 1.078 6.02 2.46 

39 1.210 0.07 2.09 

SS2af 39 1.221 8.64 1.33 

SS3e 39 NT 1.79 0.59 

SS3i 39 1.102 5.54 1.09 
39 0.745 3.59 0.98 

SS3w 39 1.072 ND 0.58 
39 1.225 31.27 1.54 
64 1.122 13.87 0.25 

SS4a 64 1.321 54.12 3.74 
39 0.935 16.60 0.40 

SS4k 39 1.136 0.89 0.99 
30 Ll71 ND 1.86 

SS5c 39 1.219 9.21 1.73 
SS5f 39 NT 22.96 0.30 
SS5h 39 0.876 ND 0.40 
SS51 39 1.049 ND 1.06 

39 1.236 55.60 0.99 
SS5t 39 NT 47.43 0.75 
LSIf NG 
LSlk 24 2.192 16.04 0.39 
LSll NG 
LSlm NG 
LSl0 NG 
LSlp 39 1.268 3.69 2.86 
LSlz 24 1.920 69.51 1.73 

39 U18 6.47 1.18 
LSlah 21 1.046 9.85 0.39 
LS2d 39 1.237 25.12 1.15 
LS2h 39 0.456 3.79 1.49 
LS2i 39 1.182 85.84 1.84 

39 NT 0.87 0.75 
21 1.083 15.00 1.62 

LS2r 39 0.588 0.38 0.63 
LS2v 64 1.365 12.90 3.34 
LS2w 64 1.019 2.07 2.75 

30 NT 2.63 1.69 
LS2z 24 2.632 ND 0.56 
LS2aa 30 1.236 3.85 5.70 
LS3f 39 1.237 ILl3 2.11 
LS4d 21 1.184 35.46 1.17 
LS4i 50 1.146 1.94 2.13 

a Hours to enzyme 
b Optical density of culture at time 
NG No growth 
NT Absorbance of these cultures could not be measured due to matter in the sample 
ND Not detected with ferricyanide assay 



Univ
ers

ity
 of

Cap
e T

ow
n

60 

Although isolates SS3w, SS4p, SSSh, SSSI and LS2z produced zones of agarolysis on 

MA, extracellular agarase activity was not detected by the ferricyanide reducing-sugar 

assay. 

2.4.5 Determination of extracellular proteolytic activity 

Since degradation of the waxy proteinaceous cuticle covering the G. gracilis thallus is 

necessary in order to allow the bacterial agarases access to the agar-containing algal 

cell walls, the culturable agarolytic bacterial epiphytes were screened for their ability 

to hydrolyse casein. All the agarolytic bacterial epiphytes produced zones of 

proteolysis (O.S to 7.0 rnm in diameter) on skim milk agar (results not shown). The 

activity ofthe proteases produced by these bacteria ranged from 0.30 (isolate SSSf) to 

S.70 units/ml (isolate LS2aa) (Table 2.S). 
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2.5 DISCUSSION 

Studies of healthy manne macroalgae have shown that they provide attachment 

surfaces for bacterial populations ranging from 104 to 107 bacteriaJcm
2 

(Shiba and 

Taga, 1980) and 104 to 107 bacteriaJg dry weight (Conover and Sieburth, 1964; Chan 

and McManus, 1969). It was shown in this study that G. gracilis, sampled from both 

natural and farmed sources, is colonised by a large epiphytic bacterial population. 

The 10- to 100-fold difference between the mean number of culturable bacteria on 

G. gracilis and in the surrounding seawater, is comparable to results obtained by 

Mow-Robinson and Rheinheimer (1985). These researchers showed that there was a 

100- to 1000-fold decrease in bacterial numbers found in comparable volumes of 

seawater surrounding different macroalgae in the Kiel Fjord, Norway. Rieper

Kirchner (1989) made similar findings in a study of North Sea macroalgae. This 

difference is to be expected, since bacteria prefer to colonise the more nutrient-rich 

algal surfaces than remain suspended in the seawater column which has relatively low 

concentrations of dissolved organic nutrients (Atlas and Bartha, 1987). 

There is a 10 000-fold difference between culturable counts and total counts of 

bacteria on the surface of G. gracilis. This difference is to be expected since many 

marine bacteria are unculturable on standard laboratory marine media (Austin, 1988b) 

and it is not uncommon for less than 1 % of bacteria in natural samples to be cultured 

(Amann et aI., 1995). It has been suggested that many bacterial strains in the ocean 

are dormant and thus not physiologically prepared for _ immediate growth on a 

selective laboratory medium (Watson et aI., 1977). It is also possible that some 

oceanic bacterial strains have specific nutrient requirements which were not met by 

the marine medium used in this study. Thus, a large fraction of the isolates which 

comprise the bacterial epiphyte population of G. gracilis was omitted from our culture 

collection, and consequently, remains uncharacterised. However, since the laboratory 

marine medium employed in this study would satisfy the growth requirements of 

heterotrophic marine bacteria, it is expected that the culturable bacteria isolated in this 
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most bacterial epiphytes of gracilis. 

characteristics of a 

identified genera of 

reported as being associated with 

Thus, 78% of the Saldanha Bay, 

a particular genus using diagnostic 

isolates corresponded to previously 

as well as those previously 

(Kong and Chang, 1 

et ai., 1994a; Austin, 1988b). It must be 

to is tentative since marine bacteria are notoriously difficult to ..... ..,'lHU. 

isolated 

Pigmentation 

media (Austin, 1 

a common 

The predominance of 

is not surprising, since the majority of bacteria 

are Gram-negative rods (Austin, 1988a). 

marine organisms cultured on solid 

Scanning electron microscopy of the surface of a variation of 

epiphytic organisms including bacteria and diatoms, .,UAlH«U on 

macroalgal ,rT'lf'PC! (Sieburth, 1964b; Sieburth, 1 

or other epiphytic microorganisms in the the thallus ("f""UI11"("f 

possible presence of an antimicrobial substance(s) secreted by 

nrf'tp,~" actively growing parts of the plant. This phenomenon has 

to occur a 

Rao, 1994). 

of old outer cell wall 

Cundel1 et al. (1977) showed that 

Ascophyllum nodosum could 

growth of new tissue. 

to 

(Sieburth, 1964a; Sastry and 

also be a result of the sloughing 

tissue free of epiphytes. 

on the apical tips of 

high proportion of agarolytic bacteria isolated from 

that this metabolic 

the "''''r·T", .. ,,,, 

wall 

may be important in "' .. nu"'.''''u. .... 

associated with this macroalga. cell 

agar, it seems that the Graci/aria epiphytic 
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adapted to microenvironment 

the agar as a nutrient source. Both 

(1 (1989) showed that bacteria .;:IIJ ....... U,H.;:I'"'U 

abound in areas where the 

bacteria were found associated 

prevail. 

brown, alginate

Kong and Chan 

the cellulose-

, ... u, .... ;-, macro algae (Mow-Robinson and Rheinheimer, 1 

(1 isolated cellulase-digesting bacteria 

algae Ulva lactuca and Codium cylindricum. Similarly, Vibrio 

of the brown macroalga Laminaria were found to 

hydrolysing laminarin produced (Laycock, 1974). 

indicate that 

VVA,VU,,,,,U,L;-, them. 

Not only are 

carbohydrate-containing mucilage 

showed that liberation of extracellular 

macro algae. This would account 

opposed to the surrounding seawater. 

"""'y."'.... seasons of the year, however, 

isolated from G. gracilis collected 

substantiate this suggestion. 

"' .... , ....... '" are a source of for the 

is beneficial to 

of 

Boalch (1959) 

compounds occurs in most 

macro algal surfaces as 

may change over the 

proportion agarolytic bacteria 

should be compared to 

It is likely that proteolysis is an important attribute in these bacteria, enabling v ••• v.' ...... 

degradation of the macro algal showed that both 

proteolytic activities were pV'r"IrpccI"'rI 

enzymes simultaneously 

Qls:ea:sea macroalgae. 

relationship npT1'''I''F'T> 

equilibrium under ",-,'''H' ... elllVlrOIlII1lental 

Expression of bacterial 

for symptoms to 

bacteria to 

despite the fact 

enzymes which are bacteria synthesize 

detrimental to their 

occasionally wounded as a 

1J'-'",,:lLVl\J that under normal circumstances, the IS 

wave action, abrasion against 
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sand, and injury resulting from grazers. Such injury would increase macroalgal tissue 

susceptibility to the action of bacterial extracellular enzymes, which would liberate 

sufficient nutrients, in the form of oligosaccharides and disaccharides, for use by the 

bacterial epiphyte population. 

Environmental changes such as increased water temperature, or depletion of soluble 

nutrients may stress the alga, making it more susceptible to bacterial degradation. 

Rieper-Kirchner (1989) found that a greater amount of macroalgal decomposition 

occurred in North Sea macro algae in summer when temperatures were higher. These 

environmental changes may induce increased synthesis and secretion of the catabolic 

enzymes produced by the bacterial epiphytes, leading to extensive degradation of 

G. gracilis. Thus, changes in environmental conditions could have severe 

implications for G. gracilis farming, particularly in tank or pond systems. 

Although the characteristics of the culturable bacterial populations isolated from 

Saldanha Bay and LUderitz Gracilaria are similar, the environmental conditions 

which affect these two macroalgal populations are quite different. The cold Benguela 

Current runs directly into LUderitz Bay, maintaining a fairly constant, low water 

temperature and supplying a constant source of nutrients to the macroalgal population. 

On the other hand, G. gracilis in Saldanha Bay is extremely sheltered. Consequently, 

the water temperature increases significantly in summer (l2-15°C in winter to 

21-25°C in summer). The combination of raised surface water temperatures and 

southerly winds results in stratification during the summer months at Saldanha Bay; 

leading to oligotrophic conditions in the upper 5-10 m of the water column (Anderson 

et ai., 1996b). Thus, raft-cultivated G. gracilis, and its associated bacterial epiphytes, 

are subjected to unfavourable growth conditions at this time of the year. This may 

force the bacteria to exploit G. gracilis as a primary nutrient source in summer, 

resulting in extensive degradation of the algal tissue. Indeed, lesions, bleaching and 

other signs of disease have been observed in benthic and cultivated G. gracilis 

populations following long periods (>2-3 weeks) of warm, oligotrophic water in 

. Saldanha Bay (R. J. Anderson, pers. comm.). Thus, although potential bacterial 

pathogens are associated with both Graci/aria populations, they cause disease only in 
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the Saldanha Bay macroalgal population and not in Ltideritz-grown G. gracilis. 

It could be argued that the results and hypotheses discussed above may not reflect the 

entire picture as they are based on macroalgal samples that were obtained during 

summer when thallus-bleaching is usually prevalent in Saldanha Bay G. gracilis. 

Thus, sampling during a single season may not be representative of G. gracilis 

bacterial epiphytes as there may be seasonal variation. However, since the Ltideritz 

G. gracilis samples collected above did not show disease symptoms and Saldanha Bay 

samples did, we expected to detect some significant differences in the epiphytic 

bacterial populations co Ionising G. gracilis from the two locations, which would 

enable us to identify a subset of potential G. gracilis pathogens. Expected differences 

could include greater numbers of epiphytes on Saldanha Bay G. gracilis and/or a 

larger proportion of agarolytic bacteria colonising the Saldanha Bay macroalga. 

However, this was not the case. It was thus decided to screen the bacterial isolates for 

pathogenicity towards G. gracilis in the laboratory by developing an assay that detects 

disease symptoms on G. gracilis samples. Since the bacterial epiphytes already 

originated from summer Saldanha Bay G. gracilis (i.e. the number of pathogenic 

bacteria colonising G. gracilis are expected to be greatest during the summer as this is 

when disease symptoms mostly occur), there would be sufficient pathogens of 

G. gracilis present in the sample. If any were identified, they could be used as 

indicator organisms that could be monitored in field experiments that would be 

performed throughout the year. This would enable us to observe their numbers in 

relation to environmental changes, and consequently, determine whether they are 

responsible for the disease symptoms that occur in Saldanha Bay G. gracilis during 

the summer months. 
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CHAPTER 3 

DEVELOPMENT OF AN IN VITRO ASSAY TO DETECT 
BACTERIAL PATHOGENS OF G. GRACILIS 

3.1 SUMMARY 

Since available protocols for the ideritification of bacteria pathogenic to G. gracilis 

were found to be inadequate, an assay was developed which made use of 'axenic' 

(bacteria-free) G. gracilis in order to allow disease symptoms to be directly attributed 

to the presence of a specific bacterial isolate. Lengths of axenic G. gracilis thalli were 

inoculated on the surface with bacteria, incubated in sterile seawater at 22°C and 

monitored for disease symptoms. However, the assay proved to be as unreliable as 

existing procedures and failed to satisfy Koch's postulates. A second pathogenicity 

assay was developed which proved more reliable in that each bacterial isolate 

consistently induced a particular symptom on the infected macroalgal thallus. 

Lengths of axenic G. gracilis thalli were injected in either end with bacterial 

suspension, incubated on marine agar at 30°C and monitored for disease symptoms. 

The bacterium LS2i was identified as a possible pathogen of G. gracilis using this 

assay. However, this assay also did not satisfy Koch's criteria for establishing an 

unequivocal link between the observed disease symptoms and isolate LS2i, since 

significant bacterial contamination of the test macroalga occurred. A third protocol 

for the identification of potential pathogenic bacterial epiphytes generated consistent 

results and satisfied Koch's postulates, enabling the identification of six pathogens of 

G. gracilis. Lengths of axenic G. gracilis thalli were treated similarly to those in the 

second assay and incubated in marine broth at 30°C whilst monitoring for disease 

symptoms. All the pathogenic bacterial isolates were agarolytic. Using the third 

protocol, the agarolytic isolate, LS2i, was used to study the role that temperature plays 

. in inducing bacterial virulence which in tum induces disease in G. graciliS. 
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3.2 INTRODUCTION 

The sheer numbers of 

G. gracilis in Saldanha 

laboratory 

macroalga. It was 

any potential Dalllo:geIlS 

macroalga to 

These included 

thalli, incubation the 

bacterial growth, as well as 

temperatures to encourage 

conditions are unnatural in terms 

population undergo in the it was 

of bacterial isolates as potential pathogens 

68 

a summer of 

more to develop a 

of the 

that would encourage 

by subjecting the 

.... ~"'"'''..,'"' (2.5). 

contact with the macroalgal 

to encourage rapid 

thalli and at raised 

though these 

its epiphytic bacterial 

the detection 

In order to identifY the causal .. .u",',-,,,,,co',-,, it is nec:::essalV to fulfil 

postulates (Black, 1996). Thus, specific ""'r.,., .... 1~l'\n'" must by a particular 

bacterium when introduced into a healthy and subsequently, the 

identical bacterium should be re-isolated host. 

Largo et al. (1995) showed that 

alvarezii (Doty) Doty inoj:::ulated onto nOln-aXelnIC 

macro alga. Similar methods were 

demonstrate the pathogenicity 

above methodology proved inadequate 

G. gracilis from 

uninoculated control thalli 

inoculated onto the macroalgal thalli 

onset of disease. 

identification of a particular as 

to 

the 

the 

the disease 
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symptoms manifested on the inoculated macro alga. 

Thus, a method for generating axenic G. gracilis, and an assay suitable for screening 

the pathogenicity of previously-isolated bacterial epiphytes of this macro alga, needed 

to be developed. Once this had been developed, this assay could be used to study the 

influence of factors such as temperature (which has been implicated in the disease of 

G. gracilis: section 2.5) on the virulence response of bacterial pathogens of 

G. gracilis. 
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3.3 MATERIALS AND METHODS 

3.3.1 Generation of axenic G. gracilis 

AU G. gracilis samples used in the assays below were collected from Saldanha Bay. 

Five-gram quantities (wet wt.) of healthy G. gracilis (dark red and free of epiphytic 

algae) were immersed in 500 ml filter-sterilised distilled water for 4 h. The 

macro algae were then immersed in 100 ml filter-sterilised seawater (SSW), sonicated 

in a sonicating bath (Elma transsonic 460 sonicator) at 50-60 Hz for 4 min, immersed 

in 100 ml 1% Povidone-iodine solution for 60 s and finally incubated for 24 h at 12°C 

in 100 ml SSW containing a 'cocktail' of antibiotics. To determine which antibiotics 

would be most effective in eliminating the bacteria, antibiotic discs (Oxoid) 

containing fixed amounts of antibiotics were added to the surface of marine agar (MA; 

Appendix A) on which lawns of bacteria isolated from G. gracilis were cultured 

(Chen and McCracken, 1993). The size of the zones of inhibition around the discs 

indicated the susceptibility of the general bacterial population to the antibiotic, and 

consequently, five antibiotics were selected which effectively inhibited the growth of 

a range of bacterial epiphytes. The antibiotics were combined to form a 'cocktail' 

composed of 0.5 mg/ml streptomycin, 0.5 mg/ml penicillin, 0.5 mg/ml kanamycin 

sulphate, 0.3 mg/ml cefotaxime (ClaforanTM) and 0.6 /lg/ml nalidixic acid 

(Appendix A). The treated macro algae were rinsed thoroughly in SSW and tested for 

axenicity by rubbing 5- to 6-cm thallus pieces across the surface of synthetic MA. 

These plate cultures were incubated for up to 14 days at 22°C, during which time they 

were monitored for growth of bacterial colonies. In pathogenicity assay 3, the 

macro algae were pre-cut into 5- to 6-cm lengths prior to sterilising in the antibiotic 

'cocktail'. It was thought, firstly, that by limiting the amount of macroalgal tissue to 

that required for the assay only, the initial bacterial population to be sterilised would 

be reduced, thus enhancing the overall effect of antibiotic action. Secondly, it was 

thought· that pre-cutting the macro algal thalli would minimise the time required for 
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handling the thalli after antibiotic treatment and therefore reduce opportunities for 

possible contamination. 

3.3.2 Pathogenicity assay 1 

A selection of ten highly agarolytic and non-agarolytic bacterial epiphytes, previously 

isolated from the surface ofG. gracilis (2.4.2; LSla, LS1q, LSlah, LS2i, LS2q, LS3f, 

LS3g, LS4d, SS4g and SS5g), were used to test the efficacy of this assay. 

Five-centimetre lengths of axenic thalli were rinsed thoroughly in SSW and each was 

inoculated along its surface with a single bacterial isolate using an inoculating loop. 

Duplicate thalli were inoculated in each of three independent experiments. Each 

inoculated thallus was placed in an Erlenmeyer flask containing 100 ml SSW and 

incubated at 22°C without agitation. As a control, a 5-cm length of uninoculated 

axenic thallus was placed in an Erlenmeyer flask containing 100 ml SSW and 

incubated at 22°C. 

The thalli were scored for the presence of disease symptoms after 12 days. In order to 

satisfy Koch's postulates, 1-cm sections were cut off the inoculated thalli and rubbed 

across the surface of MA as described in section 3.3.1. The cultures were incubated at 

22°C for 5 days and scored for the presence of bacterial colonies identical to the 

inoculant (based on colony colour and morphology). 

3.3.3 Pathogenicity assay 2 

Two previously-isolated epiphytic bacteria, designated LS2i (a highly agarolytic 

isolate) and LS1a (a non-agarolytic isolate), were each cultured at 22°C for 16 h in 

10 ml marine broth (MB; Appendix A) on an orbital shaker (Gallenkamp) at 100 rpm. 

One hundred microlitres of each culture was subsequently transferred to 100 ml MB 

in an Erlenmeyer flask and incubated under the same conditions until the culture 

reached an OD6oo of 1.20-1.50 (r:::l7 h). 
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To wound the thalli and thus bring the bacteria into contact with internal G. gracilis 

tissue, 5-cm lengths of axenic G. gracilis thalli were injected at each end with 200 J!l 

bacterial suspension using a sterile needle (26 gauge), to a depth of approximately 

1 cm. Duplicate thalli were injected in each of three separate experiments. The thalli 

were incubated on MA to encourage LS2i growth. As it was previously shown that 

axenic thalli incubated on MA plates at 22°C for at least 10 days remained dark and 

healthy, and that those injected with LS2i and incubated on MA at 22°C developed 

bleached symptoms (results not shown), each injected thallus segment was placed 

onto MA and incubated at 30°C for up to 7 days. The higher temperature (30°C) was 

chosen to encourage agarolytic activity, as it was shown that LS2i agarolytic activity 

was higher at 30°C than at 22°C (4.4.5). A 5-cm length of axenic thallus injected with 

SSW, as well as an uninjected axenic thallus segment, served as experimental controls 

(incubated on MA at 30°C). The thalli were monitored daily for the appearance of 

symptoms and concurrently examined for the appearance of bacterial colonies 

identical to the injected isolates. 

3.3.4 Pathogenicity assay 3 

The same ten bacterial isolates used in pathogenicity assay 1 were cultured in MB as 

described in pathogenicity assay 2 (3.3.3). Prior to injection into macroalgal thalli, 

the cells were harvested, washed in SSW to remove any residual extracellular agarase, 

and resuspended in 100 ml fresh MB. Duplicate 5-cm lengths of axenic G. gracilis 

thalli were injected with the bacterial isolates as described in pathogenicity assay 2, in 

three separate experiments. Experimental controls were as for pathogenicity assay 2 

(3.3.3). Each injected thallus was placed in an Erlenmeyer flask containing 50 ml MB 

and incubated at 30°C. 

Thalli were scored for the appearance of symptoms after 4 days. At the same time, in 

order to satisfy Koch's postulates, the thalli were removed from the broth and dragged 

across the surface of MA. These media were incubated at 22°C for 5 days and 
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observed for the appearance of bacterial colonies. The plate cultures were scored for 

the growth of bacterial colonies identical in appearance to the isolate originally 

injected into the thallus. 

3.3.5 The influence of temperature on the virulence response of bacterial 
pathogens of G. gracilis 

As has been previously mentioned (2.5), disease symptoms have been observed in 

G. gracilis populations in Saldanha Bay following the occurrence of long periods of 

warm water, suggesting that increased temperatures may be involved in inducing the 

virulence response of bacterial pathogens of G. gracilis. Pathogenicity assay 3 was 

implemented to test whether temperature did have any influence on the virulence of 

LS2i. Thus, G. gracilis was injected with isolate LS2i and incubated at different 

temperatures at which both LS2i and G. gracilis remain viable i.e. 12°C, 22°C and 

30°C. 

Five-centimetre lengths of axenic G. gracilis thalli were injected with the 

previously-isolated bacterium LS2i as before (3.3.3) and incubated at 12°C, 22°C and 

30°C for 10 days (four flasks each containing two thalli at each temperature; LS2i 

was shown to grow at all three temperatures in pure culture; see 4.3.4). One flask 

containing duplicate 5-cm lengths of G. gracilis injected with SSW was incubated at 

each temperature as a control. Thalli were scored daily for the appearance of disease 

symptoms over a period of 10 days. On the i h day of incubation, two flasks 

incubated at 12°C were removed and incubated at 30°C for the remaining 3 days. The 

re-isolation of LS2i was performed as in section 3.3.4. This experiment was 

performed twice. 



Univ
ers

ity
 of

Cap
e T

ow
n

74 

RESULTS 

3.4.1 

Sonication gracilis, treatment with Povidone-iodine an 

antibiotic 'cocktail', not 

no visible symptoms of stress). 

over a lO-day period when """",-,HJV 

on thalli (i.e. 

at 22°C 

some cases, a variety of bacterial colonies were 

The subsequent use of pre-cut lengths of G. gracilis thalli 

bacteria; 3 1) increased the time period over which 

on MA to approximately 15 days. 

3.4.2 1 

G. 1). 

were individually 

initial eXlperlment 

pathogenicity on axemc 

1; experiment 1) identified 7 

bacterial l.:>V'£tUJ" which 

incubation at 22°C, while 3 bacterial ."v."""",,,, 

macroalga over the same period. In 

bleaching effects of the thalli. In some 

or white bands encircling the thalli 

LHV'vUJl" ... '..,. thalli 12 days 

the bleached areas lU<JUUJlv<:>ll"'U 

in other cases 

or white mottled patches. The experimental control remained SVlnoltonl1e:ss 

incubation period. 

a 

now 

caused 

thanus. 

",vr,pn'rYlP'nr 2), bacterial isolates LS 1 ah 

macroalgal thallus, while isolate SS4g no longer 

o.U\.lHl'Ul1. U1<:>"'O."V symptoms were apparent on the control 



Univ
ers

ity
 of

Cap
e T

ow
n

75 

Table 3.1 Results of pathogenicity assay 1. The presence or absence of disease 
symptoms were scored after 12 days incubation in SSW at 22°C. The re-isolation of 
inoculants was subsequently determined according to colony morphology following the 
appearance of bacterial colonies after 5 days incubation on MA at 22°C. 

Isolate Agarolytic 

LSla 
LSlq 
LSlah 
LS2i 
LS2q 
LS3f 
LS3g 
LS4d 
SS4g 
SS5g 
Control 

+ symptoms present 
symptoms absent 
inoculant re-isolated 

+ 
+ 
+ 
+ 

+ 
+ 

c contaminant(s) isolated 
+c inoculant and contaminant(s) isolated 

Experiment number 

2 3 1 2 3 

Disease symptoms Re-isolation of inoculant 

+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 

+ 
+ 

+ 

+ 
+ 

c 

c 

1 

+c 

c 
i 

+c 

c 

c 

c 

A similar lack of consistency was observed when the experiment was perfonned a 

third time (Table 3.1; experiment 3). Furthennore, the type of symptoms caused by 

particular bacterial isolates varied between experiments e.g., in some cases, where 

only a mottling effect had been observed, large areas ofthe thalli were now bleached. 

Nine of the ten bacterial isolates tested for pathogenicity were re-isolated from 

infected algal thalli in all three experiments using assay 1 (Table 3.1). However, 

although colonies of both LSlq and SS4g were identifiable from thallus samples 

inoculated on MA, the thallus segments were contaminated with other bacteria. In all 

three experiments LS3g was not re-isolated from inoculated thalli, but contaminating 

bacteria were observed. 
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3.4.3 Pathogenicity assay 2 

A second assay procedure was developed and used to test the pathogenicity of 

bacterial isolates LS la and LS2i. Isolate LS2i, a highly agarolytic bactenum (2.4.2), 

caused marked bleaching along the injected portion of the algal thallus after 4 days 

incubation on MA at 300 e in all three experiments (Table 3.2). Isolate LS 1 a, a non

agarolytic isolate (2.4.2), did not cause disease symptoms on the G. gracilis thallus in 

all three experiments. Potential physical damage to the thallus as a consequence of 

injection was tested by injecting SSW into thalli. In experiment 1, no symptoms were 

observed, whereas slight bleaching of the thalli was observed in experiments 2 and 3 

after 4 days incubation at 30oe. There were no disease symptoms apparent on 

uninjected thalli after 4 days incubation at 30°e. The results from this assay remained 

consistent over a 7 day incubation period at 30°e. 

Table 3.2 Results of pathogenicity assay 2. The presence or absence of disease 
symptoms were scored after 4 days incubation on MA at 30°C. Growth of original 
inoculants was scored subsequently according to colony morphology following the 
appearance of colonies on MA after 4 days incubation at 22°C. 

LS2i 
LSla 

Isolate 

Control (injected with SSW) 
Control (uninjected) 

+ symptoms present 
symptoms absent 
inoculant observed 

Agarolytic 

+ 

+c inoculant and contaminant(s) observed 
n no bacterial growth 

Experiment number 

2 3 123 

Disease symptoms Observation of inoculant 

+ + + 

+ + 

+c 

n 
n 

+c 

n 
n 

+c 

n 
n 

When the thalli injected with isolate LS2i began exhibiting symptoms, a variety of 

small bacterial colonies, including those of LS2i, were observed growing around the 
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thallus segments on the MA surface (Table 3.2). Only LSla was re-isolated from 

G. gracilis thalli that had been injected with this bacterium. There were no bacterial 

colonies visible on MA inoculated with either of the control thalli, even after 7 days 

incubation at 30°C. 

3.4.4 Pathogenicity assay 3 

The ten bacterial isolates tested in pathogenicity assay 1 were re-examined for 

pathogenicity to G. gracilis using a third pathogenicity assay (Table 3.3). Six of the 

ten isolates elicited disease symptoms in healthy, axenic G. gracilis. The results 

obtained with this pathogenicity· assay protocol were consistent over the 4-day 

incubation period in three independent experiments. 

Table 3.3 Results of pathogenicity assay 3. The presence or absence of disease 
symptoms were scored after 4 days incubation in MB at 30°C. The re-isolation of 
inoculants was scored after dragging injected thalli across MA and observing for 
growth of bacterial colonies after incubation for 5 days at 22°C. 

Isolate Agarolytic Disease symptoms Re-isolation of inoculant 

LSla c 
LSlq 
LSlah + + + + 
LS2i + + + + 
LS2q + + + + 
LS3f + + + + 
LS3g 
LS4d + + + + 
SS4g + + + + 
SS5g 
Control (injected 
with SSW) n n n 

+ symptoms present 
symptoms absent 
inoculant re-isolated 

c contaminant(s) isolated 
n no bacterial growth 
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The uninjected control thalli which were incubated in ME at 30D C remained dark and 

healthy throughout the incubation period. However, the control thalli injected with 

SSW and incubated in MB at 30De became slightly pale towards the end of the 

incubation period, suggesting that the thalli were stressed when the algal tissue was 

injected with seawater. In the case of thalli injected with bacterial isolates, disease 

symptoms manifested as bleached areas along the injected area of the thallus. 

Figure 3.1 shows the bleached symptoms exhibited by G. graCIlis thalli 5 days after 

inoculation with the agarolytic isolates LS2i and LS lah, whilst the appearance of the 

thallus injected with the non-agarolytic isolate SS5g remained similar to that of the 

control thallus which had been injected with SSW. These symptomless thalli were 

both slightly paler than the axenic, uninjected macroalgal thallus that had been 

incubated at 30De. The slight paling could have been a reaction to the incubation 

temperature (30D C) which was higher than the optimum for G. gracilis growth. 

Although some pathogens took a slightly longer time to manifest themselves than 

others, no new symptoms appeared after 5 days incubation. Interestingly, all the 

agarolytic isolates tested caused disease symptoms, while the non-agarolytic isolates 

did not affect the injected thallus. 

In all cases but one, i.e. LSla (Table 3.3; experiment I), only the original bacterial 

isolate was re-isolated on MA from the injected thalli, thus satisfying Koch's 

postulates. While the bacterium LSla was not re-isolated in the first experiment 

(Table 3.3; experiment 1), a single contaminating bacterial isolate was observed. It is 

possible that this contaminant may have survived the procedure used for generating 

axenic G. graCilis. 
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Control (axenic, 
uninjected G. gracilis) 

Control (SSW) 

LS2i 

LS1ah 

SS59 

Fig. 3.1 Results of pathogenicity assay 3 showing bleaching caused by the agarolytic 
isolates LS2i and LSI ah 5 days after inoculation. The non-agarolytic isolate SSSg did 
not induce bleaching symptoms on the thallus, which remained similar in appearance to 
the control thallus injected with SSW. These thalli, in turn, were slightly paler than 
axenic, uninjected G. gracilis. 

3.4.5 The influence of temperature on the virulence response of bacterial 
pathogens of G. gracilis 

Since pathogenicity assay 3 was shown to be an adequate protocol for identifying 

bacteria pathogenic to G. gracilis (3.4.4), this assay was used to investigate the 

influence of temperature on the virulence response of the highly agarolytic pathogen 

of G. gracilis, LS2i (3.4.4), by varying the temperature at which injected thalli were 

incubated. 

Disease symptoms were observed after 3 days on duplicate macroalgal thalli 

incubated at 300 e (Table 3.4). Symptoms were absent from all eight macroalgal thalli 

incubated at 22°e for 5 days. After 8 days of incubation at 22°e, 7 out of 8 thalli 
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exhibited symptoms. Symptoms were absent from an thalli incubated at 12°e. The 

thalli in the two 12°e flasks transferred to 300 e (flasks 3 and 4) developed symptoms 

the day after being transferred to the higher temperature, whilst the thalli remaining at 

12°e did not show symptoms over the entire incubation period. None of the control 

thalli (at all temperatures) exhibited symptoms of disease and no bacteria were re

isolated on MA. In all cases where thalli were injected with LS2i, only this bacterium 

was re-isolated on MA. Similar results were observed when the experiment was 

repeated. 

Table 3.4 Effect of temperature on the rate at which disease symptoms appeared in 
axenic G. gracilis infected with LS2i (data from a representative experiment). Four 
flasks, each containing 2 injected thalli, were incubated at each temperature. Each + 
and/or - symbol represents a single thallus. The asterisk (*) indicates the day on which 
flasks 3 and 4 were transferred from 12°C to 30°C. Control flasks contained thalli 
injected with SSW. 

Temperature COC) Flask 

12 
12 
12 
12 
12 

22 
22 
22 
22 
22 

30 
30 
30 
30 
30 

2 
3 
4 

Control 

2 
3 
4 

Control 

2 
3 
4 

Control 

2 
Incubation Time (days) 

3 4 5 6 *7 8 9 10 

++ ++ ++ 
++ ++ ++ 

-+ ++ ++ 
++ ++ ++ ++ 

++ ++ ++ ++ ++ 
++ ++ ++ ++ ++ 

++ ++ ++ ++ ++ ++ ++ ++ 
++ ++ ++ ++ ++ ++ ++ ++ 
++ ++ ++ ++ ++ ++ ++ ++ 
++ ++ ++ ++ ++ ++ ++ ++ 
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3.5 DISCUSSION 

In order to identify pathogenic bacterial epiphytes of G. gracilis, it was necessary to 

develop an assay which employed axenic G. gracilis so that any disease symptoms 

observed could be attributed to the particular bacterial isolate used to infect the 

macroalgal thallus. Generating axenic G. gracilis is problematic, since the thalli are 

often colonised by large populations of different bacteria and other micro-organisms 

(2.4.3). It was found that a combination of physical and chemical treatments was 

effective in removing most epiphytes. The initial treatment of immersion in fresh 

water was intended to cause marine bacteria to burst as a consequence of 

hypo-osmotic shock. 

In all cases, the procedure was effective in generating G. gracilis which remained 

axenic for at least 10 days. In a few cases however, bacterial growth appeared 10 days 

post-treatment. This may have been due to contaminating bacteria that had been 

temporarily attenuated in the sterilisation process. It was hoped that disease 

symptoms would appear on axenic G. gracilis infected with the test bacterium before 

these contaminants grew significantly, thus allowing the pathogen to be identified. In 

addition, in the development of pathogenicity assay 1, it was reasoned that the use of a 

nutritionally-poor medium (SSW) would not support optimal growth of any 

contaminants. The fact that inoculated or injected bacteria used in the assays were 

recovered, indicated that washing the macro algal thalli in seawater was sufficient to 

remove all traces of the antibiotic cocktail that could potentially suppress bacterial 

growth. 

Pathogenicity assay 1 was designed to bring a large dose of the test bacterium in direct 

contact with axenic G. gracilis thalli. Disease symptoms were observed for up to 12 

days post-inoculation when this assay was employed to identify bacterial pathogens of 

G. gracilis. Although 9 of the 10 test isolates could. be re-isolated from inoculated 

thalli, the occurrence of disease symptoms was inconsistent, e.g. isolate LS 1 ah 



Univ
ers

ity
 of

Cap
e T

ow
n

82 

showed symptoms of disease in experiments 1 and 3, but did not show any symptoms 

in experiment 2, whilst isolate SS4g showed diseased symptoms in experiment 1 but 

not in experiments 2 and 3. In addition, control macroalgal thalli exhibited disease 

symptoms in two of the three experiments, and were found to be colonised by a 

variety of contaminating bacterial isolates in all three experiments. It was therefore 

impossible to conclude that symptoms observed on the algal thalli were caused by the 

inoculated bacterial isolates. Furthermore, it was expected that the type of symptoms 

caused by a particular pathogenic bacterium would be consistent. However, symptom 

types varied between the three experiments even though thalli had been inoculated 

with the same bacterial isolate. For a given isolate in one experiment, the symptoms 

appeared as· pale mottling, whereas in the second experiment the symptoms 

manifested as a much larger bleached area on the thallus. These variations may be 

attributed to contaminating bacteria associated with insufficiently sterilised G. gracilis 

thalli since it was shown that in some cases, growth of attenuated bacteria was 

observed after 10 days incubation on MA (section 3.4.1). If this was the case, one 

would expect to have isolated these contaminants on MA when sampling the infected 

thalli. However, this was seen in only three cases. The inconclusive results obtained 

using pathogenicity assay 1 showed that it was not suitable for the identification of 

G. gracilis bacterial pathogens and suggested that it would be better to develop a 

technique which would facilitate optimal growth of the test bacterium. It was 

intended that any disease symptoms induced by pathogenic bacteria would thus 

manifest more rapidly due to the large single bacterial population. In addition, the 

large population would possibly outcompete any contaminant growth. 

Since many marine bacteria are agarolytic (Austin, 1988b), it is possible that the 

symptoms caused by bacterial pathogens of G. gracilis are due to bacterial 

degradation of the agar component of the macro algal cell walls. It was decided to 

refine the pathogenicity assay using a minimum number of isolates. Thus, a highly 

agarolytic isolate (LS2i) was selected as it was hoped that it would induce the rapid 

onset of marked symptoms on the macroalgal thallus. A non-agarolytic isolate (LS la) 

was used for comparison. The thalli were physically injected with a bacterial 

suspension to bring the isolates into contact with internal G. gracilis tissue as it was 
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thought that this would 'aid' infection. The volume of the bacterial inoculum selected 

(200 I.d) was the only amount tested in the assays carried out (3.4.3; 3.4.4; 3.4.5). 

The assay was perfonned using a nutrient medium (MA) to encourage bacterial 

growth. This type of practice, where experiments are perfonned under specific 

conditions to facilitate specific bacterial growth, is often used in laboratories studying 

plant responses to pathogens (Vidal et al. 1998). The bacterial isolates were grown to 

a culture density at which high agarase activity occurred in LS2i (4.4.5) and the assay 

was perfonned at 30°C, a temperature which was shown to induce optimal agarase 

activity in isolate LS2i (4.4.5). Although the large inoculum, incubation on nutrient

rich media to encourage bacterial growth and the raised incubation temperature are 

unnatural, it was felt that these extreme conditions would make it easier to identify 

potential bacterial pathogens of G. gracilis. Experiments would then have to be 

carried out under conditions that reflect those experienced by G. gracilis in the field in 

order to substantiate that the bacterial isolates identified in the initial screening are 

trully pathogenic towards G. gracilis. 

Results obtained using pathogenicity assay 2 were consistent in that thalli injected 

with LS2i developed disease symptoms, while those injected with LS1a remained 

healthy. However, Koch's postulates could not be satisfied as a number of different 

bacterial colony-types, besides the injected isolates, had grown around the thallus by 

the time disease symptoms appeared. The control algal thalli injected with SSW 

showed no signs of contaminating bacterial growth over a period of at least 7 days, 

but did exhibit slight symptoms of disease in two of the three experiments. The lack 

of bacterial growth indicated that the symptoms could therefore not have been due to 

contaminating bacterial activity, and may have been a result of wounding during the 

injection process. The fact that no contaminating bacterial growth was seen in either 

of the controls after 7 days incubation, indicated that the starting tissue for the 

experiments was axenic. The contaminants observed on MA containing thalli injected 

with LS2i could only have come from a contaminated bacterial suspension used for 

injection, unless the growth ofLS2i released a particular factor which allowed injured 

marine bacteria remaining on the surface of the 'axenic' G. gracilis to recover, and 

consequently, fonn visible colonies within 4 days. It was thus impossible to conclude 
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that the disease symptoms had been caused solely by the injected isolate LS2i. 

Although it was shown that G. gracilis survived for the entire incubation period (and 

longer) on MA in pathogenicity assay 2, it may have caused some unknown stress to 

the thalli and influenced results obtained in the assay. It was thus decided to improve 

on this assay by incubating the injected G. gracilis thalli in a liquid medium (MB). It 

was also thought that MB would be a better nutrient medium enabling rapid growth of 

the injected bacterium and preventing competition by any epiphytic bacteria 

remaining on the treated G. gracilis. This method proved to be extremely reliable as a 

pathogenicity assay. The type of disease symptoms caused by each bacterial isolate 

were consistent in three separate experiments. Significant growth of each test 

bacterium occurred under the conditions of incubation, indicating an actively growing 

bacterial population. Symptoms appeared 4 days after injection of the thallus segment 

with a bacterial isolate, while the control thalli remained dark and healthy throughout 

the incubation period. Those thalli injected with bacterial isolates which did not elicit 

disease had the same appearance as the control algae injected with SSW. However, 

the paleness of these thalli compared with thalli that were not injected at all indicated 

that wounding of the algal tissue by injection stressed the thalli. In all cases, the 

injected isolate was re-isolated from the culture, satisfYing Koch's postulates. It can 

thus be concluded that the following agarolytic bacterial isolates are potential 

pathogens of G. gracilis: LSlah, LS2i, LS2q, LS3f, LS4d and SS4g. These isolates 

belong to the Pseudomonas or Alteromonas, Aeromonas or Vibrio, and Alcaligenes 

genera (2.4.2), indicating that G. gracilis is susceptible to a variety of bacterial 

pathogens. 

It is interesting that despite the fact that a number of the identified pathogens were 

isolated from Luderitz-grown G. gracilis, they caused disease symptoms in Saldanha 

Bay-grown G. gracilis. However, disease symptoms have not been reported in any 

Luderitz-grown G. gracilis to date. Since all of the pathogenic isolates were 

agarolytic, the breakdown of the macroalgal cell walls by extracellularly-secreted 

agarases is a most likely mechanism by which disease occurs in G. gracilis. However, 

the results obtained also suggest that other factors are involved in the induction of 
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bacterial virulence. One of the main differences between the Saldanha Bay and 

Liideritz locations is that temperatures at Liideritz rarely increase above 15°C (Molloy 

and Bolton, 1996). It is possible that this may be one of the factors involved in 

bacterial virulence and thus the induction of disease in G. gracilis. 

The results obtained by varymg the temperature at which injected thalli were 

incubated (assay 3), re-inforced the suggestion that temperature is an important 

physiological factor which affects the virulence response of isolate LS2i. The activity 

of the extracellular agarase of isolate LS2i is higher at 30°C than at 22°C which is, in 

tum, higher than that at l20e (4.4.5). Thus, although agarase is secreted at l2oe, it is 

possible that there is a threshold enzyme activity value below which damage to the 

G. gracilis cell wall is insufficient to allow for visual detection of symptoms (no 

symptoms were observed in thalli incubated at this temperature after 10 days). 

However, it must be remembered that LS2i grows at a slower rate at l20e than it does 

at either 22 or 30°C, which means there would be correspondingly less agarase in the 

medium at l2oe, which in tum, would delay the onset of disease. The fact that 

disease symptoms were observed in thalli which were transferred from l20e to 30°C 

suggests that this was due to increased agarolytic activity as a result of increased 

temperature and a higher bacterial cell density. Disease symptoms in G. gracilis in 

the field were observed on macro algal thalli during summer months when sea 

temperatures at Saldanha Bay were raised and remained high for long periods of time 

(2 to 3 weeks). All the agarolytic bacterial isolates tested using pathogenicity assay 3 

(3.4.4), were identified as potential pathogens of G. gracilis. It is thus possible that 

disease symptoms in G. gracilis in the field are a result of the cumulative effect of 

agarases secreted by a number of different epiphytic bacteria, the activities of which 

are increased in response to raised sea temperatures. 

It is thought that LS2i agarolytic activity indirectly caused bleaching of the 

macro algal thalli (Fig. 3.1) by breaking down the macroalgal cell walls and 

consequently allowing the red pigment proteins (phycoerythrins) to diffuse out into 

the medium. This hypothesis is supported by the observation that after prolonged 

incubation (20 days) of thalli injected with LS2i, a slight pink tinge was seen in the 
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medium, suggesting that the bleaching effect was not a result of pigment breakdown 

by proteases secreted by the pathogen. 

The results of the three assays reported in this chapter cannot be directly compared as 

the G. gracilis thalli and bacteria were incubated at different temperatures and for 

different periods of time before scoring for the appearance of disease symptoms. The 

variation in the assay conditions reflects the search for a suitable incubation time and 

temperature that would allow disease symptoms to be easily observed on G. gracilis 

thalli. These experiments demonstrate that it is very difficult to devise a protocol for 

identifying bacterial pathogens of G. gracilis when non-axenic macro algal thalli are 

employed in the assay. Previously-reported assays for pathogens of K. alvarezii 

(Largo et ai., 1995) and G. conferta (Weinberger et aI., 1994) did not produce 

consistent results when used to screen for pathogens of G. gracilis from Saldanha 

Bay, i.e. fulfil Koch's postulates. It was only after testing three new, different 

protocols that a suitable assay was developed for identifying bacterial pathogens of 

G. gracilis. Different algae have different morphologies and epiphytic microbial 

populations, depending on their constitution and location, and for these reasons it 

seems to be necessary to develop an assay specific to a particular macro algal species. 

Although several potential pathogens of G. gracilis were identified using the third 

protocol, there are several improvements which could be made to this assay. The 

axenicity of G. gracilis prior to using it for an assay could be tested more thoroughly. 

Although the lack of bacterial growth on control plates and the absence of any 

contaminating bacteria on test plates in the third pathogenicity assay indicated that the 

G. gracilis starting material was axenic, an improvement to the assay would be to 

homogenise the injected and control thalli and plate out the homogenate on MA. The 

absence of bacterial colonies from control thallus homogenate would enable one to 

categorically conclude that the G. gracilis thallus was truly axenic. In addition, a 

further control in which thalli are pierced with a needle only should be carried out. 

Since the control thalli injected with SSW turned slightly pale, this additional control 

would prove whether the mechanical injury caused by the needle or the actual 

injection with SSW was the cause of this phenomenon. 
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Apart from the above improvements, there is further work that should be carried out 

using the third assay. It will be very important to challenge G. gracilis from both 

Saldanha Bay and Ltideritz with the same bacterial isolates to determine whether 

disease symptoms are similar in these two macroalgae. There are a number of reasons 

for Ltideritz-grown G. gracilis to not exhibit disease symptoms (or to display 

symptoms that differ to those generated in Saldanha Bay-grown G. gracilis) following 

infection by a specific bacterial pathogen. These would include genetic differences, 

differences in water quality, suspended solids, currents or the presence of other algal 

and fish species. These factors could be dismissed if similar disease symptoms were 

induced in the two groups of G. gracilis by a particular bacterial isolate. It would also 

be very important to challenge G. gracilis thalli with different amounts of a bacterial 

isolate. It is possible that the actual number of bacteria colonising G. gracilis may 

affect the onset of disease. Thus, challenging G. gracilis thalli with different amounts 

of isolate LS2i may indicate whether there is a minimum inoculum size (under assay 

conditions) below which disease symptoms in G. gracilis thalli do not occur. 

Once the assay has been established, it can be used to test for factors that influence 

bacterial virulence towards the macroalga, e.g. raised temperatures have been shown 

in these experiments to have an influence on the virulence response of the bacterial 

pathogen LS2i of G. gracilis. It should be remembered, however, that the 

pathogenicity assay is carried out under unrealistic conditions and that the presence 

and effect of potential pathogens of G. gracilis needs to be determined in the field. 

This could be done by probing G. gracilis populations from Saldanha Bay with 16S " 

rRNA probes for specific laboratory-identified pathogens. It would be impractical to 

design probes for every bacterial epiphyte isolated, but an initial identification of 

,potentia] pathogens of G. gracilis by screening for them using a laboratory-based 

method would make field work much more feasible. The availability of a reliable 

assay for screening for bacterial pathogens of G. gracilis will prove invaluable in 

elucidating the disease in this economically important macro alga. 
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CHAPTER 4 

CHARACTERISATION OF THE PATHOGENIC BACTERIAL 
EPIPHYTE OF G. GRACILIS, STRAIN LS2i 

4.1 SUMMARY 

The biochemical characteristics together with the 16S rRNA gene (16S rDNA) 

sequence of the bacterium LS2i, suggest it is a member of the genus 

Pseudoalteromonas. The sequence variation between the LS2i 16S rDNA and the 

16S rDNA sequences of other members of this genus as well as some differences in 

phenotypic and biochemical characteristics suggest that strain LS2i may be a new 

species. The phylogenetic position of LS2i occurs within the main cluster of the 

Pseudoalteromonas species. 

The growth characteristics of LS2i and its agarase activity were tested in different 

media supplemented with additional carbon sources. The growth rate of LS2i was not 

affected in three of the four different media tested, but increased when cultured in 

basal marine broth (BMB) supplemented with agarose. The corresponding agarase 

activities measured in culture supernatants were slightly influenced by the nature of 

the additional carbon sources. Media supplemented with either glucose or galactose 

exhibited repression of LS2i agarase production with basal levels of 10 to 

15 Ilg galactose releasedlmllh for the first 6 h of incubation, whilst LS2i cultured in 

BMB and BMB supplemented with agarose produced basal levels of agarase for the 

first 6 to 7 h of incubation which were higher than those produced in cultures 

exhibiting sugar repression (>::::50 Ilg galactose releasedlmllh). 

The influence of three different temperatures (12, 22 and 30°C) on LS2i growth rate 

and agarase production was compared on two different media (BMB and BMB 

supplemented with glucose (MB». Growth rate increased with increasing incubation 
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temperature in both types of media tested (BMB and MB). An increase in agarase 

production occurred earlier in the 30°C cultures than in the 22°C cultures regardless 

of the growth media. However, agarase activity levels in the 22°C culture exceeded 

those measured in the 30°C MB culture after 12 h incubation. The agarase levels of 

LS2i incubated at 12°C remained very low throughout the 12 h incubation period, 

although a slow rate of increase was observed after :::=:9 h incubation. 

Determination of characteristics of crude extracts of the LS2i agarase enzyme showed 

that it is most active between 22 and 37°C and most stable at 30°C after storage at a 

range of temperatures over 5 days. 
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4.2 INTRODUCTION 

Having previously identified several bacterial pathogens of G. gracilis (3.4.4), it was 

decided for practical reasons to select one strain in order to study its interaction with 

the macro alga. As all the pathogens identified in section 3.4.4 were agarolytic (2.4.2), 

it was assumed that the strain with the highest agarase activity would be most likely to 

induce the severest disease symptoms on G. gracilis. Of these pathogens, the 

bacterium designated LS2i displayed the highest agarase activity in pure culture, and 

was thus selected for further study. 

It was important to classify the strain to determine whether it had previously been 

described as a pathogen of other algae or plants. As LS2i was tentatively identified as 

a member of either Pseudomonas or Alteromonas on the basis of only seven 

characteristics (2.4.2), further biochemical tests were carried out in order to classify 

this strain. To aid the classification process, sequencing of the LS2i 16S rRNA gene 

(16S rDNA) was carried out. This approach has been shown to be a powerful tool for 

identifying and classifying prokaryote organisms (Olsen et al., 1994) as 16S rDNA 

sequences are highly conserved between closely related bacterial species. The less 

homology between these sequences, the more distantly related are the bacterial 

species. It was hoped that comparisons of the 16S rDNA sequence ofLS2i with other 

16S rDNA sequences would elucidate the relationship of this strain to other bacteria. 

Once LS2i was identified to genus level, we needed to determine some of the factors 

involved in the onset of bacterial disease in G. gracilis. It was previously proposed 

that the incidence of disease symptoms in G. gracilis in Saldanha Bay were caused by 

environmental changes such as depletion of the nutrient supply (carbon source) 

required by the bacteria or an increase in temperature of the surrounding seawater 

(2.5). Since it was assumed that extracellular agarases secreted by bacteria were 

responsible for symptom development and the subsequent degradation of G. gracilis 

thalli, LS2i growth characteristics and extracellular agarase production was examined 
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in relation to several different growth media containing additional carbon sources. In 

addition, in order to test the hypothesis that higher temperatures induced increased 

agarase production and hence increased agarase activity, the effect of temperature on 

LS2i growth rate and agarase production in pure culture was determined by incubating 

cultures at three different temperatures. Thus, the influence of a low, winter seawater 

temperature in Saldanha Bay (l2°C) was compared with a high, summer seawater 

temperature (22°C), as well as an unnaturally high temperature (30°C) which was the 

temperature used in the pathogenicity assay adopted for inducing disease in 

G. gracilis in vitro (3.3.4). 

In addition to the factors involved in induction of agarases, it was thought that the 

efficacy of the agarase would depend on its optimal temperature for activity, as well 

as its ability to survive in the medium in which it was secreted. It has been found that 

various extracellular enzymes exist in the seawater column and remain active. Kim 

and Zobell (1974) investigated a number of these enzymes, including alkaline 

phosphatase and amylase. The activity of these enzymes was affected by various 

physiological factors including temperature, pH and pressure. Since the LS2i agarase 

is secreted extracellularly into the medium surrounding the bacterial cells, the effect of 

temperature on the agarase activity in a crude extract was determined. The ability of 

the enzyme to remain stable over 5 days was thus also tested after storage at various 

temperatures. 



Univ
ers

ity
 of

Cap
e T

ow
n

93 

4.3 MATERIALS AND METHODS 

4.3.1 Biochemical characterisation of LS2i 

The detennination of the Gram reaction, cell shape, motility, requirement for oxygen, 

production of catalase and oxidase, and utilisation of glucose is described III 

section 2.3.4. A number of other characteristics were detennined below. 

4.3.1.1 Oxidative metabolism 0/ carbon sources 

The oxidative metabolism of sixteen carbon sources was detennined as for glucose 

(2.3.4) by substituting glucose in OF basal medium with the following individual 

carbon sources (1% w/v): D(+)-xylose; L(+)-arabinose; D(+)-galactose; 

D(-)-fructose; lactose; maltose; sucrose; D(+)-trehalose; raffinose; 

D(+ )-cellobiose; dextrin; glycogen; glycerol; adonitol; D( - )-mannitol; and 

sorbitol. Cultures were incubated for 48 h and then examined for growth and a 

change in colour of the medium from green to yellow (control cultures lacked a 

carbon source). 

4.3.1.2 Nitrate reductase and denitrification tests 

LS2i was cultured in a marine broth base for 16 h at 22°C (Appendix A) and tested for 

its ability to reduce nitrate to nitrite and carry out denitrification, using the standard 

nitrate reduction and denitrification tests (Smibert and Krieg, 1981). 

4.3.1.3 Test/or indole production 

LS2i was grown in lO ml modified medium containing tryptone (Appendix A) for 

48 h at 22°C. The ability to produce indole was tested using the standard method 

described by Smibert and Krieg (1981). 
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4.3.1.4 Testfor H2S production 

LS2i was inoculated in 5 ml of a modified marine broth (Appendix A) and its ability 

to produce HzS was tested using the standard method described by Smibert and Krieg 

(1981). 

4.3.1.5 Test for carrageenolytic activity 

The ability of LS2i to degrade carrageenan was tested by culturing the bacterium on a 

2% carrageenan medium (Appendix A) and examining for zones of hydrolysis after 

5 days incubation at 22°C. 

4.3.1.6 Test for gelatinase activity 

The ability ofLS2i to degrade gelatin was tested by culturing the bacterium on a 12% 

gelatin medium (Appendix A) and scoring for zones of hydrolysis after 5 days 

incubation at 22°C. 

4.3.1. 7 Poly-j3-hydroxybutyrate (PHB) accumulation 

Many species of the Pseudomonas genus accumulate PHB as an intracellular carbon 

reserve product, whereas Alteromonas species do not (Holt et al., 1994b). The 

absence or presence of PHB was determined in LS2i by staining 24 h-old cells, 

cultured in marine broth (MB; Appendix A) at 22°C with agitation at 120 rpm, with 

Sudan black B (Paik, 1970). The cells were examined for blue-black or blue-grey 

lipid inclusion granules under a light microscope (Wild, Heerbrugg, Germany) using a 

100 x immersion oil objective. The type species of Pseudomonas, P. aeruginosa, was 

used as a positive control. 
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4.3.1.8 Growth of LS2i at different temperatures 

To detennine the range of temperatures at which LS2i grew aerobically, 100 ml 

cultures of basal marine broth (BMB; Appendix A) were inoculated with 100 /!l of an 

LS2i preculture that had been incubated at 22°C. The cultures were incubated at 12, 

22, 30 and 37°C with agitation at 120 rpm and observed for turbidity (growth) or lack 

thereof. 

4.3.1.9 Determination of culture luminescence 

A loopful of LS2i was streaked onto marine agar (MA; Appendix A) and incubated at 

22°C overnight. The plate culture was exposed to a UV light source and observed for 

luminescence. 

4.3.2 Determination of 168 rRNA gene sequence 

The bacterium LS2i was cultured in 100 ml MB at 22°C for 16 h, and genomic DNA 

extracted as described by Ausubel et al. (1989). The DNA was re-dissolved in TE 

buffer (PH 8; Appendix A) and quantified spectrophotometrically (Beckman DU-64 

spectrophotometer) by measuring the absorbance at 260 nm (A26o = 1 is equivalent to 

50 /!g DNA/ml). 

The 16S rDNA was sequenced using a modified PCR strategy described by Weisburg 

et al. (1991) (see Fig. 4.1). Four overlapping DNA fragments encompassing most of 

the 16S rRNA gene were amplified using a Hybaid Omnigene thennal cycler. Six 

PCR primers were designed (Fl, Rl, F3, R3, F5, R5; Appendix B) such that they 

consisted of a nucleotide sequence which was complementary to one of four 

highly-conserved regions of bacterial 16S rDNA (see underlined sequence in 

Fig. 4.2), attached to a common 24 bp sequencing primer (Appendix B). The primers 

were used in 4 different amplification reactions using fifty nanograms each of the 
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following combinations of forward (F) and reverse (R) primers: reaction 1 - F1 and 

Rl; reaction 2 - Fl and R3; reaction 3 - F3 and RS; and reaction 4 - FS and R5. 

Fifty nanograms of LS2i genomic DNA was amplified using cycle profile 1 

(Appendix B). One hundred-microlitre reactions were carried out using 5 units of Red 

Hot Taq polymerase (Applied Biotechnologies), 1 mM MgC12 (Applied 

Biotechnologies), 10 III 10 x Taq polymerase buffer (Applied Biotechnologies) and 

equimolar amounts of all four dNTPs (6.25 mM each; Boehringer Mannheim). The 

PCR products (15 Ill) were analysed by electrophoresis (Sambrook et al., 1989) on a 

1 % agarose gel (Appendix C) to verify their sizes. The amplified products were 

subsequently purified using either a HighPure purification column (Boehringer 

Mannheim) or a Qiaquick spin column (Qiagen) and re-dissolved in sterile, distilled 

water. The DNA products were quantified on a 1 % agarose gel using known amounts 

of bacteriophage A DNA as standards. 

16S rRNA gene 

1 bp 1500 bp 

1 ~ @@ "" 0.55 kb 
F1 R1 

2 ~ IIIIIJJml "" 1 kb 
F1 R3 

3 .. .. '" 1 kb 
F3 R5 

4 - .. '" 0.5 kb 
F5 R5 

Fig. 4.1 Diagram showing the peR strategy for amplifying the 16S rRNA gene of LS2i, 
using four different pairs of primers (F1-R1, F1-R3, F3-RS and FS-RS; primer 
sequences are described in Appendix B). Products 1, 2 and 3 were sequenced in the 
forward and reverse directions, and product 4 was sequenced in the forward direction 
only. Sizes of the amplified products are shown in bp. 

The amplified 16S rDNA products were sequenced usmg a Thermosequenase 

cycle-sequencing kit (Amersham) and an ALFexpress™ DNA sequencer 

(AM Version 3.01, Pharmacia Biotech), the method of which is described in 

Appendix C. 
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The 16S rDNA fragment sequences were aligned with each other to generate a 

complete 16S rRNA gene sequence using DNAsis Version 2.1. To determine whether 

this sequence was homologous to any other 16S rDNA sequences in the GenBank 

database, a nucleotide homology search of the database was performed using the 

program BlastN V. 2.0.4 (Altschul et ai., 1997). Multiple sequence alignments of the 

16S rDNA sequences of a number of related bacteria were generated using Clustal B 

(Thompson et ai., 1994). A phylogenetic tree was constructed using Treeview (Page, 

1996). 

4.3.3 The effect of different carbon sources on the growth rate and agarase 
production of LS2i 

LS2i was cultured overnight in basal marine broth (BMB) at 22°C with agitation at 

120 rpm overnight. After measuring the OD600 of the culture, the cells were harvested 

(15 800 x g for 5 min), washed twice in SSW and resuspended in fresh BMB. The 

bacterial suspension was inoculated into four different media (200 ml of each 

medium) to obtain a starting OD600 of 0.01. The media were designed to determine 

whether agarase production was induced or suppressed by particular carbon sources. 

The different media were BMB, BMB supplemented with 0.2% D(+)-glucose (MB), 

BMB supplemented with 0.2% D(+)-galactose and BMB supplemented with 0.05% 

agarose. D(+)-galactose is a degradation product of agarose. The concentration of 

agarose was lower than that of glucose and galactose to prevent gelling of the medium 

after autoclaving. The cultures were incubated at 22°C with agitation (120 rpm) and 

sampled at various time intervals (500 Jll amounts) over a 12 h period-to measure the 

OD600 and agarolytic activity in the growth medium. Prior to measuringagarase 

activity (see 2.3.6), the cells were harvested and the supernatants dialysed once 

against 1 I of 20 mM PIPES solution (Appendix A; Spectrapor dialysis tubing, MW 

cut-off of 12-14 kDa) for 5 hours to remove any residual glucose or galactose from the 

medium. The growth experiments were performed in duplicate and the relationship 

between the growth rate ofLS2i cells and agarase production analysed. 
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4.3.4 The effect of temperature on the growth rate and agarase production of 
LS2i 

Cells of LS2i were washed in SSW and resuspended in fresh BMB as described in 

section 4.3.3. Thus, LS2i was inoculated into flasks containing 200 ml BMB or BMB 

supplemented with 0.2% glucose (MB) to obtain a starting OD600 of 0.01. Each flask 

was incubated at 120 rpm at 12, 22 or 30°C and sampled at 1 h time intervals in 

duplicate (500 I.Ll amounts) over a 12 h period, to measure the OD600 and activity of 

extracellularly secreted agarase, as described in 4.3.3. 

4.3.5 Characterisation of LS2i agarase 

To detennine the effect of temperature on crude extracts of LS2i agarase activity, an 

overnight (stationary phase) BMB culture of LS2i (22°C) was inoculated into 100 ml 

BMB to obtain an OD600 of 0.01 and incubated for 24 h at 22°C to generate a large 

amount of extracellular agarase. Two-millilitre samples were centrifuged at 

15 800 x g for 5 min to pellet the cells and the supernatants were tested for agarase 

activity (ferricyanide reducing-sugar assay; 2.3.6) by incubating the samples at 4°C, 

12°C, 22°C, 30°C, 37°C, 50°C, 60°C or 70°e. 

The stability of the LS2i agarase was tested at different temperatures by preparing 

samples as described above. These were filter-sterilised (Millex-GS, Millipore; 

0.22 j.l.m) to remove contaminating bacterial cells, and subsequently, 1 ml amounts 

were stored for 24, 48, 96 or 120 hours at 37°C, 30°C, 22°C, 12°C, 4°C, -20°C, and 

-70°e. After the appropriate incubation period, the samples were tested for agarase 

activity using the ferricyanide reducing-sugar assay at 37°C (2.3.6). 
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4.4 RESULTS 

4.4.1 Biochemical characterisation of LS2i 

The biochemical characteristics of LS2i are summarised in Table 4.1 a and b. The 

bacterium is a beige-coloured, motile, catalase-positive, oxidase-positive, aerobic, 

Gram-negative rod. It can grow at temperatures between 12 and 30°C but does not 

grow at 37°C. It cannot reduce nitrate to nitrite, does not carry out denitrification and 

does not produce H2S or indole. It readily degrades agar, carrageenan and gelatin. It 

can utilise 5 of the 16 carbohydrates tested as carbon sources: D(+)-cellobiose, 

D(+)-galactose, D(+)-glucose, maltose and D(-)-mannitol. However, it cannot utilise 

D(+)-xylose, L(+)-arabinose, D(-)-fructose, lactose, sucrose, D(+)-trehalose, 

raffinose, dextrin, glycogen, glycerol, adonitol and sorbitol. Bacterial colonies are 

non-luminescent and the test for PHB was inconclusive. 

4.4.2 Sequence ofthe 16S rRNA gene 

As the additional biochemical tests performed (4.3.1) were still not sufficient to 

classify strain LS2i, the 16S rRNA gene of LS2i was sequenced. Alignment of the 

16S rDNA sequences of the products obtained from PCR amplification of the LS2i 

16S rRNA gene yielded a sequence which was 1467 bp in length (Fig. 4.2). 

To determine whether this sequence was homologous to any other known sequences, 

a sequence-homology search of the GenBank database was performed. This search 

showed that the 1467 bp sequence of the LS2i 16S rRNA gene was very similar to a 

number of Pseudoalteromonas 16S rDNA sequences (see Table 4.2). Five different 

Pseudoalteromonas species showed 98% (the highest percentage) sequence similarity 

to LS2i. 
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Table 4.1 Summary of the general biochemical characteristics (a) of bacterial strain 
LS2i, including those determined in section 2.4.2. The carbon utilisation characteristics 
of LS2i are summarised in (b); + and - indicate utilisation and non-utilisation of the 
carbon source, respectively. 

a) 

Characteristic Result 

Gram stain Gram-negative 
cell shape straight rods 
motility + 
aerobic + 
anaerobic -

• catalase activity + 
oxidase activity + 
nitrate reduction -
denitrification -
indole production -
H2S production -
agarolytic activity + 
carrageenolytic activity + 
gelatinase activity + 
PHB accumulation ND 
Growth at 12°e + 
Growth at 22°e + 
Growth at 300 e + 
Growth at 37°e -
luminescence -

ND Not determined 

b) 

Carbon source Utilisation 

• D( + )-glucose + 
D( + )-galactose + 
maltose + 
D( + )-cellobiose + 
D( - )-mannitol + 
D( + )-xylose -
L( + )-arabinose -

D( -)-fructose -
lactose -
sucrose -

D( + )-trehalose -
i raffinose -

dextrin -

• glycogen -
glycerol -
adonitol -

sorbitol -
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1 ggctcagatt gaacgctggc GGCAGGCCTA ACACATGCAA GTCGAGCGGT 

51 AACAGAAAGT AGCTTGCTAC TTTGCTGACG AGCGGCGGAC GGGTGAGTAA 

101 TGCTTGGGAA CATGCCTTGA GGTGGGGGAC AACAGTTGGA AACGACTGCT 

151 AATACCGCAT AATGTCTACG GACCAAAGGG GGCTTCGGCT CTCGCCTTTA 

201 GATTGGCCCA AGTGGGATTA GCTAGTTGGT GAGGTAATGG CTCACCAAGG 

251 CAACGATCCC TAGCTGGTTT GAGAGGATGA TCAGCCACAC TGGAACTGAG 

301 ACACGGTCCA GACTCCTACG GGAGGCAGCA GTGGGGAATA TTGCACAATG 

351 GGCGAAAGCC TGATGCAGCC ATGCCGCGTG TGTGAAGAAG GCCTTCGGGT 

401 TGTAAAGCAC TTCCAGTCCA GGAAGAAAGG GTGTGAGTTA ATACCTCATA 

451 TCTGTGACGT TACTGACAGA AGAAGCACCG GCTAACTCCG TGCCAGCAGC 

501 CGCGGTAATA CGGAGGGTGC GAGCGTTAAT CGGAATTACT GGGCGTAAAG 

551 CGTACGCAGG CGGTTTGTTA AGCGAGATGT GAAAGCCCCG GGCTCAACCT 

601 GGGAACTGCA TTTCGAACTG GCAAACTAGA GTGTGATAGA GGGTGGTAGA 

651 ATTTCAGGTG TAGCGGTGAA ATGCGTAGAG ATCTGAAGGA ATACCGATGG 

701 CGAAGGCAGC CACCTGGGTC AACACTGACG CTCATGTACG AAAGCGTGGG 

751 GAGCAAACGG GATTAGATAC CCCGGTAGTC CACGCCGTAA ACGATGTCTA 

801 CTAGAAGCTC GGAACCTCGG TTCTGTTTTT CAAAGCTAAC GCATTAAGTA 

851 GACCGCCTGG GGAGTACGGC CGCAAGGTTA AAACTCAAAT GAATTGACGG 

901 GGGCCCGCAC AAGCGGTGGA GCATGTGGTT TAATTCGATG CAACGCGAAG 

951 AACCTTACCT ACACTTGACT TACAGAGAAC TTTCTAGAGA TAGATTGGTG 

1001 CCTTCGGGAA CTCTGATACA GGTGCTGCAT GGCTGTCGTC AGCTCGTGTT 

1051 GTGAGATGTT GGGTTAAGTC CCGCAACGAG CGCAACCCCT ATCCTTAGTT 

1101 GCTAGCAGGT AATGCTGAGA ACTCTAAGGA GACTGCCGGT GATAAACCGG 

1151 AGGAAGGTGG GGACGACGTC AAGTCATCAT GGCCCTTACG TGTTAGGGCT 

1201 ACACACGTGC TACAATGGCG CATACAGAGT GCTGCGAACC TGCGAAGGTA 

1251 AGCGAATCAC TTAAAGTGCG TCGTAGTCCG GATTGGAGTC TGCAACTCGA 

1301 CTCCATGAAG TCGGAATCGC TAGTAATCGC GTATCAGAAT GACGCGGTGA 

1351 ATACGTTCCC GGGCCTTGTA CACACCGCCC GTCACACCAT GGGAGTGGGT 

1401 TGCTCCAGAA GTagatagtc taaccctcgg gaggacgttt accacggagt 

1451 gattcatgac tggggtg 

Fig. 4.2 Nucleotide sequence (1467 bp) of 16S rRNA gene (5'-»3') of strain LS2i. 
Sequence in capital letters indicates the 1392 bp section which was aligned with 26 
Pseudoalteromonas and the single Alteromonas 16S rDNA sequences using Clustal B 
(Thompsonet ai., 1994) in order to determine the phylogenetic relationship of LS2i to 
these other strains. Database accession numbers of the sequences are listed in 
Table 4.3. The highly conserved regions of 16S rDNA to which the amplification 
primers were designed are indicated by ~nderlined text. 
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Table 4.2 Percentage sequence similarity of the LS2i 1467-bp 16S rDNA sequence 
compared with the 16S rDNA sequences of 26 other Pseudoalteromonas species 
available in the GenBank database. Figures were obtained using BlastN V. 2.0.4 
(Altschul et al., 1997). Species listed in the database as belonging to the Alteromonas 
genus have been reclassified to the Pseudoalteromonas genus by Gauthier et ai., 1995. 

Species % Sequence GenBank accession 
similarity number 

· Pseudoalteromonas gracilis 98 AF038846 
Pseudoalteromonas sp. MB6-05 98 U85860 
Alteromonas (now Pseudoalteromonas) 
nigrifaciens ATCC 19375 98 X82146 
Pseudoalteromonas sp. lCO 13 98 U85859 

· Pseudoalteromonas sp. ICOO6 98 U85856 
Alteromonas (now Pseudoalteromonas) 
carrageenovora ATCC 43555 98 X82136 

· Pseudoalteramanas antartica 97 X98336 
Alteramanas (now Pseudaalteramanas) 
haloplanktis ATCC 14393 97 X67024 
Pseudaalteramanas sp. SW08 97 U85861 
Alteromanas (now Pseudaalteramanas) 
atlantica ATCC 19262 97 X82134 
Pseudaalteramanas sp. MB8-02 97 U85858 
Alteramanas (now Pseudaalteramanas) 
espejiana ATCC 29659 97 X82143 
Alteramonas (now Pseudaalteramanas) 
undina ATCC 29660 97 X82140 
Pseudaalteramanas antarctica 97 AF045560 
Alteramanas (now Pseudaalteromanas) 
tetra adonis ATCC 51193 97 X82139 
Pseudoalteramanas sp. ANG.R02 96 AF022407 
Pseudoalteramanas SW29 96 U85862 
Pseudaalteramanas piscicida ATCC 96 X82141 
15057 
Pseudaalteramonas sp. S9 95 U80834 
Pseudaalteromanas sp. MB8-11 95 U85855 
Alteromanas (now Pseudaalteramonas) 
rubra ATCC 29570 95 X82147 
Alteromanas (now Pseudoalteromonas) 
luteaviolacea ATCC 33492 95 X82144 
Alteramanas (now Pseudaalteromanas) 
aurantia ATCC 33046 95 X82135 
Alteromanas (now Pseudaalteromonas) 
citrea ATCC 29719 95 X82137 
Alteramonas (now Pseudaalteramanas) 
denitrificans ATCC 43337 94 X82138 
Pseudaalteromanas sp. Y 94 AF030381 

I 
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The phylogenetic relationship of LS2i to these Pseudoalteromonas species is shown 

in an unrooted tree in Figure 4.3. The only member of the Alteromonas genus, 

A. macleodii, was included in this analysis as a number of the Pseudoalteromonas 

species were originally classified as members of the Alteromonas group. The result 

obtained in Figure 4.3 indicates that LS2i is positioned on the main branch of the 

Pseudoalteromonas cluster, which is far removed from A. macleodii. 

Since analysis ofthe 16S rRNA gene sequence suggested that LS2i is a member of the 

Pseudoalteromonas genus, comparisons of some phenotypic and biochemical 

characteristics of LS2i with the 26 other Pseudoalteromonas species showed that 

fifteen of the species examined possess at least one characteristic which allows LS2i 

to be differentiated from them. These are summarised in Table 4.3. 

Pseudoalteromonas strains MB6-03, MB6-05, MB8-02, lC006, lCOl3, SW08 and 

SW29 could not be included in the comparison because there is insufficient data 

published regarding the phenotypic and biochemical characteristics of these strains 

(Bowman et aI., 1997). The same applies to Pseudoalteromonas strains SPY and 

ANG.R02. 

4.4.3 The effect of different carbon sources on the growth rate and agarase 
production of LS2i 

Since the depletion of nutrients available to the bacteria in seawater was thought to be 

an important factor in the onset of disease caused by LS2i, the influence of different 

carbon sources on LS2i growth and extracellular agarase production was investigated 

in vitro. 
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Fig. 4.3 Phylogenetic tree showing the taxonomic position of LS2i relative to 26 members 
of the genus Pseudoalteromonas and a single member of the genus Alteromonas. The 
scaJe bar represents 0.01 nucleotide substitutions per site. The percentage values 
represent the bootstrap values of the internal nodes of the phylogenetic tree. 



Univ
ers

ity
 of

Cap
e T

ow
n

105 

Table 4.3 Comparison of 6 phenotypic and biochemical characteristics of fourteen 
Pseudoalteromonas strains that differ from LS2i. The characters 'na' indicate 
characteristics that were not available and 'd' indicates that 11 to 85% ofthe strains of 
that particular species tested were positive (Holt et al., 1994b). 

Pseudoalteromonas Pigment 
species 

LS2i -
P. nigrifaciens1 + 
P. aurantia1 + 
P. citreai + 
P. luteoviolacea1 + 
P. gracilis.! + 

. P. rubra l + 
P. denitrificans1 + 
P. piscicidaJ + 
P. S93 

+ 
P. undina1 -
P. espejianaJ -

P. haloplanktisl -
P. tetraodonis4 -

P. carrageenovoraJ + 
P. atlantica) -

I 
Holt et al., 1994b 

2 
Schroeder (pers. comm.) 

3Techkarnjanaruk et al., 1997 

4 Gauthier et aI., 1995 

5 Akagawa-Matsushita et al., 1992 

Galactose 
utilisation 

+ 
+ 
-
-
-
na 

-
-
na 
na 
-

+ 
d 

-
+ 
+ 

Fructose Sucrose Degrades Degrades 
utilisation utilisation carrageenan agar 

- - + + 
+ - na -

+ - na na 

+ - na na 
d - na na 
na na na + 
- - na na 
- - na na 
na na na na 
na na na na 

- + na -
d + na -
d + na -
- + na -
+ + + -

+ + - + 

The results of this experiment are shown in Figure 4.4. The growth characteristics of 

LS2i grown in all four media were very similar (Fig. 4.4a to d). The doubling times 

calculated during the exponential phase of cells grown in BMB, BMB supplemented 

with 0.2% glucose and BMB supplemented with 0.2% galactose were very similar, 

i.e. 77 min, 78 min and 72 min, respectively. The doubling time ofLS2i cells grown 

in BMB supplemented with 0.05% agarose, however, was much faster than cells 

grown in the other three media (35 min). 
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Agarase activity was detected at basal levels in the supernatants of all four media after 

0.5 h incubation (Fig. 4.4a to d). The agarase activity of LS2i grown in BMB and 

BMB supplemented with 0.05% agarose (Fig. 4.4a and d, respectively) occurred at a 

higher basal level (48 to 50 Ilg galactose releasedlmlJh) than that in the other two 

media (Fig. 4.4b and c). After 6 to 7 h incubation, agarase activity increased rapidly 

in all four media. The agarase activity of cells grown in media supplemented with 

glucose or galactose (Fig. 4.4b and c, respectively) showed a very similar pattern, 

reaching a plateau of approximately 200 Ilg galactose releasedlmVhr at the beginning 

of stationary phase. Agarase activity in cultures grown in BMB or BMB 

supplemented with 0.05% agarose (Fig. 4.4a and d, respectively) increased more 

rapidly and after 12 h, measured over 400 Ilg galactose releasedlmVhr. 

4.4.4 The effect of temperature on the growth rate and agarase production of 
LS2i 

Since the problem of disappearing G. gracilis populations in Saldanha Bay was 

always observed in summer when seawater temperatures were raised, it was 

hypothesised that the ambient seawater temperature was a factor involved in 

promoting the onset of disease in the macro alga. This was one of the reasons for 

developing an assay where G. gracilis injected with LS2i was incubated at 30°C 

instead of the ambient laboratory temperature (22°C). In order to determine the effect 

of three different temperatures, embracing extreme low and high temperatures 

experienced in Saldanha Bay, the growth characteristics of LS2i were compared with 

corresponding extracellular agarase production. Growth characteristics of LS2i were 

determined in BMB and BMB supplemented with 0.2% glucose (MB). 

The effect of temperature on LS2i growth in BMB is shown in Figure 4.5. Growth 

characteristics of LS2i in BMB incubated at the three different temperatures differed 

significantly, with a cell doubling time of 43 min at 30°C (Fig. 4.5c) compared with 

69 min and 111 min at 22 and 12°C, respectiveiy (Fig. 4.5a and b). Agarase activity 
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was detected at basal levels in the supernatants of aU three cultures after 0.5 h 

incubation at aU three temperatures (Fig. 4.5a to c). Agarase activity levels were 1.5-

to 2-fold higher in the 30°C culture than in the 22°C culture up until 8 h incubation, 

after which agarase activity rose rapidly in both cultures with activity in the 22°C 

culture exceeding 400 ~g galactose releasedlmllh. The agarase activity measured in 

the 12°C culture remained below 1 00 ~g galactose releasedlmllh· after 12 h, despite 

increasing slightly after 8 h incubation. 

The effect of temperature on the growth of LS2i in MB is shown in Figure 4.6. 

Growth characteristics differed significantly in response to the three temperatures, 

with cell doubling times of 50 min at 30°C (Fig. 4.6 c) compared with 83 min and 110 

min at 12 and 22°C, respectively (Fig. 4.6 a and b). Agarase activity in the 22 and 

30°C cultures remained very low for 5 h after which it increased slowly to 

approximately 200 ~g galactose re1easedlmllh after 12 h incubation. Agarase activity 

in the 12°C culture remained at a low basal level over a 10 h incubation period after 

which a slight increase was observed to 90 ~g galactose releasedlmllh after 12 h 

incubation. 

4.4.5 The effect of temperature on the activity of LS2i agarase 

It has been shown that the activity of extracellularly secreted enzymes is affected by 

various physiological factors. One of these physiological factors, namely 

temperature, is implicated in the induction of disease of G. gracilis, possibly via its 

effect on the activity of the extracellular bacterial agarase responsible for the 

degradation of the agar-containing macroalgal cell walL The effect of temperature on 

the activity of a crude extract of LS2i agarase temperature was thus tested. 
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The effect of temperature on the activity ofLS2i agarase is summarised in Figure 4.7. 

Optimal activity occurred between 22 and 37°C, with maximum activity measured at 

30°C (90.35 flg galactose released/mllh). The agarase activity decreased rapidly when 

the enzyme was subjected to temperatures greater than 37°C. Thus, enzyme activity 

was reduced to approximately 12% of the maximum activity at 70°C 

(11.36 flg galactose released/mllh). Although temperatures below 22°C affected 

enzyme activity, the effect was less marked in comparison to elevated temperatures. 

Enzyme activity was reduced by 50% of the activity observed at 30°C when assayed 

at 4°C (46.55 Ilg galactose released/mllh). 

100 

80 
>--.s: 60 :.;:::; 
(J 
IV 40 
~ .. 

20 

0 

0 20 40 60 80 

Temperature (OC) 

Fig. 4.7 The effect of temperature on the activity of the agarase of LS2i. The agarase 
activity at each temperature tested is expressed as a percentage of the maximum 
activity measured (90.35 flg galactose released/mllh at 30°C). 

4.4.6 Stability of the LS2i agarase 

The stability of agarase secreted into the seawater is an important factor In 

maintaining the ability of the enzyme-secreting bacterium to induce disease In 

G. gracilis, as this would ensure continuation of disease. Results of LS2i agarase 

stability tests at different temperatures are summarised in Figure 4.8. Control agarase 

activity measured at 0 h storage was 102.95 Ilg galactose released/mllh. The activity 
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of agarase stored at rapidly to 30% of activity 

within 24 h (27.55 Ilg 5<:ua"'.'v" .... released/ml/h). was a UPTl'"'''''' 
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stored over a period of 120 h (5 days) at different 
set of the activity at each time point is expressed as a 

percentage ofthe activity at to (102.95 Ilg galactose released/mllh). 
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4.5 DISCUSSION 

Strain LS2i was tentatively identified as belonging to the Pseudomonas or 

Alteromonas genera in section 2.4.2 on the basis of a number of biochemical 

characteristics. These two genera are similar in that they consist of Gram-negative, 

motile, aerobic, rod-shaped bacteria. Members of the Alteromonas species have a 

single polar flagellum whereas members of the Pseudomonas species can have a 

single or several polar flageUae. Pseudomonads exhibit weak catalase activity and can 

be oxidase positive or negative, whereas members of Alteromonas exhibit both 

catalase and oxidase activity (Holt et al., 1994b). Many Pseudomonads also 

accumulate PRB, whereas Alteromonas species do not. On the basis of additional 

biochemical tests perfonned on LS2i (4.3.1), this bacterium could still not be 

unequivocally assigned to either the Pseudomonas or Alteromonas genus, as the 

presence or absence of PHB could not be detennined. Further biochemical tests were 

required. 

Instead of perfonning further biochemical characterisation tests, it was decided to use 

a different approach, namely, that of sequencing the 16S rRNA gene of LS2i. This 

resulted in the identification of a 1467 bp 16S rDNA sequence which, when compared 

to other 16S rDNA sequences of bacteria listed in the GenBank database, showed the 

highest homology (94-98%) to bacteria classified as members of the 

Pseudoalteromonas genus. The establishment of this genus was originally proposed 

by Gauthier et al. (1995) who suggested that members of the genus Alteromonas be 

re-classified into two genera on the basis of phylogenetic relationships derived from 

16S rDNA sequences. The two genera proposed were: Alteromonas, and a new 

genus, Pseudoalteromonas. The type strain of Pseudoalteromonas IS 

Pseudoalteromonas haloplanktis ATCC 14393. 

The fact that the 16S rDNA sequence of LS2i showed homology to 

Pseudoalteromonas (previously Alteromonas) sequences, and did not show any 
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homology to Pseudomonas sequences, resolved the uncertainty which remained after 

the biochemical characterisation ofLS2i, by unequivocally assigning the bacterium to 

the Pseudoalteromonas genus rather than the Pseudomonas genus. Caution should be 

exercised, however, when using 16S rDNA sequences for classification of strains to 

the species level, as according to Clayton et al. (1995), there may be a small amount 

of intraspecific variation within and between 16S rDNA sequences of strains which 

have been deposited in the GenBank database. Furthermore, one cannot rely solely on 

16S rDNA sequence information alone to distinguish between speCIes. 

Fox et al. (1992) argued that Bacillus globisporus W25 and B. psychrophilus W16A 

are distinct species (based on different biochemical characteristics) despite sharing 

99.5% 16S rDNA sequence homology. 

The 16S rDNA sequencmg approach should thus be used m conjunction with 

phenotypic and biochemical characterisation tests and not as a substitute for 

identifying bacteria. The fact that the highest 16S rDNA sequence homology to 

Pseudoalteromonas sequences was only 98% suggests that LS2i belongs to the 

Pseudoalteromonas genus and is a distinct species. The phenotypic and biochemical 

characteristics of LS2i also excluded the possibility of this strain being identified as 

one of the many Pseudoalteromonas species already described (illustrated in 

Table 4.3). All the above results, and the fact that Pseudoalteromonas sp. LS2i was 

isolated from South African G. gracilis which is uncharacterised with respect to its 

micro biota, supports the possibility that LS2i is a new species. 

Having identified LS2i to genus level, various physiological factors involved in the 

induction of virulence in this bacterium were studied. The onset of disease in 

G. gracilis in Saldanha Bay is associated with oligotrophic waters (1.6), and it was 

therefore hypothesised that depletion of nutrients in seawater was an important factor 

in inducing disease in this macroalga. The lack of nutrients in the surrounding 

seawater may induce the bacteria to secrete agarases, which would degrade the agar in 

the macroalgal cell wall to provide assimilable nutrients for bacterial cell uptake. This 

degradation would subsequently cause the thallus to exhibit disease symptoms and 

eventually die. 
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LS2i was thus cultured in a selection of media with varying carbohydrate sources to 

determine its growth characteristics in relation to agarase production. A medium 

supplemented with 0.2% galactose was tested in order to determine the influence of 

this agar breakdown-product on LS2i agarase activity. A medium supplemented with 

0.2% glucose was tested to determine whether glucose repression of agarase activity 

occurred and a medium supplemented with 0.05% agarose was tested to determine the 

influence of an agar-containing substrate on LS2i agarase activity, as it was also 

possible that a galactose-producing substrate (i.e. agarose or agar) may induce agarase 

production by the bacteria. 

The similar doubling times of LS2i grown in BMB, BMB supplemented with 0.2% 

glucose and BMB supplemented with 0.2% galactose, suggested that the additional 

carbon sources did not significantly affect the growth rate of the bacterium. It is quite 

possible that in the cultures supplemented with galactose and glucose, however, that 

repression of agarase synthesis by these sugars occurred. In both of these cultures, the 

basal level of agarase activity was very low (::::::10 to 15 jlg galactose released/mllh) 

compared with the basal level in BMB and BMB supplemented with agarose 

(::::::50 jlg galactose released/mllh), which suggested that agarase production was 

suppressed. Repression by galactose and glucose occurs because the sugar monomers 

are more easily assimilated and metabolised than a complex polymer. Since an easily 

utilisable substrate is present (in this case yeast extract), the bacterium represses 

agarase synthesis and export which is energetically expensive. In addition, agarase 

activity increased much less sharply in these media compared with the increase in 

agarase activity observed in BMB and BMB supplemented with agarose. 

The doubling time in the 0.05% agarose-supplemented medium was half of that 

measured in the other 3 media (35 min). This suggested that this agar-containing 

substrate induced growth of LS2i. The late increase in agarase activity observed in 

cultures supplemented with agarose was unexpected, as it was thought that the 

presence of agarose (an agar-containing compound) would act as a stimulus for 

agarase production and that increased levels of activity would be detected earlier in 



Univ
ers

ity
 of

 C
ap

e T
ow

n

116 

the exponential phase. However, LS2i can sustain exponential growth in BMB alone 

for approximately 7.5 h and as this medium fonns the basis of the agarose

supplemented medium, it would be energetically expensive for LS2i to produce an 

enzyme that is not required for growth. It seems that BMB provides sufficient 

nutrients to allow LS2i to grow. However, the presence of agarose seems to be an 

added bonus by supplying additional nutrients. Thus, in BMB supplemented with 

0.05% agarose, the added bonus of agarose decreased the doubling time of LS2i 

compared with that ofLS2i grown in BMB alone. 

In addition to nutrient depletion in seawater, raised seawater temperatures are also 

associated with the onset of G. gracilis disease. Thus, the effect of three different 

temperatures on LS2i growth and agarase production was investigated in two different 

media. The media BMB and MB were selected to test whether there would be a 

difference in LS2i growth characteristics in a medium in which repression of agarase 

synthesis occurred. The effect of these two media were compared, since even though 

MB was the medium used in pathogenicity assay 3 to encourage rapid growth of LS2i, 

maximum agarase production and hence rapid degradation of G. gracilis, it seemed 

from the results discussed above that more extreme disease symptoms would be 

obtained by incubating LS2i-injected G. gracilis thalli in BMB medium. The lowest 

winter seawater temperature in Saldanha Bay (12°C), a high summer seawater 

temperature in Saldanha Bay (22°C) and a very high temperature (30°C) were tested. 

This unnaturally high temperature was selected as it was the temperature at which the 

in vitro assay was performed to induce disease symptoms in G. gracilis (3.3.4). It was 

expected that LS2i grown at the higher temperatures would exhibit the highest levels 

of agarase activity in the culture supernatants. 

The growth rates of LS2i in BMB and MB at 12, 22 and 30°C were significantly 

different at all three temperatures (Figs. 4.5 and 4.6), where the rate of growth 

increased in response to increasing temperature. The slow growth rate of LS2i at 

l2°C in both media was expected, since cellular metabolism slows down at lower 

temperatures, thus increasing the doubling time of bacterial cells. The levels of 

agarase activity measured in the culture supernatants of media incubated at 22°C 
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confinned the levels observed in the previous experiment (Fig. 4.4a and b), including 

evidence of repression of agarase activity in MB (Fig. 4.6 a to c). The level of agarase 

activity in cultures incubated at 30°C increased slowly at an earlier stage of growth 

(from 5 to 6 h) compared to those incubated at 22°C (from ::::;7 to 8 h). Agarase 

activity levels subsequently increased rapidly at both temperatures. The earlier 

increase in agarase activity in the 30°C culture (at ::::;5 to 6 h) may be the result of 

higher cell numbers in the culture. Additional cells secreting the same amount of 

agarase would explain the increased activity levels measured. The results observed in 

these temperature experiments suggest that bacterial numbers increase when 

temperatures increase, which leads to a greater amount of extracellularly-secreted 

agarase present in the surrounding medium. If agarase is responsible for the 

degradation of G. gracilis thalli as thought, increased temperatures would ultimately 

lead to G. gracilis disease. 

In the natural state, i.e. the open ocean, the efficiency of the enzyme may help in 

detennining the severity of the disease. This may depend on the temperature at which 

maximum activity of the agarase occurs, as well as the length of time that the agarase 

remains active (enzyme stability) at a particular temperature. The temperature at 

which LS2i agarase activity in crude extracts is optimally active is 30°C, a 

temperature which is rarely, if ever, attained in Saldanha Bay. However, the decrease 

in percentage activity observed at 22°C was only slightly less (4%), compared with 

the 40% decrease in activity at 12°C. The higher activity of the enzyme at elevated 

temperatures may thus enhance the onset and severity of symptom development in 

G. gracilis. Another consideration is the fate of epiphytic bacteria on beach-cast 

G. gracilis or G. gracilis anchored in the sand and exposed to the sun during low 

tides. A temperature of 30°C is most certainly attained on many days during the 

summer months on beaches in Saldanha Bay. In cases like this, epiphytic bacteria 

would be separated from their usual nutrient source supplied by seawater, and would 

consequently rely entirely on G. gracilis thalli for their nutrients and thus their 

survival. Increased agarase activity at increased temperatures would be advantageous 

for the prolonged survival ofLS2i. 
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In enzyme stability tests, the LS2i agarase retained at least 70% or more of its 

maximum activity after 48 h incubation at all temperatures except 37°C. Considering 

that temperatures in Saldanha Bay vary mostly between 12 and 22°C, these results 

indicate that the enzyme is fairly stable over a period of 2 days. Stability at an 

temperatures decreased rapidly after a 5 day period. These results represent the 

activity of agarase in crude protein extracts which contain proteases and many other 

bacterial proteins. The proteases may easily have degraded the agarase or interfered 

with its activity, and thus, distorted the results of the stability assay. However, it must 

be remembered that proteases from other oceanic organisms would also be present in 

seawater, and consequently, it would be difficult for an enzyme to remain stable for an 

extended period of time in this environment. The maintenance of fairly high activity 

over a 2 day period, however, may add to the overall effect of the disease caused in 

G. gracilis. 

The influence of supplementary carbon sources on the growth of LS2i III the 

laboratory media tested above do not conclusively suggest that nutrient depletion in 

the seawater has a direct disease-causing effect on G. gracilis. Further tests involving 

analysis of the growth characteristics of LS2i and agarase production would have to 

be carried out in defined minimal media. However, it is still maintained that depletion 

of nutrients available to the bacteria would cause LS2i to 'seek' an alternative nutrient 

source, since disease conditions are observed when oceanic oligotrophic conditions 

occur in Saldanha Bay. These results do suggest, however, that pathogenicity assay 3 

should be carried out in BMB, as agarase activities reached higher levels after 12 h 

incubation of LS2i in this medium than in MB. 

In addition to the above factors influencing bacterial behaviour, the abnormal water 

temperatures may also stress the macro alga: nutrients for the macro alga are also 

obtained from surrounding seawater, and the warmer oligotrophic waters may lack 

nitrogen-containing nutrients. This would, in tum, slow down macroalgal growth and 

induce it to utilise cell-wall storage products. This may weaken the cell wall and 

make it more susceptible to agarases secreted by epiphytic bacteria. 
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We have shown that LS2i secretes agarases at a basal level which subsequently 

increases after 6 to 7 h in laboratory media. In addition, we have shown that 40% of 

Saldanha Bay G. gracilis epiphytes were agarolytic. It might, therefore, be expected 

that G. gracilis would exhibit disease symptoms continuously as a result of bacterial 

agarase activity. Under normal circumstances in the ocean, however, single bacterial 

populations are not nearly as dense as in the synthetic laboratory media and they 

compete with other epiphytic non-agarolytic bacterial populations for space on the 

macroalgal surface. The amount of agarase present in the surrounding medium would 

thus be lower. It is possible that the agarase might be even further diluted by the 

constant ebb and flow of seawater surrounding the macroalgal thalli. However, the 

bacteria colonising the algal surface would most likely occur within a biofilm which 

would serve to prevent dilution of the agarase and also possibly stabilise the enzyme. 

There seems to be a delicate balance maintained between G. gracilis and its epiphytic 

agarolytic bacterial populations. When periodic environmental changes occur such as 

nutrient depletion and increased temperatures, this balance is upset causing an 

outbreak of G. gracilis disease in Saldanha Bay. 
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CHAPTER 5 

INVESTIGATION OF G. GRACILIS GENES EXPRESSED IN 
RESPONSE TO INFECTION BY LS2i 

5.1 SUMMARY 

A comparison of total cellular protein isolated from G. gracilis infected with the 

bacterium LS2i and healthy G. gracilis, showed that at least four additional proteins 

were produced in response to the bacterial infection. This suggested that the 

macroalga expressed additional genes whose products playa role in the algal defence 

against infection in a manner similar to that which occurs in terrestrial plants when 

infected with microbial pathogens. 

A relatively new technique called cDNA-AFLP analysis was employed to isolate gene 

fragments representing genes which were expressed in response to LS2i infection. 

Nine differentially-expressed gene fragments were identified from cDNA prepared 

from diseased G. gracilis that were not present in cDNA prepared from healthy 

G. gracilis. 

Five of the nine cDNA fragments were successfully amplified using peR and cloned 

into the plasmid vector pBluescript (SK) and subsequently sequenced. Analysis of the 

DNA sequences using BlastN and BlastX searches of the GenBank database, showed 

that fragment 8 had a high amino acid sequence identity to the enzyme 

D-3-phosphoglycerate dehydrogenase from Bacillus subtilis. Fragments 7 and 2b 

showed sequence homology to a disease resistance protein homologue of soybean 

(Glycine max) and 3-hydroxy-3-methylglutaryl-coenzyme A of potato (Solanum 

tuberosum), respectively. Northern blot analysis of the cDNA fragments was 

successful in demonstrating that cDNA fragment 2 represents a gene which is 

expressed in response to LS2i-infection. 
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eDNA subpopulation, and short random oligonucleotides for the 5' primer. The 

amplified eDNA fragments from different tissues are separated on a denaturing 

polyacrylamide gel and compared for differences in banding patterns. DNA 

fragments of interest are excised and used for various analyses. This method, 

however, has a number of practical problems. It is biased towards abundant mRNA 

molecules (Bertioli et at., 1995), while the short primers and low annealing 

temperatures required to amplify the PCR products may give rise to high levels of 

non-specific products. The more rare mRN A species, such as the products of 

differentially-expressed genes, are therefore less likely to be represented. In addition, 

the use of a poly-dT primer (3') and random 5' primers yields a greater proportion of 

3' -untranslated sequences in the resulting DNA fragments, making sequence analysis 

very difficult. 

The cDNA-AFLP technique is based on the AFLP protocol described by 

Vos et at. (1995). It involves endonuclease digestion of cDNA prepared from plant 

mRNA with both a rare and a frequent-cutting restriction endonuclease. This is 

followed by ligation of oligonucleotide adaptors to the fragments generated, selective 

amplification of sets of restriction fragments, and gel analysis of the amplified 

fragments. Thus, cDNA restriction fragments may be amplified by PCR without prior 

knowledge of any nucleotide sequence. One of the major advantages of the 

cDNA-AFLP method is that the fragments generated an encode genes, since the 

cDNA has been made from mRNA which does not possess the exons and introns 

present in the eukaryotic DNA. In addition, stringent reaction conditions used for 

primer annealing reduce the number of non-specific products obtained. This 

technique was used successfully by Bachem et ai. (1996) to analyse transcriptional 

changes occurring during potato tuberisation. This technique has also been 

successfully applied to determine differential gene expression in nematodes (Jones 

and Harrower, 1998). It was thought that given the universal application of this 

technique, there was no reason why it could not be applied to study differential gene 

expression in macroalgae in response to pathogen infection. 

Having determined the presence of differentially-produced proteins In diseased 
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(LS2i-injected) G. gracilis when compared with healthy G. gracilis (5.4.1), the 

cDNA-AFLP technique was employed to test whether differentially-expressed genes 

in the diseased macroalga G. gracilis could be identified, using cDNA made from 

rnRNA which had been isolated from healthy and diseased (LS2i-injected) G. gracilis. 
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5.3 METHODS 

5.3.1 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed in 1 x T AE running buffer (Appendix A) 

as described by Sambrook et ai. (1989). 

5.3.2 Restriction endonuclease digestion of DNA 

Restriction endonuclease digestion of DNA was performed in 20 III volumes in sterile 

microfuge tubes as described by Sambrook et al. (1989), unless otherwise stated. 

5.3.3 Generation of diseased G. gracilis 

Five-centimetre-Iong fragments of antibiotic-treated G. gracilis thalli were infected 

with Pseudoaiteromonas sp. LS2i using pathogenicity assay 3 (3.4.4), and incubated 

at 30°C to generate diseased G. gracilis. Similar amounts of thalli were injected with 

SSW as described in section 3.4.4 to generate healthy, control G. gracilis samples. 

Fragments used in experiments described in section 5.3.5 were incubated for 3 days 

and fragments used in experiments described in section 5.3.7 were incubated for 12 h. 

5.3.4 Extraction and quantitation of G. gracilis and LS2i total protein 

Five-gram amounts of infected and healthy G. gracilis thalli (incubated for three days; 

section 5.3.3) were washed three times in SSW (filter-sterilised seawater) to remove 

any culture medium and ground into a very fine powder in liquid nitrogen with a 

pestle and mortar. A volume of 10 ml of phosphate-buffered saline (PBS; 



Univ
ers

ity
 of

 C
ap

e T
ow

n

126 

Appendix A) was added to the powder which was filtered through sterile cheesecloth 

to separate out any remaining pieces of fibrous cellular material. The filtrate was 

centrifuged at 12061 x g for 20 min at 4°e to pellet the remaining cellular debris. 

The supernatant was centrifuged at 120000 x g for 1.5 h at 200 e and the protein 

pellet was redissolved in 200 l.d PBS. Any proteins remaining in the supernatant were 

precipitated using 85%-saturated ammonium sulphate (Englard and Seifier, 1990). 

The precipitate was collected by centrifugation at 17 369 x g for 10 min at 4°e and 

resuspended in 200 jll PBS. Ammonium sulphate was removed by dialysis of the 

protein suspension against 1 1 of PBS overnight at 4°e (Spectrapor dialysis tubing; 

molecular weight cut-off of 12- to 14 kDa). The proteins were combined with the 

proteins prepared by centrifugation (above) and quantitated using the Bradford 

method (Bradford, 1976). A standard curve was generated with 0 to 500 jlglml BSA 

(Boehringer Mannheim). 

Total protein was extracted from LS2i by sonicating 5 ml of a 24-hour MB culture 

(incubated at 22°e and agitated at 120 rpm) with four 15-s bursts in a sonicator 

(Soniprep 150, MSE) to lyse the cells. The cell1ysate was centrifuged at 15 800 x g 

for 10 min to pellet the cellular debris. Total protein was quantitated using the 

Bradford method. 

5.3.5 Polyacrylamide gel electrophoresis of G. gracilis protein 

Total proteins isolated from healthy and diseased G. gracilis were resolved using SDS 

polyacrylamide gel electrophoresis (SDS-PAGE) according to the method described 

by Laemrnli (1970). Proteins were denatured by adding 7.5 III sample treatment 

buffer (Appendix A) to 22 Ilg protein sample in microfuge tubes and heating for 3 min 

in boiling water. The proteins were separated on a 10% gel at 20 rnA along with high 

molecular-weight markers (Pharmacia) which were prepared according to the 

manufacturer's instructions. Total protein isolated from the pathogen, LS2i, was run 

concurrently on the gel as a control to verify that there was no LS2i protein 

contamination in the G. gracilis protein prepared from diseased thalli. Protein bands 
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were stained usmg a modified silver-staining method (Sammons et ai., 1981; 

Appendix C). 

5.3.6 Preparation of RNase-free equipment and reagents 

All glassware used for RNA work was baked at 200°C for 24 h, and autoclaved prior 

to use. Plasticware was soaked in 3.5% sodium hypochlorite for 24 h, prior to being 

autoclaved. Distilled water and all other solutions were treated with diethyl 

pyrocarbonate (DEPC) at 100 Ill/I of solution prior to autoclaving, except for those 

containing Tris-base, which were made up with autoclaved DEPC-treated water in 

baked glassware. Electrophoresis apparatus was soaked in a 3.5% sodium 

hypochlorite solution for 1 h and rinsed in DEPC-treated water prior to use. 

5.3.7 Isolation of G. gracilis total RNA 

Small amounts (approximately ten 5-cm lengths) of infected and healthy G. gracilis 

thalli (incubated for 12 h; section 5.3.3) were washed at least three times in 

DEPC-treated water and ground to a very fine powder in a mortar using a pestle and 

liquid nitrogen. The powder was weighed out as quickly as possible (2 x 100 mg 

amounts for healthy and diseased samples) into RNase-free microfuge tubes and total 

RNA extracted using an RNeasy Plant Kit (Qiagen). The contents of each tube were 

eluted twice with 30 III RNase-free water each time (60 III total per tube). 

The integrity of the RNA was determined by resolving it on a 1.5% formaldehyde 

agarose gel using the method described by Sambrook et ai. (1989). 

5.3.8 Isolation of G. gracilis mRNA 

Messenger RNA (mRNA) was isolated from total G. gracilis Rl-..rA using a 
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PolyATtract mRNA Isolation System III (Promega). mRNA was eluted in a final 

volume of 250 III and precipitated by the addition of 0.1 volume of 3 M sodium 

acetate and 1 volume of isopropanol followed by overnight incubation at -20°e. The 

mRNA was pelleted by centrifugation at 15800 x g for 10 min at 4°C, washed with 

75% ethanol and stored as a pellet at -70°C until required. 

5.3.9 cDNA synthesis 

cDNA (complementary DNA) of G. gracilis mRNA from healthy and diseased thalli 

(5.3.7) was synthesised using the RiboClone cDNA Synthesis System M-MLV RT 

(H-) with an oligo( dT)15 primer (Promega). The resulting cDNA pellet was 

resuspended in 10 III TE buffer, pH 8 (Appendix A) and stored at -20°e. 

5.3.10 cDNA-AFLP protocol 

The cDNA-AFLP (complementary DNA-amplified restriction fragment length 

polymorphism) protocol used was based on the method described by 

Bachem et al. (1996) and is summarised in Figure 5.1. In separate reactions, the 

entire volume of cDNA synthesised from mRNA extracted from healthy and diseased 

G. gracilis (5.3.8) was incubated at 65°C for 1 h with 5 U of the restriction 

endonuclease Taq 1. The enzyme was precipitated by the addition of 0.5 volume of 

7.5 M ammonium acetate (pH 7.5) and incubating for 30 min at 22°e. The precipitate 

was pelleted by centrifugation at 15 800 x g for 15 min at 22°e. cDNA was 

recovered from the supernatant by addition of 2.5 volumes of 100% ethanol and 

incubation overnight at 22°e. The cDNA was pelleted by centrifugation at 15 800 x g 

for 30 min at 22°C and washed in 75% ethanol. The cDNA pellet was resuspended in 

10 III TE (PH 8) and incubated with 5 U of the restriction endonuclease Bel I at 55°C 

for 1 h. The cDNA was recovered from the digestion mix as described above, with 

resuspension in a final volume of 20 III TE. 
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cDNA·AFLP PROTOCOL 

5' 

Be/l~~~~~~~~~~~~~~ 
Taql 
sticky end 

sticky end 

5 5' --

5' 

5' 3 

Taq I -::Il:mml .. lliiiUl!lII!l!ll@\!\i!!!!!!jjjjjj!!1 
sticky end 4 5' 

6 5' 
1I111111111!lllllllllJiiiiiliillll!!! 

liiiliiiiiiliiiiiii!iiiiliiiiiiiiiil 
5' 

cDNA cut with rare-cutter (Bell) 
and frequent-cutter (Taq I) restriction 
endonucleases such that cDNA 
fragments with Taq l-cut and Bell-cut 
sticky ends are generated. 

Annealing of adaptors 1 to 2 and 3 
to 4 such that rare- and frequent
cutter sticky ends are generated, 
respectively. 

Annealed adaptors are ligated to 
corresponding sticky ends of cDNA 
fragment to form adaptor·ligated 
fragment. 

Primers 5 and 6 for preamplification 
reaction designed to anneal to one 
or the other end of adaptor-ligated 
fragments. 

Preamplification of adaptor-ligated 
fragments using primers 5 and 6. 

Numerous copies of the double
stranded DNA fragments are made 
in peR preamplification. 

Fig. 5.1 Scbematic diagram depicting tbe principle of tbe cDNA-AFLP protocol used. 
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5' 8 
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[I·,·::,··:· .: ... :;. :·':;··II ==============:::::JlllllliiillllllllillllliiillllliiiIlJJJliiiiilll!fl!\i\\llli!il 5' 

Healthy Diseased - -- -- --- -- -- --- -- --- -

Primers 1 and 8 with a 2 bp 
degeneracy at the 3' end and 
designed to anneal to one or the 
other end of the pre-amplified 
products. 

Primer which binds to rare-cutter 
end of cDNA fragment (Bc/l end) is 
end-labelled with [y_32P]ATP. 

Re-amplification at high stringency 
with primers 1 (radiolabelled) and 
8 (unlabelled). 

Double-stranded, radiolabelled 
products resulting from re
amplification with primers 1 and 8. 

Products are denatured at 9SoC to 
separate the double-stranded DNA 
molecules and resolved on a 6% 
acrylamide gel. 

Only [y-32P]ATP-labelled fragments 
are observed after exposure of 
acrylamide gel to X-ray film. 

The above protocol is performed 
with cDNA from healthy and diseased 
G. graCilis. Thus, when re-amplified 
products are resolved on a poly-
acrylamide gel, the banding 
patterns will differ if any genes are 
differentially-expressed in response 
to infection by LS2i. 
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Two pairs of adaptor primers were synthesised (l & 2 and 3 & 4; Appendix B) such 

that the primers of each pair were complementary to each other, and when annealed 

would generate either Bel I (rare cutter) or Taq I (frequent cutter) sticky ends. Equal 

amounts of complementary primers were annealed to each other as described in 

Appendix C. 

Ten microlitres ofligation mix was prepared consisting of 1 III of each adaptor, 1 U of 

T4 DNA ligase (Boehringer Mannheim), 10 x ligase buffer and sterile water. Five 

microlitres of this ligation mix was added to 20 III of the Bel VTaq I-cut G. gracilis 

cDNA fragments and incubated for 3 h at 37°C to anneal the adaptors to the sticky 

ends of the cDNA fragments. The adaptor-ligated fragments were aliquoted into 5 III 

amounts and stored at -20°C. 

Adaptor-ligated fragments were amplified under low-stringency conditions of PCR 

using cycle profile 2 (Appendix B). Primers 5 and 6 (Appendix B) were designed to 

correspond to sequences at the Bel I and Taq I ends of the adaptors, respectively. 

Twenty-microlitre reactions were performed containing 50 ng of each primer, 5 III of 

sample cDNA (adaptor-ligated fragments), 1 U Red Hot Taq I polymerase (Applied 

Biotechnologies), 1.5 mM MgC12, 2 III lOx Taq polymerase buffer and equimolar 

amounts of all four dNTPs (0.5 mM of each; Boehringer Mannheim). Small amounts 

(5 Ill) of the above PCR products were run on a 1.5% agarose gel at 100 V in 1 x TAB 

running buffer to verify the presence of a cDNA smear representing fragments ranging 

in size from 100 to 1000 bp. 

A second round of high-stringency step-down PCR amplification (cycle profile 3; 

Appendix B) was performed, using primers 7 and 8 (Appendix B) which have a two 

base-pair degeneracy at their 3' ends. Primer 7 (complementary to the Bel I-cut end 

of the eDNA; Bel I is the rare-cutter enzyme) was 5' end-labelled using [y_32p]ATP 

and T4 polynucleotide kinase (USB) according to the method described by Ausubel et 

al. (1989). Twenty-microlitre PCR reaction mixes were prepared containing 30 ng of 

primer 8, 25 ng of unlabelled primer 7, 10 III (::::;40 ng) of labelled primer 7, 5 III 
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cDNA product, O.S U Red Hot Taq polymerase 

1.S 2 J1.1 lOx Taq polymerase 

fJU'Ll"',nu','" reaction, the peR products were mixed with an 

(Appendix A), denatured for 3 min at and 

"'""11.-"'-' (S J1.1) was loaded onto a 7% denaturing polyacrylamide 

1980; Appendix A) which was run in 1 x 

h (until the second dye front reached the end of the gel). 

end-labelled with [y_32p]ATP were loaded into lanes 

of the samples. After electrophoresis, the gel was transferred 

paper and dried on a slab gel dryer (Hoefer 

30 min. The dried gel was placed under 

(3M type XDA) for 5 days, developed using an automatic 

and the lanes containing cDNA fragments from healthy and 

compared +1-;:', .. ",1"1""'''' in cDNA banding patterns. The sizes of 

DNAfrag V. 3.03 (Schaffer and 'P"P'-'"\T 

IIUeatlOn of differentially-expressed eDNA fragments 

observed in the lanes 

were excised from the dried gel 

was eluted from the acrylamide by 

'"' ...... AUU buffer (Appendix A) in a 0.5-ml microfuge 

In bottom of each tube which was then 

spun in a microfuge for S s to collect the eluted 

Dilutions of the eluates were made in sterile 

cDNA dilutions were amplified using cycle 

....... ·rn""~" 5 and 6 (Appendix B). Twenty-microlitre 

SO of primers Sand 6, 1 U Red Hot Taq 
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polymerase, 1 ~l of sample cDNA, 1.5 rnM MgC12, 2 ~l lOx Taq polymerase buffer 

and equimolar amounts of all four dNTPs (0.5 rnM of each). Five-microlitre volumes 

of the PCR products were resolved on a 1.5% agarose gel in 1 x T AE buffer 

(Appendix A) using standard markers (Gibco BRL) to confirm their sizes (bp). 

Fragment sizes were estimated using DNAfrag V. 3.03 (Schaffer and Sederoff, 1981). 

Samples were prepared in a loading buffer which excluded bromophenol blue 

(Appendix A) so that the dye front did not obscure any small cDNA fragments. 

5.3.12 Attachment of restriction endonuclease recognition sequences (Bel I and 
Taq I) onto differentially-expressed fragments 

Fragments 2 to 9 were selected for further amplification in order to attach Taq I and 

Bel I restriction endonuclease recognition sequences onto either ends of the cDNA 

fragments. Restriction of the cDNA fragments with these two restriction 

endonucleases (Taq I and Bel 1), would generate cDNA fragments with sticky ends 

which are compatible with CIa I and Bam HI sticky ends, respectively. Thus, 

restriction endonuclease digestion of CIa I and Bam HI sites in the mUltiple cloning 

site of the plasmid vector pBluescript(SK) (Stratagene; Appendix D) would allow for 

the ligation of the Taq I-Bel I-cut cDNA fragments into pBluescript (SK). 

Twenty-microlitre reactions were performed using cycle profile 5 (Appendix B) with 

50 ng each of primers 9 and 10 (Appendix B), 1 U Taq polymerase, 2 III of undiluted 

cDNA amplification product, 2 rnM MgCl2, 2 III lOx Taq polymerase buffer and 

equimolar amounts of dNTPs (0.5 mM of each). Five reactions were performed for 

each cDNA sample to generate a large amount of product which was pooled prior to 

being resolved on a 1.5% agarose gel. The bands were excised and electroeluted into 

1 x TAB buffer at 2 V/cm for 4 h at 80 V (Ausubel et al., 1989). The cDNA was 

precipitated and concentrated by addition of 0.5 volume of 7.5 M ammonium acetate 

(pH 7.5) and 100% ethanol, and the pellet resuspended in 10 ~l sterile water. Samples 

(1 Ill) were quantitated on a 1.5% agarose gel using known amounts of 

A bacteriophage DNA as standards. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

134 

5.3.13 .............. :. of differentially-expressed eDNA tr32DJlents 

The cDNA 

removed by 

(PH 7.5) 

15800 x g 

addition 

was 

and 

removed 

digestion. 

described 

on a 1.5% 

Sambrook et 

digested 

"' ....... ' •• f"'·"'" were routinely digested with I 

with the addition of 0.5 volume 

incubation at 22°C for 30 min. 

and the cDNA """",n,,,, • .,.,,,,.., 

1 00% ethanol and incubation at 

J.J. .... ,5CUlVll at 4°C for 30 

water. The cDNA was 

to remove 

of the larger cDNA 1ra~mle:ms 

cDNA fragments were "'h'"' • .,"" .... electroelu 

cDNA was finally dissolved 

using known amounts of A. DNA as 

pBluescript (SK) was purified on a 

(1989) and quantified spectrophotometrically. 

with restriction endonucleases Bam 

at in between 

are compatible 

was subsequently 

ammonium acetate 

was centrifuged at 

supernatant by 

2h. The cDNA 

70% ethanol and 

QIg,este:a with Bel I 

been 

enzyme 

and concentrated as 

quantitated 

as described by 

vector DNA was 

I at 37°C, heat

and Cia I 

I, respectively. 

cDNA were ligated into the D..tSlUescrlPt vector at a vector:insert 

of 1 pmol:4 pmol using the method described 

cDNA was into E. coli JM109 

competent with CaC12 using the method 

Appendix One-hundred microlitre amounts 

et al. (1989). 

anntISCJn-t'ernm et al., 1985) made' 

Luria A) supplemented with 2 j.!l/ml 2% 

and Ehrlich (1979; 

cells were plated on 

(5-bromo-4-chloro-3-

(Sigma) and 100 j.!g/ml indolyl Appendix A), 

to select for White colonies representing 

were inoculated 5 (LB; Appendix 
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containing 100 ~g/ml ampicillin and incubated overnight at 37°C with agitation. 

Plasmid DNA was extracted from pelleted cells using the quick mini-prep method 

described by Zhou et al. (1990; Appendix C). The presence of cloned cDNA was 

verified by digesting the vector DNA with the restriction endonuclease Pvu I and 

resolving the fragments on a 1 % agarose gel together with pBluescript (SK) restricted 

with Pvu 1. Plasmid containing insert cDNA was identified and large-scale amounts 

were subsequently purified from 200 ml LB cultures of the transformants incubated 

overnight at 37°C, using Nucleobond AX 100 cartridges (Macherey-Nagel). The 

plasmid DNA was quantitated spectrophotometrically . 

. 5.3.14 Sequencing of differentiaHy-expressed eDNA fragments 

The cloned fragments were prepared for sequencing usmg a Thermosequenase 

cycle-sequencing kit (Arnersharn) and CY-5-labelled M13 forward and reverse 

primers (Appendix B). The amplified products were sequenced using an 

ALFexpress™ DNA sequencer (AM Version 3.01; Pharmacia Biotech), the method 

of which is described in Appendix C. 

Nucleotide and amino acid sequence searches of the GenBank database were 

performed using BlastN and BlastX V. 2.0.4, respectively (Altschul et al., 1997), to 

determine whether the cDNA fragment sequences were homologous to any of the 

sequences included in the database. 

5.3.15 Northern hybridisation 

Northern blots were prepared as described by Sarnbrook et al. (1989) with rnRNA 

isolated from healthy and LS2i-infected G. gracilis as described in section 5.3.8. The 

entire volume of mRNA from each preparation (healthy and LS2i-infected) was 

denatured in formarnide and separated on a 1.5% formaldehyde agarose gel in 

1 x MOPS buffer (Appendix A) for 5 h. The mRNA was subsequently transferred to 
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a Hybond N+ nylon membrane (Amersham) by Northern transfer using a modification 

of the method described by Reed and Mann (1985; Appendix C). DNA probes 

prepared by re-amplification of differentially-expressed cDNA fragments (5.3.11) 

were radio-labelled with [a_32P]dCTP using a random-primed labelling kit 

(Boehringer Mannheim). Unincorporated nucLeotides were separated from radio

labelled cDNA on a Sephadex G-50 spin column (Appendix C). RNA-DNA 

hybridisation was carried out at 42°C on the transferred mRNA using the five radio

labelled fragments as probes. (Appendix C). 
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5.4 RESULTS 

5.4.1 Polyacrylamide gel electrophoresis of G. gracilis protein 

The protein banding pattern obtained following electrophoretic separation of LS2i 

total protein was completely different to the banding patterns obtained with 

electrophoretically separated total protein extracted from healthy and diseased 

G. gracilis, indicating that there was no LS2i contamination in the G. gracilis protein 

extracts. However, there were some differences between the banding patterns of 

healthy and diseased G. gracilis (Fig. 5.2). The presence of at least four major extra 

bands were distinguishable in the lane containing protein isolated from diseased 

macroalgal thalli. Their estimated sizes were 32, 33, 54 and 59 kDa. 

kDa 1 2 3 4 

14.4 

Fig. 5.2 SDS-PAGE of equal amounts of total protein isolated from healthy and LS2i
infected (diseased) G. gracilis. Lane 1, molecular-weight markers (Pharmacia); lane 2, 
total protein (22 }J.g) isolated from healthy G. gracilis; lane 3, total protein (22 /J.g) 

isolated from LS2i-infected G. gracilis; lane 4, LS2i total protein (22 J.lg). Four 
differentially-produced proteins and their estimated molecular weights (kDa) are 
indicated with arrows in lane 3. 
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There were also some mmor bands visible in the lane containing total protein 

extracted from diseased G. gracilis which have not been indicated in Figure 5.2. 

There was at least one protein band of approximately 28 kDa visible in the lane 

containing protein from healthy G. gracilis which was not visible in the lane 

containing protein from diseased G. gracilis. 

5.4.2 cDNA-AFLP protocol 

The developed autoradiograph showed approximately 70 to 80 distinguishable cDNA 

bands which were visible in each lane (Fig. 5.3a). Their sizes ranged from ~50 bp to 

700 bp with very few fragments present which were greater than 500 bp. Figure 5.3b 

shows a magnified region of Figure 5.3a with fragment sizes ranging from 140 bp to 

400 bp in size. The banding pattern in the lane containing cDNA fragments from 

LS2i-infected G. gracilis (D) differed to the banding pattern of the cDNA fragments 

obtained from healthy G. gracilis (H). In some cases, where bands of the same size 

appeared in both lanes, one was darker than the other, suggesting that it was present in 

a greater amount. In one case, a band slightly larger than 166 bp in size, appeared to 

be present in much greater quantity in the lane containing cDNA from healthy 

G. gracilis (H) than in the lane containing cDNA from diseased G. gracilis (D). 

Nine bands (indicated in Figure 5.3b) were extracted from the lane containing cDNA 

from diseased G. gracilis (D) which did not appear jn the lane containing cDNA from 

healthy G. gracilis (H). Their estimated sizes (in bp) were: 140, 166, 191,200,209, 

247, 255, 290 and 334 (the fragment sizes include the nucleotide sequences of the 

adaptors on either end). 
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a) b) 

H D H D 

334 bp 

290 bp 

255 bp 
247 bp 

209 bp 

200 bp 

191 bp 

166 bp 

140 bp 

Fig. 5.3 a) Separation of radio-labelled cDNA fragments obtained from healthy (If) 
and LS2i-infected (D) G. gracilis. b) A magnified region of panel (a) showing nine 
bands visible in the lane containing cDNA from diseased G. gracilis but not in the lane 
containing cDNA from healthy G. gracilis. The cDNA fragments were generated from 
mRl~A isolated 12 hours after injection with LS2i (D) or SSW (If). Estimated fragment 
sizes (in bp) are indicated next to each band. 
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5.4.3 Amplification of differentially-expressed cDNA fragments 

The nine differentially-expressed cDNA fragments isolated from the cDNA-AFLP gel 

were amplified in order to generate sufficient product for their cloning and 

sequencing. Amplification products of the differentially-expressed cDNA fragments 

1 to 9 which were selected for further study in section 5.4.2 are shown in Figure 5.4. 

The 112 dilution of fragment 1, and the undiluted samples of the remaining fragments, 

produced distinct bands when amplified and resolved on a 1.5% agarose gel. 

Estimated sizes (in bp) of the amplified products of fragments 1 to 9 were: 402, 338, 

272,263,229,213,198,174, and 140, respectively. The amount of product obtained 

from the amplification reaction with fragments 5 and 6 was low compared to the 

amount of product obtained with fragments 2, 3, 4, 7 and 8. The amount of product 

obtained with fragment 1 was even lower. 

Of the nme fragments amplified, fragments 2 to 9 were selected for cloning. 

Unfortunately, the amount of amplified fragment 1 was insufficient for the cloning 

procedure used. 

Fig. 5.4 Resolution of peR amplification products from differentially-expressed cDNA 
fragments 1 to 9 on a 1.5% agarose gel. Lanes 1 to 9 contain 5/-i1 amounts of the 
amplification products of fragments 1 to 9, respectively. Lane 10 contains 100 bp 
molecular-weight markers (Gibco BRL). 
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5.4.4 Cloning of amplified fragments 

In order for the cDNA fragments to be sequenced, they were first cloned into the 

plasmid vector pBluescript (SK). Successful ligation of the fragments into the 

plasmid vector was confirmed by checking the size of the fragments generated after 

cutting the plasmid with the restriction endonuclease Pvu I. The lack of cDNA 

insertion in pBluescript (SK) (Appendix D) would generate two DNA fragments of 

2459 and 500 bp in size with the 500 bp fragment encompassing the multiple cloning 

site (MCS). Since cloned cDNA would be inserted into the MCS, the presence of the 

cDNA would be detected by an increase in size of the 500 bp fragment generated by 

Pvu I digestion. Fragments 3, 4, 7 and 8 were successfully cloned into the plasmid 

vector. 

Prior to cloning, restriction endonuclease digestion of fragment 2 with Bel I (which 

was intended to generate compatible sticky ends for cloning into the MCS of 

pBluescript (SK) yielded 2 fragments of approximately 260 (fragment 2a) and 120 bp 

(fragment 2b) in length. This suggested that the cDNA fragment originally generated 

from G. gracilis mRNA had not been digested to completion with Bel I prior to 

annealing of the adaptors to the cDNA fragments during the cDNA-AFLP protocol. 

Both of these fragments (designated 2a and 2b) were successfully cloned into the 

plasmid vector as well. 

5.4.5 Nucleotide sequencing of differentially-expressed cDNA fragments 

The cloned cDNA fragments were sequenced in order to detennine whether they 

encoded amino acid sequences of proteins which may be involved in the G. gracilis 

defence response to LS2i-infection. The origin of the cloned fragments was 

confirmed by the observation that the nucleotide sequence at the ends of the fragments 

was that of the adaptors which had been attached during the cDNA-AFLP procedure. 

As expected, only one adaptor sequence was identified on the ends of fragments 2a 
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and 2b. The nucleotide sequences of the G. gracilis portion of the cloned fragments 

are shown in Figure 5.5. 

The nucleotide sequences of the cloned G. gracilis cDNA fragments were compared 

with sequences in the GenBank database using the BlastX and BlastN search 

protocols in order to detennine their identity. cDNA fragments 3 and 4 did not have 

any significant similarity to any of the sequences in the GenBank database. However, 

fragment 8 was significantly identical (69%) to the amino acid sequence of the 

enzyme D-3-phosphoglycerate dehydrogenase of Bacillus subtilis, as well as to at 

least 20 other D-3-phosphoglycerate dehydrogenase enzymes isolated from Homo 

sapiens through to the terrestrial plant Arabidopsis thaliana. 

Fragment 7 showed 63% amino acid similarity to a disease resistance protein 

homologue isolated from the soybean (Glycine max), while fragment 2b showed 61 % 

amino acid sequence similarity to 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

(HMGR) isolated from potato (Solanum tuberosum). 

Multiple sequence alignment of the 43 amino acid-long sequence of fragment 8 with 

the corresponding region of the twenty D-3-phosphoglycerate dehydrogenase proteins 

is shown in Figure 5.6a. The alignment shows a fairly conserved region beginning 

from the sixth amino acid of the G. gracilis sequence, with nine amino acids of the 

sequence exhibiting 100% conservation. Multiple sequence alignment of the 50 

amino acid-long sequence of fragment 7 with the corresponding region from eight 

other plant disease resistance protein homologues is shown in Figure 5.6b. Two 

conserved leucine-rich domains (L) are indicated in the sequences. Although the 

amino acid sequence of fragment 7 is less homologous to these sequences, 6 amino 

acids are 100% conserved in the L regions. Figure 5.6c shows the mUltiple sequence 

alignment of the 36 amino acid-long sequence of fragment 2b, with the corresponding 

region from fifteen other plant HMGR enzymes. Although there is high homology in 

this region between the fifteen enzymes, much less homology is evident between 

these sequences and that of fragment 2b. 
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Fragment 2a (240 bp) 

ATGCCAATGT GACAAGTACT TGCCTTTCTT TAGTATGTGA GTGAGAGGTT ATGACAGTAA 
GTGGACATGA AGTATTTCAA ATCAGATCGT ACAACGAAGT ATTACATCTC ATGTTGCGTA 
CATCCGTTCT AACATATGCG GGGCCTATAG ATCTGGGTTT TCTGGCGAAG TCGGATACAT 
GATCTTTCGC TTCACGAAAA CTCCATTGAA CGGAATGATA TCGGCCATAC TCAGCCACTT 

Fragment 2b (110 bp) 

GTCCTGACCG GTACGCAGTC TACGAGACGT GACGATGAGT CCTGACCGAC GATGAGTCCT 
GACCGATACG CAGTCTACGA GACGTGACGA TGAGTCCTGA CGATGAGTCC 

Fragment 3 (241 bp) 

GCAGTCTTTG CTTATGCCTT TGAACCACAT GAACCTACAC GGTGGCGAAG ATATTTGCGA 
AGATAACTCG CAATCTCTAA CATCTGGAAA GGATCTGCTG CGTCAAAAAT CGCCGCCTTT 
CGCAGTACTC GCCTCCAATC TGCTAGTCTG ATACATTTCG GAAACAAAAT GTCAGATACA 
AGTGATACTC AGCTCCAATG AACCCTACAT ATATGAGCTC CTCGCATATC CAACTAACAT 
A 

Fragment 4 (189 bp) 

CTTATTCGAC CTCCATGGGT AGTTGAGGTT TTTCTTCTTC AATTTGAATC GCAAACGCTT 
CCGCTTCACT TATATCAGCA CAAGTTTTGC ATCTAGGCAT GTTACCAAAG CCCCATCCAG 
ATAGCTTGGA CAACGTCTCG CCATGACTAC CAAAAGTGTT AAGAGTTTCG TGTACGACTG 
CAGTGACTC 

Fragment 7 (150 bp) 

CATGTGCCAC CGTGGCTCCC CCGTTCGTGC TGCACAACAA CTGCATCCTC AGCAATAAGA 
AGCTCGCCAG GTTTATTGTC AAGGGCATTT GGTACGTCAA CCCGGCCGTC ATGGATGTTC 
ACTCTCAACA CCATGCGCAT GACGATGCCC TTCACAA 

Fragment 8 (133 bp) 

AACAGTCCAA AGCAGCACCA GCAATCTTAC CAGAGTCCAG AGCTTCAAGA AGAGCAGTCT 
CATTGACAAT ACCACCACGG GCAGCGTTGA TGATACGAGC GCCCAGTCCT CATCTTGGAA 
ATAGCATCGG CAT 

Fig. 5.5 Nucleotide sequences of G. gracilis cDNA fragments 2, 3, 4, 7 and 8 (5'~3') 
with sizes shown in parentheses. Adaptor sequences on the 5' and 3' ends have been 
excluded. 
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Fig. 5.6 Multiple amino acid sequence alignments of: a) translated cDNA fragment 8 
with homologous regions (43 amino acids in length) from 20 other D-3-
phosphoglycerate dehydrogenase proteins; b) translated cDNA fragment 7 with 
homologous regions (50 amino acids in length) from 8 other disease resistance protein 
homologues (dashes indicate gaps in sequence introduced to maximise alignment); and, 
c) translated fragment 2b with homologous regions (36 amino acids in length) from 15 
other HMGR proteins. Amino acid sequences of proteins were obtained from the 
GenBank database. The alignments were generated using Clustal B (Thompson et at., 
1994) and analysed using GeneDoc V. 2.0.01 (Nicholas and Nicholas, 1997). The four 
degrees of shading (white, light grey, dark grey and black) represent 0,60,80 and 100% 
amino acid homology, respectively. Amino acid numbers are indicated at the end of 
each sequence. GenBank accesion numbers of the protein sequences used in multiple 
sequence alignments are listed in Appendix E. 

5.4.6 Northern hybridisation 

G. gracilis mRNA extracted from both healthy and LS2i-infected thalli was probed 

with radio-labelled fragments 2, 3, 4, 7 and 8 in order to confirm that the cloned 

cDNA fragments represent mRNA transcribed from differentially-expressed genes. 

Fragment 2 hybridised to mRNA isolated from LS2i-infected G. gracilis, producing a 

positive hybridisation signal of approximately 550 bp (Fig. 5.7). No hybridisation 

occurred between G. gracilis mRNA and any of the other fragments tested. 
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H UH 

550 bp 

Fig. 5.7 Northern blot analysis using radio-labelled cDNA fragment 2. Lanes Hand 
UB contain mRNA from healthy and unhealthy (LS2i-infected) G. gracilis. The size 
of the homologous band in the UH lane is indicated in bp. 
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5.5 DISCUSSION 

SDS-PAGE analysis was performed on proteins extracted from healthy and 

LS2i-infected G. gracilis thalli to determine whether this macroalga produced any 

proteins in response to bacterial infection which were not expressed under normal 

conditions. Proteins were extracted from G. gracilis 3 days post-inoculation. This 

was thought to be an adequate period of incubation, since studies of 

differentially-expressed genes in tobacco plants infected with TMV reported a 

thirty-fold increase in the activity of the PR protein 1,3-~-glucanase after a 3-day 

post-inoculation incubation period, although the activity of the protein began 

increasing as early as 36 h post-inoculation (Kauffmann et al., 1987). The presence of 

unique protein bands in the lane containing proteins isolated from diseased G. gracilis 

thalli suggested that this was indeed the case. Since injection of G. gracilis with LS2i 

as opposed to SSW was the only difference in treatment between healthy and diseased 

thalli, the additional bands in the lane containing proteins from LS2i-infected 

G. gracilis suggested that these were proteins produced in response to the presence of 

the bacterium LS2i; i.e. these may have been pathogenesis-related (PR) proteins. 

The presence of a number of unique proteins in the lane containing protein isolated 

from healthy G. gracilis, suggests that their production may have been either reduced 

or halted completely after infection with LS2i. In the same way that it is possible for 

new proteins to be synthesised by G. gracilis upon infection with a pathogen, it is 

possible that part of the macro algal defence response may be to repress expression of 

specific genes. It is possible that the products of these genes may otherwise have been 

beneficial to the invading bacterium, thus enhancing its pathogenicity to G. gracilis. 

Although the protein banding pattern of LS2i-infected G. gracilis was different to that 

of LS2i alone, it is still possible that the additional protein bands observed may have 

originated from LS2i. It is possible that LS2i expresses genes differently under 

different conditions i.e. gene expression may be different in LS2i injected into 

G. gracilis compared with that in a pure culture medium, producing a differential 
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banding pattern. Thus, to prove conclusively that the additional protein bands 

mentioned above do originate from G. gracilis, one would have to generate polyclonal 

antibodies against LS2i and use these to probe Western blots of the above protein 

preparations to show that the proteins are not present. In addition, one could also 

generate a cDNA library from LS2i and use this to probe G. gracilis tissue from 

healthy and diseased thalli. 

One way to identify the above-mentioned differentially-expressed proteins would be 

to follow a very complicated and time-consuming purification regime using various 

forms of column chromatography. However, having illustrated that protein synthesis 

is altered in LS2i-infected G. gracilis, it was decided to employ one of the more 

recently-developed PeR-based techniques to study differential gene expression at the 

mRNA level. It was hoped that by synthesising cDNA from mRNA which was 

expressed in response to LS2i-infection, one would be able to identify 

differentially-expressed genes by comparing this cDNA with cDNA synthesised from 

mRNA isolated from healthy G. gracilis. 

In other laboratories, the effect of infection on gene expression has been determined 

over a wide range of post-inoculation times (1 to 48 h) (Dorey et ai., 1997; Thomzik 

et ai., 1997; Vidal et ai., 1998). In fact, the presence of some differentially-expressed 

mRNA species were assayed for over longer post-inoculation times, i.e. 3 and 4 days 

(Goormachtig et ai., 1995). Since high levels of mRNA encoding defence-response 

proteins were observed, in many cases, to occur between 6 and 18-h post-inoculation, 

it was decided to select a post-inoculation period of 12 h in the experiments with 

LS2i-infected G. gracilis. 

The cDNA-AFLP protocol employed in this study resulted in the detection of 

different banding patterns between lanes containing cDNA from healthy and diseased 

G. gracilis. The presence of differentially-expressed fragments substantiated the 

results obtained from SDS-PAGE of proteins from similarly-treated G. gracilis thalli, 

suggesting that differential gene expression occurred in response to LS2i-infection. 

The post-inoculation time difference (12 h using cDNA-AFLP analysis as opposed to 



Univ
ers

ity
of 

Cap
e T

ow
n

149 

3 days for the protein analysis) was fairly substantial. However, proteins are normally 

much more stable than mRNA. Unless the proteins were degraded by specific 

proteases, they were likely to be detected for a substantial period of time subsequent 

to their synthesis. At the same time, it could not be concluded that the 

differentially-expressed cDNA fragments identified using the cDNA-AFLP protocol 

necessarily encoded the differentially-produced proteins observed in the SDS-PAGE 

analysis. What both techniques illustrated, however, was that differential gene 

expression occurred when G. gracilis was infected with LS2i. 

A number of cDNA fragments were cloned and sequenced to determine whether they 

bore any resemblance to genes expressing pathogen response proteins in other plants, 

as this information would assist in interpreting the response of G. gracilis to 

LS2i-infection. The deduced amino acid sequence of cDNA fragment 8 was highly 

homologous to D-3-phosphoglycerate dehydrogenase (E.C. 1. 1. 1.95), an enzyme 

which reacts with NAD+ to form 3-phosphohydroxypyruvate and NADH. This is the 

first committed step in the 'phosphorylated' pathway of L-serine biosynthesis. Since 

serine is a basic requirement of cellular function, it is not presently clear how this 

enzyme would influence the response of G. gracilis to infection with LS2i. The 

identification of the cDNA fragment representing this enzyme from the cDNA-AFLP 

gel indicates that differential expression occurred. It is possible that this enzyme may 

be required for additional G. gracilis cellular responses to infection which are not 

documented to date. 

Fragment 7 showed some amino acid sequence homology to a disease resistance 

protein homologue. These proteins are of great interest, as they encode the plant R 

gene products (section 1.5.4) involved in plant disease resistance. The proteins 

encoding cloned plant disease resistance genes such as RPS2 of Arabidopsis thaliana 

(Bent et al., 1994), N of tobacco (Whitham et aI., 1994), L6 of flax (Lawrence et al., 

1995) and cf-9 of tomato (Jones et ai., 1994) show a similarity in sequence and 

structural motifs, irrespective of whether they confer resistance to viruses, bacteria or 

fungi. The conserved sequences include the leucine-rich repeats (L) indicated in 

Figure 5.6b, which are often associated with protein-protein interactions or ligand 
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binding, Resistance genes of some plants have been shown to reside in clusters on the 

genome which suggest that a common genetic mechanism has been involved in the 

process of evolution of resistance gene analogues (Kanazin et al., 1996; Leister et al., 

1998). It is quite possible that the homology of fragment 7 to these sequences could 

mean that this cDNA fragment represents a G. gracilis gene originating from a cluster 

encoding resistance genes on the G. gracilis chromosome. 

Fragment 2b showed some homology to HMGR (E.C.1.1.1.34) which is also of 

interest as this enzyme is involved in the regulation of isoprenoid biosynthesis. 

Isoprenoids constitute a large array of compounds, some of which function as 

antimicrobial phytoalexins (section 1.5.7). HMGR catalyses the NADPH-dependent 

reduction of 3-hydroxy-3-methylglutaryl-coenzyme A to mevalonate which is a 

precursor of all isoprenoid compounds present in plants, including the isoflavonoids 

and sesquiterpenes. An increase in HMGR activity has been shown to accompany the 

accumulation of sesquiterpene phytoalexins in potato tubers after pathogenic 

infection, suggesting that this enzyme plays an important role in defence against 

pathogens (Korth et ai., 1997). It is possible that G. gracilis may require this enzyme 

for a similar role in the defence response to the bacterium LS2i. 

Before one can draw any conclusions regarding the function of the genes represented 

by the cDNA fragments, it is most important to obtain the complete gene(s) from a 

G. gracilis genomic cDNA library after which expression studies of the gene(s) in 

response to pathogen (LS2i) infection of G. gracilis can be performed. The fact that 

the other cDNA fragments did not show significant nucleotide or amino acid sequence 

homology to any sequences in the GenBank database does not necessarily mean that 

they do not code for anything. This database is by no means complete, and the cDNA 

fragments may encode proteins that are not yet represented in GenBank. In addition, 

it is possible that the cDNA fragments originate from a region of a gene which does 

not encode a conserved portion of the protein product. 

Northern hybridisation was performed to prove that the cloned cDNA fragments were 

truly representative of mRNA transcribed in LS2i-infected G. gracilis thalli only. 
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Only cDNA fragment 2 (the complete fragment extracted from the cDNA-AFLP gel 

comprising sequences 2a and 2b) was found to hybridise to mRNA extracted from 

infected G. gracilis, showing that the gene represented by this fragment was expressed 

in G. gracilis thalli 12 h after LS2i infection and not in healthy thalli. With the above 

results, one would have expected cDNA fragment 2a to show amino acid sequence 

homology to the same sequences that 2b showed homology to. However, cDNA 

fragment 2a may encode a region of the protein which is not highly conserved. 

There are a number of reasons for the lack of hybridisation between G. gracilis 

mRNA and the other radio-labelled cDNA fragments synthesised from G. gracilis 

mRNA. Because of the high agar content in G. gracilis cell walls, it is very difficult 

to obtain the high quantities of total RNA, and consequently mRNA, which are 

required for Northern blots. The very low RNA yields also made it very difficult to 

quantify the RNA accurately. Thus, the lack of hybridisation could be attributed to 

inadequate amounts of mRNA bound to the nylon membrane. Another more 

important factor to consider, is that differentially-expressed genes in terrestrial plants 

are induced over a broad time span after infection. It is possible, that the expression 

of genes represented by cDNA fragments 3, 4, 7 and 8 peaked either earlier or later 

than 12 h post-inoculation, and consequently, mRNA transcribed from these genes 

would have been insufficient to anow detection by Northern hybridisation. A solution 

to this would be to perfonn the cDNA-AFLP protocol over a broad time course, 

where mRNA would be isolated from healthy and LS2i-infected G. gracilis every 

4 hours or so and Northern blot hybridisation carried out at each time point. This 

would give an indication of the time at which maximum expression of the various 

genes occurred after infection. 

There is a third possible explanation for the failure of cDNA fragments 3, 4, 7 and 8 

to hybridise to mRNA. The G. gracilis used as the source of mRNA for cDNA 

synthesis was harvested at a different time of the year (winter) to the G. gracilis used 

as the mRNA source for the Northern blot analysis (summer). The physiological state 

of winter G. gracilis is very different to summer G. gracilis as a result of slower 

growth rates (Engledow and Bolton, 1992). It is likely that this results in a decreased 
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or increased response rate to infection, depending on the physiological state of the 

macroalga. This would mean that different mRNA species or different levels of 

mRNA species would be present in infected macro algal cells at the same time after 

infection. The extent of hybridisation would thus be determined by the amount of 

mRNA species present in the mRNA isolation. This experiment has thus shown that 

it is imperative to isolate mRNA for Northern blot analysis from the same source as 

that used to synthesise the cDNA for AFLP analysis. 

One way of identifying genes which are differentially-expressed when G. gracilis is 

infected with LS2i would be to purify differentially-synthesised proteins following 

SDS-PAGE. However, the results presented above show that the cDNA-AFLP 

technique can also be used to detect differential gene expression in this macroalga. To 

maximise the opportunity for identifying differentially-expressed genes however, it is 

advisable not only to extract and characterise as many differentially-expressed 

fragments from the cDNA-AFLP gel as possible, but to perform the experiment over a 

broad period of time following infection. This would most likely pinpoint the time at 

which specific genes are maximally expressed, as well as the order in which the 

various genes are induced in response to the onset of disease in G. gracilis. 
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CHAPTER 6 

GENERAL DISCUSSION 

This investigation of the bacterial epiphytes associated with the agar-producing red 

macroalga G. gracilis has shown that there are a large number of bacteria present, 

particularly on the more mature regions of the macroalgal thalli. Preliminary 

characterisation of these isolates showed that they were typical of bacteria previously 

isolated and identified from the marine environment. 

A large proportion of the bacteria isolated were agarolytic, which suggested that they 

utilise the agar in the macro algal cell walls as a nutrient source, causing degradation 

of the tissue and hence disease. A suitable and useful pathogenicity assay, based on 

this assumption, was developed which satisfied Koch's postulates. The assay 

demonstrated that agarolytic bacteria isolated from both Saldanha Bay and Liideritz 

induced disease symptoms on G. gracilis thalli (bleaching of macroalgal tissue), 

whilst non-agarolytic isolates did not. These results provided strong evidence in 

support of the suggestion that one of the modes of bacterial virulence towards 

G. gracilis involves the production and secretion of agarases. However, it is 

important to corroborate this observation by screening all the remaining epiphytic 

bacterial isolates that were isolated from G. gracilis using the pathogenicity assay 

developed. The possibility of a non-agarolytic mode of action also needs to be 

investigated. It is quite possible that agarolytic isolates 'pave' the way for other 

bacteria to infect G. gracilis which cannot degrade the macroalgal cell walls due to 

their lack of agarase activity 

The most highly agarolytic bacterial isolate, LS2i, was characterised further and 

shown to be a Pseudoalteromonas species. This bacterium was designated 

Pseudoalteromonas sp. LS2i and was used as the test isolate for investigations into 
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factors influencing the induction of G. gracilis disease symptoms. 

The fact that G. gracilis is colonised by potential pathogens raised the question as to 

why disease symptoms are not permanently observed on the macroalgal thalli. It 

would seem that the susceptibility of G. gracilis to infection hinges on factors other 

than the mere presence of agarolytic bacteria. Consequently, two environmental 

factors, namely, seawater temperature and nutrient depletion were investigated in this 

study. The pathogenicity assay carried out at different incubation temperatures using 

Pseudoalteromonas sp. LS2i indicated that raised temperatures were involved in the 

virulence of this bacterium. Studies of LS2i growth and agarase production at 

different temperatures supported this evidence, suggesting that temperature increases 

may explain the occurrence of disease observed in G. gracilis populations at Saldanha 

Bay during the summer months. This may be a general response amongst all 

agarolytic epiphytes of G. gracilis, and would have to be tested with each individual 

agarolytic isolate. It should also be remembered, however, that the assay represents 

an unnatural situtation compared to that which is occurring in the field, and the above 

hypothesis would have to be fully tested by performing tests on G. gracilis which is 

subjected to naturally occurring conditions (e.g. temperature and nutrients). 

In addition to the above, measurements of extracellular LS2i agarase activity showed 

that optimal activity occurred between 22 and 37°C. This suggested that at higher 

temperatures, the extracellularly-secreted agarase is more active and hence, is an 

important factor to consider in the virulence of LS2i on G. gracilis at raised 

temperatures. Comparisons of the optimal activity of the other agarolytic epiphytes of 

G. gracilis would show whether there is a combined increase in extracellular agarase 

activity in situ. 

Studies of LS2i growth and agarase production on different media were performed to 

investigate the influence of nutrient availability on LS2i. Although the results 

obtained were preliminary, they established a basic foundation from which further 

experiments could be designed in order to elucidate the nutrient requirements of LS2i. 

This would be accomplished using defined minimal media and may help explain the 
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reason for virulence under conditions of nutrient depletion. 

Another important factor influencing the protection of G. gracilis from immediate 

degradation by its epiphytic bacterial population is the secretion of antimicrobial 

compounds by the macroalga. It has already been shown by Vlachos et al. (1996) that 

South African G. gracilis exhibits antibacterial activity against a few human 

pathogens. Scanning electron microscopy data from our studies suggest that a high 

concentration of antimicrobial compound(s) is secreted by G. gracilis in the young 

growing tips of the thalli, since there are no microorganisms visible in these regions. 

However, this may also be the result of continuous removal of old tissue, exposing 

new young tissue. The presence of an anti-microbial compound could be proved by 

the preparation of a crude G. gracilis growth-tip extract from using organic solvents 

and applying it to filter paper discs which are then placed on plates seeded with 

individual bacterial epiphytes previously isolated from G. gracilis. Studies would not 

be complete without further investigation of the extent to which the antibacterial 

activity affects the indigenous epiphytic bacterial popUlation of G. gracilis. 

Determination of the nature of the compound/s synthesised and secreted using gas 

liquid chromatography or mass spectroscopy would help explain the mechanism of 

the antibacterial effect exhibited. 

The studies of the response of G. gracilis to infection with the bacterium LS2i showed 

that the macro alga responds to pathogenic infection in a fashion similar to that of 

terrestrial plants. The identification of differentially produced proteins after 

LS2i-infection, as well as the isolation of differentially-expressed cDNA gene 

fragments using cDNA-AFLP, demonstrates that G. gracilis possesses a defence 

response. DNA sequence analysis of the cDNA, fragments generated from 

differentially-expressed mRNA showed that two of the cloned fragments had some 

similarity to genes involved in terrestrial plant defence responses. In order to 

determine whether these genes do function as a component of the G. gracilis defence 

response against infection, it will now be necessary to create a G. gracilis genomic 

cDNA library from which one could isolate the full-length defence response genes 

using the cloned cDNA fragments as probes. Sequencing of the entire genes and 
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subsequent sequence analysis would help establish the function of the predicted gene 

products in the defence response. Expression studies of these genes in response to 

LS2i infection of G. gracilis could then be carried out to determine at what stage after 

infection transcription of the defence genes occurs. Further experiments could include 

the generation of "knock-out" mutants in order to determine the role each gene plays 

in the defence response of G. gracilis, and to what extent it affords protection to the 

macroalga against bacterial infection. 

The advantage of the cDNA-AFLP method is that it is a very direct screerung 

procedure for the identification of genes expressed in response to infection because 

one searches for and selects those DNA fragments which are only expressed in 

diseased macro algal thalli. However, another method of searching for macroalgal 

defence genes would be to carry out PCR on genomic G. gracilis DNA using primers 

which are homologous to conserved regions of terrestrial plant defence 

response-related genes encoding enzymes involved in phytoalexin synthesis, as well 

as other PR proteins. If similar genes are present in G. gracilis, amplification of these 

would take place. The DNA fragments amplified using these primers could be cloned 

and sequenced, and subsequently compared to sequences from terrestrial plants to 

verify their function. Their expression could be studied by performing northern blot 

analyses of total RNA isolated at various time intervals from infected macroalgal cells 

using the PCR product as a labelled probe. This is a less calculated approach since 

one cannot be sure whether algae possess these particular genes or not and the method 

would also not select for any differentially-expressed genes which are specific to 

macro algal species alone. 

Ultimately, the study of the defence response of G. gracilis is directed to engineering 

agriculturally important macroalgae which are more resistant to pathogen infection 

such as has been achieved with terrestrial plants (Dixon et al., 1996). This cannot be 

performed very easily unless the defence mechanisms are well understood. In the 

case of phytoalexins, these compounds are products of a very complicated pathway, 

and consequently, cloning the genes and regulators involved in the entire pathway 

would be extremely difficult. It would be more appropriate to identify enzymes in 
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G. gracilis which synthesise phytoalexins in a single step. One such example is 

stilbene synthase, which has been cloned into tobacco and is responsible for the 

synthesis of the phytoalexin resveratol from common metabolic intennediates in a 

single step, increasing plant resistance to a fungal pathogen (Hain et at., 1993). A 

more viable strategy of engineering disease-resistant macro algae would be to identify 

and clone disease-resistance genes (R) which are involved mainly in the recognition of 

invading pathogens and signal transduction pathways of the defence response. Many 

such genes have been identified in terrestrial plants and cloned into others to generate 

transgenic plants conferring resistance to both bacterial and fungal pathogens 

(discussed in section 5.5). The expression of recognised G. gracilis resistance (R) 

genes could be engineered by promoters which would enable constitutive expression 

at either low or high levels, and thus, increase the resistance of G. gracilis to pathogen 

infection. A transgenic macroalga that can defend itself from a wide range of 

potentially pathogenic bacteria would be highly desirable. However, any attempt at 

generating transgenic macroalgae would depend entirely on the development of a 

transfonnation system which would efficiently introduce foreign DNA into 

G. gracilis. Progress in this field has been much slower than that in terrestrial plants 

since the demand on the resource has been much lower than on terrestrial plants of 

agricultural importance. 

The effect of environmental factors on agarolytic bacterial epiphytes of G. gracilis has 

serious implications for future mariculture of the macroalga in open waters (e.g. 

Saldanha Bay) where environmental conditions such as raised seawater temperatures 

cannot be controlled. It seems that the only possible way of avoiding total decimation 

of the natural macroalgal population in the event of disease would be to monitor the 

seawater temperature and harvest the G. gracilis when excessively high temperatures 

are experienced. Although harvesting may occur earlier than planned, it would ensure 

maintenance of macroalgal quality despite a reduction in yield. 

The uncontrollable nature of environmental factors suggests that it would be more 

suitable to cultivate G. gracilis in tanks. In this way, although it would probably be 

too expensive to control water temperature, nutrient supplies to the macroalga could 
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be kept constant in order to prevent the onset of disease. Unpredictable occurrences 

which interfere with macro algal growth such as severe stonns, grazers and pollution 

could also be avoided. The macroalga could probably be fanned all year round, with 

a possible increase in the number of harvests per year. In addition, if one were to 

develop genetically engineered G. gracilis isolates which were more resistant to 

pathogens than the wildtype macroalga, it would be more ethical to cultivate these 

isolates under controlled conditions rather than in the ocean. 

Whatever the circumstances, G. gracilis will never be free of bacterial epiphyte 

populations that include isolates which could potentially cause disease. It is for this 

reason that it is important to understand macroalgal-bacterial pathogen interactions 

better, and to identify potential pathogens of G. gracilis so that they can be recognised 

and infections efficiently combatted. 
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APPENDIX A 

Media, buffers and solutions 

A.1 MEDIA 162 

A.I.1 Synthetic sea salts 162 
A.1.2 Marine agar (MA) 162 
A.I.3 Marine broth (ME) 163 
A.1.4 Basal marine broth (BMB) 163 
A.1.5 Skim milk agar 163 
A.1.6 Bacto OF medium to test carbohydrate utilisation 163 
A. 1.7 Peptone marine base medium 164 
A.l.8 Marine broth base for nitrate reduction and denitrification test 164 
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APPENDIX A 

Media, buffers and solutions 

All media were autoclaved at 121°C for 20 min prior to use, unless otherwise 
specified. 

Water used for making solutions, media and diluting buffers was purified using a 
Milli-RO Plus (Millipore) water purification system. 

Ultrapure water used was obtained by further purification of the above water using a 
Milli-Q Plus (Millipore) water purification system. 

A.I MEDIA 

A.I.I Synthetic sea salts 

NaCl (Saarchem) 
MgC12.6H20 (Saarchem) 
KCl (Saarchem) 
water to 

A.l.2 Marine agar (MA) 

30.0 g 
2.3 g 
0.3 g 

11 

glucose (Saarchem) 2 g 
cas amino acids (Difco) 5 g 
yeast extract (Biolab) 1 g 
agar (Biolab) 20 g 
synthetic sea salts to 1 1 

The pH of the medium was adjusted to 7.0 with 1 M NaOH prior to adding the 
agar and autoclaving. 
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A.I.3 Marine broth (MB) 

glucose 
casamino acids 
yeast extract 
synthetic sea salts to 

163 

2g 
5g 
1 g 
1 1 

The pH ofthe medium was adjusted to 7.0 with 1 M NaOH prior to adding the 
agar and autoclaving. 

A.I.4 Basal marine broth (BMB) 

casamino acids 
yeast extract 
agar 
synthetic sea salts to 

5g 
1 g 

20 g 
1 1 

The pH of the medium was adjusted to 7.0 with 1 M NaOH prior to adding the 
agar and autoclaving. 

A.1.5 Skim milk agar 

skim milk (Oxoid) 
water to 

12.5 g 
400ml 

The skim milk mixture was steamed separately prior to being added sterilely 
to the autoclaved agar mixture below: 

peptone (Difco) 
yeast extract 
agar 
water to 

1 g 
2g 

20 g 
600ml 

A.I.6 Bacto OF medium to test carbohydrate utilisation 

Difco Bacto OF basal medium 0.94 g 
synthetic sea salts to 100 ml 

The above was autoclaved and the appropriate sugar added to a final 
concentration of 1 % before dispensing into sterile tubes. 
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A.I.7 Peptone marine base medium 

peptone 
yeast extract 
synthetic sea to 

10 g 
1 g 
11 

The was adjusted to 7.0 prior to autoclaving. 

A.I.8 Marine broth base nitrate reduction and denitrification test 

cas ammo 

water to 

0.20 g 
0.50 g 
0.10 g 
3.00 g 

g 
g 

109 
17g 

..... "" .. U .... UA was autoclaved and decanted into 5 ml 

A.I.9 Tryptone broth indole production test 

A.1.10 

KCl 
tryptone 
water to 

water to 

3.00 g 
0.23 g 
0.03 g 
1.00 g 

100ml 

was autoclaved and aliquoted into 10 ml amounts in standard 

production test 

g 
0.23 g 

g 
LOOg 

100ml 
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1 2% Carrageenan for determination of carageenolytic activity 

UF'."".u,,,I.U (Sigma) 
to 

A.1.12 12% Gelatin meum 

gelatin (Merck) 
synthetic sea salts to 

agar (LA) 

water 

A.1.14 Luria broth (LB) 

tryptone 
yeast extract 
NaCl 
water to 

0.5 g 
0.1 g 
0.2 g 
2.0 g 

100mI 

g 
100mI 

400 

400 

6g 
4g 
2g 
2g 

4g 
2g 
2g 

tryptone (YT) broth (2 x) 

NaCl 
water to 

109 
16 g 
5g 
1 1 
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A.2 BUFFERS 

A.2.1 TE buffer (pH 8) 

1 M Tris-HCl (PH 8) 
0.5 M EDT A (PH 8) 
water to 

166 

1 ml 
200 )11 
100 ml 

A.2.2 Phosphate-buffered saline (PBS) 

Na2HP04.7H20 (Saarchem) 
KH2P04 (Saarchem) 
NaCl 

4.26g 
2.27 g 
S.OO g 

water 900 ml 

The pH was adjusted to 7 prior to making up the volume to 1 I with water and 
autoclaving. 

A.2.3 Tris-Acetate-EDTA (T AE) buffer (50 x stock) 

Tris base (Boehringer Mannheim) 
glacial acetic acid (Saarchem) 
0.5 M EDT A (PH 8) 
water to 

242.0 g 
57.1 ml 
100 ml 

1 1 

This was diluted in water to a 1 x concentration for use. 

A.2.4 Tris-Borate-EDT A (TBE) buffer (10 x stock) 

Tris base lOS g 
boric acid (Saarchem) 55 g 
0.5 M EDTA (pH S) 20 ml 
water to 1 I 

This was diluted in water to a 1 x concentration for use. 
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A.2.S Elution buffer for cDNA-AFLP gel cDNA fragment extraction 

1 M NH4C2H30 4 (Saarchem) 
100 rnM Mg(CzH302) (Merck) 
500 rnM EDTA 
SDS (Saarchem) 
water to 

A.2.6 sse buffer (20 x) 

NaCl 
Na3C6H507.2H20 (Saarchem) 
water to 

50.0 ml 
10.0 ml 
0.2 ml 

1.0 g 
100 ml 

17.50 g 
8.82 g 
80 ml 

The pH of the above solution was adjusted to 7.4 with 10 N NaOH prior to 
making up the volume to 100 m1 and autoc1aving. The buffer was made 
RNase-free by adding DEPC (l00 Ill/I) prior to autoc1aving. 

A.2.7 TENS buffer for quick preparation of plasmid DNA 

25% SDS 
5MNaOH 
50 mM Tris-Cl (PH 8) 
0.5MEDTA 
sterile (autoc1aved) water to 

A.2.S STE buffer 

1 M Tris-HCl (pH 8) 
1 MNaCl 
0.5 M EDT A (PH 8) 
water to 

782 III 
500 III 

5 ml 
50 III 
25 ml 

1 m1 
1 ml 

200 III 
100 ml 
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A.2.9 MOPS buffer for RNA agarose gels (5 x) 

MOPS (Sigma) 
50 mM sodium acetate 

20.6 g 
800 ml 

The pH ofthe above was adjusted to 7 with 2 M NaOH and the following 
added: 

0.5 M EDTA (PH 8) 10 ml 
DEPC-treated water to 1 1 

The above solution was filter-sterilised through a 0.22 !lm filter using a 60 cc 
syringe. It was stored in the dark at room temperature. 

A.2.10 Buffers for RNA-DNA hybrjdisation 

1 M Phosphate buffer stock (PB) 

NazHP04·7HzO 
85%H3P04 

water to 

134g 
4ml 

1 1 

Church pre-hybridisation buffer (CPHB) 

skim milk powder (Elite) 
distilled water 
1 M PB stock 
0.5MEDTA 
25% SDS 
total volume 

0.5 g 
21.5 ml 
50.0 m1 
0.2ml 

28.0 ml 
100.0 m! 

Church hybridisation buffer (CHB) 

As for CHPB excluding the skim milk powder. 

Wash buffer A (WBA) 

25% SDS 
1 MPB 
0.1 MEDTA 
water to 

100 ml 
20 ml 

5 ml 
500 ml 
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A.3 SOLUTIONS 

A.3.1 So]utions for ferricyanide reducing-sugar assay 

1 % agarose substrate for ferricyanide reducing-sugar assay 

20 mM PIPES solution 90 ml 
agarose (D 1 LE) 1 g 

The final volume was adjusted to 100 ml with water. 

Mineral 1 solution for 20 mM PIPES solution 

K 2HP04 (Saarchem) 
water to 

6.0 g 
1 1 

Mineral 2 solution for 20 mM PIPES solution 

NaCI 
(NH4)2S04 (Boehringer Mannheim) 
KH2P04 

CaCL2H20 (Saarchem) 
MgS04·7H20 
water to 

20 mM PIPES solution 

PIPES (Merck) 
Mineral 1 solution 
Mineral 2 solution 
ultrapure water to 

0.6 g 
5.0ml 
5.0 ml 
90 ml 

12.0 g 
12.0 g 
6.0 g 
2.5 g 
2.5 g 

1 I 

The pH was adjusted to 6.8 with NaOH to dissolve the PIPES before making 
up the volume to 100ml with ultrapure water and autoclaving. 

Stop reagent 

Na2HP04·7H20 
NaOH (Saarchem) 
water to 

1 g 
1 g 

100mi 
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Colour reagent 

K3[Fe(CN)6] (Merck) 
NaOH 
ultrapure water to 

170 

116mg 
220mg 
100mI 

This was stored in the dark as it is light-sensitive was prepared fresh monthly. 
It did not need to be autoclaved. 

A.3.2 Azocasein substrate for alkaline protease activity assay 

azocasein (Sigma) 
5 MNaCl 
1 M CaCl2.2H20 
Tris-HCI (PH 9) to 

2g 
8 ml 
2ml 

100mi 

A.3.3 Antibiotic 'cocktail' for generating axenic G. gracilis 

The following antibiotic stock solutions were prepared in water and 
filter-sterilised through a 0.2 !Jm filter (Millex, Millipore). Cefotaxime was 
aIiquoted into 120-J.ll amounts and stored at -20°C, whilst the others were 
stored at 4°C. The following volumes were added to 100 ml SSW for 
generating axenic G. gracilis: 

100 mg/m1 streptomycin. sulphate (Boehringer Mannheim) 
100 mg/ml penicillin G (Sigma) 
100 mglml kanamycin sulphate (Sigma) 
0.1 mg/m1 nalidixic acid solution (Sigma) 
250 mg/ml cefotaxime (Claforan@, Roussel) 

A.3.4 Solutions for silver staining of polyacrylamide gels 

Gel-soaking solution 

100 % ethanol (BDH) 
glacial acetic acid (Saarchem) 
ultrapure water to 

80 ml 
10ml 

200ml 

500 J.lI 
500 J.ll 
500 J.lI 
600 J.lI 
120 !JI 
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Silver nitrate solution for 

silver nitrate (BDH) 
ultrapure water to 

This solution was 

171 

g 
8ml 

ammoniacle solution 

0.36% NaOH solution for silver stain ammoniacle solution 

water to 

Ammoniacle SOlun:on 

nitrate was 
with ultrapure water. 
it. 

Silver aelvet.(}D!nJ! solution 

water to 

0.9 g 

ml glass measuring cylinder 
dropped in while stirring. 8 ml silver 

25 mg 
95 III 

500ml 

the volume made to 200 
used within an hour making 

Formamide cDNA-AFLP gel samples 

Form amide 

mix 

500 
500mg 

10mt 
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A.3.6 7% denaturing acrylamide gel for cDNA-AFLP protocol 

urea (Merck) 
10 x TBE buffer 
40% acrylogel (BDH) 
water 

25.7 g 
5.0 ml 
704mI 

18.8 ml 

The above was gently heated in a 100 ml Erlenmeyer flask covered with 
parafilm, on a magnetic stirrer. When all the urea had dissolved, the solution 
was filter-sterilised through a 0.8 jJ.m filter (Millex, Millipore) to rid the 
solution of any contaminating crystals. Prior to pouring the gel, the following 
was added: 

10% (w/v) ammonium persulphate (pharmacia) 
N,N,N' ,N' -tetramethylethylene-diamine (TEMED; Sigma) 

The above solution was mixed very well in a fumehood without aerating too 
much and rapidly syringed between two glass plates using a 60 cc syringe. 
The acrylamide was left to polymerise for at least 2 h. 

A.3.7 Loading dye for small DNA fragments run on agarose gels 

sucrose 
0.5 M EDTA (PH 8) 
water to 

40 g 
4ml 

100mI 

A.3.8 DNA electrophoresis loading buffer 

bromophenol blue 
sucrose 
0.5 M EDT A (pH 8) 
water to 

0.25 g 
40.00 g 

4ml 
100 ml 

A.3.9 Protein sample treatment buffer for SDS-PAGE 

Stacking gel buffer (4 x) for sample treatment buffer 

Tris-base 
water to 

3g 
40ml 

The pH was adjusted to 6.8 with Hel prior to making up the volume to 50 ml 
with water and autoclaving. 
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Sample treatment buffer 

4 x stacking gel buffer 
10% SDS 
glycerol (Saarchem) 
2-mercaptoethanol (Merck) 
bromophenol blue 
water to 

173 

2.5 ml 
4.0ml 
2.0ml 
0.2 ml 
O.2mg 

10 ml 

This was mixed and aliquoted into 0.5 ml amounts in microfuge tubes prior to 
storing at -70°C until further use. 

A.3.10 2% X-gal (5-bromo-4-chloro-3-indolyl p-D-galactopyranoside) 

X-gal (Sigma) 
N,N' dimethyl formamide 

1 g 
50ml 

The above were ali quoted into 1 ml amounts and stored at -70°C. 

A.3.n Denaturing gel for automatic sequencing (ALFexpress, Pharmacia) 

urea (Pharmacia) 
1.5 x TBE buffer 
50% Long Ranger gel solution (Pharmacia) 
ultrapure water to 

19 g 
7.5 ml 
0.5 ml 
50ml 

The above was gently stirred in a 100 ml Erlenmeyer flask covered with 
parafilm, for 30 min on a magnetic stirrer. When all the urea had dissolved, 
the solution was filter-sterilised through a 0.45 ~m vinyl filter (Millex, 
Millipore) to rid the solution of any contaminating crystals. Prior to pouring 
the gel, the following was added: 

10% (w/v) ammonium persulphate (pharmacia) 
N,N,N' ,N' -tetramethylethylene-diamine (TEMED; Sigma) 

250 ~I 
25 ~l 

The above solution was mixed very well in a fumehood without aerating too 
much and rapidly syringed between two glass plates using two 25 ml syringes. 
The acrylamide was left to polymerise for 2 h. 
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A.3.12 Sepbadex G-SO for separation of radiolabeHed DNA from unincorporated 
n ucleotides 

Sephadex G-50 (medium; Pharmacia) 30 g 
STE buffer 250 ml 

The Sephadex beads were slowly added to the STE buffer in a 500 ml beaker 
prior to autoclaving. The mix was stored at 4°C. 

A.3.13 Tracking dye for separation of radiolabelled DNA from unincorporated 
nucleotides 

Dextran blue 2000 (Pharmacia) 0.3 g 
50 mM NaCI 10 ml 

The Dextran blue was dissolved in the NaCl before adding Orange G (BDH) 
to a final concentration of 1 %. 
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B 

DNA sequences and peR cycle profiles 

B.t 176 

B.L1 176 
B.l 177 
B.L3 177 

B-2 peR 178 

1 1 178 
B.2.2 2 1 
B.2.3 3 178 
B.2.4 4 179 
B.2.5 5 179 
B.2.6 6 
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APPENDIXB 

DNA Primer sequences and peR cycle profiles 

DNA PRIMER SEQUENCES 

Oligonucleotide 
Cape 

Town, South Africa. 

B.I.l Primers used for LS2i 16S rDNA amplification 

Fl 5' CGC CAG GGT TTT CCC AGT CAC GAC AGA GTT TGA TCI TGG CTC AG 3' 

Rl 5' GAG CGG ATA ACA ATT TCA CAC 

F3 5' CGC CAG GGT TTT CCC AGT CAC 

R3 5' GAG CGG ATA ACA ATT TCA CA~ 

F5 5' CGC CAG GGT TTT C~~ AGT CAC 

R5 5' GAG CGG AI8 8CA ATT TCA CAC 

I = A, C, T or G 

Underlined sequence represents 
cycle-sequencing (see 1 

Non-underlined sequence 
regllons of 16S rDNA. 

AGG GTA TTA CCG CGG CTG CTG GCA C 3 ' 

GAC GCC AGC AGC CC GGT AAT AC 3' 

AGG CAC GAG CTG ACG ACA ICC ATG 3' 

GAC GCA TGG ITG TCG GCA GCT CGT G 3' 

AGG ACG GIT ACC TTG TTA CGA CTT 3' 

to pnmers used for 

complementary to highly conserved 
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B.1.2 Primers used in cDNA-AFLP protocol 

1 5' CTC GTA GAC TGC GTA CC 3' 

2 5' GAT CGG TAC GCA GTC TAC 3' 

3 5' GAC GAT GAG TCC TGA C 3' 

4 5 ' CGG TCA GGA CTC AT 3' 

5 5' CTC GTA GAC TGC GTA CCG ATC A 3 ' 

6 5' GAC GAT GAG TCC TGA CCG 3 ' 

7 5' GAC TGC GTA CCG ATC ANN 3 ' 

8 5' GAT GAG TCC TGA CCG ANN 3 I 

9 5' TCA GTC GTC GAG ATG AGT CCT GAC CG 3' 

10 5' GAC TGA GTG ATC AGA CTG CGT ACC G 3' 

N = A, T, G or C 

B.I.3 Primers for cycle-sequencing protocol 

Forward primer 5 I CGC CAG GGT TTT CCC AGT CAC GAC 3 I 

Reverse primer 5' GAG CGG ATA ACA ATT TCA CAC AGG 3 I 
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B.2 peR 

B.2.1 peR 

1 

1 cycle of: denaturation 
annealing 
extension 

B.2.2 peR cycle profile 2 (for 

20 cycles of: denaturation 

B.2.3 peR cycle profile 3 

1 cycle 

extension 

12 
annealing 
extension 

where x =: 

178 

amplification) 

94°C 

94°C 

94°C 

protocol) 

protocol) 

64.3 

60.1°C 
59.4 °C 

1 
1 

2 min 

45 s 
30 s 
90 s 

45 s 
30 s 
3 min 

s 

s 
30 s 
1 min 

30 s 
30 s 
1 min 
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23 cycles of: denaturation 
annealing 
extension 

179 

B.2.4 peR cycle profile 4 (for cDNA-AFLP protocol) 

15 cycles of: denaturation 
annealing 
extension 

B.2.5 peR cycle profile 5 (for cDNA-AFLP protocol) 

B.2.6 

15 cycles of: denaturation 
annealing 
extension 

peR cycle profile 6 (for cycle-sequencing) 

1 cycle of: denaturation 93°e 

30 cycles of: denaturation 93°e 
annealing 55°e 
extension 700 e 

1 cycle of: denaturation 93°e 
annealing 55°e 
extension 700 e 

30 s 
30 s 
1 min 

30 s 
1 min 
1 min 

30 s 
1 min 
1 min 

5 min 

30 s 
30 s 
1 min 

30 s 
30 s 
5 min 
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APPENDIXC 

Standard Methods 

C.l AGAROSE GEL ELECTROPHORESIS 

Agarose gel electrophoresis of DNA was carried out according to Sambrook et al., 

1989. Agarose (Dl LE, Whitehead Scientific) was dissolved in TAE buffer 

(Appendix A) and 5 III ethidium bromide (l0 mglml) added per lOO ml agarose 

solution. One sixth the final volume of DNA electrophoresis loading buffer 

(Appendix A) was added to DNA samples prior to loading DNA into the wells. DNA 

was visualised on a 264 nm transilluminator (UVP). 

C.2 QUICK :MINI-PREP METHOD FOR PLASMID DNA EXTRACTION 

1.5 ml of a 6-hour E. coli JMI09 culture (containing plasmid) incubated in LB 

(Appendix A) at 37°C, was microfuged for 30 s at 15 800 x g. The LB was poured 

off, leaving 50-100 III in the microfuge tube. The pellet was redissolved in the 

remaining LB by vortexing the contents for 2 to 3 s. Three hundred microlitres of 

TENS buffer (Appendix A) was added and the tube vortexed again for 2-3 s, making 

sure not to leave TENS buffer in the tube for more than 10 min. One hundred and 

fifty microlitres 3 M sodium acetate was added and the contents briefly vortexed and 

then centrifuged for 5 min at 15 800 x g. The supernatant was transferred to a fresh 

microfuge tube, and re-centrifuged for 5 min at the same speed. This supernatant was 

again transferred to a fresh microfuge tube and 900 III ice-cold 100% ethanol added 

and mixed well. The tubes were centrifuged for 5 min at 15 800 x g to pellet the 

DNA, which was then washed with 70% ethanol, air-dried and redissolved in 30 III 

TE (Appendix A) containing 20 Ilg/ml RNase A (Boehringer Mannheim). 
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C.3 THERMOSEQUENASE CYCLE-SEQUENCING OF 16S rDNA AND 
G. GRACILIS eDNA CLONED INTO THE BLUESCRIPT VECTOR 

The method was followed according to the manufacturers instructions for the 

Thermosequenase Cycle-Sequencing Kit (Amersham Life Sciences). Two microlitres 

of A, C, G or T termination mix was added to 200 III 0.5 III PCR tubes. In separate 

microfuge tubes, 1 Ilg of DNA was diluted to 22 III in sterile water containing 

2.1 pmol of cycle-sequencing primers (Appendix B) which were labelled with 

Cy5-Far Red fluorescein (Pharmacia). The DNA mix (5.1 I.d) was aliquotted into 

each termination mix tube, mixed and placed in a thermal cycler with a heated lid 

(Hybaid). DNA products were amplified using cycle profile 6 (Appendix B). 

After amplification, the tubes were placed on ice and 4 III of Stop solution (Pharmacia 

autoread) added to each tube prior to sequencing the DNA using an automated 

sequencer (ALFexpress™; AM Version 3.01, Pharmacia Biotech). The acrylamide 

gel for sequencing was made as described in Appendix A. The DNA samples to be 

sequenced were heat-denatured at 96°C for 5 min and 4 III of each sample loaded into 

the wells. The gel was run in 0.6% TBE buffer (Appendix A). The ALFexpress™ 

was run with the following settings: 

1000V 

60mA 

25W 

55°C 

2 s sample time 

720 min running time 

The data was processed with the Pharmacia software package AM V 3.02, which 

controlled and evaluated the sequence data generated by the Pharmacia ALFexpress™ 

automated sequencer. 
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C.4 SIL VER STAINING OF POLYACRYLAMIDE GELS 

The following steps were all perfonned with gentle agitation of the gel on a rotary 

shaker. The SDS-polyacrylamide gel was soaked overnight in gel-soaking solution 

(Appendix A). It was subsequently fixed in 8.33% gluteraldehyde (Merck) for 

30 min, after which it was rinsed for 3 h in ultrapure (Milli-Q) water, with fresh water 

added to the gel every 20 min. The silver stain (Appendix A) was prepared during the 

last hour of rinsing and the gel stained for 30 min. It was subsequently rinsed in 

ultrapure water for 1 h at the most, replacing the rinse-water with fresh water every 

20 min. To check whether the gel had been sufficiently washed, 5 ml of a saturated 

NaCl solution was added to 5 ml ofthe rinse water and observed for the fonnation of 

a white precipitate. When no more white precipitate was visible (usually after 2 to 3 

washes), sufficient freshly-made developer (Appendix A) was added to the gel to 

cover it. When protein bands became visible (5-10 min), the developer was poured 

off, and ultrapure water added to stop the reaction. 

C.S ANNEALING OF COMPLEMENTARY PRIMERS TO FORM 
ADAPTORS FOR cDNA-AFLP PROTOCOL 

Ten microlitres of5 mM primer 1 (Appendix B) was annealed to 10 III 5 mM primer 2 

(Appendix B) by incubating sequentially at 65°C, 37°C and 22°C for 10 min each and 

subsequently chilling on ice. Primer 3 (50 mM; Appendix B) was similarly annealed 

to 50 mM primer 4 (Appendix B). Primer 1 annealed to primer 2 generated the Bel I 

sticky-end and primer 3 annealed to primer 4 generated the Taq I sticky-end. The 

annealed adaptors were aliquoted into 5 III amounts and stored at -20°e. 
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C.6 PREPARATION OF COMPETENT E. COLI JMI09 CELLS 

A 5 ml culture of E. coli JM109 (Yannisch-Perron et aI., 1985) was incubated 

overnight at 37°C with agitation in 2 x yeasttryptone (YT) broth (Appendix A). A 

one in two hundred dilution of this culture was made in a volume of 25 ml of 2 x YT 

and incubated for 3 h at 37°C with agitation until the OD6oo reached 0.3 (early log 

phase). The cells were pelleted at 4°C by centrifugation at 5000 x g for 5 min and the 

supernatant poured off. Cells were subsequently kept on ice at all times. They were 

resuspended in one culture volume (25 ml) of ice-cold 0.1 M MgClz and kept on ice 

for 1 min. The cens were pelleted as before, resuspended in half the original culture 

volume (12.5 ml) of 0.1 M CaClz and maintained on ice for 1.5 h. The cells were 

peUeted as before and gently resuspended in one tenth the original culture volume 

(2.5 ml) of 0.1 M CaClz. They were kept on ice and 100 III amounts used for 

transformation of ligated DNA. 

C.7 NORTHERN TRANSFER OF RNA ONTO NYLON MEMBRANES 

The Rl'l"A gel was rinsed several times with RNase-free water and soaked in 

RNase-free 7.5 mM NaOH for 20 min. It was subsequently rinsed in RNase-free 

water and soaked in 20 x RNase-free SSC buffer (Appendix A) for 45 min. A wad of 

Whatman 3MM chromatography paper sheets (approximately 12) were placed on an 

inverted gel tray, soaked with 1 x SSC buffer and placed in a container such that the 

overhanging ends acted as a wick when the container was filled with 1 x SSC buffer. 

The gel was placed on top of the sheets, on which was placed a Hybond N+ nylon 

membrane which had been wet with distilled water and pre-soaked for 5 min in 

1 x SSC buffer. This was covered with 3 sheets of Whatman 3MM chromatography 

paper sheets, on which was placed an 8 cm stack of dry absorbant paper towel. A 

glass plate and ~0.3 kg weight was placed on top of this and the RNA allowed to 

transfer from the gel onto the membrane overnight. The gel was subsequently 
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removed and the well positions were marked on the membrane, which was then rinsed 

for 5 min in 6 x RNase-free SSC buffer. The membrane was air-dried and 

subsequently baked for 0.5 h at 80°C to fix the RNA prior to probing with 

radiolabelled DNA. 

e.s SEPARATION OF UNINCORPORATED NUCLEOTIDES FROM 
RADIO LABELLED DNA 

A column of Sephadex G-50 equilibrated in STE buffer (Appendix A) was made up 

by pipetting the mix into a 1 ml syringe barrrel and centrifuging the column in a test 

tube at 1600 x g for 4 min. This step was repeated until the column bed volume 

measured 0.9 ml. 0.1 ml of STE buffer was added to the column which was then 

re-centrifuged at 1600 x g for 4 min. The radio-labelled DNA sample was prepared 

by adding 10 Jll Dextran blue tracking dye (Appendix A) and making the volume up 

to 100 Jll with STE buffer. The sample was loaded onto the column and centrifuged 

at 1600 x g for 4 min. The sample was collected in a microfuge tube at the base of the 

column and the specific activity of the labelled DNA determined by counting 1 Jll of 

DNA probe in 2 ml scintillation fluid (Packard Scintillator 299™) in a Beckman 

scintillation counter. 

C.9 RNA-DNA HYBRIDISATION 

The nylon membrane was sealed into a plastic bag with sufficient CPHB 

(Appendix A) i.e. 0.2 ml CPHB/cm2 membrane. The bag was incubated at 42°C with 

agitation for 1 h. The CPHB was subsequently removed and CHB (Appendix A) 

added (50 Jll CHB/cm2 membrane). The DNA probe was denatured at 100°C for 5 

min in a heating block (Techne) and sufficient probe added to the plastic bag to satisfy 

the following: 1 x 106 cpmlml CHB. The bag was re-sealed and incubated overnight 

at 42°C with agitation. The membrane was subsequently removed and washed twice 
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for 5 WBA ~ppleTiialX A) with agitation. The membrane was 

resealed in plastic it to and exposed to X -ray film in an 

cassette or 
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APPENDIXE 

List of GenBank Accession numbers of amino acid sequences used in multiple 
sequence alignments (Fig. 5.6). 

D-3-phosphoglycerate dehydrogenase amino acid sequences 

Organism I GenBank Accession 

i Number 
Arabidopsis thaliana (thale cress) 2189964 
Rattus norvegicus (rat) 1944614 
Mus musculus (mouse) 986918 
Homo sapiens (human) 2674062 
Saccharomyces cerevisiae (yeast) 1163100 
Schizosaccharomyces pombe (yeast) 2213544 
Synechocystis PCC6803 1652961 

· Archaeoglobus fulgidus 2649798 
Bacillus subtilis 1146196 
Aquifex aeolicus 2984165 
M ethanobacterium thermoautotrophicus 2622068 
Methanobacterium jannaschii 2129189 
Methylobacterium extorquens I 2494084 
Mycobacterium leprae 2414551 
Haemophilus injluenzae 1075144 
Bordetella pertussis 2290989 

· Escherichia coli 1789279 
Helicobacter pylori 2313177 

· Pyrococcus horikoshii 3257003 
Hyphomicrobium methylovorum 494036 

Disease resistant protein homologue amino acid sequences 

Organism 

Linum ustitatissimum (flax) 
Oryza sativa (rice) 
Hordeum vulgare (barley) 
Glycine max (soybean) 
Arabidopsis thaliana (thale cress) 
Lactuca sativa (lettuce) 
Solanum tuberosum (potato) 
Nicotiana glutinosa (tobacco) 

I 

GenBank Accession 
Number 
862905 
1773000 
2792216 
1663547 
2244793 
2852690 
1708730 
1086263 

! 
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3-hydroxy-3-methylglutaryl-coenzyme A reductase amino acid sequences 

Organism GenBank Accession 
Number 

Hevea brasiliensis (Paraguayan rubber tree) 123335 
Solanum tuberosum (potato) 1245486 
Nicotiana tabacum (tobacco) 2654423 
Lycopersicon esculentum (tomato) 2246450 
Nicotiana sylvestris (wood tobacco) 729726 
Camptotheca acuminata (Chinese tree) 1763234 

! Catharansus roseus (Madagascar periwinkle) 462289 
Gossypium hirsutum (upland cotton) 2935300 
Arabidopsis thaliana (tha1e cress) 123340 
Tagetes erecta (African marigold) 3095078 

, 

Raphanus sativus (radish) 322670 
Artimesia annua (sweet wormwood) 881303 
Zea mays (maize) 1667389 
Dictyostelium discoideum 462287 
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