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ABSTRACT

Southern Africa has a diverse seaweed flora with a wide variety of marine habitats.
Commercial interest in these seaweed resources has prompted various studies aimed
at increasing knowledge of the biochemical and molecular mechanisms active during
abiotic and biotic environmental stresses. Such knowledge is essential for the
development of successful seaweed culture systems which may have to circumvent
over-exploited or depleted natural seaweed supplies. The Gracilariaceae
(Rhodophyta) has emerged as one of the families possessing economic potential as a
source of agar and as a potential feed in abalone aquaculture settings. Until recently,
macroalgal defence against microorganisms has been regarded as constitutive.
However, evidence supports the existence of pathogen-activated macroalgal defence.
Furthermore, functional similarities have been observed between the molecular
components of defence between macroalgae and higher eukaryotic organisms.
Homologies exist in the primary and secondary defence-activating signals, as well as
in the enzymes and cellular responses that are activated. The overall lack of
knowledge with respect to characterization of macroalgal defence responses has been
attributed to the limited amount of DNA sequence information and/or functional
annotation of these sequences in publicly available Genebank databases. Two cDNA
libraries derived from a red macroalga, Gracilaria gracilis, subjected to biotic and
abiotic stress (exposure to disease elicitors and nitrogen limitation, respectively) were
used to construct a small-scale cDNA microarray. An expression profiling approach
used to identify G. gracilis genes transcriptionally regulated following exposure to
disease elicitors (agar and agar oligosaccharides) is described here. Gene expression
profiles were studied 0 and 24 hours after addition of disease elicitors to the culture
media surrounding the macroalga. The changes in gene expression were monitored
using cDNA microarrays with 1620 different cDNAs potentially representing 1620
unique genes (since cDNAs were not functionally annotated prior to cDNA
microarray construction). A total of 51 G. gracilis genes were differentially
expressed 24 hours post exposure to disease elicitors. Each corresponding cDNA
was sequenced and subjected to BLAST analysis in order to functionally annotate the
G. gracilis genes. Significant transcriptional regulation of G. gracilis genes after 24
hours of exposure to the disease elicitors appeared to involve genes encoding proteins

involved in stress responses (9%), protein processing (3%), cell structure (9%),
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metabolism (14%), respiration (3%), protein synthesis (6%) and DNA modification
(3%). Approximately half of the transcriptionally regulated genes identified encoded
proteins with unknown or novel functions. Down-regulated transcripts encoded
various proteins including thioredoxin, asparaginase, phosphoglycolate phosphatase,
polyubiquitin and a peroxiredoxin-like protein. Up-regulated transcripts encoded
proteins such as tRNA-dihydrouridine synthase, a high light inducible protein and a
SNF2 family chromodomain-helicase DNA-binding protein. However, the responses
of five genes (encoding proteins for thioredoxin, a peroxiredoxin-like protein,
phosphoserine phosphatase, phosphatidylserine decarboxylase and a serine protease-
like protein, respectively) were selected for verification by real-time PCR. In addition
to monitoring expression at 0 and 24 hours post exposure to disease elicitors, gene
expression profiles were assessed during the first 30 minutes as well as at 1, 8 and 12
hours. No significant changes in gene expression were observed during the first 30
min of exposure to disease elicitors. In contrast, the most dynamic changes in gene
expression were observed between 8 and 12 hours after exposure to disease elicitors.
A gene encoding an antioxidant peroxiredoxin-like protein was significantly up-
regulated whereas transcription of the genes encoding phosphatidylserine
decarboxylase, phosphoserine phosphatase, thioredoxin and a serine protease-like
protein was generally repressed. To our knowledge, this study represents the first
analysis of gene expression using cDNA microarrays in the red macroalga G. gracilis.
Western hybridization analysis was used to establish whether the observed changes in
gene expression following exposure to disease elicitors positively correlated to
changes at the protein level. The open reading frames of two genes (encoding a
peroxiredoxin-like protein or a serine protease-like protein) were cloned for
expression as recombinant proteins in Escherichia coli. Polyclonal antibodies raised
to both recombinant G. gracilis proteins were raised in rabbits.  Western
hybridizations revealed a positive correlation between the levels of mMRNA and
protein for the peroxiredoxin-like gene which suggested that G. gracilis actively
generated antioxidant proteins to ameliorate the oxidative burst as a result of exposure
to disease elicitors. In contrast, western hybridization analysis failed to detect any
changes in the levels of serine protease-like protein in G. gracilis samples exposed to
disease elicitors whereas the corresponding mRNA transcripts appeared to be
repressed. In conclusion, this study has proved that G. gracilis is able to detect

disease elicitors and subsequently generate an oxidative burst, presumably to act as
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the first line of defence against any invading pathogen. In addition, reactive oxygen
species may function as molecular signals that mediate transcriptional regulation of
defence genes. This study was limited by the low density of the cDNA microarray
and could not be used as a global index of the G. gracilis transcriptome during an
activated defence response. Nevertheless, similarities in the molecular mechanisms of
activated defence between red macroalgae and higher plants were evident. In
contrast, the inability to functionally annotate approximately 50% of the
transcriptionally regulated G. gracilis genes (as determined by the cDNA microarray)

suggests that aspects of the macroalgal molecular defence system may be unique.



CHAPTER 1

Literature Review

11 INTRODUCTION

The world’s oceans simultaneously offer many challenges as well as undiscovered solutions with
respect to the sustainability of Earth’s resources and the life systems they support. At the same
time, there is an increased realization that the oceans are far more vital to humankind than
previously thought. The oceans harbour enormous biodiversity, with more than 80% of all life
believed to exist beneath its surfaces (Patrzykat et al., 2003). With global awareness regarding
climate change on the rise in the 21% century, the oceans have become essential variables in the
regulation of the atmosphere, controlling weather patterns and the recycling of primary nutrients
(Costanza et al., 1998; Peterson and Lubchenco, 1997). The notion of unlimited abundance of
marine organisms has been a reckless assumption of our generation. Currently, the supplies from
natural stocks have been unable to match the global demands of a steadily increasing population,
either as a result of over-exploitation or complete depletion (FAO, 2006). Dwindling marine
resources has dictated that the sole reliance on natural stocks is not feasible and as such,
alternatives are urgently required. Chopin and Sawhney (2009) suggest that aquaculture has the
potential to bridge the gap between supply and demand. Aquaculture is defined as ‘the growing
of aquatic organisms in fresh, brackish or seawater while marine aquaculture involves farming of
marine organisms such as fish, molluscs, crustaceans and plants in controlled marine aquatic
environments with some form of human intervention to enhance production’ (Swift, 1998).
Possible downsides of marine aquaculture lie in the threats it may pose to marine and coastal
environments in the form of degradation of natural habitats, accidental release of alien
organisms, nutrient and waste discharge and transmission of diseases to wild stocks (Phillips,
2009). Despite intense study of the biological organisms structuring marine ecosystems, the
dynamics of intermittent, transient phenomena such as disease outbreaks in marine organisms is

not clearly understood (Harvell et al., 1999). Furthermore, an increase in the incidence of



diseases affecting marine organisms has been documented in the past two decades (Lafferty et
al., 2004; Epstein et al., 1998; Williams and Bunkley-Williams, 1990). Disease outbreaks are
promoted by large fluctuations in environmental conditions that either increase prevalence and
virulence of existing disease or facilitate new disease (Anderson, 1998). As expected, changes in
climate patterns and increased ocean temperatures have thus played major roles in disease
epidemics by undermining host resistance and facilitating pathogen transmission (Lafferty et al.,
2004; Harvell et al., 1999). Human intervention has enhanced the global transport of marine
species together with their pathogens (Carlton and Cohen, 2003; Carlton and Geller, 1993).
Moreover, disease epidemics appear to be most common in aquaculture settings (Farley, 1992
and Ganzhorn et al,. 1992) but degradation of natural habitats and pollution may also facilitate
disease outbreaks (Osterhaus et al., 1995). A major concern facing seaweed biologists is that the
phenomenon of increased incidence in disease outbreaks has been documented in several species
of commercially important marine algae (seaweeds) (Littler and Littler, 1998; Cole and Babcock,
1996).

An understanding of the potential impact of diseases on the seaweed industry is essential since
several seaweeds are of ecological and commercial importance. Together with phytoplankton,
seaweeds are required in nature for the production of oxygen in the ocean. Apart from serving as
habitats for several marine macro- and microorganisms, seaweeds act as primary producers in the
marine food chain (Chan et al., 2006). Currently, extracts of certain seaweeds are used as
stabilizers, gelling agents or emulsifiers in everyday products such as dyes, toothpaste, salad
dressings, flavoured milks, cosmetics, welding rods, inert carriers for drugs as well as culture
media in microbiology. Some seaweeds have the capacity to sequester heavy metals from the
water and can potentially be used in biomonitoring or for the bioremediation of such pollutants
(Chan et al., 2006; Oliveira et al., 2000; Lee, 1999). Given the prospects and challenges facing
the seaweed industry, namely the over-exploitation of natural stocks, implementation and
increased reliance on aquaculture alternatives and the potential of increased occurrence of
disease outbreaks, there is a need for interdisciplinary studies focussed on developing molecular

tools to fully understand biotic interactions and the mechanisms of disease resistance.



1.2 ThegenusGracilaria

Gracilaria are taxonomically classified as red macroalgae within the phylum Rhodophyta, class
Florideophyceae, order Gracilariales and family Gracilariaceae. In addition, the family is
comprised of several other genera including Gracilariopsis, Polycavernosa and Hydropuntia, all
collectively classified as gracilarioid algae (de Oliveira and Plastino, 1994). Most of the algae in
this phylum are typically red in colour but may manifest black, green or yellow forms due to the
presence of the phycobilin pigments phycocyanin, phycoerythrin (most dominant) and
allophycocyanin. According to Branch & Branch (1981), seaweeds of the genus Gracilaria have
thalli that are bushy and rigid with relatively short branches (Gracilaria beckeri), or slender with
ramifying, stringy branches (Gracilaria gracilis) (Figure 1.1).  Gracilarioid algae are
geographically widely distributed with the majority of species concentrated in the warmer waters
of the northern hemisphere. A few species (e.g., G. gracilis) have been documented in temperate
waters. Consequently, G. gracilis, which is of particular importance to this study, has been
identified in Europe, Chile, and Argentina as well as along the coasts of southern Africa and
Namibia (Oliveira et al., 2000). This broad distribution of gracilarioid algae has been attributed
to the large number of species, including many sibling species and the broad salinity tolerances
of some species (Oliveira et al., 2000). Temperature has also been considered a major
environmental factor controlling geographical distribution of gracilarioid algae (de Oliveira and
Plastino, 1994). Although optimal growth temperatures are approximately 20 — 25°C (Critchely,
1993; de Oliveira and Plastino, 1994), certain Gracilaria species can survive temperatures from
35°C (Yokoya and Oliveira, 1992) down to freezing and can even withstand being frozen for a
few months (Titlyanov et al., 1995). With respect to vertical distribution, most species are found
in the lower intertidal region where strong surf is uncommon. Only a few species are found in
deeper waters or in areas prone to long periods of exposure to air (Oliveira et al., 2000).
Gracilaria often have to survive freshwater dilutions, high inputs of nutrients and low-water
motion, in combination with high temperatures and even burial in sand (Santelices and Doty,
1989).



Figure 1.1 Basic frond morphology in Gracilaria. (a) G. verrucosa (Plastino, 1985); (b) G.
mammilaris (Plastino, 1985); (c) G. foliifera (Plastino, 1985); (d) G. cervicornis (Plastino, 1985); (e) G.
tenuifrons (Plastino, 1985); (f) G. gracilis.

Gracilaria species contribute significantly to world-wide agar production. Food grade and sugar
reactive agar are of particular commercial importance (Armisen, 1995; Murano, 1995). The
main economically important species required for the production of agar are G. chilensisand G.
gracilis (Oliveira et al., 2000). Besides being agarophytes, Gracilaria species have been used
for human consumption (Levring et al. 1969), as food for invertebrate cultivation (Chiang,
1981), as fertilizers (Zaneveld, 1959), in the pharmaceutical industry (Chapman, 1950), in the
tertiary treatment of sewage (Ryther et al., 1979) and for biogas production (Hanisak, 1981). As
with other commercially viable marine organisms, the need for Gracilaria cultivation has arisen



as a consequence of the limitations and over-exploitation of natural stocks which has been

surpassed by the growing demand for agar.

1.3 Commercial cultivation of Gracilariain South Africa

Saldanha Bay and Langebaan lagoon is a system situated on the southwest coast of South Africa,
approximately 18° E 33° S (Figure 1.2). Since World War Il the region has been an important
Gracilaria producer (Rotmann, 1990). Raw material, in the form of beach-cast G. gracilis
(Stackhouse) Steentoft, Irvine et Farnham has been collected commercially (Figure 1.3) since the
1950s (Anderson et al., 1989; Rotmann, 1990). In the 1960s, two agar factories were built to
process and produce agar where yields of over 1000 tons dry weight (d wt) of material were

typical (Isaac, 1956).
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Figure 1.2 Map of Saldanha Bay / Langebaan Lagoon system on the west coast of South Africa.
Small Bay is enclosed by breakwater and ore-jetty. The dark patch in Small Bay represents the
distribution of gracilarioid algae (Rothman et al., 2009).



Figure 1.3 Gracilaria gracilis beach-cast collected for the local industry in Saldanha Bay in the

1960s to early 70s (Robert Anderson; http://www.algaebase.org).

In 1974 however, the industry experienced a major decline in natural G. gracilis stocks, mainly
as a result of the construction of an ore jetty and break-water (Figure 1.2). It was believed that
the construction generated changes in the water flow characteristics within the bay which
promoted the development of strong thermal stratification of the water column (Anderson et al.,
1996). Consequently, oligotrophic surfaces characterized by a low accumulation of dissolved
nutrients and high oxygen content due to low organic content, were prevalent in summer months.
The unavailability of nutrients (particularly nitrogen) and increased temperature led to the
collapse of the Gracilaria resource. In addition, Schroeder et al. (2003) suggested that the effect
of pathogenic bacterial infection could not be discounted. The authors observed a positive

correlation between the presence of agarolytic epiphytes on the thallus surface and bacterial
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pathogenicity. Similarly, Wheeler et al. (1979) noted a similar biological phenomenon when
seaweeds appeared more susceptible to biotic infections (fungal, bacterial and viral) when
temperatures were high and inorganic nutrient levels were low. After a few years of no or very
little commercial production in Saldanha Bay, the Gracilaria resource slowly started to recover
but has never returned to levels comparable to those observed before the construction of the ore
jetty. A subsequent collapse of the seaweed resource during the late 1980s, ascribed to
herbivorous fish, keyhole limpets and urchins, resulted in the almost complete depletion of G.
gracilisin the bay (Anderson et al., 1993).

Despite the observed collapse of the natural G. gracilis resource in Saldanha Bay and extensive
research toward establishing a sustainable commercial alternative, there is currently no marine
aquaculture of this macroalga locally. However, successful marine aquaculture of G. gracilis has
been achieved in neighbouring Namibia for several years (Rothman et al., 2009) which suggests
that Saldanha Bay could be affected by the oligotrophic nature of the water system to a
significant degree. In Saldanha Bay, natural stocks of G. gracilis have been sporadic as evident
by a significantly reduced or even complete lack of beach-cast in the last decade. Furthermore,
our research group has observed a major shift in the red macroalgal populations to that of
predominantly Gracilariopsis longissima. Phenotypically, G. longissma is almost
indistinguishable from G. gracilis but as an agarophyte, G. longissima generally provides a much
lower quality and yield of agar relative to Gracilaria species (Wakibia et al., 2001; Rebello et
al., 1997). Interestingly, wash-ups of G. longissma have also been documented in the
Langebaan Lagoon (sourced by our research group) as well as in nearby St. Helena Bay, almost
100 km away. This suggests that the natural G. gracilis stocks along the west coast of southern
Africa have never completely recovered from the collapse in the 1980s. Currently all (if any) of
the high quality dried Gracilaria from Saldanha Bay is exported to Japan, Korea and Chile for
agar processing, while the lower quality product is delivered to Namibia (Rotmann, 1990;
Anderson et al., 2003). Relying on these unpredictable natural Gracilaria stocks to sustain a
commercial agar industry will definitely not be feasible. The only long-term solution for the

development of a sustainable Gracilaria industry in southern Africa is thus open-water marine



aquaculture. Several studies have shown promise in this regard (Wakibia et al., 2001 and
Anderson et al., 1996). As with agriculture of land-based plants, successful cultivation of any
given species firstly depends on a thorough understanding of the plant’s biology, physiology and
biochemistry. Thus, marine aquaculture of G. gracilis will only advance through research
directed towards understanding its developmental (life history), biochemical, physiological and
genetic characteristics as well as the biotic and abiotic interactions between host and pathogen

under cultivation conditions.

1.4 Important biotic and abiotic factorsthat impact marine aquaculture of Gracilaria

The methods of Gracilaria cultivation currently employed are comprehensively reviewed by
Oliveira et al. (2000). As highlighted by the authors, several crucial variables dictate the success

or failure of such cultivation practices, including:

) The availability of essential nutrients;

i) The presence of epiphytes which could adversely affect the seaweed host by competing
for light and nutrients, damaging the thallus due to penetration of rhizoids or the
production of toxic allelochemicals;

iii) The effect of grazers, such as fish and invertebrates and their potential damage to
cultivated beds;

Iv) The effect of pathogens and the potential diseases they induce.

Of particular significance to this study is the potential impact of pathogens on the fitness of
Gracilaria species during cultivation. More specifically, the study aims to characterize some of
the molecular interactions that occur between G. gracilis and its pathogens when an activated
defence response is triggered in the seaweed. The importance of elucidating macroalgal defence
responses is reflected by the commencement of similar studies as early as the early 1990s
(Correa and Craigie, 1991). In most cases, outward symptoms of disease infection manifest as
thallus whitening, tissue softening and ultimate decay (Oliveira et al., 2000). Gracilaria species



naturally harbour a range of non-pathogenic epiphytes, including several species of bacteria
(Correa and Craigie, 1991). Under certain conditions, these microorganisms may be involved in
a mutualistic relationship providing the seaweed with dissolved inorganic nitrogen (Bird and
Benson, 1987), growth factors, nutrients or protection from other bacteria (Zheng et al., 2005;
Weinberger et al., 1997). Adverse environmental conditions such as low nutrients and increased
temperature, as in the case of Saldanha Bay, may alter the intricate balance between host and
epiphyte and lead to pathogenesis (Jaffray et al., 1997). This has been shown in the ability of
certain micro-organisms isolated from healthy seaweed to degrade components of the algal cell
wall (Jaffray and Coyne, 1996; Fujita, 1973). Various studies implicate agarolytic bacteria
(Jaffray et al., 1997; Correa, 1996; Jaffray and Coyne, 1996; Friedlander and Levy, 1995;
Weinberger et al., 1994; Friedlander and Gunkel, 1992 and Lavilla-Pitogo, 1992), nonagarolytic
bacteria (Weinberger et al., 1997) and a transmissible, endophytic amoeba in macroalgal

diseases (Correa and Flores, 1995).

The presence of various epiphytes has been established as a potential source of disease. When
combined with a likely increase in the incidence of disease outbreaks in marine aquaculture
settings, failure to incorporate the probable impacts of pathogens and diseases on sustaining a G.
gracilis industry in southern Africa could be detrimental (Potin, 2008). Several studies
emphasise the potentially harmful effects of diseases in aquaculture farms. For example, the
development of another red macroalga (Porphyra yezoensis) industry led to substantial loss of
cultivated crops due to disease outbreaks. The impact of the loss was so significant that it was
enough to warrant prioritization of pathological studies (Fujita et al., 1972; Suto et al., 1972). A
similar phenomenon was observed in the farming of Laminaria japonica (Ishikawa and Saga,
1989), Eucheuma (Ask and Azanza, 2002) and Kappaphycus (Hurtado et al., 2006). Molecular
research focussed on the biotic interactions between pathogens and G. gracilis should therefore
be prioritised in order to develop a sustainable local Gracilaria marine aquaculture industry.



10

1.5 Mechanismsof diseaseresistance in macroalgae

Microorganisms grow to higher densities in water than in air (Engel et al., 2002). The aquatic
environment is thought to promote the formation of biofilms on surfaces and evidence for
interactions between macroalgae and microbial epiphytes can be found in literature (Jaffray et
al., 1996; 1997; Weinberger et al., 1997; 1999; Schroeder et al., 2003). In striking contrast to
the significant amount of literature available on biotic interactions in terrestrial crops, regulation
of activated defences is not clearly understood in macroalgae (Potin et al., 2002). Many of the
specialized structural defences present in vascular plants are absent in macroalgae (Weinberger
et al., 1999). Given that seaweeds, like terrestrial plants, are mostly sessile organisms attached
to surfaces, they cannot retreat as animals do when exposed to a potential threat. However,
seaweeds have evolved a variety of defence mechanisms which specifically make use of their
chemical repertoire to influence interactions with other organisms and the environment (Paul et
al., 2006; Pohnert, 2004). A portion of these chemicals may provide constitutive physical
barriers against grazers or parasites while constitutive production of secondary metabolites serve
as antimicrobial compounds (Kubanek et al., 2003) and grazer deterrents (Paul et al., 2006).
However, since the physiological costs to seaweeds would be metabolically high if they were to
constitutively produce these compounds, it is likely that activated and inducible defence
mechanisms may have also evolved (Cosse et al., 2008). Furthermore, Weinberger (2007)
proposed that innate immunity requires more than just the ability of an organism to detect
elicitors and activate defences quickly enough to contain pathogens, it also requires that the
necessary concentrations of signals and defence compounds be reached under natural growth
conditions. Host-pathogen interactions of plants and animals take place in the phylloplane and
lymphatic system respectively, where concentrations of compounds can, to an extent, be
controlled by the host (Cosse et al., 2008). Therefore, in the context of the marine environment,
the question of possible dilution of elicitors and signal molecules and whether they are even able
to reach appropriate concentrations for induction of the defence response cannot be disregarded.
Even though analytical tools that allow real-time monitoring of elicitors directly do not yet exist,
there is scientific evidence suggesting that the concentrations of these compounds are sufficient

to trigger responses in macroalgae (Cosse et al., 2008). Since several similarities between
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disease resistance of seaweeds and higher eukaryotes do exist, seaweeds could potentially serve
as model organisms to assess the hypothesis that these essential cell functions initially evolved in

the oceans.

1.5.1 Pathogen-induced defencein macroalgae and higher plants

Three recent reviews (Cosse et al., 2008; Potin, 2008; Weinberger, 2007) comprehensively
highlight advances in the field regarding the current model of activated and induced-defence

mechanisms in macroalgae.

It has already been established that activated and inducible defence mechanisms in any organism
requires that the threat of the pathogen not only be perceived but perceived in the necessary time
to mount an effective response. Receptors of vascular plants and vertebrates typically perceive
two types of elicitors: exogenous pathogen-associated molecular patterns (PAMPs) and
endogenous elicitors or pathogen induced molecular patterns (PIMPs) such as the breakdown
products of the host’s cell wall caused by enzymatic degradation by the invading pathogen
(Nurnberger et al., 2004; Mackey and McFall, 2006). Once receptors are activated by elicitors,
the first line of defence appears to be an oxidative burst or transient release of reactive oxygen
species (ROS). ROS has been implicated in several essential biological processes including
signal transduction (Neill et al., 2002); the expression of inducible defence genes; synthesis of
antioxidant enzymes (catalase and peroxidase) to counteract damaging effects to cellular
components; direct toxicity toward the invading pathogen; specific oxidative-burst-associated
responses such as the emission of volatile halogenated organic compounds (VHOCS), lipid
peroxidation and generation of oxylipins, synthesis of phenolic compounds, cell wall cross-
linking, stomatal closure and other wounding responses; programmed cell death (PCD);
hypersensitive response (HR) and peroxisome biogenesis (Potin, 2008).  Furthermore,
transcriptional regulation of defence genes in higher plants has been shown to be regulated by

various stresses such as high light intensity, UV-light, ozone, temperature extremes, dehydration,
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wounding, pathogen challenge and elicitors which all result in the production of ROS. This

model of inducible defence mechanism appears to be conserved in macroalgae.
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Figure 1.4 Hypothetical, simplified scheme of the complex sensory and signalling mechanisms

following the oxidative burst induced by recognition of exogenous PAMPs or endogenous elicitors based
on the current knowledge for marine algae. The presence of receptors has not yet been proven in
macroalgae (indicated by “???”). Pharmacological evidence and direct measurements of ion influxes
suggests that activation of signalling cascades controls the generation of ROS leading to gene-regulated
inducible defences and/or for direct toxicity towards the invading pathogen (indicated by thick solid
arrows). Cell wall strengthening, preformed physical and chemical barriers as well as inducible responses
together constitute a multilayered defence to contain pathogen infection (indicated by thin solid arrows).
Abbreviations: PAMPs (pathogen-associated molecular patters), ROS (reactive oxygen species), RNS
(reactive nitrogen species), VHOCs (volatile halogenated organic compounds), X* (oxidized halides)
(Potin, 2008; Nurnberger and Lipka, 2005).
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The evolutionary conserved molecular mechanism of receptor-mediated activation in macroalgae
and higher plants is highlighted by the high degree of similarity between the functional
analogues (defence elicitors) that effect similar defence-related physiological changes
(Weinberger et al., 2001). As seen in Figure 1.4, the receptor(s) associated with an inducible
defence response have not yet been identified in macroalgae (Potin, 2008). Nonetheless, upon
detection of an elicitor, macroalgae also respond with an oxidative burst. Such regulation
implicitly implies molecular recognition of an elicitor by a receptor and further supports the
existence of macroalgal elicitor receptor(s) (Weinberger, 2007). The induced defence-related
physiological responses associated with higher plants have been demonstrated in several studies
regarding red macroalgae. For example, when species of Gracilaria (including G. gracilis) were
exposed to cell wall breakdown products (agar oligosaccharides), an accumulation of H,O, in the
surrounding algal medium was observed within minutes (Weinberger et al., 2010; Weinberger et
al., 1999). However, photosynthetic and non-light-dependent H,O, production has been
documented during general plant metabolic processes (Elstner et al., 1996). In addition, light-
dependent H,O, production has been observed during photosynthetic stress as well as under non-
stress conditions in algae (Pedersen et al., 1996; Mtolera et al., 1995). To prove that the
observed oxidative burst was in fact due to exposure to disease elicitors and not light stress or
general metabolism, Weinberger et al. (1999) measured H,O, production in the absence of light.
Significantly increased levels of H,O, were detected which suggested that exposure to elicitors
was in fact the cause of ROS release. Transmission electron microscopy (TEM) showed that the
site of ROS production was in the plasma membranes of epidermal and sub-epidermal cells
(Weinberger et al., 2005). The authors showed that the oxidative burst was sensitive to
inhibitors of NADPH-dependent enzymes and flavoenzymes suggesting that a NADPH oxidase
might be the source of ROS production. As with vascular plants, Ca’* channel inhibitors
prevented the oxidative burst while Ca®* ionophores enhanced its intensity. Furthermore, protein
kinase inhibitors inhibited the transient production of ROS, while phosphatase inhibitors
enhanced production after elicitor perception, thus implicating phosphorylation events in
NADPH oxidase activation. Evidence to the contrary suggested that in some instances, elicitor
perception may not be required to produce an oxidative burst. In one study, agar

oligosaccharides did not activate NADPH oxidase in G. chilensis, but were instead oxidized by
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an agar oligosaccharide oxidase located in the cell wall (Weinberger et al., 2005). However, in a
very recent study, Weinberger et al. (2010) showed that in fact, the oxidation of agar
oligosaccharides is nearly universal in gracilarioids and concluded that a common agar
oligosaccharide receptor may be present in Gracilariaceae. Following exposure to elicitors,
almost all of the genera tested in the study displayed an increased expression of proteins which
exhibited agar oligosaccharide oxidoreductase activity. However, the activation of NADPH-
oxidase and subsequent generation of ROS (via elicitor and membrane-bound receptor
interactions) was restricted to certain genera, including G. gracilis. In the case of NADPH-
dependent ROS generation, protein phosphorylation events were indeed required for the
activation of NADPH oxidase since it was sensitive to kinase inhibitors. On the contrary,
application of the kinase inhibitor had no effect on the increased expression of agar
oligosaccharide oxidoreductase which could be inhibited with diphenylene iodonium (DPI), a
specific inhibitor of NADPH-dependent enzymes. Thus, up-regulation of agar oligosaccharide
oxidoreductase involves a defined cellular signalling pathway but whether activation of NADPH
oxidase and induced expression of agar oligosaccharide oxidoreductases share common
signalling pathways is yet to be determined. NADPH-derived ROS therefore appears to be
required for eliminating pathogens but may also play a role as second messengers in defence-
related signalling cascades (Van Breusegem and Dat, 2006; Laloi et al., 2004,). Oxidative-burst-
associated responses in macroalgae may occur rapidly in order to mount an effective chemical
defence against pathogens and grazers. As evident with the oxidative burst of mammalian
phagocytes, rapid ROS production following pathogen or elicitor recognition in macroalgae was
associated with the production of hypohalous acids which were capable of halogenating various
organic substrates (Weinberger et al., 1999). An increased production of iodinated, chlorinated
or brominated organic compounds was associated with oxidative stress induced by excess light
(Mtolera et al., 1996), ultra-violet exposure (Laturnus et al., 2004), and temperature fluctuations
(Abrahamsson et al., 2003). In addition, elevated levels of VHOCs were observed in response to
grazing pressure (Nightingale et al., 1995). Biosynthesis of these halogenated compounds
required vanadium haloperoxidases (vHPOs) which catalyze the oxidation of halides (X) to
generate X" needed to produce hypohalous acid (XI0). Marine organisms, especially seaweeds,

have long been known to concentrate halides from the environment (Leblanc et al., 2006)
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highlighting their importance for inducible defence response. Red macroalgae have been shown
to produce oxylipins derived from C18 and C20 fatty acids which suggest regulatory roles for
these compounds in algal defence (Pohnert, 2004; Potin et al., 2002). Signalling compounds
such as jasmonic acid (JA) have been shown to play a role in secondary signalling in red
macroalgae. For example, Collén et al. (2006) exposed the red macroalga Chondrus crispus to
methyl jasmonate over a 24 hour period. An increase in the transcription of genes annotated to
roles in stress responses was observed while genes involved in general metabolism and energy
conservation were repressed. In a separate study, up-regulation of an agar oligosaccharide
oxidoreductase was observed in different Gracilaria species after exposure to agar
oligosaccharides for 24 hours, resulting in enhanced resistance to surface attachment by
epiphytes (Weinberger, 2007). Up-regulation of the agar oligosaccharide oxidoreductase was
prevented with specific inhibitors of nitric oxide (NO) synthase. ROS and NO radicals generated
in the course of an oxidative burst are known to be integral components of the regulatory signal
networks that modify gene transcription and protein expression patterns in plants (Pitzschke et
al., 2006; Zeidler et al., 2004; Neill et al., 2002). Up-regulation of defence proteins in
macroalgae therefore suggests that intracellular signalling mediates their transcriptional
activation. An interesting similarity between macroalgae and higher plants is the hypersensitive
response (HR) and plant cell death (PCD) phenomena. At the site of pathogen invasion, infected
and adjacent macroalgal cells undergo hypersensitive cell death in order to minimize pathogen
proliferation (Schroeder et al., 2003; Jaffray and Coyne, 1996; Weinberger et al., 1997, 1994).
The HR is a consequence of PCD which is different from accidental death caused by wounding
or accumulation of toxic compounds (Van Breusegem and Dat, 2006). In higher plants,
regulation of the HR involves sensing changes in intracellular homeostasis of ROS during the
oxidative burst (Delledonne et al., 2001). An uncoupling of respiration and phosphorylation is
required for PCD (Van Breusegem and Dat, 2006; Tiwari et al., 2002) which results in increased
respiration, amplified ROS generation and depletion of ATP. Evidence suggests that similar
mechanisms for PCD exist in red macroalgae. For example, uncoupling of respiration was
observed in Gracilaria species exposed to agar oligosaccharides. This uncoupling displayed
sensitivity to respiration inhibitors and resulted in decreased PCD (Weinberger et al., 1999). In

addition to the mitochondria, chloroplasts were also involved in the regulation of PCD.
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Exposure to small doses of light expedited PCD. In higher plants and other eukaryotes, key
enzymes activated during PCD include nucleases (involved in DNA cleavage) and caspases (a
family of highly specific proteases) (Lam and del Pozo, 2004; Bucker et al., 2000; Heath, 2000;
Gou et al., 1993). Investigations with the brown macroalga Laminaria japonica revealed that
PCD after pathogen infection was dependent on caspases while cleavage of DNA was also
observed (Wang et al., 2004). Even though evidence supporting the existence of an inducible
defence response in macroalgae is clear, such a response should ultimately be effective in
enhancing host resistance and preventing progression to a diseased state. In this regard, current
literature has proved that this is indeed the case. In one study, Gracilaria species that were
exposed to agar oligosaccharides were able to eliminate up to 60% of the resident bacterial
epiphytes within 1 hour (Weinberger and Friedlander, 2000). Single strains of agarolytic
bacteria previously isolated from the thallus surfaces of healthy or decaying seaweed proved to
be particularly sensitive when re-inoculated onto healthy G. conferta previously exposed to agar
oligosaccharides. Within 15 min after exposure, up to 90% of these agar-degrading bacteria
were eliminated from the thallus surface. In addition, increased resistance against epiphytic

microalgae was observed.

This evolutionary conserved model of inducible defence in macroalgae (and higher eukaryotes)
is a useful starting point for elucidating disease resistance in G. gracilis. However, scientific
investigation aimed at the identification, functional annotation and characterization of specific
defence genes is still required. Furthermore, insight into the precise molecular mechanisms that
govern their transcriptional regulation subsequent to elicitor recognition and release of ROS is
essential. In order to discover and then characterize novel defence genes in G. gracilis, the

relevant molecular tools currently available must be considered.
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1.6  Functional genomicsand itsrolein theidentification of macroalgal defence genes

A comprehensive understanding of the genetic networks (genomics), proteins (proteomics) and
small molecules (metabolomics) that underlie any physiological response in an organism
requires the characterization of each of the above molecular components. Similarly, elucidation
of a macroalgal defence response will only advance by focussing on genes (and proteins) that are
regulated as a result of receptor-elicitor interactions as well as the induced physiological

responses to pathogen progression (Potin, 2008; Mahalingam et al., 2003; Reymond, 2001).

1.6.1 High throughput DNA sequencing

Molecular techniques such as high throughput DNA sequencing have enabled researchers to
identify and characterize every gene in any given genome. However, the challenge associated
with knowing a gene’s DNA sequence is the need to accurately annotate gene function to the
DNA sequence (Kent et al., 2002; Wu et al., 2001). For example, researchers on the human
genome project catalogued more than one million expressed tagged sequences (ESTs) which
corresponded to 52907 unique human genes. At that time, the preliminary functional
annotations, transcriptional regulation and expression of more than 80% of the genes were yet to
be characterized (Duggan et al., 1999). The large discrepancy between DNA sequence and
functional annotation would obviously be much less today as researchers are constantly
characterizing the human genome, but the point being made here is that for organisms such as G.
gracilis, with relatively little DNA sequence data presently available, the task of identifying
novel defence genes and assigning putative roles in defence mechanisms remains a challenge.
Comparisons between G. gracilis DNA sequences and various annotated gene or protein
databases may be useful for genes that exhibit significant sequence homology, but genes unique
to this macroalga would be near impossible to functionally annotate without further scientific
investigation. A few algal nuclear and/or plastid genome sequences have been completely
determined while several others only have partial coverage (Cosse et al., 2008). These include
the unicellular red algae Cyanidioschyzon merolae (Nozaki et al., 2007; Matsukazi et al., 2004;
McFadden et al., 2004; Ohta et al., 2003) and Galderia sulphuraria (Barbier et al., 2005); the



18

green algae Chlamydomonas reinhardtii (Merchant et al., 2007); Ulva linza (Stanley et al., 2005)
and Ostreococcus tauri (Derelle et al., 2006); the brown macroalgae E. siliculosus (Cosse et al.,
2008) and Laminaria digitata (Roeder et al., 2006); and the diatoms Thalassiosira pseudonana
(Armbrust et al., 2004) and Phaeodactylum tricornutum (Scala et al., 2002). In the absence of
complete genome information, the analysis of dedicated EST libraries (NCBI;

http://www.ncbi.nIm.nih.gov/dbEST/) is a promising strategy for assigning putative gene function

based on DNA sequence homology. ESTs are nucleotide sequences derived from the ends of
cDNA clones which are in turn derived from mRNA transcripts expressed in the cell (Borsani et
al., 1998). For existing EST libraries to be useful in the assignment of putative biological
functions, ESTs with significant sequence homology to un-annotated G. gracilis DNA sequences
have to already possess a functional annotation. Red macroalgal species such as Griffithsia
okiensis (Lee et al., 2007), Porphyra yezoensis (Azamizu et al., 2003; Nikaido et al., 2000),
Chondrus crispus (Collen et al., 2006), G. changii (Teo et al., 2007) and G. gracilis (Lluisama
and Ragan, 1997) all contribute to current EST databases but the overall lack of knowledge with
respect to macroalgal defence genes can be attributed to the limited amount of DNA sequences

and/or functional annotations available in these databases.

1.6.2 Molecular toolsfor transcriptome analysis

An alternative approach for elucidating gene function (via high throughput sequencing followed
by comparative sequence homology analyses) is the determination of gene transcription profiles.
Analysis of an organism’s transcriptome (mRNA transcripts) can be used to deconstruct which
and how different genes work together in a given physiological response. By associating
transcriptional regulation to biological response, the function of unknown genes can indirectly
determined (Holtorf et al., 2002). The elucidation of gene function based on transcript profiling
techniques can be further enhanced by combining data with proteomics and metabolomics
platforms (Fiehn et al., 2002; Fiehn et al., 2001). There are several large scale transcript
profiling techniques presently available which include cDNA-AFLP (Bachem et al., 1996); serial
analysis of gene expression (SAGE; Velculescu et al., 1995); massive parallel signature


http://www.ncbi.nlm.nih.gov/dbEST/�
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sequencing (MPSS; Brenner et al., 2000) and microarray technology (Duggan et al., 1999;
Schena et al., 1995). DNA microarrays are able to explore gene transcription patterns on a
genome-wide scale and have become the most common platform to classify synergistic (or
antagonistic) transcription patterns amongst the genes assayed (Hoheisel, 2006; Brown and
Botstein, 1999; Duggan et al., 1999; lyer et al., 1999; Spellman et al., 1998). DNA microarray
technology was invented using a small set of ESTs from Arabidopsis thaliana (Schena et al.,
1995) and has since been applied to several model (sequenced genomes) organisms including
Escherichia coli, yeast, human, mouse and the fruit-fly (Richmond et al., 1999; Chu et al., 1998;
Shena et al., 1996; Tanaka et al., 2000; White et al., 1999). Two different array-based
technologies (cDNA and oligonucleotide) exist. For detailed reviews on either platform, see
Donson et al. (2002), Aharoni and Vorst (2001), Duggan et al., (1999) and Lipshutz et al.
(1999). Although both technologies are equally capable of analyzing patterns of gene expression
effectively, this study has employed the cDNA-based microarray approach to identify putative

defence genes of G. gracilis.

1.6.3 Overview of cDNA microarray technology

Microarray technology has become a standard molecular tool that is capable of assessing
transcription of several (~thousands) genes in a single experiment (Schindler et al., 2005;
Schulze and Downward, 2001). By quantitating the relative abundance of mRNA transcripts
simultaneously, the functional relationships between genes can be established (Wen et al., 1998).
The most common application of microarray technology is the identification of differential
expression of genes between samples subjected to different treatments (Hoheisel, 2006; Hedge et
al., 2000). One notable feature of microarrays is the ability to generate custom arrays. In the
case of cDNA microarrays, DNA segments (cCDNA probes) representing the collection of genes
to be assayed are amplified by PCR, purified and mechanically spotted (~5 nl) at high density on
coated glass microscope slides using simple x-y-z spatial co-ordinates (Figure 1.5). Microarrays
are subsequently queried by co-hybridization using two or more fluorescently labelled targets

prepared from total MRNA from the test and reference samples. Prior to hybridization, mMRNA
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transcripts are reverse-transcribed to cDNA incorporating a modified dUTP and then
fluorescently labelled with either Cye3- or Cye5-dye via dye-dUTP coupling (Shulze and
Downward, 2001; Duggan et al., 1999; Shalon et al., 1996). The kinetics of hybridization allows
the relative expression of every mRNA target present in each treatment (test and reference) to be
established based on the ratio with which each target hybridizes to an individual microarray
element (Hedge et al., 2000). Laser excitation of the hybridized microarray elements at the
appropriate wavelengths for each fluorescent Cye-dye yields characteristic emission spectra.
Monochrome images from each Cye-dye channel are imported into software which merges and
pseudo-colours the images. Data from a single hybridization experiment is then treated as an
expression ratio (i.e. log,(Cye3/Cye5)) to determine the relative level of that mMRNA transcript in
relation to each of the treatments (Hoheisel, 2006; Duggan et al., 1999).
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Figure 1.5 Simplified schematic depiction of the cDNA microarray procedure used to measure

MRNA transcript changes between test samples (Duggan et al., 1999). The cDNA microarray protocol
can be divided into three distinct sections, namely (i) construction of the cDNA array, (ii) preparation of

RNA targets and hybridization to the array and (iii) Laser scanning, image acquisition and data analysis.

Plant biologists have realized the potential of cDNA microarray technology to identify
differentially expressed defence genes (Kuhn, 2001; Richmond and Somerville, 2000). For
example, Schenk et al. (2000) and Desikan et al. (2001) used EST collections of A. thaliana to
construct cDNA microarray experiments in an initial attempt to identify genes whose expression
levels were altered in biotic and oxidative stress, respectively. Using a small cDNA microarray
enriched in defence-response genes, Somerville et al. (1998) identified A. thaliana genes that
were differentially regulated in response to powdery mildew infection. Reymond et al. (2003)
assessed, via cDNA microarrays, the timing and regulation of expression of 150 defence-related

Arabidopsis genes in response to mechanical damage and insect attack. Transcriptional
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regulation of defence genes in species of the pine family was determined using cDNA
microarrays (Ralph et al., 2006). Fujiwara et al. (2004) identified defence genes regulated upon
exposure to pathogen flagellin proteins in cultured rice cells. Similarly, Li et al. (2006) assessed
the expression profile of rice genes in early defence responses to blast and bacterial blight
pathogens using cDNA microarrays. With the advancement in high throughput DNA sequencing
and potential of microarray-based transcriptome analyses, it is not surprising that functional
genomics based approaches has found widespread acceptance in algal research (Cosse et al.,
2008). The pioneering work of Collén et al. (2006) highlighted the feasibility of using EST
libraries from the red macroalga C. crispus to construct cDNA microarrays. Transcriptome
analyses after exposure to methyl jasmonate were subsequently used to identify differentially
regulated genes. Moreover, the authors were able to utilise the observed transcription patterns to
cluster genes into groups which appeared to respond similarly (synergistic or antagonistic) after
exposure to methyl jasmonate. For instance, expression of C. crispus genes annotated to roles in
stress responses were induced while genes annotated to general metabolism and energy
conservation were repressed. Although their work was the first report of a transcriptomic study
to elucidate the transcriptional component of activated defence in a red marine macroalga, to our
knowledge this is the first study to establish the transcription profile of G. gracilis exposed to
disease elicitors in order to identify novel defence genes. In very recent studies, Ho et al. (2009)
and Teo et al. (2009) used the same approach to construct cDNA microarrays for the red
macroalga G. changii. The authors successfully identified novel transcriptionally regulated
genes in response to abiotic factors such as light depravation and osmotic stress. As macroalgal
EST libraries expand and DNA microarray technology advances, whole genome chips for
various macroalgae will eventually become available. Such resources may serve as predictive
tools for global transcriptional changes of defence genes in response to biotic stresses.
Furthermore, it may be possible to identify gene expression signatures unique for each pathogen,
thus providing novel tools for diagnosis and management of infectious diseases (Cummings and

Relman, 2006) in G. gracilis farming.
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1.7 Significance and aims of this study

It is now clear that one of the major obstacles hindering progress in the field of macroalgal biotic
(and abiotic) stress responses has been the lack of genomic information (Collen et al., 2007).
According to Weinberger (2007), systematic comparisons of gene transcripts in macroalgae that
have either been or not been exposed to disease elicitors should provide a clearer indication of
whether, and which, defence mechanisms are induced after elicitor-receptor interactions.
Therefore, to better understand the complex biotic interactions that occur between G. gracilis
and its pathogens, research in this field must continue to deconstruct the molecular components
of defence as well as the possible avoidance or suppression tactics of pathogens to bypass algal
defences (Cosse et al., 2008; Chan et al., 2006). Several of the innate immunity traits of marine
plants, such as pathogen recognition and the oxidative burst machinery, are conserved in higher
eukaryotic lineages which suggests that the underlying biochemical machinery arose early in
evolution (Potin et al., 2002). Thus activated defence mechanisms in macroalgae may serve as
simple models for similar physiological and molecular responses in higher eukaryotes.
According to current literature, genetic transformation studies have already commenced for
several red seaweeds, including Gracilaria species (Qin et al., 2005). In regard to the
development of a sustainable G. gracilis marine aquaculture industry in southern Africa, the
defence genes identified in this study could ultimately serve as targets for genetic manipulation
to create seaweed strains which exhibit enhanced disease resistance. The broader objectives of

this study were three-fold:

i. Due to the general lack of genetic information and characterization of the biotic interactions
between pathogens and G. gracilis, this study aimed to identify transcriptionally regulated
genes by means of a systematic comparison between seaweed that had either been exposed
or not exposed to disease elicitors using cDNA microarray technology. Furthermore,
putative defence gene ESTs would be sequenced and compared to functionally annotated
genes of other organisms to establish their possible functions. In so doing, it would be
possible to assess the level of evolutionary conservation between the various molecular

components of activated defence mechanisms between macroalgae and higher organisms.
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Based on these objectives, the significance of this study clearly emerges because not only
will novel genome data for G. gracilis be generated, putative defence genes will also be
functionally annotated. DNA sequences and their corresponding biological functions will be
deposited in EST databases thereby expanding macroalgal genomic data available to other

macroalgal researchers.

The use of cDNA microarray technology has already been shown to be feasible for the
identification of differentially regulated genes in other macroalgae. However, such studies
also emphasize the importance of independently validating microarray data using a different
molecular technique (Rockett et al., 2004; Chuaqui et al., 2002; Rajeevan et al., 2001).
Therefore, the current study will validate transcriptional regulation for several putative
defence genes using real-time PCR.

In general, a physiological response by an organism to a stimulus is comprised of a genetic
component (DNA and RNA), protein products and the small effector molecules that result in
the appropriate response which allows the organism to adapt effectively. However,
transcriptional regulation of a gene and its biological function can only be effected in a cell
via its translation (or lack of translation in the case of gene repression) into a protein
product. Exposure of macroalgae to disease elicitors has been shown in literature to result in
altered gene transcription as well as various physiological changes that lead to disease
resistance. Transcriptional regulation of any gene however, cannot be assumed to coincide
with a corresponding change in its protein concentration within the cell. Therefore, this
current study aimed to assess whether a correlation existed between several transcriptionally
regulated G. gracilis mRNA transcripts and the levels of their protein products following
exposure to disease elicitors. The significance of this would be that if transcriptional
changes are positively correlated to altered protein concentrations that lead to disease
resistance, then seaweed biologists could ultimately utilise proteomics platforms (which are
cheaper and more efficient than transcriptomics platforms) as predictive or diagnostic tools

in the context of G. gracilis farming.
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CHAPTER 2

I dentification of differentially expressed genesin Gracilaria gracilis after exposur e to

disease dlicitors using cDNA microarray technology

21 INTRODUCTION

The nuclear genome of G. gracilis is at present poorly characterized. As such, genes
pertinent to activated defence as well as ther transcriptiona regulation have remained
elusive. In addition to the need for expanding the available genetic information, a clear
understanding of the molecular mechanisms governing macroalgal activated defence is
ultimately required in order to develop a sustainable G. gracilis aguaculture programme in
Southern Africa. Published scientific literature has previously demonstrated the feasibility of
utilizing high throughput DNA sequencing and/or microarray-based transcriptome analyses
to identify and characterize novel algal genes under various abiotic and biotic stresses (Cosse
et al., 2008; Collén et al., 2007; Collén et al., 2006). More recently, cONA microarrays have
been successfully used to identify differentially expressed genes in the red macroalga
Gracilaria changii (Ho et al., 2009; Teo et al., 2009). Therefore, this study utilised cDNA
microarrays to identify differentially expressed genes in the red macroalga G. gracilis

following exposure to disease elicitors for 24 hours.

Several challenges were associated with conducting the cDNA microarray experiment. For
example, fluorescent labelling procedures require large amounts of RNA per cDNA
experiment (Zhoa et al., 2002). Extraction of RNA from G. gracilis was particularly difficult
due to the presence of polysaccharides, polyphenolic compounds and ribonucleases (al
released upon cell disruption) which are known to decrease RNA yields (Rodriguez et al.,
2009; Marrion et al., 2005; Chan et al., 2004; Bellanger et al., 1990; Loomis, 1974). Thus, a
suitable and reproducible RNA extraction method was developed for this study. In addition,
gene expression levels as measured by microarrays have been shown to be influenced by
technical variables such as the efficiency of reverse transcription, labelling bias of fluorescent

dyes, standardization of data, image acquisition and data analysis (BeneS and Muckentaler,
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2003; Schuchhardt et al., 2000; Claverie, 1999; Eisen and Brown, 1999; Winzeler et al.,
1999; Chen et al., 1997). Consequently, appropriate data normalization techniques were
applied to minimize any potential bias before data analysis (Leung and Cavalieri, 2003; Y ang
et al., 2002).

The cDNAs corresponding to differentially expressed genes were sequenced. Multiple
sequence aignments and comparisons to various genome and protein databases were
performed to determine the level of homology as well as to functionally annotate novel G.
gracilis genes. Based on these functiona annotations, roles for these genes (and their protein

products) were proposed in the context of an activated defence responsein G. gracilis.
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22 MATERIALSAND METHODS
All media and solutions used in this study are listed in Appendix A.

All DNA oligonucleotide primers were synthesized in the Department of Molecular and Cell

Biology, University of Cape Town.

2.2.1 Construction of microarray

2.2.1.1 PCR amplification of cDNA

A G. gracilis cDNA microarray was constructed using cDNA clones from two previously
constructed EST libraries, namely, biotic stress (exposure to disease €licitors (lyer,
unpublished data)) and abiotic stress (nitrogen limitation (Gebrekiros, 2003)). Escherichia
coli XL1 Blue cells harbouring cDNA clones were initially inoculated and maintained on
Luria agar (LA) (Appendix A.1) supplemented with 30 pg.mi™ chloramphenicol (Cm)
(Appendix A.3.1). Bacterial clones were subsequently inoculated into sterile 96-well round-
bottomed plates (NUNC™) containing 100 pl Luria broth (LB) (Appendix A.1)
supplemented with 30 pg.ml™* Cm and incubated overnight at 37°C. A total of 95 wells were
inoculated, while the remaining well served as a no template PCR control. A small volume
of each overnight bacterial culture (~ 5 pl) was transferred into a sterile 96-well PCR plate
(COSTAR) while the remaining portions were supplemented with 100 ul of 50% glyceral,
gently vortexed and stored at —70°C. The PCR plate was sealed with a plastic cover and
heated at 96°C for 15 min in order to denature the bacterial cells. A PCR master mix (final
volume 100 pl) (Table 2.1) was concurrently prepared, pre-heated at 96°C for 15 min before
98 ul of the master mix was added to each of the 5 pl overnight bacterial cultures. The
plasmid cDNA inserts were amplified in a TECHE GENIUS thermocycler (RHYS
international) using universal forward and reverse M13 primers (Appendix B.1) according to
predefined cycling conditions. an initial 5 minute denaturation was followed by 25 cycles of
30 s denaturation at 94°C, 30 s of annealing at 61°C and 3 min extension at 72°C. The PCR
reactions were terminated by an additional incubation of 7 min at 72°C and a cooling step at
4°C for 10 min. The cDNA amplification products were electrophoresed on a 1% TAE



28

(Appendix A.2) agarose gel. Each product was visually examined and subjectively classified
as follows: ‘strong single band’, ‘weak or absent band’ or ‘multiple bands'. PCR products
that failed to meet the quality control criteria of ‘one strong band’ were flagged and all

classifications were stored in a database for future reference.

Table2.1 Constituents of PCR master mix used for colony PCR.

PCR reagent Volume Final Concentration
M13 universal primers 3ul 0.3uM
dNTPs (10 mM) 0.4 pl 40 uM

Taq polymerase buffer (10 X) 10 pl 1X

MgCl, (25 mM) 12 ul 3.0mM

Taq polymerase (5 U. pl ™) 0.4l 0.02U. pl*
Nuclease-free dH,O 74.2 pl -

TOTAL 100 pl

2.2.1.2 Purification of amplified cDNA products

In order to remove unincorporated nucleotides, primers and excess sats from the PCR
reactions, amplified cDNA fragments were transferred to 96 well Millipore plates (Millipore,
MultiScreen™ PCR). The Millipore plates were placed on a vacuum apparatus (Millipore,
Vacuum/Pressure Pump) and a vacuum was applied. Amplified cDNA products were
retained on the membrane via size exclusion while the unnecessary reagents were washed
away. The vacuum was released and the membrane at the bottom of each well was washed
with 100 pl of sterile Mill Q water. Water was removed by vacuum and the wash procedure
repeated. Amplified cDNA fragments bound to the membrane were subsequently re-
suspended in 50 pl of 50% DM SO (Sigma) and placed on an orbital shaker at 300 rpm for 2

hours to alow for complete re-suspension. Purified cDNA amplification products were once
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again electrophoresed though a 1% TAE agarose gel to visualy establish whether the quality
criteria for each product had been maintained. Following this, the 50 pl of purified PCR
product was divided such that 20 pl was transferred into a 384 well printing plate
(GENETIX) while the remainder was stored at —20°C. Seventeen 96-well platesin total were
re-racked into five 384-well plates for high throughput robotic deposition onto glass slides.

2.2.1.3 Printing of microarray slides

Purified cDNAs were printed onto aminosaline coated glass slides (GAPII, Corning, NY,
USA) using a Micro Grid Biorobotics printer by CAPAR (University of Cape Town). Pins
were set up in a4 x 4 arrangement, allowing 16 different inventory wells (each containing
amplified cDNA product) to be visited, loaded and printed in a single source visit. Each
array was duplicated on a slide and each PCR product was printed in duplicate (one adjacent
to the other) within the array (Figure 2.1). In total, 1620 amplified cDNAs were printed on
an array, i.e. 1044 cDNAs from the EST library that represented 18 days of nitrogen
limitation and 576 cDNAs from the library that represented exposure to disease elicitors. In
addition to the G. gracilis cDNA fragments printed on the slide, 23 artificial control genes
(Lucidea Universal Scorecard controls, Amersham) were replicated on each array to serve as
internal normalization controls. Following printing, each slide was cross-linked under UV -
light (120 mJ) to prevent mixing and cross-contamination of cDNAs. Each cDNA on the
microarray was assigned a unigque ID. For example, Gg_IB9 01C07 was assigned to asingle
cDNA where ‘Gg’ represented G. gracilis, ‘'IB9’ represented the EST library from which the
cDNA originated and ‘01CO7’ represented the plate number and position of the cDNA clone
in the original set of 96-well plates. The printed slides were stored in the dark at room
temperature until further use.
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Duplicated Spots

— Duplicated Amay

Figure2.1 G. gracilismicroarray slide layout showing duplication of the entire array on the slide
aswell as duplication of the cDNA target within the array (adapted from Lebi, 2006).

2.2.2 Seaweed sampleacquisition for exposureto disease elicitors

Samples of G. gracilis were sourced from Jacobsbaai Sea Products abalone farm, Cape
Town, South Africa. Deionized water was used to remove any sandy or slimy sediment from
the thallus surface while any visible epiphytes were detached by hand. Seaweed was
maintained in a 20 L plastic tank supplied with seawater. Water movement was achieved by
pumping compressed air to the tank through a plastic airline. The water temperature was
maintained at 18 — 20°C, and illumination was provided by cool white fluorescent tubes at
7400 Lux with a16:8 light-dark cycle.

G. gracilis thali weighing 6.0 £ 0.05 g fresh weight were transferred to eight 0.5 L
Erlenmeyer flasks containing 250 ml artificial seawater (ASW) enriched with 1/3 strength
PES (0.6% v/v) (Appendix A.1). All seaweed samples were acclimatized in a temperature
controlled growth room for three days under a 16:8 light-dark cycle at 18°C. The growth
media was discarded after acclimatization. Half the flasks were assigned ‘experiment’ and

the other half ‘control’. Disease dlicitors used in this experiment were based on the protocol
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established by Weinberger et al. (1999; personal communication) in which red macroalga
Gracilaria sp. were exposed to microbial degradation products of the agar cell wall matrix.
Agar (Biolab) (0.3% w/v) was autoclaved in ASW for 20 min followed by a 30 min
centrifugation at 7000 rpm. The supernatant, which contained agar oligosaccharides, was
supplemented with 1/3 strength PES (0.6% v/v) and 250 ml was added to the seaweed in the
flask assigned ‘experiment’. Two hundred and fifty millilitres of ASW enriched with 1/3
strength PES (0.6% v/v) was added to the seaweed in each of flasks assigned ‘control’.
Seaweed samples were immediately removed from the control flasks to serve as atime 0
(hedlthy) control. The control samples were flash frozen in liquid nitrogen and stored at —
70°C until RNA extraction. Seaweed samples in the experimental flasks were incubated for
24 hours under a 16:8 light-dark cycle at 18°C. Samples were then removed and flash frozen
in liquid nitrogen for storage at —70°C until RNA extraction. In the context of this study, a
biological repeat was defined as one pair of seaweed samples (experiment and control). In

total, four biological repeats were prepared for the microarray experiment.

2.2.3 RNA extraction protocol

In order to prepare fluorescently-labelled RNA targets for hybridization to the cDNA probes
on the microarray slides, RNA had to be extracted from the experimental and control G.
gracilis samples. All solutions were treated with 0.1% Diethylpyrocarbonate (DEPC) water
(Appendix A.3.2.1) and autoclaved for 20 min at 121°C. Glassware was treated with
chloroform, followed by 100% ethanol and finally DEPC-water to remove RNAses. Glass-
and plasticware were additionally autoclaved at 121°C for 40 min prior to use.

Total RNA was extracted according to the protocol outlined by Azvedo et al., 2003. Briefly,
G. gracilis samples (1.3 g wet weight) were finely ground using liquid nitrogen in a cooled,
sterile pestle and mortar. Ground tissue was divided across two 25 ml centrifuge tubes
(Beckman) containing 15 ml extraction buffer (Appendix A3.2.2) which had been heated in a
42°C water-bath for 10 min. The ground tissue mixture was vortexed vigorously for 5 min

and then incubated for a further 90 min at 42°C to promote cell lysis.
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Following incubation, 15 ml chloroform-isoamyl alcohol (24:1 [v/v]) was added to each
centrifuge tube to promote extraction of RNA. The mixture was vortexed thoroughly and
subsequently centrifuged at 15000 g for 15 min at 4°C. The top agueous phase, which
contained the RNA, was carefully removed and transferred to sterile 25 ml centrifuge tubes.
The extraction procedure was repeated by addition of 1 volume of chloroform-isoamyl
alcohol to the RNA solution. Centrifugation was repeated as before (15000 rpm for 15 min at
4 °C). Thetop agueous phase was recovered and transferred to sterile 25 ml centrifuge tubes.
RNA was precipitated out of solution by adding % volume of 10 M LiCl (Appendix A.3.2.3),
followed by incubation at 4°C overnight.

Precipitated RNA was subsequently collected by centrifugation at 15000 rpm for 30 min at
4°C. RNA pellets were washed in 2 M LiCl and centrifugation was repeated as before.
Following this, RNA pellets were washed in 2 ml of cooled 75% ethanol and centrifuged at
10000 rpm for 10 min at 4°C. Ethanol was decanted and the RNA pellets were allowed to
air-dry for 15 min. Finally, the dried pellets were re-suspended in 200 ul DEPC-water. In
order to remove contaminating polysaccharides, the re-suspended RNA was incubated at
65°C for 10 min followed by immediate transfer to 4°C for 10 min. Centrifugation at 15000
rpm was performed and the RNA suspension recovered was transferred to sterile 1.5 ml
microfuge tubes. Where required, any remaining insoluble material was removed by

repeating the centrifugation step (as above).

2.2.3.1 Quantitative and qualitative analysis of RNA

Quantitative analysis of RNA was performed using a Nanodrop spectrophotometer (Thermo
Scientific). Absorbance readings were measured at 260 and 280 nm, with one unit of
absorption at 260 nm representing 40 pg mi™ of RNA. Ratio measurements at 230, 260 and
280 nm were used to assess the purity of the RNA samples. RNA integrity was determined
by assessing a 1 pg sample on a 1.2 % formadehyde-agarose gel (Appendix A.3.2.5).
Formaldehyde-agarose gel electrophoresis was performed in 1 X MOPS (Appendix A.3.2.6)
at 70V as described by Sambrook et al. (1989). RNA was subsequently visualized on a 254

nm UV -transilluminator.
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2.2.3.2 RNA amplification and aminoallyl labelling

Amplification of G. gracilis total RNA and Lucidea Universal Scorecard controls was
performed using the MessageAmpTM Il aRNA kit (Ambion) according to the manufacturer’s
instructions. Briefly, 1.2 ug of total RNA (spiked with the Lucidea synthetic DNA controls)
was mixed with an oligo(dT) primer bearing a T7 promoter to generate first strand cDNA.
Second strand cDNA was subsequently synthesized to generate a template for a T7 RNA
polymerase which was then purified with a Qiagen RNEasy mini kit (SIGMA) according to
the manufacturer’s instructions. A 16 hour in vitro transcription (IVT) reaction, configured
to incorporate the modified nucleotide 5-(3-aminoallyl)-UTP (aaUTP) generated antisense
RNA (aRNA). The amplification reaction was terminated by raising the final volume to 100
Ml using nuclease-free water. To purify aRNA, unincorporated aaUTPs and free amines were
removed using the Qiagen RNEasy mini kit (SIGMA) according to the manufacturer’s

instructions.

The concentration of aRNA was determined using a Nanodrop spectrophotometer. The
aRNA was subsequently fluorescently labelled by chemically coupling either Cy3 (green) or
Cy5 (red) NHS ester dyes (AmershamPharmacia) to the aaUTPs. Ambion’s online master
mix volume calculator

(http://www.ambion.com/techlib/append/mm calcs/msgamp2 96 mm calc.php) was used to

determine the volume of reagents required for preparation of master mixes for the various
reactions. Briefly, aRNA (20 pg) was vacuum-dried and then re-suspended in coupling
buffer (Appendix A.3.3.1). The Cy-dyes (Appendix A.3.3.2) were then added and the
reaction mixture was incubated at room temperature for 30 min in the dark. Finally,
hydroxylamine (4 M) (Appendix A.3.3.3) was used to quench the labelling reaction.
Labelled aRNA was purified using the Qiagen RNEasy Mini Kit (SIGMA) as per the
manufacturer’s instructions. A dye-swap was performed in which the assignment of Cy-dye
to its respective RNA sample was reversed, i.e. aRNA targets from biological repeats 1 and 2
were labelled as experimenta -Cy5 and control-Cy3 whereas this assignment was swapped in
biological repeats 3 and 4.

Purified, labelled aRNA was diluted 1:10 with nuclease-free water and quantitated using a
Nanodrop spectrophotometer set to read microarray samples. Absorbance readings at 260 nm
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were used in Promega's online labelled aRNA calculator

(http://www.prontosystems.com/technical support/calculator/index.asp) to determine the

frequency of dye incorporation or the number of Cy-labelled nucleotides incorporated per
1000 nucleotides of cDNA. These values were checked manually by first calculating the
total picomoles (pmol) of aRNA synthesized using the following equation:

Pmol nucleotides = [OD g0 X volume (ul) x 37 ng.pl™ x 1000 pg.ng™] / 324.5pg.mol ™

where 1 OD g = 37 ng/pl for cDNA and the average molecular weight of a dNTP = 324.5
pg/pmol.

The frequency of dye incorporation was then calculated using:
pmol Cy3 = 550 X volume (pl) / 0.15
pmol Cy5 = ODgsp X volume (ul) / 0.25

nucleotides/ dye ratio = pmol cDNA / pmol Cy dye

2.24 Microarray hybridization of RNA targetsto cDNA probes
2.24.1 Target hybridization mixture

A target hybridization mixture (Appendix A.3.3.4) for each biological repeat was prepared by
pooling 10 pg of purified (5 pg of each treatment) labelled cDNA synthesized from
experimental and control G. gracilis RNA samples together with blocking reagents, mouse
COT1-DNA (Life Technologies) and poly(A)-DNA (Sigma). The final volume of the target
hybridization mixture was adjusted to 30 pl. An equal volume (30 ul) of 2X hybridization
buffer (20X SSC; 50% formamide and 0.2% SDS) (Appendix A.3.3.5) was stored at room
temperature until it could be hybridized to the microarray dlide.
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2.2.4.2 Preparation of cover-slipsfor microarray hybridization

Cover-dips (22 mm X 60 mm) (Erie Scientific Company) used in the hybridizations were
submerged in 100% acetone for 1 hour at room temperature on a LASEC bench rotational
shaker. The cover-dlips were then washed in 0.2% SDS for 10 min followed by a further two
washes for 10 min in MilliQ water. The cover-slips were then placed in a pre-heated 42°C
oven and left to dry.

2.24.3 Pre-hybridization of microarray slides

Microarray slides were pre-hybridized in 60 pl of pre-hybridization buffer (5X SSC; 0.1%
SDS; 1% BSA) (Appendix A.3.3.9) before use. A diamond marker was used to outline the
edges of the array in order to clearly demarcate the dimensions of the printed microarray.
The dlides were placed into a hybridization chamber (Arraylt™) and a prepared cover-sip
was gently placed onto each dide. Pre-hybridization buffer was injected underneath the
cover-dip for dispersion over the entire array. The hybridization chamber was sealed and
incubated for 2 hours in a pre-heated container of water in a 42°C oven. Slides were washed
and the cover-dlip removed by gentle submersion in a series of five separate containers of
MilliQ-Plus (Millipore) water followed by immersion in isopropanol for 1 second and
promptly dried by centrifugation at 1000 rpm for 5 min. The slides were used immediately to

ensure optimal hybridization efficiency.

2.2.4.4 Target and probe hybridization reaction

The microarray hybridization area was prepared by gently lowering a pre-cleaned glass
cover-dip (section 2.2.4.2) over the array area of a pre-hybridized slide (section 2.2.4.3) and
placing the dlide into a hybridization chamber. The target cODNA hybridization mixture (10
MQ) (section 2.2.4.1) was denatured at 95°C for 3 min, snap-cooled on ice for 30 s and briefly
centrifuged. The cDNA mixture (60 ul) was immediately injected under one corner of the
cover-dip, alowing the solution to wick along the length of the array. To maintain humidity
inside the chamber, 10 ul of MilliQ water was added to each of the reservoir wells at either
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end of the hybridization chamber. The chamber was then tightly sealed and placed into a
container of water pre-heated to 42°C. The water container housing the hybridization
chamber was covered in foil and placed in a42°C oven for 16 — 20 hours.

Following hybridization, the slides were removed from the chamber and washed sequentially
with increasing stringency wash buffers as follows. First the cover-dlips were removed by
submerging the dlide in a staining dish containing 42°C pre-heated low stringency wash
buffer (Appendix A.3.3.10). The staining dish was then covered in foil and placed on a
rotational shaker (LASEC Lab Rotar) for 5 min at room temperature. The slides were then
removed and placed in a staining dish containing a medium stringency wash buffer
(Appendix A.3.3.11) and incubated for 5 min on the shaker as before. This process was
repeated by placing the dlides in a high stringency wash buffer (Appendix A.3.3.12) after
which the slides were briefly dipped several timesin a staining dish containing 100% ethanol.
Slides were immediately dried through centrifugation at 1000 rpm for 5 min and placed in a
light-tight slide box until scanned.

2.25 Image acquisition

Scanning was performed within one hour of hybridization to obtain maximal fluorescence
signal readings for each slide using a GenePix 4000B dual-colour laser scanner (Axon)
operated by GenePix 6.0.27 Pro software (Axon Instruments, Inc. Molecular Devices
Corporation, CA, USA). Photomultiplier tube (PMT) settings of both channels, i.e. 532 nm
(Cy3) and 635 nm (Cy5), were adjusted to levels such that the ratio of signal intensities from
the two channels was as close to 1 as possible, with similar range distributions and minimal
pixel saturation. A paired 16 bit tagged image file (TIFF) was then generated in order to

store the fluorescence intensities for each channe!.
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2.25.1 Extraction of featuresfrom spots on the microarray

A spot on the microarray was defined as the representation of the fluorescent signal generated
as aresult of hybridization between RNA target and cDNA probe. Image segmentation was

achieved through four main steps using GenePix Pro software:

i.  Generation of aGenePix Array List (GAL) filg;
ii.  Extraction of foreground intensity pixels;
iii.  Correction for background artefacts,

iv.  Flagging and exclusion of spots from further analysis.

2.25.1.1 Creation of the GenePix array list (GAL) file

During the printing process a data file (section 2.2.1.3) containing the original positions and
unigue identities of each cDNA probe was created. From this file, a GAL file required for
automated array analysis was generated. This GAL file was superimposed onto the pixels

generated for each microarray image in amanner that isolated and identified each probe.

2.2.5.1.2 Extraction of foreground intensity pixels

During printing of the array, variation occurred regarding the shape and size of the spots
within and across microarrays. As aresult, GenePix Pro’s proprietary spot-finding algorithm
was used to align the features within the GAL file to their appropriate areas on the array. The
foreground intensities of each spot were then determined using an adaptive circle
segmentation method that fits the best diameter for each spot.
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2.2.5.1.3 Background correction and quality assessment of individual spots

Background intensities due to artefacts such as non-specific binding of labelled target, dust,
comets as well as auto-fluorescence from probe cDNA, were corrected for using the GenePix
Pro local background correction algorithm (Figure 2.2). This agorithm works by creating a
circle three times the diameter of the circle identifying the foreground region of a target
(Yang et al., 2001b). Pixels occurring within the larger outer circle, excluding a two pixel
wide region around neighbouring target circles, are considered to be background artefacts.
The foreground and background intensities measured for each Cy-dye were determined and
background correction was implemented through subtraction of the background intensity

from the respective foreground intensity values.

- Background Pixels
- Feature Pixels

2-pixel exclusion region

Figure 2.2 Diagram of the local background correction algorithm used by GenePix Pro 6.0.27
software (GenePix Pro 6 user manual).

Automatic morphological spot alignment and background estimation was applied by the
software and was manually adjusted where necessary. A predefined filter (Appendix C.1)
was used to flag spots that failed to meet minimum quality criteria such as the absence of
fluorescent signal, effect of dust on the slide or any other microarray artefact. Flagged spots

were not removed from the data set, merely excluded from normalization of the other spots.
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2.2.6 Dataprocessing, analysisand normalization

Microarray data normalization and exploratory data analysis was performed using the open-

source software package R version 2.3.0 (R Development Team, http://www.r-project.org)

(Thaka and Gentleman, 1996). Specificaly, the Bioconductor (http://www.bioconductor.org)
(Gentleman et al., 2004) package LIMMA (Linear Models for Microarray Data) (Smyth et
al., 2005) was used for data normalization (see Appendix C.2 for the complete ‘R’ command

script). Normalization of data was performed on two levels. Firstly, data within amicroarray
slide (one biological repeat) was normalized using a ‘Robust-spline’ algorithm. Secondly,
data across the three microarray slides (between biological repeats) were normalized using an
‘Aquantile’ algorithm. Selection of the appropriate normalization algorithms within LIMMA
was ultimately dictated by the characteristics of the entire microarray data set.

2.2.7 Identification of differentially expressed genes

In the context of this study, genes were deemed to be differentially expressed based on two

different approaches:

i. Replicate feature values for each spot were merged using the LIMMA software.
Normalized gene expression data was summarized by a design matrix of intensity log-
raios M = logy(R(intensity of experiment)/G(intensity of control)), with m rows
corresponding to the genes under analysis and n = n; + n, columns corresponding to n;
control hybridizations and n, treatment hybridizations. A linear model was fitted to the
data and an empirical Bayes statistical function was applied to compute moderated t, P
and B-statistics. Log,-fold changes for each gene were generated and ranked according
to P-value to identify the most statistically significant differentially expressed genes. In
this approach, differential gene expression was defined as a statistical outlier relative to
the control or when gene expression was associated with a P-value less than 0.05.

ii. An aternative approach used to identify differentially expressed genes was based on that
published by Causton et al. (2003) and Quackenbush (2002). A mean (M) and standard
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deviation (o) was calculated from the global distribution of the normalized log,(ratios)
for al the spots on the microarray. Genes were deemed to be differentially expressed
(95% confidence level) if their M-values deviated more than 1.96(c) from the mean () of
the global distribution. In other words, if the log>(R/G) ratio (M-value) of any gene was
greater than (1 + 1.96(0)), it was deemed differentialy expressed or transcriptionaly up-
regulated. Conversely, if a gene's M-value was less than (1 — 1.96(0)), it was deemed
transcriptionally down-regulated.

Thus, any gene with a P-value < 0.05 and/or (U1 - 1.96(c)) > M-value > (u + 1.96(c)) would
be considered differentially expressed and selected for DNA sequencing.

2.2.8 Plasmid DNA isolation and sequencing of putative defence genes

Glycerol stocks of E. coli XL1 Blue transformants (Section 2.2.1.1) with plasmids harbouring
cDNA fragments corresponding to differentially expressed genes were grown at 37°C on
Luria agar supplemented with 30 pug/ml chloramphenicol. Single colonies were used to
inoculate 5 ml Luria broth (Appendix A.1.2) supplemented with 30 ug/ml Cm. Bacteria
cultures were incubated overnight at 37°C on a shaker at 100 rpm. Plasmid DNA was
extracted according to Sambrook et al. (1989) (Appendix C.1). Plasmid DNA was re-
suspended in 50 ul sterile distilled water and quantitated with a Nanodrop spectrophotometer.
Additionally, DNA samples were electrophoresed through a 1.2% TAE agarose gel to verify
plasmid quality and integrity. All cDNAs were PCR amplified as before (Section 2.2.1.1)
with one modification: instead of the M 13-F universal forward primer, a synthesized forward
primer LIB-F was used (Appendix B.1.2). PCR products were subsequently electrophoresed
through a 1.2% TAE agarose gl to verify amplification of a single insert prior to DNA
sequencing. Amplified cDNA inserts that met this quality criteria were purified with the
E.Z.N.A® Cycle-Pure Kit (peQLab Biotechnologie GmbH) according to the manufacturer’s
instructions. Cycle sequencing was performed using the BigDye Terminator version 3.1
Cycle Sequencing Kit (Applied Biosystems). A 10 ul sequencing reaction was set-up as per
Table 2.2. Samples were placed in a 2720 Therma Cycler (Applied Biosystems) set to pre-
defined cycling conditions (Appendix B.2.2). Samples for sequencing were purified using
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the E.ZN.A® Cycle-Pure Kit (peQLab Biotechnologie GmbH) according to the
manufacturer’s instructions. Nucleotide sequences of the purified PCR products were
determined using a 3130 Genetic Anayzer (Applied Biosystems) and 3130 Genetic Anayzer
Data Collection Software (Version 3.0). Data was subsequently captured using DNA
Sequencing Anaysis Software (Version5.2). DNA sequences were edited to remove
plasmid vector sequence using CHROMAS (Version 2.01; Technelysium) and analyzed
using DNAMAN (Version 4.13; Lynnon Biosoft).

Table2.2 Reaction constituents for the BigDye Terminator v.3.1 Cycle Sequencing Kit

Reaction constituents Stock Volume Final Concentration
Primer (LibF or M13R) 1.6 pmol/pl 1l 3.2 pMol
DNA (cDNA insert) 20 ng/pl 1l 20 ng/ ul
Sequencing Buffer 5X 2ul 1X
Ready reaction mix 25X 2ul 05X
Nuclease-free dH,O - 4ul -

2.2.9 Bioinformatics and functional annotation of cDNA sequences

BLASTN (Zhang et al., 2000) and BLASTX (version 2.2.22) (Altschul et al., 1997) sequence
homology searches were conducted against the National Center for Biotechnology
Information database (NCBI) http://www.ncbi.nIm.nih.gov/Blast.cgi using the non-redundant
nucleotide sequence (al GenBank + RefSeq Nucleotides + EMBL + DDBI + PDB
sequences) and protein sequence databases (all non-redundant GenBank CDS tranglations +

PDB + SwissProt + PIR + PRF excluding environmental samples from WGS projects),
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respectively. Any two or more sequences that exhibited homologous BLAST matches were
assessed for sequence redundancy using CLUSTALX (Version 1.81).

In addition, sequences were compared by BLAST analyses using the online resource

provided by EMBL-EBI (http://www.ebi.ac.uk/Tools/fasta33/index.html) and Uniprot

(http://www.uniprot.org). Homology searches were conducted using the FASTA and FASTX

programs for nucleic acid and translated sequences respectively.  Sequences that returned
BLAST matches with an E vaue of 1€ or less were considered significant. In this way,
sequences were functionally annotated and assigned putative biological roles. Sequences that
did not return any significant BLAST results were assessed for the presence of an open
reading frame (ORF) and/or conserved domains using the European Bioinformatics Institute
InterProScan facility (EMBL-EBI) (http://www.ebi.ac.uk/Tools/InterProScan). Only ORFs

longer than 50 codons (150 nucleotides) were accepted as potentially transcribed genes
(Leeetal., 1999). Where applicable, sequences were analyzed for putative transit peptides
for targeting to plastids or mitochondria using Predotar (Version 1.03), ChloroP (Version 1.1)

and TargetP (Version 1.1) available at http://www.expasy.ch.



http://www.ebi.ac.uk/Tools/fasta33/index.html�
http://www.uniprot.org/�
http://www.ebi.ac.uk/Tools/InterProScan�
http://www.expasy.ch/�

43

2.3 RESULTSAND DISCUSSION

2.3.1 Array construction

A total of 1620 cDNA probes derived from two EST libraries were successfully PCR-
amplified and purified (1044 provided courtesy of Tanya Lebi). Amplified cDNAs were
visually assessed and classified into three categories, namely ‘strong single band’, ‘multiple
bands' and ‘weak or absent band’. As seenin Figure 2.3 (representative of al cDNA 96-well
amplifications), some cDNAs were not amplified at all (e.g. row 2, lanes 7 and 22), others
contained multiple products (e.g. row 1, lane 24) but on the whole, a high PCR amplification
rate was observed as evident by single products in the mgjority of the lanes. These PCR

products were purified and of sufficient quality to be printed on the microarray slides.
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Figure 2.3 Purified PCR products from the disease €licitor EST G. gracilis cDNA library. The
purified PCR products from the nitrogen stress library were assessed similarly (Lebi, 2006) (data not
shown). Rows 1-4, lanes 1-24, contain the purified PCR products from a single 96 well plate. Row 4,
lane 24 served as a no template (NTC) control, while row 1-4, lane 25, contained a APst DNA
molecular weight marker.
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2.3.2 RNA isolation and preparation of RNA targets

RNA was isolated from G. gracilis samples under two experimental conditions, namely,
‘experimental’ (exposure to disease dlicitors) and ‘control’ (no exposure to disease elicitors).
One microgram of RNA was used to assess integrity following electrophoresis through a
1.2% denaturing formaldehyde agarose gel (Figure 2.4). RNA concentration and quality
ratios were determined using a Nanodrop spectrophotometer (Table 2.3).  Isolation of intact,
high-quality RNA from G. gracilis was achieved despite the fact that red macroalgae are
known to release high levels of polysaccharides, polyphenols and ribonucleases upon cell
disruption (Rodriguez et al., 2009; Marrion et al., 2005; Bellanger et al., 1990) which hinder
RNA isolation and yield (Sharma et al., 2003; Azevedo et al., 2003) or inhibit electrophoretic
migration and down-stream applications (Wilkins and Smart, 1996). In addition to high
integrity, the purity of the RNA isolated was high, as evident by the optimal A /A 23 and
AeolArg ratios. Ratios above 1.8 indicated low polysaccharide levels and reduced protein
contamination, respectively (Chan et al., 2004; Azvedo et al., 2003). The method of RNA
isolation was efficient, reliable and reproducible. By using a high concentration of proteinase
K combined with a prolonged 42°C incubation step, enzymatic digestion of ribonucleases
resulted in total RNA vyields ranging between 9.4 — 74 ug (for cDNA synthesis). No signs of
degradation were evident and RNA was thus deemed suitable for the downstream
applications of cDNA synthesis and microarray anaysis. However, typical fluorescent
labelling procedures require large amounts of RNA (2 — 4 ug poly(A)+ RNA or 25 — 50 ug
total RNA) per cDNA microarray experiment (Zhoaet al., 2002). Since insufficient yields of
isolated RNA were observed in for two of the total RNA isolations, i.e. control samples for
biological repeats 1 and 2 (< 10ug), a RNA amplification technique was used to circumvent
this limitation (Diboun et al., 2006). The most common RNA amplification technique is the
T7 based linear amplification first developed in the 1990s (Phillips and Eberwine, 1996; Van
Gelder et al., 1990). It uses a synthetic oligo(dT) primer containing the phage T7 RNA
polymerase promoter to prime synthesis of first strand cDNA by reverse transcription of
poly(A)+ RNA. The poly(A)+ RNA strand is then degraded with RNAse H, followed by
second strand cDNA synthesis with E. coli DNA polymerase. Finally, amplified antisense
RNA (aRNA) is obtained from in vitro transcription of the double-stranded cDNA template
using T7 RNA polymerase (Zhoa et al., 2002). Several protocols based on this amplification
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mechanism have been developed specifically for microarray experiments (Hu et al.. 2002;
Wang et al., 2000; Lou et al., 1999; Wodicka et al., 1997).

Figure 2.4 Denaturing formaldehyde agarose gel electrophoresis of total RNA preparations (1
pg) from G. gracilis samples under control and experimental conditions. (A) RNA samples isolated
from G. gracilis under control conditions; biological repeats 1 and 2. (B) RNA samplesisolated from
G. gracilis under control conditions; biological repeats 3 and 4. (C) RNA samples isolated from G.
gracilis under experimental conditions; biological repeats 1 and 2. (D) RNA samplesisolated from G.
gracilis under experimental conditions; biological repeats 3 and 4. Numbers represent biological

repeat number.
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Table2.3 Purity and yield of the RNA used for the RNA amplification and subsequent
microarray analysis for each biological repeat based on A 20280 and A 601230 ratios. Control
represents G. gracilis samples not exposed to disease elicitors. Experiment represents G.
gracilis samples exposed to disease dlicitors for 24 hours. RNA was re-suspended in 200 pl
DEPC-water.

Biological Origin of G. Yield Total Yield  Azso280 A 260230
Repeat gracilissample  (ng.pl™) (1g)
1 Control 47.0 94 1.89 2.06
Experiment 368.2 73.6 212 2.40
2 Control 46.0 9.2 1.95 212
Experiment 175.7 35.1 2.08 242
3 Control 1314 26.3 2.20 214
Experiment 295.9 59.2 2.17 2.18
4 Control 138.0 27.6 221 212
Experiment 181.0 36.2 2.19 1.86

2.3.3 RNA amplification and aminoallyl labelling

All RNA samples (experiment and control) were amplified using the MessageAmp™ |1

aRNA kit (Ambion) as per the manufacturer’s instructions. The concentration of aRNA was
determined by measuring its absorbance at 260 nm on the Nanodrop. As recommended by
Ambion, an amount of 5 — 20 pg total aRNA (after amplification) was required for Cy-dye
labelling and microarray hybridizations. As seen in Table 2.4, sufficient amounts of aRNA
were synthesized to use 20 pg of aRNA for indirect labelling with Cy-dyes (with the
exception of Biological Repeat 3 ‘control’ sample which had an aRNA yield of only 8.3 ug).
Amplification and fluorescent-labelling of aRNA for biologica repeats 1 and 2 were
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performed before 3 and 4 (on separate days) and an amount of 20 g of each labelled aRNA
was selected for use. As a consequence of the insufficient yield (8.3 pg) of synthesized
aRNA obtained from the control sample of biological repeat 3, it was decided to remove
biological repeat 3 from subsequent microarray hybridizations since it would not be
biologically meaningful when compared to the three other microarray hybridizations which
employed 20 pg of fluorescently labelled aRNA. Although the original experimental design
for the microarray hybridizations dictated that a balanced dye-swap be performed using 4
biological repeats, elimination of biological repeat 3 resulted in an unbalanced dye swap
experimental design being implemented. There was no obvious reason as to why the control
sample for biological repeat 3 yielded such a low amount of aRNA relative to the other
samples. The integrity and quality of the RNA sample isolated from biological repeat 3 was
comparable to the other biological repeats. However, one possibility could the purity of the
RNA sample. According to the MessageAmp™ Il aRNA Amplification Kit user manual
(Ambion), significant amounts of contaminating DNA, ethanol or salts may adversely affect
aRNA synthesis. Alternatively, partially degraded RNA generates shorter cDNA molecules
which may affect the average size of the aRNA population and subsequently reduce the yield
of aRNA. The latter explanation is unlikely because upon inspection of the RNA obtained
from the control sample for biological repeat 3, no degradation was evident (Figure 2.4, B,
number 3).
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Table2.4 aRNA yields synthesized from 1.2 ug total RNA for each sample (experiment
and control) using the MessageAmp™ 11 aRNA kit.

Biological Repeat Sample aRNA synthesized (uQ)
1 Control 30.6
Experiment 42.0
2 Control 20.0
Experiment 28.0
3 Control 8.3
Experiment 45.0
4 Control 239
Experiment 23.0

Following purification and quantitation of the aRNA, Cy-dyes were indirectly coupled to the
aaUTPs molecules. Fluorescently labelled aRNA was purified again and the frequency of
dye incorporation was calculated using the A260 nm values as determined using the
Nanodrop spectrophotometer. Overal, dye incorporation of greater than 200 pmol per
sample and a ratio of less than 50 nucleotides/dye molecule was considered optimal for
microarray hybridizations (Hedge et al., 2000). Fluorescent labelling of al aRNA samples
met these criteria (Table 2.5) and was thus deemed suitable for the subsequent microarray

hybridizations.
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Table2.5 Characteristics of the fluorescently labelled, purified aRNA used in microarray
hybridizations. Fluorescent dye assignment indicated which Cy-dye was used to label each
aRNA sample and reflects the dye-swap configuration between biological repeats. The
concentration of each aRNA sample was determined spectrophotometrically while the
Frequency of Incorporation (FOI) for each aRNA sample was determined empirically using
A260nm values.

Biological Sample Fluorescent ODssp ODgsp  Concentration  FOI

Repeat Label (ng.ul™)
1 Control Green 0.135 - 706.7 41.33
Experiment Red - 0.181 773.3 30.38
2 Control Green 0.11 f 617.9 38.51
Experiment Red - 0.136 599.4 29.45
4 Control Red - 0.253 725.0 46.71
Experiment Green 0.120 - 590.0 46.77

2.3.4 Microarray hybridizations and pre-processing of scanned images

The microarrays were queried in a co-hybridization assay using the two fluorescently labelled
targets prepared from messenger RNA from the cellular phenotypes of interest (exposure or
no exposure to disease elicitors). Pre-hybridization and hybridization conditions as well as
wash steps were optimized for high specificity and to minimize cross-hybridization and
background signal. Hybridized microarrays were scanned using a dual-laser system capable
of analyzing the fluorescent signals from both the Cy3 (532 nm) and Cy5 (635 nm) channels
producing separate TIFF images for each (Figure 2.5).
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Figure 2.5 Representative TIFF image corresponding to the scanned image of biological repeat 1
cDNA microarray. TIFF images for biological repeats 2 and 4 were smilar and are therefore not
shown. The microarray contained 1620 G. gracilis cDNA probes and 576 Lucidea univeral scorecard
controls which were hybridized to 10 ug fluorescently labelled aRNA. Both channels were laser
scanned simultaneously (green Cy3 dye at 532 nm and red Cy5 dye at 635 nm), images were
overlayerd to generate a false colour image which represented the relative expression levels of each
gene on the microarray. Yellow spots represented equal expression of the gene in both treatments
whereas predominantly red or green represented up or down-regulation of that gene depending on Cy-
dye assignment of the sample (exposure to dlicitor or no exposure to elicitor). The contrast on the

image was adjusted to allow the majority of the spotsin the array to be easily visualized.

As seen in Figure 2.5, there was successful hybrdization between the fluorescntly labelled
aRNA and the cDNA probes printed on the slides with minimum background noise. Images
were then assessed to clearly identify and delineate each individual microarray spot, to
determine the local background intensities for subtraction and to establish the relative
fluorescence intensities of each spot. At this stage of the analysis, spots that exhibited
fluorescent intensities that failed to meet a set of quality criteria (Appendix D.1) were
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automatically flagged within the GenePix software program. The contribution of the flagged
spots to normalization of the remaining microarray data was set to zero. An average of 18%
of the spots on each of the three microarrays was flagged. A result file was generated which
consisted of the total foreground and background fluorescence intensities for both channels
(Cy3 and Cy5). The Cy3/Cys5 ratios of each feature were log, transformed to generate M-
values which were a more informative display of gene expression, i.e. atwo-fold induction of
gene expression would equal 1 while ahaf-fold repression would equal —1.

2.3.5 Normalization of microarray data

Before the M-values for each of the spots could be analysed to identify transcriptionally
regulated G. gracilis genes, the raw microarray data (results file) of each biological repeat
generated after image processing had to be normalized. Data normalization was applied to
minimize any technical bias such as potential differences in the efficiency of reverse
transcription of each RNA sample as well as labelling and detection biases for each
fluorescent label (Cy3 and Cy5). Scientific evidence suggests that fluorescent dyes exhibit
different quantum yields and/or extinction coefficients and are differentially sensitive to
photo-bleaching which may affect observed changes in gene expression (Cox et al., 2004,
Benes et al., 2003; Tseng et al., 2002; Y ang and Speed, 2002; Wildsmith et al., 2001; Worley
et al., 2000). This phenomenon was circumvented by incorporating the dye swap into the
microarray experimental design. However, the dye swap could not be carried out as planned
due to elimination of biological repeat 3 from the microarray experiments. Analysis of the
fluorescent intensities within both channels without the application of normalization
algorithms highlighted the variation between both channels within individual microarrays as
well as across the three biological repeats (Figure 2.6). There was a clear labelling bias with
the Cy3 (green) dye as reflected by the higher densities relative to the Cy5 (red) dye. In
addition, the intensities of the fluorescent signals for both dyes differed across the three

biological repeats. Based on these raw data, normalization was obviously required.
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Figure 2.6 Density plot of smoothed empirical densities for the individual Cy3 (green) and Cy5
(red) channels for all three microarrays before data normalization. The plot was generated using the

LIMMA packageinthe ‘R’ software.

An appropriate normalization strategy had to essentially achieve three aims simultaneously:
(i) it had to enable the extraction of biologically significant data from each individual
microarray; (ii) it had to adjust the data such that the measured gene expression values across
the three biological repeats were comparable and (iii) it had to suit the relatively small
density of the microarray used (~1600 cDNAS) since all the assumptions for higher density
microarrays would not be met (see Yang et al., 2002 and Hedge et al., 2000 for reviews).
Reference genes whose transcription was not altered in either of the treatments for this
experiment could not be used to normalize the microarray data since the amplified cDNA
probes printed on the microarray were of unknown identity. Consequently, the Lucidea
Universal scorecard controls were included in the construction of the microarray and spiked
into each aRNA sample for normalization purposes. Synthetic Lucidea DNA sequences

display no sequence homology to G. gracilis which made cross-hybridization impossible.



53

Upon complementary hybridization of the targets to the cDNA probes, the synthetic control
sequences were designed to exhibit equal green and red fluorescent intensities in order to
generate a normalization factor for each respective microarray slide. A prerequisite to using
the Lucidea normalization controls was that the fluorescent signal intensities for each of the
G. gracilis cDNA probes had to be within the lowest and highest fluorescent intensity values
of the normalization controls (Yang et al., 2002). However, investigation of the fluorescent
intensity data for the Lucidea controls revealed that they exhibited much higher fluorescent
intensity values relative to the G. gracilis cDNA probes. As aresult, they could not be used

to normalize the Cy3 and Cy5 channels for this microarray experiment.

Since the original approach (synthetic Lucidea DNA controls) could not be used to generate
normalization factors for each microarray slide, an alternative normalization strategy was
sought. The Bioconductor package LIMMA was consequently used in conjunction with R
software (version 2.3.0) to normalize the microarray data. The LIMMA software package
was selected because it was designed specifically for two-colour spotted arrays to generate
more stable statistical inferences and improved power for experiments with a relatively small
number of microarrays (3 microarray hybridizations in this study) (Smyth, 2004). Moreover,
the LIMMA software package could normalize fluorescence intensity data within and
between the three separate microarrays. Within microarray normalization employed the
robust-spline algorithm which was an empirical Bayes compromise between print-tip loess
and global loess normalization. Loess normalization assumes that the mgority of the probes
on the microarray are not differentially expressed (Smyth, 2004). It does not assume that
there are equal numbers of up and down regulated genes or that differential expression is
symmetric about zero. Robust-spline normalization of the data resulted in more balanced
Cy3 and Cy5 fluorescent intensities within each individual microarray slide (Figure 2.7)
relative to un-normalized data (Figure 2.6). The distinct bias detected in the Cy3 (green)
channel was significantly reduced by robust-spline normalization but a dight bias was still
evident. Even though normalization within each of the three microarrays was successfully

applied, the fluorescent intensities between microarrays were not equal. Consequently, gene
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expression data between the three microarrays could not be compared and therefore

normalization to correct between microarrays was required.
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Figure 2.7 Density plot of smoothed empirical densities for the individual Cy3 (green) and Cy5
(red) channels after data robust-spline normalization within the three microarrays using the robust-

spline algorithm. The plot was generated using the LIMMA package inthe ‘R’ software.

In order to correct for the differences in fluorescent intensities across the three microarrays,
the Aquantile algorithm included in the LIMMA package was applied to the data. The
fluorescent intensities within each of the microarray data sets were consequently scaled such
that the A-values (A = ((logz2(R) + 10g2(G)) / 2 or the average expression level for that gene
across al the microarrays and fluorescence channels) had the same distribution across all
microarrays (Smyth, 2004). As evident in Figure 2.8, the fluorescent data intensities in both

channels were balanced between the three microarrays after application of the Aquantile
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normalization algorithm. Successful normalization of the data within and between the three
microarrays served to prevent any one microarray dominating subsequent statistical analyses
which would adversely affect accurate identification of differentially expressed genes.
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Figure 2.8 Density plot of smoothed empirical densities for the individual Cy3 (green) and Cy5
(red) channels after data normalization within arrays using the robust-spline agorithm and between
arrays using Aquantile normalization algorithm. The plot was generated using the LIMMA package
inthe‘R’ software.

2.3.6 Statistical analyses and identification of differentially expressed genes

Following normalization, the typical systemic variations associated with microarray
experiments were removed from the data making identification of biologically significant
differentially expressed genes possible (Yang et al., 2002; Hedge et al., 2000). Normalized

replicate fluorescence data for each gene were merged and average M-values (log, fold
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change) for all genes were estimated by fitting a linear model using the LIMMA package in
the R software. As two independent sample types, namely exposure (experiment) or no
exposure to disease dlicitors (control), were analyzed in the microarray experiment, it was
appropriate to employ a standard t-test to compare the expression levels between the samples
(Cui and Churchill, 2003; Dopazo et al., 2001). When many hypotheses are tested, as is the
case in amicroarray experiment, the probability that at |east one type | error (false positives)
is committed can increase sharply with the number of hypotheses (Dudoit et al., 2000;
Shaffer, 1995; Holm, 1979). A dstatistical P value was produced after t-test analysis. This P-
value was created from the distribution of the moderated t-statistic. It was not adjusted for
multiple testing because the moderated t-statistic used to generate it already was (Smyth,
2004). No further adjustment of P-values was supported by Dudoit et al. (2000) who
highlight a common criticism of procedures that control for the type | error too conservatively
and state that strong control is not aways needed. Within the LIMMA package, empirical
Bayes statistics (t and P statistics) were computed where the moderated t-statistic was the
ratio of the M-value to its standard error. In the current investigation, the null hypothesis set
for gene expression analysis was that no genes were differentially expressed when G. gracilis
was exposed to disease dlicitors versus the control. Alternatively stated, any difference in
gene expression observed between the two treatments was due to random chance and not
differential expression. Thus, a P-value of less than 0.05 meant the gene tested was likely to
be differentially expressed thereby regecting the null hypothesis. However, because the G.
gracilis cDNA targets printed on the microarray were not functionally annotated, the
identities and biological roles of these putative defence genes remained unknown. The
cDNAs which corresponded to differentially expressed genes had to be sequenced to assist in
functional annotation. Differentialy expressed genes were ranked by P-value to pinpoint
expression levels with the highest statistical significance. Thirty genes were observed to have
P-values less than 0.05.

An alternative approach to identifying differentially expressed genes based on post-
normalization fold change was also assessed (Causton et al., 2003; Quackenbush, 2002).

Essentially, this entailed analyzing changes in gene expression independent of statistical tests.
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The global mean (u) and standard deviation (o) of the entire microarray data set was
calculated as —0.04 and 0.370, respectively. Thus, any gene with an expression ratio (U -
1.96(c)) < M-value > (n + 1.96(c)) was considered differentially expressed, i.e. M > 0.68 or
M < — 0.765. In tota, twenty four genes met this condition. Analysis of fold change in
transcriptional regulation revealed that the majority of differentially expressed genes were
down-regulated at 24 hours post exposure to disease elicitors. Expression of all the genes on
the microarray (including differentially regulated genes) ranged between 2-fold induction (M
= 1) and 3-fold repression (M = — 1.5). Interestingly, most published studies have used a
post-normalization cut-off of two-fold up- or down-regulation to identify genes exhibiting the
most significant variation (Quackenbush, 2002; Hedge et al., 2000). There is increasing
evidence that such arbitrary cut-off selection criteria may be out of context relative to what is
biologically relevant in the cell (Baldi and Long, 2001; Quackenbush, 2001; Thomas €t al.,
2001; Woolf and Wang, 2000; DeRis et al., 1996; Schena et al., 1996, Schena et al., 1995).
Mutch et al. (2002) and Claverie (1999) suggest that there are inherent problems associated
with selecting differential expression based on arbitrary cut-offs. For example, genes with
low absolute expression have a greater error in their measured levels and will be selected for
by the microarray technique because they tend to numerically meet any given fold change
cut-off even if not differentially expressed. The inverse would aso be true since highly
expressed genes will have less error in their measured levels and may therefore not meet the
cut-off, even when they are actually differentially expressed. Therefore, in the context of the
current microarray study, the relatively small changes (less than 2-fold changes) in
differential expression observed in this study were considered biologically significant
because McCarthy and Smyth (2009) suggest that in biological terms, a gene may be
considered differentially expressed if a change (even if relatively small) in its expression
level leadsto abiological effect in the cell. Consequently, the cDNAs which corresponded to
differentially expressed genes had to be sequenced in order to establish the putative functions

of these genesin the context of a G. gracilis defence response.

Selection of differentially expressed genes based solely on fold change is not the best

approach since it does not accommodate for background noise or non-specific hybridization
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which are typical characteristics of microarray experiments (Baldi and Long, 2001). A
drawback of using post-normalization fold-changesisthat it is not a statistical test and has no
associated level of confidence for selection of differential expression (Cui and Churchill,
2003). On the other hand, using statistical analyses alone to identify differential expression
in microarray experiments may be prone to the statistical type | error associated with multiple
t-testing. Furthermore, the high cost of repeating microarray experiments limited the number
of separate biological repeat hybridizations to a maximum of four which was relatively low.
A drawback with a small number of repeats was that inaccurate estimates of variance and a
low power in the statistical tests to differentiate differentially expressed genes was more
likely (Baldi and Long, 2001). Therefore, in the current microarray study, a combination of
fold change and statistical testing was employed to firstly account for the limitations in using
either one separately and secondly, to increase the confidence in the genes identified as
differentially expressed. It isimportant to mention that in both approaches, a large number of
false positives were observed (~40%). This was not surprising though, because a large
number of spots were initially flagged in the pre-processing of the scanned images (Section
2.3.4). Furthermore, flagged spots were not removed from the microarray data set, but
merely excluded from normalization of the remaining spots of higher quality (Smyth et al.,
2005). All false positives were eliminated for further analysis and the findings of both
approaches to identify differential expression were merged. Ultimately, a total of 51 genes
appeared to be differentially expressed in G. gracilis after 24 hours of exposure to disease
elicitors (Table 2.6).

2.3.6.1 Sequencing of cDNA inserts and bioinformatics for functional annotation

In order to elucidate the functions and roles of the 51 differentially regulated genes identified
in the microarray experiment, their DNA sequences were determined (Appendix F.1) and
compared to previously annotated sequences in gene databases. Prior to sequencing, plasmid
integrity was assessed (data not shown) and cDNA inserts were PCR amplified (Section
2.2.8). PCR products were gel electrophoresed to assess their quality and success of the PCR
reactions (data not shown). Any smearing, absence of PCR product, multiple PCR products
or PCR products sized at less than 300 bp (data not shown) resulted in exclusion of the cDNA



59

fragment for sequencing. Only one cDNA insert (Table 2.6, Clone ID 17) was excluded.
Consequently, a total of 50 cDNA inserts which corresponded to significantly differentialy
expressed genes were sequenced. In addition, it was decided to sequence several cDNA
inserts that displayed differential expression which failed to meet the criteria used to detect
significant transcriptional changes ([P-value < 0.05] or [H - 1.96(c)) < M-value > (U +
1.96(0)]) after 24 hours post exposure to disease dicitors. Sequencing these cDNA inserts
may seem counter-intuitive but it served two purposes in the context of this study: (i) it
expanded the genomic data presently available for G. gracilis and (ii) it enabled designing
DNA primers to assess whether these genes were significantly transcriptionally regulated at
an earlier time point (i.e. sooner than 24 hours post-exposure to disease elicitors). The
literature suggested that the most significant transcriptional changes could have occurred
within the first few hours of exposure to the disease elicitors. Therefore, the experiments
planned to validate the microarray results (see Chapter 3) were specifically designed to assay
gene expression at several time-points before and including the 24 hour sampling point
following exposure to disease dlicitors. After ¢cDNA sequencing, al the novel DNA
sequences were subjected to homology searches of the NCBI databases using the BLASTx
and BLASTn agorithms, as well the InterProScan and KEGG online resources to aid in the
functional annotation of each gene (Table 2.6).
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Table 2.6 G. gracilis genes differentially expressed in response to exposure to disease elicitors for 24 hours.
Significant differential expression was defined as any gene with a P-value < 0.05 or (i + 1.96(c)) < M-value < (U -
1.96(o)) where 6 = 0.370 and pn = — 0.04. Functional annotation of each gene was established by comparing sequence
homology to characterized genes and proteins in publicly available databases. The molecular function of each gene
was determined according to the guidelines stipulated by Lee et al. (1999). M-values represent transcriptional
regulation of each gene as determined in the microarray experiment, while positive and negative values correspond to

up-regulation and down-regulation, respectively.

ClonelD M-value P-Value Putative functional annotation (Organism with highest homol ogy) E-value ';Au?:ilgr?r
4 -0.66599  0.014588  Thioredoxin, cytoplasmic (Griffithsia japonica) 9.00E-17  Stressresponse
828 -0.68302  0.015311  Hypothetical trans-membrane trafficking protein (Xenopus tropicalis) 1.60E-03  Cedl structure
230 -1.18554  0.016235  Conserved hypothetical protein (Zea mays) 4.00E-08  Unknown
10 -0.77155  0.016806  Chloroplast hypothetical protein (Zea mays) 3.00E-03  Metabolism
34 -0.96098  0.017064  Conserved hypothetical protein (Vibrio vulnificus CM CP6) 1.00E-06  Unknown
116 -0.70817  0.017524  pGl protein (Lactobacillis jensenii) 5.00E-09  Cell structure
822 -1.63413  0.019651  No sequence similarity found - Unknown
123 -1.56438  0.021275  Chloroplast hypothetical protein (Zea mays) 3.00E-09 Metabolism
301 -1.51938  0.022433  Chloroplast hypothetical protein (Zea mays) 3.00E-09 Metabolism
450 -1.4145 0.025536  No sequence similarity found - Unknown
Protein
216 -0.49759  0.027806  Putative 23S ribosoma RNA (Vigna unguiculata) 1.00E-03  synthesis
26 -1.30698  0.029448  Chloroplast hypothetical protein (Zea mays) 7.00E-07 Metabolism
538 -1.29244  0.030047  Unknown (Glycine max) 0.085 Unknown
685 -0.76876  0.03011 Novel asparaginase (Danio rerio) 3.00E-13  Metabolism
623 -1.28657  0.030293  Phosphoglycolate phosphatase (Thalassiosira pseudonana CCMP1335) 4.00E-61  Respiration
912 -0.95961  0.032714  Predicted protein (Micromonas sp. RCC299) 9.00E-03  Unknown

205 0.457117 0.034899  No sequence similarity found - Unknown
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233

19

116

314

17

265

542

17

422

1034

394

924

671

488

134

282

335

264

208

102

-1.17206

-1.15722

-1.12133

-0.54625

-1.09647

-0.6941

0.470237

-0.91283

-0.41742

1.005998

0.986438

-0.96696

-0.96578

0.963839

0.940597

0.725009

-0.92688

0.897711

-0.86058

-0.85901

-0.84238

0.035797

0.036619

0.038731

0.039387

0.0403

0.040684

0.041236

0.042007

0.046838

0.046924

0.048571

0.050298

0.050406

0.050583

0.052787

0.053884

0.054155

0.057249

0.061585

0.061779

0.063893

Peroxiredoxin-like (Redoxin superfamily) (Synechococcus sp. PCC 7335)

Chloroplast hypothetical protein (Zea mays)

Conserved hypothetical protein (Vibrio vulnificus CM CP6)

No sequence similarity found

Not sequenced (cDNA insert < 300 bp)

No sequence similarity found

No sequence similarity found

Putative 23S ribosoma RNA (Vigna unguiculata)

Putative ATP synthase CFO subunit | (Vigna unguiculata)

Cytochrome ¢ oxidase subunit | (Chrysonmya megacephala)

No sequence similarity found

Polyubiquitin (Griffithsia japonica)

pGL1 protein (Lactobacillis jensenii)

Putative 23S ribosoma RNA (Vigna unguiculata)

Predicted protein (Thalassiosira pseudonana CCMP1335)

tRNA-dihydrouridine synthase (Micromonas sp. RCC299)

Putative cysteine desul phurase (Ricinus communis) / glycerol-3-phosphate

dehydrogenase

No sequence similarity found

Putative 23S ribosoma RNA (Vigna unguiculata)

Conserved hypothetical protein (Vibrio vulnificus CM CP6)

Putative 23S ribosomal RNA (Vigna unguiculata)

4.00E-47

6.00E-08

1.00E-06

2.00E-07

4.00E-05

13

2.00E-70

5.00E-09

1.00E-08

0.11

4.00E-16

1.00E-06

1.00E-08

1.00E-06

6.00E-08

Stress response

Metabolism

Unknown

Unknown

Unknown

Unknown
Protein
synthesis
Metabolism

Metabolism

Unknown
Protein
processing
Cell structure
Protein
synthesis
Unknown
Protein
synthesis

Metabolism

Unknown
Protein

synthesis
Unknown

Protein
synthesis
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Table 2.6 continued

1003 0.686956  0.065159  High light inducible protein (Acaryochloris marina MBIC11017) 2.00E-06  Stressresponse
454 -0.82482  0.066243  No sequence similarity found - Unknown
SNF2 family chromodomain-helicase DNA-binding protein (Nectria DNA
252 0.813737 0.067794  haematococca mpV| 77-13-4) 2.00E-14  modification
100 -0.81152  0.068111  pGl protein (Lactobacillis jensenii) 6.00E-09  Cell structure
562 0.811088 0.068173  Hypothetical protein - Unknown
221 -0.81076  0.06822 Unknown (Zea mays) 3.00E-09  Unknown
470 -0.78763  0.071667  No sequence similarity found - Unknown
476 -0.78447  0.072158  GDP-fucose transporter 1 (Caligus clemensi) 5.00E-08  Metabolism
Protein
1041 0.740829 0.079485 CHCH domain containing protein (Pyrenophora tritici-repentis Pt-1C-BFP) 0.004 processing
Cytidine and Deoxycytidylate deaminase family protein (Rhodobacterales
1010 0.732751  0.080962  bacterium HTCC2654) 0.15 Metabolism
583 -0.72097  0.083189  Hypothetical protein 54 Unknown
100 -0.71854  0.083661 pGl protein (Lactobacillis jensenii) 6.00E-08  Cell structure
466 -0.71451  0.084449  Glycolipid transfer protein domain-containing protein 1 (Homo sapiens) 6.00E-04  Cell structure
Protein
428* 0.350777 0.083533  Putative serine protease-like protein (Oryza sativa) 1.00E-24  processing
991* 0.227905 0.085252  Phosphoserine phosphatase 1.00E-16  Metabolism
897* -0.63652  0.10217 Phosphotidyl serine decarboxylase (Vibrio fischeri ES114 ) 2.00E-28  Metabolism
675* -0.55672  0.12655 Alanine-glyoxylate aminotransferase (Griffithsia japonica) 2.00E-95 Respiration

* Represents G. gracilis genes that failed to meet the criteria for significant differential expression after 24
hours of exposure to disease elicitors. Functional annotation after cDNA sequencing and literary evidence
suggested possible roles in biotic stress responses in other organisms. These genes were therefore earmarked for

further investigation in future transcriptional regulation experiments (Chapter 3).
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Sequencing and subsequent BLAST analyses (BLASTn and BLASTX) of the cDNA inserts
revealed a significant degree of redundancy in the 50 differentially expressed genes (Table
2.6). For example, three separate cDNA inserts displayed sequence homology to a pGl
protein from Lactobacillus jensenii; five were homologous to a chloroplast hypothetical
protein from Zea mays and five more were homologous to a putative 23S ribosoma RNA
protein from Vigna unguiculata. Redundancy was not a surprising result since the EST
libraries used to construct the microarrays were not normalized. This resulted in over-
representation of genes that were highly-expressed at the time of EST library creation.
Redundancy in the respective cDNA sequences was later confirmed when they were aligned
using multiple sequence analysis. In each case, a 100% homology between sequences was
observed (data not shown). A large proportion (53%) of G. gracilis genes displayed no
significant homology to genes in genome databases or aternatively showed significant
homology to genes of unknown function (Figure 2.9). This finding was corroborated by
Lluisma and Ragan (1997) who showed that out of 200 G. gracilis ESTs they constructed,
146 (73%) showed no significant matches to previously characterized genes. In a similar
study, Collén et al. (2006) observed that even though several C. crispus genes were
significantly regulated by methyl jasmonate, they could not be functionally annotated. Ho et
al. (2009) and Teo et al. (2008) observed that up to 50% of the genes differentially expressed
in G. changii could not be functionally annotated either. Altogether these findings suggest
that G. gracilis, and other red macroalgae, may harbour several unique genes previously
uncharacterized with a biotic stress response. Regardless of the evidence suggesting that
activated defence mechanisms are conserved in macroalgae and higher organisms (Chapter
1), mechanisms of defence in marine organisms may deviate from the expected model.
Further scientific investigation is required to characterize the defensive roles of these novel
genes. Classification of the differentially expressed G. gracilis genes according to molecular
function (Table 2.6) reveaed that six major groups were active after 24 hours of exposure to
disease licitors (Figure 2.9). These included genesinvolved in stress responses, metabolism,
respiration, cell structure, protein processing or synthesis and DNA modification. Down-
regulated genes encoded various protein products including thioredoxin, asparaginase,
phosphoglycolate phosphatase, peroxiredoxin-like, cysteine desulphurase and polyubiquitin.
Genes that were up-regulated encoded protein products for a tRNA-dihydrouridine synthase,
a high light inducible protein, a SNF2 family chromodomain-helicase DNA-binding protein
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and CHCH domain containing proteins. These findings have therefore proved that exposure
to disease dlicitors lead to transcriptional regulation of various genes in the macroalga G.
gracilis. In addition, the study provided important clues with regard to the specific function
of some of the transcriptionally regulated genes.

Protein
Processing
3%

Stress Response

9% \

Cell Structure

9%
Unknown Metabolism
53% 14%
Respiration
3%

DNA Modification Protein Synthesis
6%
3%

Figure 2.9 Representative pie chart of the distribution of molecular functions (Lee et al. 1999)
associated with G. gracilis genes significantly differentially regulated after exposure to defence
elicitors after 24 hours. In total, n = 50 cDNA inserts were sequenced. Redundant sequences were
consolidated and the gene was only counted once which reduced the number of sequences used to
create thispie chart ton = 34.
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Another notable observation was that several differentially expressed genes originated from
the 18 day nitrogen limitation EST library. This finding suggested a possible overlap in the
genetic pathways activated when G. gracilis is challenged by biotic (pathogen attack) or
abiotic (nitrogen limitation) stresses which is further supported by Mantri et al. (2010) and
Fujita et al. (2006) who propose possible cross-talk between the various signalling pathways
active during biotic and abiotic stresses. Furthermore, the choice to include both EST
libraries in the construction of the microarray ensured enrichment of stress-related genes
which would not necessarily be expressed under normal (non-stress) conditions. However,
identification of transcriptionally regulated genes depended solely on whether or not those
genes were present on the microarray. This point highlighted one limitation of this study,
namely the relatively low density of the microarray. If a gene that was highly regulated at 24
hours post exposure to disease elicitors was not represented as a cDNA probe on the
microarray, it would not have been detected in this study. Microarray studies of the red
macroalga Gracilaria changii (Ho et al., 2008; Teo et al., 2007) contained amost double the
number of cDNA probes (~3300). Collén et al. (2006) constructed a cDNA microarray
comparable in size to this study (~1920 cDNASs) with the exception that the cDNAs had been
sequenced and redundancy was minimized which enabled a more informed selection of genes
for the construction of the microarray. Another limitation that arose due to the small density
of the microarray was that the complete transcriptome could not be assessed. In contrast, a
microarray study of the brown seaweed Ectocar pus siliculosus assayed expression of 12250
cDNAs obtained by sequencing clones from six different stress libraries (Dittami et al.,
2009). Such large coverage of the E. siliculosus genome ultimately represented the entire
genome and was able to highlight ‘the complete transcriptome picture’. Analysis of
individual genes, as well as clustering of coordinated genetic responses to the stress under
investigation (for comparing independent microarray experiments), can be easily performed
with high density microarrays. This point does not suggest that the current study is flawed in
any way, but merely implies that clustering of transcriptionally regulated genes according to
function is limited with a small data set (34 differentially expressed G. gracilis genes). In
order to characterize the defence transcriptome of G. gracilis in its entirety, the complete
nuclear (and plastid) genome will ultimately be required to create higher density microarrays.
Nevertheless, this current G. gracilis microarray study (i.e. 34 significantly differentialy
expressed genes) was compared to a microarray study published by Schenk et al. (2000).
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The latter study utilised cDNA microarrays to examine transcriptional changesin A. thaliana
following a 72 hour fungal pathogen infection (Alternaria brassicicola) or after a 24 hour
exposure to the defence-related signalling molecules salicylic acid, methyl jasmonate and
ethylene. All the A. thaliana genes (~2375) present on the microarray were functionally
annotated by Schenk et al. (2000), whereas sequence information was only established for the
differentially expressed G. gracilis genes in this study (Table 2.6). Since the cDNA
microarrays in both studies did not represent the entire genome of either organism, it was
decided to assess whether differentially expressed G. gracilis genes could be matched to a
homologous A. thaliana gene in order to compare expression patterns in response to the
respective biotic stresses. This approach was obviously limited because it failed to (and
could not) take into account possible gene isoforms, nor could it predict whether the protein
product of each ‘homologous gene had the same sub-cellular localization and biochemical
function. Moreover, the biotic stress treatments in the two experiments were fundamentally
different. Even though experimental evidence suggests that evolutionarily conserved
components of the defence mechanisms of G. gracilis and higher plants may be similarly
activated (or repressed), it cannot be assumed that homologous genes would exhibit similar
transcriptional regulation under the different conditions tested in the two studies. In other
words, comparative transcriptome analyses of G. gracilis and A. thaliana that were both
exposed to methyl jasmonate or pathogen infection would be more conducive to drawing
valid biological conclusions. Collén et al. (2006) recently demonstrated altered
transcriptiona patterns in another red macroalga (C. crispus) following exposure to methyl
jasmonate. However, a similar study has not yet been conducted with G. gracilis. Thus,
similarities and discrepancies in the transcriptional regulation of homologous genes in the
two studies are not unexpected. For example, an A. thaliana cytosolic thioredoxin
(Accession number T43570) was transcriptionally up-regulated in response to fungal
infection as well as exposure to salicylic acid and methyl jasmonate, but repressed by
ethylene (Schenk et al., 2000). A second A. thaliana cytosolic thioredoxin (218522) was
down-regulated in response to fungal infection but up-regulated upon exposure to methyl
jasmonate and ethylene. In this study, a G. gracilis cytoplasmic thioredoxin was down-
regulated after 24 hours of exposure to disease elicitors. Polyubiquitin genes displayed
significant transcriptional regulation in both studies. One A. thaliana homologue (H37347)
was down-regulated in response to all treatments. Similarly, a G. gracilis polyubiquitin
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homologue was down-regulated in response to the presence of disease elicitors. In contrast, a
different A. thaliana polyubiquitin homologue (N64950) was up-regulated during pathogen
infection and exposure to salicylic acid and methyl jasmonate but down-regulated upon
exposure to ethylene (Schenk et al., 2000). Genes encoding polygalacturonase exhibited
significant transcriptional regulation in both studies. An A. thaliana homologue (R29820)
was up-regulated during pathogen infection and after exposure to salicylic acid, methyl
jasmonate and ethylene. In contrast, the G. gracilis homologue was down-regulated after 24
hours of exposure to elicitors. A G. gracilis serine protease-like gene transcript was found to
be up-regulated in the current study. While serine protease-like gene homologues were not
present on the A. thaliana microarray, mRNA transcripts encoding other proteases, i.e. a
cysteine protease (T04773) and an aspartic protease (T75975), displayed significant
transcriptional regulation during pathogen infection and exposure to defence-related
signalling molecules (Schenk et al., 2000). No other A. thaliana genes were identified in the
Schenk et al. (2000) study that are homologues of the remaining differentially expressed G.
gracilis genes identified in this study (Table 2.6), further emphasizing the importance of
comprehensive genome coverage in microarray experiments. Nevertheless, it is possible to
extract biologically relevant data from comparative microarray studies involving G. gracilis
if homologous genes are present on both sets of cONA microarrays and/or if transcriptional

changesin response to similar biotic or abiotic stresses are assessed.

It was obvious that comparison between the current G. gracilis microarray study (i.e. 34
significantly differentially expressed genes) and an A. thaliana microarray study (Schenk et
al., 2000) was limited due to the low density of the G. gracilis microarray. Therefore, the
transcriptional response of C. crispus following exposure to methyl jasmonate exposure
(Collén et al., 2006) was compared to the transcriptional response observed in A. thaliana
following methyl jasmonate exposure. It was thought that any similarities in transcriptional
regulation patterns between another red macroalga (C. crispus) and higher plants would
support the similarities observed between G. gracilis and higher plants. Cheong and Choi
(2003) demonstrated that the genes up-regulated by methyl jasmonate in higher plants
typically included those involved in jasmonate synthesis, cell wall formation, secondary
metabolism and stress or defence proteins. Following exposure to methyl jasmonate,
transcriptional up-regulation of potential stress genes was similarly observed in C. crispus
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(Collén et al., 2006). These included glutathionine Stransferae (GST), heat shock protein
(HSP), and an oxidoreductase protein (Taki et al., 2005). In adifferent study, jasmonic acid,
a member of the jasmonate class of plant hormones, was also shown to cause an increase in
MRNA transcript levels corresponding to epimerase, GST and antioxidant genes (catalase and
manganese superoxide dismutase (Mn-SOD)) in A. thaliana (von Rad et al., 2005) which was
corroborated in C. crispus (Collén et al., 2006). Interestingly, a putative stress gene of G.
gracilis (high-light inducible protein) was transcriptionally up-regulated following exposure
to disease elicitors for 24 hours. However, two other genes annotated to stress responses, i.e.
thioredoxin and peroxiredoxin-like, were both down regulated after 24 hours. In addition to
the genes transcriptionally up-regulated following exposure to methyl jasmonate in A.
thaliana and C. crispus, the transcription of various other genes was down-regulated. These
included genes predominantly involved in energy conversion and general metabolism which
suggested that exposure to methyl jasmonate resulted in a proclivity toward defence rather
than growth in red macroagae and higher plants (Collén et al., 2006). Similarly, a pattern of
transcriptional down-regulation for G. gracilis genes involved in general metabolism (i.e.
chloroplast hypothetical protein, asparaginase, putative ATP synthase CFO subunit |, putative
cysteine desul phurase, GDP-fucose transporter and PSD) (Table 2.6) was observed following
exposure to disease elicitors which corroborated the parallels observed between A. thaliana
and C. crispus following exposure to methyl jasmonate.  However, the specific
characterisation of methyl jasmonate signalling in G. gracilis is required to draw more
conclusive results. In addition, a greater proportion of G. gracilis stress genes need to be

represented in future microarray experiments.

2.3.7 Possible roles of functionally annotated G. gracilis genes in the context of

activated defence

Functionally annotated genes which displayed differential expression and significant E-
values (< 1€%) for sequence homology will each be briefly discussed in order to propose
possible biological roles for their protein products in an activated defence response in G.
gracilis. Obvioudly, genes associated with unknown biological functions or hypothetical

protein products cannot be discussed further. Differential expression of these un-annotated
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genes suggests that G. gracilis may have several unique genes which constitute its activated
defence responses. For the sequenced genes that were not significantly differentially
expressed after 24 hours of exposure to disease elicitors, any published scientific evidence
that links them to activated defence in other organisms warranted further investigation
because gPCR analyses were planned to not only validate the microarray results for a few
genes, but also to assess transcriptiona regulation at earlier time-points relative to 24 hours
of exposure to disease élicitors (Chapter 3).

2371 Significantly differentially expressed G. gracilis genes

Thioredoxin proteins belong to the thioredoxin family which include all proteins that
exclusively encode a thioredoxin (TRX) domain. Thioredoxins are small (~12 kDa),
ubiquitous proteins capable of altering the redox state of target proteins via reversible
oxidation of its active site (a dithiol present in a CXXC motif) partially exposed on the
surface of the protein. The active site reduces disulphide bonds in the target protein which
results in the formation of a disulphide bond in the active site of thioredoxin. Thioredoxin is
then converted back to its active form by a thioredoxin reductase enzyme which uses NADH
or ferredoxins as reducing equivalents (Baumann and Juttner, 2002). Scientific evidence has
implicated thioredoxins in several cellular processes, including regulation of various enzymes
(Arnér and Holmgren, 2000; Holmgren, 1989), modulation of transcription factors (Hirota et
al., 1999; Schenk et al., 1994), as hydrogen and electron donors (Holgrem, 1989), protection
of cellular components against oxidative damage via the formation of disulphides or for the
direct reduction of reactive oxygen species and other antioxidant proteins such as
peroxiredoxin (Arnér and Holgrem, 2000; Chae et al., 1994). A G. gracilis cDNA clone
exhibiting significant sequence homology to a cytosolic (type h) thioredoxin from Griffithsia
japonica was down-regulated (M = —0.67) after 24 hours of exposure to disease dlicitors.
Cytoplasmic localization of the G. gracilis thioredoxin was confirmed using bioinformatics

services available at http://www.expasy.ch. ChloroP, Predotar and TargetP all failed to detect

transit peptides for locaization to plastids, the endoplasmic reticulum or mitochondria
(Appendix 