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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.



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.



Acknowledgments

I would like to thank my supervisors Dr Gill Malin and Dr Stanislav Kopriva, firstly for giving me
the opportunity to do this research and for their constructive advice on my thesis. During the
project | have learnt a great deal from them and | greatly appreciate the time that they have
committed to advising and mentoring me. | am grateful for their enthusiasm for the project and for
creating an environment that I’ve felt confident to put forward my ideas and opinions and follow
my research interests. 1 would also like to thank Dr Thomas Mock, for advising on my supervisory
committee and as a co-author on the paper (Chapter 6). He has always brought interesting points to
our meetings and | have learnt a lot from our discussions. Within my committee | have been lucky

to have such a breadth of knowledge.

| am extremely grateful to Fran Mulholland (who is also a co-author on the paper) and Lynn
Olivier, for being so generous with their time in teaching me the 2-dimensional gel electrophoresis
techniques that were used in the proteomics study; this formed a large portion of my project.

I would also like to thank members, past and present, of the LGMAC and Kopriva labs for their
help during the project and for answering my many questions, especially Anna Koprivova for
teaching and practical advice, and Rob Utting and Gareth Lee for their technical assistance. Thanks
also to Baldeep Kular for the HPLC analysis of amino acids and also to Mike Naldrett for

conducting mass spectrometry analysis for protein identification.

To my friends, thank you for interesting discussions and welcome distractions. The people that |
have met through the UEA and JIC have made the last four years in Norwich very enjoyable. The
Clarice House ‘Women in Science Networking Workshops’ that I attended with Elizabeth, Heather

and Emma were a highlight of my time here.

To my partner Graeme Kettles, thank you for being there with me through every high and low of

the last four years with unfaltering support despite having your own PhD to complete.

To my parents, Jon and Sheila Hockin, and to my sister Lindsey thank you for your constant belief
in me and for always telling me that | can do anything. This is not a career that | could have

pursued without your support and for that | am grateful every day.



Contents

Contents

Tl Of FIgUIES. . e e e e v

Table OF TabBIES. . ..o e VIII

ADDIEVIALIONS. ... IX

(O gF=T o) (=1 O 1Y o 0o [ Tox £ o o TSRS 1
1.0 OVBIVIBW ...ttt bbbt Rt b bt et e b e bt bbb b e e ene s 1
1.2. An INtroduction t0 DIBLOMS ........eiviiiiiiiiie s 1
1.3 SUIPNUT 1.ttt ene s 6
L4 INTEFOQEIN L.ttt bbb bbbt e bbbt bbbttt e b e e eneene s 22
ST o (0] [=To A @ o 1T (NSRS 28

Chapter 2. Materials and MEthOdS. ..........cc.ccviiiiiiiiiic e 30
P R OV 1 (V] TSP TSRS 30
2.2. Measuring Intracellular DMSP CONCENIAtiON........cccccveiviieiie et 32
2.3. Two Dimensional Gel EIeCtrOPhOrESIS ........ccveiiiiiiiiiieiccte et 35
2.4, GRT-PCR. ettt b e bt ab ettt e b e e sbeesb b e sbb e e rbeebeebe e 39
2.5. APS redUCTLASE ACTIVITY ...e.vevieeieieieie sttt ene s 43
2.6. AMINO ACIUS MEASUIEIMENTS ......cuviiiiiiitiiieite sttt bbb ene s 44
2.7. THIOl MEASUIBIMENTS. ......eviititeeeeeeee ettt bbb ne i 45
2.8. NItrate IMEASUIEMENTS ......eueiiiieiiete ittt b ettt 45

Chapter 3. The Effect of Sulphate Availability, Salinity, Light Intensity and Nitrogen

Limitation on Intracellular DMSP Concentration in Thalassiosira pseudonana...................... 47
3L INEFOTUCTION ...t bbbttt 47
3.2 IMIBENOMS. ... 48
3.3. RESUILS 8N DISCUSSION ...ttt 52

Chapter 4. Insights into the Regulation of DMSP Synthesis through APR Activity, Proteomics

and Gene EXPression ANAIYSES. ......ooioiiiie ettt ettt st sre e te e e seesaeeneesaeeneeneeas 62
T 11 £ To [N 4T o USSR 62
A V] 1= { oo S SR 63



Contents

4.3. RESUILS AN DISCUSSTON ......vvviiitiitiitisieste ettt 65
Chapter 5. Diurnal Regulation of Sulphur Metabolism in Thalassiosira pseudonana.............. 81
5.1 INEFOTUCTION ...t b bttt r e ner e 81
5.2, IMIBENOUS. ... 83
5.3. RESUILS 8N DISCUSSION .....vviiiiiiiiitiiste ettt 83

Chapter 6. The Response of Diatom Central Carbon Metabolism to Nitrogen Starvation is

Different to that of Green Algae and Higher Plants...........c.ccccoveiiiiciiii s 91
8.1, INEFOTUCTION ......eiuieiiiit ettt 91
8.2, IMIBENODS. ... 94
6.3. RESUIES AN DISCUSSION .....cuviiviieiieiieiieie sttt bbbt neene s 94

Chapter 7. GeNEral DISCUSSION.........cviiiiiiitisieite sttt 114
7.1, SUMMANY OF FINGINGS ...ttt 114
7.2, FULUTE WOTK ...ttt bt 120
7.3. LONG-TEIM PEISPECLIVES ... .eiviiiieie ittt ettt s be ettt se e be e sreete e besaeenee e 122

RETEIEINCES. ...t e 124

YA o] o1 oo 1) PSP 143



Contents

Table of Figures

Figure 1.1. A simplified illustration from Armbrust (2009) of secondary endosymbiotic evolution
which formed the diatoms and other chromoalveolates................coiiiiiiiiii e, 3
Figure 1.2. Marine biogeochemical cycling of DMS and DMSP (Stefels et al. 2007)................. 7
Figure 1.3. Structural formulae for the compatible solutes proline, glycine betaine, and DMSP.....9

Figure 1.4. A proposed pathway of sulphate uptake and assimilation and the biosynthesis of DMSP
([ ULo - 1 T PP 15

Figure 1.5. A schematic showing how the urea cycle might function in the Phaeodactylum.
tricornatum cell, modified from Allen et al. (2011). .......oiiiiiiiii e, 27

Figure 2.1. The intracellular DMSP measured when different volumes of culture were filtered....33
Figure 2.2. A typical standard curve used in intracellular DMSP concentration analysis.............34

Figure 3.1. Experimental design of the initial experiment testing the effect of different salinities on

intracellular DMSP concentration in Thalassiosira pseudonana................ccccoeviviiiiiiiienennn, 49

Figure 3.2. Experimental design to test the effect of increasing the salinity on Thalassiosira
pseudonana intracellular DMSP concentration................coovviiiiiiiiiicieniesieseseeseseeseeseeseeeenn 90

Figure 3.3. Experimental design for testing the affect of increased light intensity on intracellular

DMSP concentration in Thalassiosira pSEUdONANa.............ooeieiriiriiie e i e 51

Figure 3.4. A. cell number B. intracellular DMSP concentration, C. volume per cell, D. Fv/Fm of

Thalassiosira pseudonana cultures with an initial concentration of either 5 mM of 25 mM

Figure 3.5. The affect of increasing and decreasing salinity on Thalassiosira pseudonana showing

A. cell number, B. intracellular DMSP concentration, C. volume per cell, D. Fv/Fm................. 55

Figure 3.6. The affect of increased salinity on Thalassiosira pseudonana, previously acclimated to

10, showing A. cell number, B. intracellular DMSP concentration, C. volume per cell, D.

Figure 3.7. The effect of increased light intensity on Thalassiosira. pseudonana, previously
acclimated to a low light intensity, showing A. cell number, B. intracellular DMSP concentration,

C.volume per Cell, D. FV/FML.. ..o 58



Contents

Figure 3.8. The effect of nitrogen starvation on Thalassiosira pseudonana A. cell number B.
intracellular DMSP concentration, C. volume per cell, D. Fv/Fm of T. pseudonana cultures with an

initial concentration of either 30 UM of 550 UM nitrate............ooooiiiii i 59

Figure. 4.1. The effect of nitrogen starvation (red), increased salinity (purple) and increased light
intensity (blue) on APR activity (D-F) in Thalassiosira pseudonana, also showing the cell numbers
of cultures throughout the experiments (A-C) and the intracellular concentration of DMSP

Figure 4.2. The effect of reduced sulphate availability on the APR activity of Thalassiosira
=N Lo o] - 1T VPSP 68

Figure 4.3. A-C. growth and D-F. intracellular DMSP concentration of Thalassiosira pseudonana
under nitrogen starvation (red), increased salinity (purple) and increased light intensity (blue) in

experiments used to harvest cells for quantification of transcript and proteome abundance......... 70

Figure 4.4. The relative fold change in the transcript levels of genes involved in sulphur
assimilation in Thalassiosira pseudonana exposed to nitrogen starvation, increased salinity and

INCreased LGNt INtENSItY. . ... i e e e e e 71

Figure 4.5. Number of proteins changing in relative abundance by more than 1.5-fold (P < 0.005)
in Thalassiosira pseudonana under nitrogen starvation, increased salinity and increased light

LTS 01 17 73

Figure 4.6. Pathway of sulphur assimilation and DMSP synthesis proposed in diatoms showing
changes in relative protein abundance of Thalassiosira pseudonana under conditions known to

increase intracellular DMSP concentration in this SPeCIeS..... ..ot 77

Figure 5.1. A. cell number and B. cell volume of Thalassiosira pseudonana through a diurnal

Figure 5.2. Intracellular concentration of A. cysteine and B. glutathione in Thalassiosira

pseudonana through a diurnal CyCle. ..., 86

Figure 5.3. A. Intracellular DMSP concentration and B. APR activity of Thalassiosira pseudonana
through a diurnal CYCIE.. ..o e e 89

Figure 6.1. Intracellular concentration of free nitrate, amino acids, and protein in nitrogen replete
(550 UM nitrate) and nitrogen starved (30 UM nitrate) Thalassiosira pseudonana cultures at the

0NSet Of NITrOGEN StANVATION. ... ..ottt e e et et eeee e e et e e aeenees 95

Vi



Contents

Figure 6.2. Effect of nitrogen starvation on the proteome of Thalassiosira pseudonana. Soluble
proteins were isolated from T. pseudonana cultures grown in nitrogen replete (550 UM nitrate) and

nitrogen starved (30 UM nitrate) conditions and resolved by 2-D electrophoresis..................... 96

Figure 6.3. Categories of genes and proteins altered in expression between nitrogen starved and
replete Thalassiosira pseudonana Cells............ooiiiiii i e 98

Figure 6.4. Representation of the changes in the abundance of proteins associated with nitrogen
assimilation in Thalassiosira pseudonana, brought on by the onset of nitrogen starvation............ 99

Figure 6.5. Intracellular concentration of individual amino acids in nitrogen replete (550 UM

nitrate) and nitrogen starved (30 UM nitrate) Thalassiosira. pseudonanacells........................ 103

Figure 6.6. Representation of the changes in the abundance of proteins associated with carbon

metabolism in Thlassiosira pseudonana at the onset of nitrogen starvation............................ 104

Figure 6.7. A comparison of changes in transcript levels associated with nitrogen deprivation in A.

Thalassiosira pseudonana (Mock et al. 2008), B. Chlamydomonas reinhardtii (Miller et al. 2010),

C. Arabidopsis thaliana (Peng et al. 2007), and D. Prochlorococcus marinus (Tolonen et al. 2006).
..110

Figure 7.1. A phylogenetic tree showing the relationships of the major groups of extant eukaryotes
and also cyanobacteria to represent the diversity of organisms discussed in this study; modified
from Palmer et al. (2004).......oiriniii e e 115

Vil



Contents

Table of Tables

Table 2.1. The constituent salts in ESAW artificial seawater and their final concentration.......... 31
Table 2.2. Nutrients added to ESAW artificial seawater and their final concentration................ 31
Table 2.3. Acrylamide solution for making SDS-PAGE gels..........coooviieiiiiiiiiiiiene, 37
Table 2.4. Primers used in qRT-PCR StUIES.........cooviniiiiiiii e 41
Table 2.5. The qRT-PCR reaction SettingsS. .......c.ouiiiniiiii e e 43

Table 4.1. Abbreviation for enzymes discussed in Chapter 4 with regards to transcript and protein

ADUNAANCE . 71

Table 4.2. Proteins that are related to sulphur assimilation and may influence DMSP synthesis in
Thalassiosira pseudonana identified as changing under nitrogen starvation (N), increased salinity
(S) and increased light INTENSITY (L).....vnvonieiie i e e e 75

Table 6.1. Proteins involved in nitrogen, protein and amino acid metabolism with a greater than 1.5
fold change (P < 0.05) in Thalassiosira pseudonana at the onset of nitrogen starvation, compared to
NItrOgen FEPIELE CUITUIES. .. ..ot e e e e 100

Table 6.2. Proteins involved in photosynthesis and carbon metabolism that had a greater than 1.5
fold change (P < 0.05) in Thalassiosira pseudonana at the onset of nitrogen starvation, compared to
NItrOgeN rePIELE CUITUIES. ... ..ot e e e i 106

VI



Contents

Abbreviations

AMT Ammonium transporter

APR APS reductase

APS Adenylyl sulphate

ATP Adenosine triphosphate

ATPS ATP sulphurylase

CbL Cystathionine-p-lyase

CgS Cystathionine-y-synthase

CPS Carbamoyl phosphate synthase

DMS Dimethylsulphide

DMSHB 4-dimethylsulphonio-2-hydroxybutyrate
DMSP Dimethylsulphoniopropionate

Fd Ferredoxin

GBT Glycine Betaine

GS Glutamine synthetase

GOGAT Glutamate synthase

* OH Hydroxyl radical

MALDI- Matrix-assisted laser desorption/ionization- time of flight
TOF MS mass spectrometery

MTHB 4-methylthio-2-hydroxybutyrate

MTOB 4-methylthio-2-oxobutyrate

NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate
NAT Nitrate transporter

NiR Nitrite reductase

NR Nitrate reductase

OAS O-Acetylserine



Contents

OASTL

OPH

PEPC

ROS

SAM

SAT

SiR

SMM

TCA

TS

O-Acetylserine thiollyase
O-phosphohomoserine
Phosphoenolpyruvate carboxylase
Reactive oxygen species
S-adenosyl methionine

Serine acetlytransferase

Sulphite reductase
S-methylmethionine
Tricarboxylic acid

Theronine synthase



Chapter 1. Introduction

Chapter 1.  Introduction

1.1. Overview

In this introduction | will first outline the important contribution that diatoms make to ecological
processes. | 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 | 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 pm 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 CO, 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.
2
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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.

Nuclear genome Cyanobacterial Mitochondrion
genome

-5 Q)

Cyanobacterium

Plastid

Plastid genome

Heterotrophic Progenitor plant cell
eukaryote (ancestor of green algae, land plants and red algae)

Y

Loss of engulfed algal

Red:alga nucleus and mitochondrion

Stramenopile
(diatoms, brown macroalgae and plant parasites)

Heterotrophic
eukaryote

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 | 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.

) [} k.
[ \ Direct ~
\ " ~d DMSO
‘.‘ release S dissolved
DMSO algae
m-m--- : .s Oxidation
 Salinity .
; Light . Excretion\ /2 DOM metal thiol
| Temperaturer | =~ A DMSP algae & lysis complexes
LNutrients 1
_______ , ’ X
~(Sloppy™\_yf DMSP dissolved . DMSP Bacteria
Hl 7\ feeding Uptake and . .
* / assimilatio Ba'cterlal amino
: acids & Protein
DMSP grazers Expretlon
\(Oemethiolation
_Excretion

Diffusion

“
| DMSP faecal pellets '/

Sedimentation &
degradation

MPA v

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 I'* 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 (Grone 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 hyperosmaotic 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 t0100 % higher DMSP levels per cell were
observed in nitrogen limited T. subcordiformis cultures compared to a non-limited control (Gréne
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, from23to 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
11
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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 (Simé
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 CO, 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®* and H,0, also lead to a 9- to 15-fold increase in the
intracellular concentration of E. huxleyi; indeed, copper catalyses the reaction of H,O,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 CO, 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 (Simé and

Pedrds-Ali6 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 SULTS3, have been identified (Shibagaki and Grossman 2008).
13



Chapter 1. Introduction

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).
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