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This beautiful image is an arrangement of diatoms by Klaus D. Kemp 

(www.diatoms.co.uk) and it reminds me how fantastic and diverse these organisms are.  

Since it has been on the wall beside my desk inspiring me to write it seems appropriate 

that it has a place in my thesis. 
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Abstract 

Diatoms are thought to be responsible for up to 20 % of global primary productivity and carry out a 

range of ecosystem services, including an important role in the global sulphur cycle through the 

production of DMSP, precursor of the volatile sulphur compound DMS. After identifying here that 

the intracellular concentration of DMSP in Thalassiosira pseudonana (CCMP 1335) increased with 

increased salinity, increased light intensity and nitrogen starvation, these conditions were used in 

one of the first proteomic studies on the adaptive responses of a marine diatom to different growth 

conditions. Alongside this, gene expression analysis and enzyme activity quantification were also 

used to study sulphur metabolism and DMSP synthesis in this species. The findings presented 

suggest that increased sulphur assimilation is not required for increased DMSP synthesis; instead 

the availability of carbon and nitrogen substrates may be important in the regulation of this 

pathway. This is quite different to the regulation of sulphur metabolite synthesis in higher plants, 

which generally involves the up-regulation of sulphur assimilatory enzymes. Furthermore, changes 

relating to sulphur metabolism were specific to the individual treatments and little coordination was 

seen in transcript and protein response across the three growth conditions. Therefore, different 

patterns of regulation might be responsible for the increase in DMSP concentration seen under each 

treatment. Nitrogen metabolism is also of great interest since the availability of this nutrient limits 

primary production in large areas of the world‟s ocean. Therefore the T. pseudonana proteome 

response to nitrogen availability was investigated further and comparisons were drawn between the 

transcriptome response of this species, the higher plant Arabidopsis, green alga Chlamydomonas 

reinhardtii and the cyanobacterium Prochlorococcus marinus to nitrogen starvation. The results 

suggest that the response of diatom carbon metabolism to nitrogen starvation has more in common 

with the cyanobacterium than with other photosynthetic eukaryotes. 
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Chapter 1. Introduction 

 

1.1. Overview 

In this introduction I will first outline the important contribution that diatoms make to ecological 

processes. I will then give a brief history of their unusual evolution and describe how this has 

affected the diatom genome. Since a large proportion of this project was on sulphur and nitrogen 

metabolism I will discuss the relationship between marine phytoplankton and the cycling of these 

nutrients and describe what is known about their metabolism in diatoms. We so far do not have a 

complete understanding of these metabolic pathways in diatoms and I will therefore also describe 

what is known for photosynthetic eukaryotes generally, which will enable us to draw comparisons 

between diatoms and other organisms and develop hypotheses about general and specific regulation 

of nitrogen and sulphur metabolism. 

  

1.2. An Introduction to Diatoms 

1.2.1. Ecology 

Diatoms are a major group of eukaryotic phytoplankton in the contemporary ocean and with an 

estimated 200,000 species they are certainly one of the most diverse (Mann and Droop 1996; 

Kooistra et al. 2007). Individual diatom cells vary in size by three orders of magnitude, from µm to 

mm, and are classified as either centric or pennate based on their symmetry. Diatoms are 

characterised by their silica frustule, which is formed by two parts that fit together like a Petri dish. 

This casing is laid down in very precise, ornate, species specific patterns that are reproduced from 

generation to generation. 
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Perhaps owing to their diversity, diatoms are found throughout the world‟s oceans from tropical to 

polar latitudes; they exist wherever there are adequate nutrients and light availability. Diatoms are 

highly successful in coastal and upwelling regions where they can form massive blooms reaching 

thousands of cells per millilitre (Suzuki et al. 2011). The shear abundance of diatoms in these 

regions makes them an important basis for marine food webs and they support large-scale fisheries, 

such as anchovies in the Peruvian upwelling (Bruland et al. 2005). Diatoms are also dominant in 

sea-ice, where they have adapted to the hypersaline brine channels that form within the ice. Ice 

cover is generally limiting to terrestrial primary production and in the Arctic and Antarctic both 

marine and terrestrial food chains are therefore reliant on diatom productivity (Armbrust 2009).  

 

Global primary production based on satellite measurements is estimated to be approximately 104.9 

pg carbon per year to which the ocean and terrestrial environments are thought to make roughly 

equal contributions (Field et al. 1998). It is proposed that diatom productivity accounts for around 

40 % of the 45 to 50 pg carbon generated by the ocean, which is comparable to the productivity of 

all terrestrial rainforests combined (Nelson et al. 1995; Field et al. 1998). 

 

In addition to their contribution to marine food webs, the productivity of diatoms also has a major 

role in the sequestering of carbon in the deep ocean through the biological carbon pump. This is a 

major carbon sink and important in the regulation of atmospheric CO2 levels. The accumulation of 

settling diatom cells in the deep ocean over geological timescales has formed huge deposits of 

silica, or diatomaceous earth, which can be more than 1 km thick (Sims et al. 2006). 

 

1.2.2. Evolution 

Diatoms are eukaryotic photoautotrophs that belong to the heterokont algae (also known as 

stramenopiles). Having evolved from a secondary endosymbiotic event diatoms are sometimes 

grouped with the chromoalveolates, that also includes the coccolithophores and dinoflagellates and 

although this term can be considered outdated, since this group is now thought to be polyphyletic 

(discussed in Parker et al. 2008), it is useful for discussion of organisms that evolved by this route. 
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Members of the chromoalveolates have a fascinating evolutionary history (Figure 1.1). The plastids 

of the Plantae that enable their phototropic life style were formed by a primary endosymbiotic 

event involving the engulfment of a cyanobacteria-like photosynthetic prokaryote by a 

heterotrophic eukaryote around 1.5 billion years ago (Falkowski et al. 2004a; Yoon et al. 2004). 

These primary endosymbionts diverged into two distinct plastid lines, the chloroplasts of green 

algae and higher plants and the rhodoplasts of the red algae. Red algal fossil evidence places this 

split at more than 1.2 billion years ago (Butterfield 2001). The chloroplast line use chlorophyll a 

and b for light harvesting, whereas the rhodoplasts contain chlorophyll a and phycobilisomes.  

 

 

 

Figure 1.1. A simplified illustration from Armbrust (2009) of a. the primary endosymbiotic event that gave 

rise to green algae, higher plants and red algae, and b. the secondary endosymbiotic engulfment of a red algal 

cell, a process which formed the diatoms and other chromoalveolates. 
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The first milestone in deciphering diatom evolution was the observation of Gibbs et al. (1981) that 

plastids of diatoms and other chromoalveolates, are surrounded by four membrane layers, 

compared to the two membranes of plastids in green and red algae and higher plants. This 

observation was best explained by a hypothesis that the plastids of these algae had evolved from a 

secondary endosymbiotic event in which a photosynthetic eukaryote was engulfed by a 

heterotrophic eukaryote. The discovery of residual secondary nuclei (or nucleomorphs) between the 

second and third membrane layers of some species, further supported this hypothesis (Douglas et 

al. 2001). Analysis of plastid ribosomal RNA and the comparison of plastid genomes infers a red 

algal origin of the diatom plastid (Bhattacharya and Medlin 1995).  

 

Molecular clock estimates, based on the divergence of ribosomal gene sequences, place the 

emergence of diatoms as early as 250 million years ago (Sorhannus 2007). However, the earliest 

fossil evidence of diatoms are reported to have been found in 180 million year old sponge reef 

deposits from southern Germany (Rothplez 1896 in Kooistra et al. 2007). Some of the 

disagreement between molecular and fossil dating might be due to poor preservation of the silica 

frustules in oceanic habitats. Both molecular clock (Yoon et al. 2004) and fossil evidence (Kooistra 

et al. 2007) indicate that centric diatoms arose first followed by the pennate form, although there is 

again some disagreement in dating. Katz et al. (2005) proposed that the emergence of diatoms, 

along with the coccolithophores and dinoflagellates, brought about important changes in the carbon 

cycling of the ocean, since these large cells have higher sinking rates than the previously dominant 

cyanobacteria thereby increasing the rate of carbon capture in the deep ocean.  

 

1.2.3. Genomes 

The endosymbiotic theory predicts a great complexity for diatom genomes, which have been 

formed from at least four sources (bacterial precursors for mitochondria and primary plastids, 

eukaryotic acceptors of primary and secondary plastids). The sequencing of two diatom genomes, 

the 32.4 Mb genome of the centric species Thalassiosira pseudonana with a predicted 11776 genes 

(Armbrust et al. 2004) and the 27.4 MB genome of pennate diatom Phaeodactylum tricornutum 
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with a predicted 10402 genes (Bowler et al. 2008), indeed showed that diatom nuclear genes 

originate from the exo- or endosymbiont of both the primary and secondary event. With each 

endosymbiotic event genes were transferred from the endosymbiont to the host nucleus (Falkowski 

et al. 2004a) and because of this the diatom genome is often described as chimeric. This 

evolutionary history distinguishes diatoms (and other chromoalveolates) from higher plants and 

green algae.  

 

The diatom photosynthetic apparatus is likely to have been acquired from the original primary 

prokaryotic endosymbiont, via the secondary red algal endosymbiont, since many diatom proteins 

shared by all groups of eukaryotic photoautotrophs are found to be involved in chloroplast 

functions (Armbrust et al. 2004). On the other hand, Armbrust et al. (2004) demonstrated that 806 

T. pseudonana predicted proteins align with Mus musculus (mouse) proteins, but not green plant 

Arabidopsis thaliana or red alga Cyanidioschyzon merolae and are thus most probably remnants of 

the heterotrophic eukaryote acceptors. A surprising discovery in the diatom genome was a 

complete urea cycle that had not been found in eukaryotes outside the Metazoans (Allen et al. 

2006). Both diatom genomes were also found to contain approximately 7.5 % bacterial genes, 

which is considerably higher than in other eukaryotes (Bowler et al. 2008, Armbrust et al. 2004). 

These are likely to have been incorporated by horizontal gene transfer, which is not entirely 

unexpected since there are reports of close associations between diatoms and bacteria (Carpenter 

and Janson 2000; Zehr and Ward 2002; Schmid 2003). The presence of genes in diatom genomes 

not found in other photosynthetic eukaryotes provides the potential for novel metabolic processes. 

Nunn et al. (2009) have now characterised the T. pseudonana proteome, demonstrating that many 

of these proteins of interest are translated and are therefore likely to be active in the cell.  

 

The sequencing of diatom genomes and proteome has provided a wealth of information on the 

evolution and success of these organisms and has also accelerated the development of a molecular 

toolbox for these organisms (Armbrust 2009), because of this I have chosen to focus on T. 

pseudonana (strain CCMP1335) in this project, which has become a model organism for centric 
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species and has been used in physiological studies of diatoms. T. pseudonana (CCMP 1335) was 

originally isolated from Moriches Bay, Long Island, New York. 

 

1.3. Sulphur  

1.3.1. Algae and the global sulphur cycle  

Marine phytoplankton play a key role in the global sulphur cycle through the synthesis of 

dimethylsulphoniopropionate (DMSP); the main route for the production of the volatile sulphur 

compound dimethylsulphide (DMS) is through the lysis of DMSP, a process which also produces 

acrylate. It is currently thought that DMSP lysis occurs outside the cell and that only a small 

proportion of DMSP released is from healthy cells and it is more often mediated by viral lysis of 

the cell or grazing (Wolfe and Steinke 1996; Malin et al. 1998). An external DMSP lyase enzyme 

has been identified in the prymnesiophyte Phaeocystis (Stefels and Dijkhuizen 1996), although it 

has yet to be confirmed in other species. Marine bacteria are also able to convert DMSP to DMS 

(Todd et al. 2009) and a large proportion of DMS in the water column is consumed by microbial 

processes, however, a proportion is released, providing the most substantial biogenic source of 

sulphur to the atmosphere (Kiene et al. 2000) (Figure 1.2). 

 

The sea-to-air flux of DMS transfers sulphur from the oceans, which are a major sulphur reservoir, 

to the relatively sulphur-limited land (Lovelock et al. 1972). Furthermore, once in the atmosphere, 

DMS oxidises to form aerosol particles, which have a cooling affect on the climate (Figure 1.2), 

directly through the refection of solar radiation and indirectly through the formation of cloud 

condensation nuclei (Charlson et al. 1987). The global annual flux of DMS from the oceans into the 

marine atmosphere is thought to be between 15 and 33 Tg sulphur per year (Kettle and Andreae 

2000) and Watson and Liss (1998) estimate that DMS emissions have around a 4 °C cooling affect 

on the planet. Despite the importance of DMSP production in the sulphur cycle and climate 

regulation, there has been limited research into basic sulphur metabolism in marine phytoplankton. 
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We have very little direct knowledge of this pathway in most phytoplankton species, including 

diatoms, and know almost nothing about its regulation. 

 

 

 

 

Figure 1.2. Marine biogeochemical cycling of DMS and DMSP (Stefels et al. 2007). Marine phytoplankton 

take up sulphate from the oceans and convert it to DMSP. This is then broken down by the algal metabolism 

and microbial interactions to DMS, a volatile sulphur compound. A complex network of interactions then 

determines how much of this DMS enters the atmosphere through sea-to-air gas exchange, where it is 

oxidised to form aerosol particles and subsequently cloud condensation nuclei (CNN). Processes dominated 

by phytoplankton are shown in green ellipses, zooplankton processes are shown in blue, red represents 

bacterial processes and black ellipses are abiotic factors. Dissolved inorganic matter (DOM); 

dimethylsulphoxide (DMSO); methanethiol (MESH); mercaptopropionate (MPA); 

Methylmercaptopropionate (MMPA); methanesulphonic acid (MSA)  
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Considerable variability in DMSP production has been observed between phytoplankton taxa 

(Keller et al. 1989). The Dinophyceae and the Prymnesiophyceae are the highest DMSP producers 

with intracellular concentrations in excess of several hundred mmol l
-1

 in some species, although 

diatoms and members of other groups can also produce significant amounts. The chlorophytes on 

the other hand produce very little DMSP (Keller et al. 1989), with the exception of seaweeds such 

as Ulva lactuca (Dickson et al. 1980; Dickson et al. 1982). In addition to taxonomy, external 

factors, such as nutrient availability, salinity and temperature can cause variations in DMSP 

production. Multiple cellular functions have been proposed for DMSP and its primary role in the 

cell remains an area of debate. 

 

1.3.2. The Role of DMSP in the Cell 

1.3.2.1.  Osmolyte 

There is strong evidence that DMSP is involved in osmoregulation; it is notable that DMSP is 

produced almost exclusively by marine phytoplankton and seaweeds, whereas freshwater algae 

produce little or no DMSP (Keller et al. 1989), implying that DMSP production is an adaptation for 

halotolerance. However, there may be additional factors that might contribute to this distinction; 

sulphur availability is higher in seawater (28 mM) than freshwater (0.01 to 1 mM) (Ratti et al. 

2011) and fresh water habitats might be affected less by nutrient limitation. DMSP does have a 

similar zwitterionic structure as the compatible solutes proline and glycine betaine, which are 

present in many algae and some halophytic higher plants (Figure 1.3) (Vairavamurthy et al. 1985). 

The compatibility of DMSP has been confirmed by the study of its effect on enzyme activities in 

extracts of the prasinophyte Tetraselmis subcordiformis (Gröne and Kirst 1991). 
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Figure 1.3. Structural formulae for the compatible solutes proline, glycine betaine, and DMSP.  

 

Intracellular DMSP concentration has been found to increase under conditions of increased salinity 

in a number of algal species including the intertidal macroalga U. lactuca (Dickson et al. 1980; 

Dickson et al. 1982) and in both the coccolithophore Pleurochrysis carterae (Vairavamurthy et al. 

1985) and the dinoflagellate Crypthecodinium cohnii (Kadota and Ishida 1968). The role of DMSP 

in osmoregulation is further supported by a reduction in the concentration of DMSP in T. 

subcordiformis (Dickson and Kirst 1986) and P. carterae (Vairavamurthy et al. 1985) cells when 

transferred to a lower salinity medium and both groups of authors propose that DMSP is released to 

the medium. 

 

However, intracellular DMSP levels are not found to increase under hyperosmotic stress in all algal 

species. Stefels and Dijkhuizen (1996) did not detect any significant changes in the intracellular 

DMSP concentration of Phaeocystis after 6 hour high and low salinity shocks. In the macroalga 

Ulva intestinalis DMSP levels remained stable with increasing salinity while proline and sucrose 

were found to increase (Edwards et al. 1987), suggesting that these compounds are preferentially 

used in the hyperosmotic stress response of this species.  

 

Marine phytoplankton rely on a range of osmoregulatory compounds, including quaternary 

ammonium compounds (e.g. glycine betaine), amino acids (e.g. proline), and the tertiary 

sulphonium compound DMSP (Stefels 2000). However, not all organic solutes have equal 

protective properties and the energetic cost and nitrogen and carbon requirements of their 
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production can differ (Stefels 2000). Solute production may, therefore, depend on the physiological 

state of the cell and some compounds might be preferentially produced over others. Many of the 

solutes found in marine phytoplankton are nitrogen based, e.g. proline and glycine betaine (GBT). 

Since DMSP is sulphur based and does not contain nitrogen it might replace such osmolytes under 

nitrogen limited conditions. There is evidence suggesting that DMSP production is related to 

nitrogen availability; three out of four algal species examined by Keller and Korjeff-Bellows 

(1996) had increased DMSP content when cultures were grown in nitrogen limited conditions 

relative to nitrogen replete cultures. Similarly, 75 to100 % higher DMSP levels per cell were 

observed in nitrogen limited T. subcordiformis cultures compared to a non-limited control (Gröne 

and Kirst 1992). In continuous cultures of T. pseudonana the intracellular DMSP concentration was 

inversely related with glycine betaine during nitrogen limited growth conditions (Keller et al. 

1999). This relationship, however, was not seen in Amphidinium carterae (Keller et al. 1999) so 

there might be a significant variation in DMSP function.  

 

1.3.2.2. Cryoprotection 

The compatibility of DMSP with protein structure is increased at low temperatures (Nishiguchi and 

Somero 1992), suggesting that, besides its role in osmoregulation, DMSP may also function as an 

effective cryoprotectant. Supporting this role Sheets and Rhodes (1996) found that intracellular 

DMSP concentration increased 8-fold with decreasing growth temperature, from 23 to 5 °C, in T. 

subcordiformis. DMSP has also been found to accumulate in Emiliania huxleyi cells at low 

temperatures (van Rijssel and Gieskes 2002). In polar macroalgae intracellular DMSP 

concentrations were higher in strains cultured at 0 °C compared to strains cultured at 10 °C 

(Karsten et al. 1992; Karsten et al. 1996). The concentrations found in these strains are thought to 

be high enough to protect enzymes in the macroalgal tissue after periods of freezing and in extracts 

from the polar macroalga Acrosiphonia arcta DMSP appears to stabilise the activity of malate 

dehydrogenase at low temperatures (Karsten et al. 1996). A stabilising affect was also observed 

when DMSP was added prior to freezing and thawing of preparations of the cold labile enzyme 
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lactate dehydrogenase (Karsten et al. 1996). This stabilising effect increased with increasing DMSP 

concentration and became stronger than that of proline and sucrose. 

 

1.3.2.3. Antigrazing 

A number of grazing experiments have suggested that DMSP may also have a role in chemical 

defence. When DMSP is broken down, by the enzyme DMSP lyase, DMS and acrylate are 

produced (Wolfe et al. 2002; Evans et al. 2007). Sieburth (1960) was first to suggest that DMS may 

be a by-product and that acrylate is produced as a toxin. It has since been demonstrated that during 

protozoan grazing on the coccolithophore E.huxleyi, the conversion of DMSP to DMS by the prey 

is increased (Wolfe and Steinke 1996). Lysis of ingested E. huxleyi cells is thought to initiate the 

mixing of the algal DMSP and the enzyme DMSP lyase, which are presumed to be separated 

within the cell (Wolfe and Steinke 1996). Wolfe et al. (1997) observed that although protozoan 

predators vary in their ability to ingest and survive on prey with high DMSP lyase activity, all 

grazers tested preferentially selected strains of E. huxleyi with low enzyme activity when offered 

prey mixtures. This suggests that high levels of DMSP lysis deter protozoan herbivores, 

presumably through the production of highly concentrated acrylate (Wolfe et al. 1997). 

Interestingly, such lysis reaction has analogy among higher plant and macrophytic defence-

mechanisms, such as the hydrolysis of glucosinolates (Bennett and Wallsgrove 1994) and the rapid 

conversion of halimedatetraacetate to the feeding deterrent halimedatrial upon injury of the marine 

macroalgae Halimeda (Paul and Van Alstyne 1992).  

 

1.3.2.4. Overflow mechanism 

In the photic zone of the marine environment, light is not usually a growth-limiting factor; the 

requirement for nutrients is generally more critical. Stefels (2000) has hypothesised that DMSP 

may act as an overflow metabolite when growth is unbalanced by nutrient limitation. When 

captured energy cannot be utilised for growth, DMSP production may allow the dissipation of 

excess energy into the reduction of sulphate. In the marine environment, sulphate is a nutrient in 

excess, whereas nitrogen often limits phytoplankton growth. As discussed previously, nitrogen 
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limitation does appear to result in increased DMSP concentration in a number of algal species. In 

addition, DMSP production may keep the concentration of cysteine and methionine low, preventing 

inhibitory feedback mechanisms and allowing the continuation of metabolic pathways (Simó 

2001), since intracellular DMSP level is generally much higher than that of methionine and its 

precursor cysteine.  

 

1.3.2.5. Antioxidant function 

In an alternative hypothesis for increased DMSP production under nutrient limitation Sunda et al. 

(2002) suggest that DMSP might be part of an antioxidant defence system. Reactive oxygen 

species (ROS; superoxide radicals, hydrogen peroxide and hydroxyl radicals) are formed when 

reduced components of the photosynthetic electron transport chain react with molecular oxygen to 

produce singlet oxygen (Foyer and Harbinson 1994). Bucciarelli and Sunda (2003) suggest that 

disruption of photosynthesis due to metabolic imbalance, e.g. during nutrient limitation, leads to 

increased ROS production, possibly due to a reduced rate of CO2 fixation in the Calvin Benson 

cycle (Govindjee et al. 1973) and/or inefficient electron transport within the photosynthetic 

electron transport chain. The formation of ROS is also accelerated under stress conditions, such as 

low temperature and high salinity (Butow et al. 1998; Noctor and Foyer 1998), which have been 

found to increase DMSP production in algal species, as discussed above. 

 

DMSP and its breakdown and oxidation products (DMS and acrylate, dimethylsulphoxide and 

methane sulphonic acid ) react rapidly with hydroxyl radicals (
●
OH), and thus could serve as 

effective scavengers of these highly toxic ROS (Sunda et al. 2002). Together these compounds 

potentially constitute an antioxidant system, which could be more effective at scavenging 
●
OH in 

high DMSP algae than other well-recognised antioxidants, such as ascorbate and glutathione 

(Sunda et al. 2002). Exposure to high Cu
2+

 and H2O2 also lead to a 9- to 15-fold increase in the  

intracellular concentration of E. huxleyi; indeed, copper catalyses the reaction of H2O2 to 
●
OH 

(Sunda et al. 2002). 
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Supporting this theory a 20-fold increase in DMSP concentration has been observed in T. 

pseudonana under CO2 limitation (Sunda et al. 2002), which directly affects the Calvin Benson 

cycle and has been shown to stimulate the formation of reactive oxygen species in cultured 

phytoplankton (Vardi et al. 1999). Bucciarelli and Sunda (2003) also measured increases in DMSP 

concentration in T. pseudonana under nitrate, phosphate and silicate limitation, which all cause 

oxidative stress by decreasing photosynthetic efficiency (Lippemeier et al. 2001). DMSP may also 

replace nitrogen containing antioxidants, such as glutathione, under nitrogen limitation (Bucciarelli 

and Sunda 2003).  

 

An antioxidant function would also explain the observed increase in DMSP concentration in 

Phaeocystis at high light intensity (Stefels and Van Leeuwe 1998), since 
●
OH is a by-product of 

photosynthesis. Intracellular DMSP concentration in E. huxleyi increased by 5-100 % and DMS 

concentration by 2.4- to 36- fold in cultures grown under 30 % solar radiation, with different 

portions of the UV spectrum removed, relative to cultures grown under similar intensity of 

fluorescent light with no UV radiation (Sunda et al. 2002). In support of this hypothesis maximum 

DMS concentrations in oceanic surface waters occur in the summer when solar UV exposure is 

highest due to higher UV intensity, longer photoperiods, and shallower mixed depths (Simó and 

Pedrós-Alió 1999).  

 

1.3.3. Sulphur Metabolism 

1.3.3.1. Sulphate uptake 

Sulphate is the primary source of sulphur available in nature. To utilise sulphate, photosynthetic 

organisms must take it up and transport it to the plastids where its activation and reduction occur 

(Figure 1.4). Sulphate uptake is facilitated by a range of sulphate transporters. Higher plants 

generally use H
+
/sulphate co-transporters (Lass and Ullricheberius 1984) and these can be further 

categorised according to their substrate affinity and localisation (Buchner et al. 2004). In the green 

alga Chlamydomonas reinhardtii, three plant-like H
+
/sulphate co-transporters, SULTR1, SULTR2 

and SULT3, have been identified (Shibagaki and Grossman 2008).  
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Prokaryotic organisms, including cyanobacteria, possess a different ATP-dependent sulphate 

transport complex (Laudenbach and Grossman 1991). A homologue of one of the components of 

this ABC transporter, SulP, (Green et al. 1989; Laudenbach and Grossman 1991) has been found 

associated with the chloroplast membrane of C. reinhardtii (Chen et al. 2003). This appears to be a 

major path for sulphate entry to the plastids of this species for reduction and assimilation. A strain 

with reduced SulP expression was found to exhibit responses associated with sulphur starvation 

and both SulP mRNA and protein increased in wild type cells under sulphur starvation (Chen and 

Melis 2004; Chen et al. 2005). Similar genes have been identified in the chloroplast genomes of a 

number of green algae and lower plants including Mesostigma viride, Marchantia polymorphia and 

Anthoceros formosa (Kopriva et al. 2008). However, no orthologues of this transporter are found in 

higher plants and the nature of plant plastidic sulphate transporter remains unknown. 

 

A second prokaryotic sulphate transport system of the major facilitator superfamily (MFS) has 

been found in red algae, such as C. merolae. Accordingly, MFS is also present in algae which have 

a plastid of red algal origin, including the diatom T. pseudonana, the haptophytes Pavlova lutheri 

and Isochrysis galbana and the dinoflagellate Karlodinium micrum (Kopriva et al. 2008).  

 

1.3.3.2. Primary Sulphate Assimilation to Cysteine 

ATP-sulphurylase and APS-kinase. Sulphate is a chemically stable compound and must be 

activated by ATP to 5‟-adenylsulphate (APS) before it can be reduced, and this activation is 

catalysed by ATP sulphurylase (ATPS). The T. pseudonana genome appears to encode two 

isoforms of this enzyme, one of which is plastid targeted, whilst the lack of signal and transit 

peptide on the other suggests that it is localised in the cytosol (Patron et al. 2008). 

 

 

 

 

 


