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1 INTRODUCTION

Photosynthesis is the process by which

higher plants, algae and some bacteria

transform and store solar energy in the

form of energy-rich organic molecules.

These compounds are in turn used as the

energy source for growth and reproduction

in these organisms. As such, virtually all

life on the planet depends on

photosynthetic energy conversion. Thus

each ecosystem on earth, which receives

solar irradiance in a sufficient dose, is

inhabited by photoautotrophic organisms.

The genetic diversity of aquatic

photoautotrophs is extremely high (Medlin

et al. 1995), whereas the basic process of

photosynthetic energy conversion is highly

conserved. Superimposed on the basic

molecular mechanisms are variations in

light harvesting, electron transport and

carbon fixation (Falkowski & Raven

1995).

Antarctic sea ice represents one of the

largest and most unique ecosystems on

earth, inhabited predominantly by

psychrophilic diatoms (Bacillariophyceae).

Due to logistical and methodological

constraints, this ecosystem also still is one

of the most poorly investigated on earth.

Consequently, how changes of

environmental conditions influence

photosynthesis and how these diatoms are

generally adapted to their habitat still

remained unresolved.

The mechanisms of adaptation and

regulation of photosynthesis in Antarctic

sea-ice algae are under debate (e.g.

Palmisano et al. 1987, Bartsch 1989, Cota

& Sullivan 1990, Kirst & Wiencke 1995,

Gleitz et al. 1995, Robinson et al. 1997,

Thomas & Dieckmann 2002). Only few in

situ measurements have confirmed that sea

ice algae still actively assimilate dissolved

inorganic carbon (H2
14CO3) at

temperatures as low as –15 °C, 1.5 µmol

photons m-2 s-1 and a salinity of 150 PSU

(e.g. Mock & Gradinger 1999)

Photosynthesis under such conditions

requires special acclimation or even

adaptation including light harvesting,

electron transport and carbon fixation, each

with different sensitivities to

environmental conditions and cellular

controls.

The environmental conditions that have

been studied thus far include light intensity

and spectral quality, temperature, salinity

and nutrient depletion. Growth kinetics

(Bartsch 1989, Fiala & Oriol 1990, Aletsee

& Jahnke 1992), photosynthesis vs

irradiance (PE) response curves have so far
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been the most popular methods to study

photoacclimation in sea ice algae

(Palmisano et al. 1987, Robinson et al.

1995, Glud et al. 2002). Derived

parameters included the light limited slope

(α, where photosynthesis is limited

primarily by light harvesting mechanisms),

the maximum photosynthetic rate (Pm,

where enzymatic processes of carbon and

nitrogen fixation limit photosynthesis) and

the photoadaption parameter (Ek, the

quotient Pm/α). These parameters revealed

that ice algae are good adapted to low light

(Cota 1985). The algae flourish under

several meters of ice and snow at less than

1 % of surface scalar irradiance (Eicken

1992). They already show severe

photoinhibition at moderate light levels

(Cota 1985). The low light adaptation is

accomplished by an increase in α along

with an even larger reduction in Pm.(e.g.

Robinson et al. 1997). Accessory

photosynthetic pigment concentrations

(e.g. fucoxanthin and chlorophyll c in

diatoms) are elevated relative to the main

photosynthetic pigment, chlorophyll a (chl

a) (Boczar & Palmisano 1990). This

adaptation allows the algae to enhance

light harvesting at the wavelengths of light

penetrating the ice and snow (Chl a is

poorly efficient in absorbing green light

(e.g. Falkowski & LaRoche 1991). The

number of reaction centers, preferably

photosystem II (PS II) also increase under

light limited growth (Falkowski 1980,

Richardson et al. 1983, Dubinsky et al.

1986).

Carbon acquisition in ice algae has

received relatively little attention (Gleitz et

al. 1995, Mitchell & Beardall 1996, Gleitz

et al. 1996), although dissolved CO2 [CO2

(aq)] and O2 concentrations can differ

significantly from other aquatic

ecosystems. Dissolved CO2  and O2 present

in air-saturated sea water at the freezing

point and 34 PSU (practical salinity units)

are physically 1.5 times greater than in the

same sea water at 15 °C. However,

dissolved CO2 and O2 concentrations are

influenced by photosynthetic active algae.

In semi-closed or closed systems such as

brine pockets dissolved CO2 can be rapidly

exhausted due to carbon acquisition by ice

algae. The ability to utilise HCO3 and to

accumulate DIC (e.g. Kaplan & Reinhold

1999, Thoms et al. 2001) and/or store

carbon in organic acids as observed in C4

plants (e.g. Sage 2001, Hibberd & Quick

2002) is likely more important in ice algae

than in micro-algae from other marine

habitats (Gleitz et al. 1995, Gleitz et al.

1996). In contrast dissolved oxygen

concentrations my increase due to

accumulation of photosynthetic oxygen

under the ice cover (McMinn et al. 2000).

Detoxification of molecular oxygen

therefore is essential in sea ice diatoms
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(Schriek 2000). Antioxidative enzymes

(e.g. catalase, peroxidases, superoxide

dismutase) increase their activity at low

temperatures regardless of the light

intensity (Schriek 2000).

Cold exposure is known to have an overall

impact on light harvesting, electron

generation at PS II and carbon fixation in

temperate algae and plants (Raven &

Geider 1988, Davidson 1991, Allen & Ort

2001, Stitt & Vaughan 2002, Jeong et al.

2002). The D1 protein of PS II as well as

the carbon fixation enzyme RUBISCO

(ribulosebisphosphate-carboxylase/oxy-

genase) are damaged by cold exposure

(e.g. Gombos et al. 1994, Allen & Ort

2001, Sitt & Vaughan 2002). How

photosynthesis in psychrophilic algae

responses to cold exposure in the light or

in the dark is still unknown. Increasing

salinity in contrast is known to influence

photosynthesis in sea ice algae by

increasing cyclic electron transport and cell

dehydration (Bates & Cota 1986).

Photoautotrophs in general have

established mechanisms to reduce water

loss by increasing their cellular

concentrations of osmolytes, so as to

restore the osmotic balance between the

external medium and the inside of the cell.

Osmolytes (e.g. proline, mannitol, glycine,

betaine) accumulate under hypersaline

conditions (e.g. Thomashow 2001, Girija

et al. 2002, Sairam & Srivastava 2002)

Dimethyl-sulfoniopropionate (DMSP) is

known to be an important osmolyte in sea

ice algae (Kirst & Wiencke 1995).

Field investigations revealed that growth of

Antarctic sea ice diatoms seems to be

frequently limited by a depletion of certain

nutrients particularly during summer, when

the resupply of new nutrients from sea

water is less than the requirements for

growth (e.g. Maestrini et al. 1986, McMinn

et al. 1999). How diatoms cope their

photosynthesis and thus growth at freezing

temperatures under such resource

limitations is still under debate (e.g. Reay

et al. 1999, Lomas & Glibert 1999).

Nutrient uptake experiments could recently

been shown that growth of diatoms even

may be limited by reduced affinity for

some dissolved nutrients. Nitrate affinity

for example is reduced as the temperature

becomes suboptimal for growth (Lomas &

Glibert 1999).

Consequently, there is an urgent need to

improve our understanding of growth and

success of Antarctic sea ice diatoms.

Photosynthesis is a key process for growth

and therefore systematically investigated

ranging from new experiments under

natural conditions in the field to in situ

gene expression studies in an Antarctic sea

ice diatom.
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Photosynthesis measurements in an

Antarctic sea ice floe conducted with an

improved incubator confirmed the ability

of ice algae to grow under extreme

environmental conditions of sea ice. I

introduced new sensors (oxygen micro-

optodes) into sea ice research. Oxygen

micro-optodes were used for the first time

to measure oxygen dynamics of

photosynthetically active diatoms directly

within the microstructure of sea ice.

Investigations of photosynthesis under

simulated in situ conditions with this

optode were attained by the development

of a new microcosm, which enabled the

cultivation of micro-algae under simulated

natural conditions directly within sea ice.

The results of these investigations, as well

as physiological investigations in

conventional liquid cultures (chemostats)

raised the question of the molecular

regulation of photosynthesis under sea ice

conditions. Therefore molecular

acclimation to freezing conditions was

investigated by partial sequencing of an

EST (EST = expressed sequence tag)

library from a psychrophilic diatom

acclimated to the freezing point of sea

water. This approach provided the first

genome informations of an obligate

psychrophilic eucaryotic organsism.

Expression of genes related to cold

acclimation, photosynthesis, respiration

and other important metabolic pathways in

this diatom were investigated during cold

exposure.
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2 RESULTS

In situ measurements of photosynthesis are

still vital to determine the physiological

capacity of sea ice diatoms in their natural

habitat and to quantify community primary

production. To date there have been no in

situ techniques capable of measuring

primary production in Antarctic sea ice

throughout the ice column without severe

disruption of ice morphology, chemistry

and ambient light field. I have therefore

modified and improved a method described

by Mock & Gradinger (1999) to measure

primary production in thinner Antarctic sea

ice - publication 1: Mock T (2002). This

method is well suited to determine

photosynthetic carbon assimilation (via
14CO2 assimilation) in the interior of the

floes. The rates of carbon assimilation of

the interior algal assemblage in the ice floe

(top to 5 cm from the bottom) was 0.25 mg

C m-2d-1 whereas the bottom algal

community (lowest 5 cm) attained only

0.02 mg C m-2d-1. Chlororophyll a (chl a)

specific production rates (Pchl) for bottom

algae revealed strong light limitation,

whereas photosynthesis in the interior was

probably limited by low temperatures and

high salinities.

However, this new technique still does not

enable the determination of photosynthetic

activity directly in undisturbed brine

channels. Our knowledge is therefore

mainly restricted to bulk parameters.

Conditions, which actually prevail within

the network of brine channels, pockets or

bubbles are not known. The main reason

for this shortcoming is the inaccessibility

of the interior due to the texture and rigid

nature of sea ice. However,  new

microsensors (optodes) were deployed for

the first time within the brine channels -

publication 2: Mock T, Dieckmann GS,

Haas C, Krell A, Tison JL, Belem AL,

Papadimitiou S, Thomas DN (2002).

Oxygen micro-optodes (PreSens GmbH,

Germany) were used to measure oxygen in

artificial sea ice in order to further develop

our understanding of oxygen dynamics and

thus photosynthesis under extreme

conditions within the undisturbed micro-

habitat of sea ice. Sensors were frozen into

the ice during its formation. Increasing

oxygen concentrations were measured

during ice crystal formation at the water

surface, which revealed a inclusion of

oxygen by physical entrapment from the

atmosphere and by oxygen producing

diatoms. The major proportion of oxygen

within brine channels was present as gas

bubbles due to supersaturation. An

increase in salinity due to a decrease in ice

temperatures during subsequent sea ice

development caused a reduction in the

maximum concentration of dissolved

oxygen within brine. Thus, dissolved
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oxygen concentrations decreased over

time, whereas gaseous oxygen was

released to the atmosphere and sea water.

The optodes are a significant advance over

conventional microelectrodes, because the

recordings can be temperature and salinity

compensated in order to obtain precise

measurements of oxygen dynamics with

regard to total (dissolved and gaseous) and

dissolved oxygen in sea ice. Optodes do

not consume oxygen during measurement

over a long period under extreme

conditions.

A laboratory sea ice microcosm was

developed for systematic investigations of

photosynthesis with oxygen micro-optodes

under simulated in situ conditions –

publication 3: Mock T, Kruse M,

Dieckmann GS (2003). This new

microcosm is a break-through in

cultivation of sea ice algae in situ (here

Fragilariopsis cylindrus), because they can

now be cultivated, and their photosynthetic

activity investigated, under different

abiotic conditions (e.g. low and high light

intensity; melting or freezing of sea ice;

nutrient limitation) directly within sea ice.

First, measurements with oxygen micro-

optodes were conducted to measure micro

profiles through the ice-water interface and

between the ice lamellae of the skeletal

layer. The algal biomass in terms of chl a

increased from the ice interior to the ice-

water interface. Net oxygen production at

the ice-water interface at an irradiance of

40 µmol photons m-2s-1 and –1.9°C, ranged

between 0.0064 and 0.225 nmol O2 cm-2s-1.

Diffusive boundary layers (DBLs) were

detected between ice lamellae, the

periphery of the ice water interface and

extending from the water below the ice

through the ice-water interface into the

spaces between ice lamellae. An additional

small-scale horizontal variability of DBLs

was also reflected in the net photosynthetic

activity. The small-scale patchiness of

algae and the differences in DBL thickness

were caused by physico-chemical

processes (e.g. turbulence, water flow

velocity), which in turn were influenced by

ice lamellar structure at the ice-water

interface. These factors were the reasons

for the observed variability in net-

photosynthesis.

However, how changes of environmental

conditions influence photosynthesis and

how these diatoms are generally adapted to

their habitat still remains unresolved. In

addition to these oxygen measurements, I

have therefore studied several diatom

species in order to unravel common

mechanisms of photosynthetic energy

conversion under light and nitrate

limitation by biophysical and biochemical

measurements - publication 4 + 5: Mock T,

Kroon BMA (2002); Mock T, Kroon BMA

(2002). Both papers reveal that lipids are
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important components, required to increase

photosynthetic electron transport under

light limitation and to sustain chloroplast

membrane structure under a deficiency of

integral bound proteins and pigments due

to N-limitation. Monogalactosyl-

diacylglycerol (MGDG) and digalactosyl-

diacylglycerol (DGDG) are the main lipid

classes of chloroplast membranes,

especially thylakoid membranes. When

nitrogen is limiting, pigment-protein

complexes are one of the most affected

structures. These complexes are reduced in

the thylakoid membranes under N-

limitation due to the reduced availability of

nitrogen which is an essential component

of proteins and pigments. However,

pigment-protein complexes are responsible

for thylakoid membrane bilayer formation.

Thus, N-limitation destabilised the bilayer

structure of the membrane which however

is stabilised again by  changes in the lipid

composition and the degree of fatty acid

desaturation. N-limitation caused a

decrease in non-bilayer forming MGDG

and a simultaneous increase in bilayer

forming DGDG. Their ratio

(MGDG:DGDG) decreased from 3.4 ± 0.1

to 1.1 ± 0.4, while 20:5 n-3 fatty acids of

chloroplast related phospholipid classes

(e.g. phosphatidylglycerol) increased under

N-limitation.  Extreme low light (e.g. 2

µmol photons m-2s-1) in contrast to N-

limitation resulted in higher amounts of the

non-lipid bilayer forming MGDG in

relation to other bilayer forming lipids,

especially DGDG. The ratio of

MGDG:DGDG increased from 3.4 ± 0.1 to

5.7 ± 0.3. The existence of bilayer

thylakoid membranes with high

proportions of non-bilayer forming lipids is

only possible when sufficient thylakoid

pigment-protein complexes are present.

These data reveal that lipids are important

components, required to sustain membrane

structure under a deficiency of integral

membrane bound proteins and pigments

regardless of the algal or plant species,

because both chloroplast lipid classes

(MGDG and DGDG) with their physical

charcteristics are present in all

photoautotrophic organisms.

The modulation of cellular structures, such

as chloroplast membranes is based on

emzyme reactions which lead to an

acclimation to new environmental

conditions. These basic processes start by

signal perception and a cascade of signal

transductions, which culminate in gene

expression and translation of enzymes

necessary for acclimation. The Antarctic

diatom Fragilariopsis cylindrus was

selected as a key organism to study

molecular regulation of cold adaptation

and photosynthesis - publications 6 + 7:

Mock T, Valentin K (2003); Mock T,

Valentin K (2003). This diatom is unique
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due to its ability to survive extreme

fluctuations of temperature (+8°C to ca. –

20°C), salinity (0 – 150) and pH (7-11).

Publication 6 describes an EST (expressed

sequence tag) approach under cold shock

to discover genes which are potentially

involved in cold adaptation of F. cylindrus.

Cells were grown at optimal conditions

(+5°C and 35 µmol photons m-2s-1) and

then transferred to the freezing point of sea

water, simulating freezing into sea ice.

After complete acclimation (5 days)

mRNA was isolated and the

complementary DNA cloned. Six hundred

clones  were analysed for insert sizes and

those between 564 and 2500 base pairs

were chosen for partial sequencing,

producing 260 interpretable sequences.

Forty % of the contigs (continuous

sequences) could be identified by gene

bank comparison. Among these, 7% were

plastid-localised proteins potentially

involved in photosynthesis and 5% were

found to be involved in psychrophily or

acclimation to cold conditions. Among

genes identified, there was at least one of

possible red algal origin indicating

secondary gene transfer. Interestingly, the

most abundant ESTs could not be

identified, indicating the presence of yet

unknown cold tolerance genes.

A subset of genes from the EST analysis

was used and additional relevant genes for

photosynthesis, respiration, and cold

acclimation, not found by random

sequencing of the cDNA-library were

cloned and composed to macro-array for

expression analysis (publication 7). The

simultaneous expression of 44 F. cylindrus

genes (macro-array) was analysed during

simulated freezing at unchanged light

intensity (35 µmol photons m-2s-1), at

extreme low light intensity (3 µmol

photons m-2s-1), and the results were

compared to optimal growth conditions (35

µmol photons m-2s-1 at  +5°C). Gene

expression studies were paralleled by

biophysical and –chemical investigations

relevant for photosynthesis. When

temperatures are reduced to the freezing

point of sea water a molecular cold shock

response is induced, also known from

warm climate plants, which results in an

increased expression of chaperons

accompanied by dynamic photoinhibition

of photosystem II with a strong reduction

in RUBISCO gene expression. Recovery

of photosynthesis and thus growth is only

possible with a constantly high expression

of chaperons and of genes necessary for

repair  and synthesis of chloroplast

proteins. The degree of this cold shock

response in an obligate psychrophilic

diatom is reduced under extremely low

light conditions. Photoautotrophs in polar

oceans and sea ice are, therefore, probably

highly susceptible to photo damage at
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increasing light intensities and decreasing

temperatures, particularly in the top layers

of sea ice, where higher brine salinities

also inhibit photosynthesis. Assimilated

carbon under such conditions is probably

completely used to repair photo damaged

proteins (see above). However, at extreme

low light conditions, such as in  deep

water, or in and underneath sea ice,

metabolic costs for plastid repair are low.

Only when temperatures increase, as the

polar oceans become warmer, can growth

proceed under high light intensities if

enough resources (nutrients, CO2) are

available. Photosynthesis was investigated

on a broad scale from community based

investigations in the field to approaches of

gene expression in a model organism

cultured under simulated in situ conditions.

The outcome of this thesis are new

mechanisms of photosynthesis regulation

under extreme polar conditions obtained by

using new methods which help to

understand how small scale cellular

processes influence the energy flow on a

broader ecosystem scale.



10

3 PUBLICATIONS

3.1 List of publications

Publication 1

Mock, T., 2002.
In situ primary production in young
Antarctic sea ice.
Hydrobiologia. 470, 127-132

Publication 2

Mock, T., Dieckmann, G.S., Haas. C.,
Krell. A., Tison. J.L., Belem. A.L.,
Papadimitiou. S., Thomas. D.N., 2002.
Micro-optodes in sea ice: a new approach
to investigate oxygen dynamics during sea
ice formation.
Aquatic Microbial Ecology 29, 297-306

Publication 3

Mock, T., Kruse, M., Dieckmann, G.S.,
2003. A new microcosm to investigate
oxygen dynamics at the sea-ice water
interface.
Aquatic Microbial Ecology 30, 197-205

Publication 4

Mock, T., Kroon, B.M.A., 2002.
Photosynthetic energy conversion under
extreme conditions-I: important role of
lipids as structural modulators and energy
sink under N-limited growth in Antarctic
sea ice diatoms.
Phytochemistry 61, 41-51

Publication 5

Mock, T., Kroon, B.M.A., 2002
Photosynthetic energy conversion under
extreme conditions-II: the significance of
lipids under light limited growth in
Antarctic sea ice diatoms.
Phytochemistry 61, 53-60

Publication 6

Mock, T., Valentin, K., 2003.
EST analysis of freezing tolerance in the
Antarctic diatom Fragilariopsis cylindrus:
Detection of numerous cold acclimation-
related genes and a gene transfer event.
submitted

Publication 7

Mock, T., Valentin, K., 2003.
Molecular cold acclimation in a polar
diatom - requirement for low light at low
temperatures.
submitted



11

3.2 Erklärung über den von mir

geleisteten Anteil an den Publikationen

Publikation 1

Die Weiterentwicklung dieser neuen

Meßmethode, die Datenerhebung und die

Datenauswertung wurden von mir

durchgeführt. Auch das Manuscript wurde

von mir selbst verfaßt.

Publikation 2

Das wissenschaftliche Konzept dieser

Arbeit stammt von mir. Die Installation der

Sensoren, die Auswertung der Daten und

die Verfassung des Manuskriptes wurden

ebenfalls von mir durchgeführt. Alle

beteiligten Koauthoren waren für die

Erhebung der Daten verantwortlich.

Publikation 3

Diese Arbeit beruht auf meinem Ansatz,

wobei mir der Ingenieur Marcel Kruse bei

der technischen Umsetzung meiner Ideen

geholfen hat. Die Daten wurden von mir

ausgewertet und auch ich habe das

Manuskript geschrieben.

Publikation 4

Bernd Kroon hat mich in die

Fluoreszenztheorie eingewiesen und in die

Kultivierarbeit von Mikroalgen. Die

wissenschaftliche Fragestellung stammt

von mir und auch ich habe sie methodisch

umgesetzt, sowie alle Daten erhoben,

ausgewertet und das Manuskript verfaßt.

Publikation 5

Wie Publikation 4

Publikation 6

Die wissenschaftliche Intention zu dieser

Arbeit kommt von mir, wobei der Weg der

Umsetzung im engen Austausch mit Klaus

Valentin stattfand. Die EST-Bank wurde

von mir erstellt und Klaus Valentin

übernahm die Auswertung der Sequenzen.

Das Manuskript wurde hauptsächlich von

Klaus Valentin verfaßt, wobei ich Teile der

Einleitung und des Material und Methoden

Teils sowie einen Teil der Diskussion

geschrieben habe.

Publikation 7

Dieses Experiment beruht auf meiner Idee,

wobei das Konzept der Ausführung mit

Klaus Valentin erarbeitet wurde. Ich habe

die meisten Daten erhoben und

ausgewertet. Das Manuskript wurde

überwiegend von mir geschrieben.



12

3.3 Publication 1



13



14



15



16



17



18

 3.4 Publication 2



19



20



21



22



23



24



25



26



27



28

3.5 Publication 3



29



30



31



32



33



34



35



36



37

3.6 Publication 4



38



39



40



41



42



43



44



45



46



47



48

3.7 Publication 5



49



50



51



52



53



54



55



56

3.8 Publication 6



57



58



59



60



61



62



63



64



65



66



67



68



69



70



71



72



73



74



75



76



77



78

3.9 Publication 7



79



80



81



82



83



84



85



86



87



88



89

4 DISCUSSION

Photosynthesis in Antarctic sea ice diatoms

is probably not fundamentally different

from that in temperate or even tropical

autotrophic organisms. Basic molecular

processes of light harvesting, electron

generation and carbon fixation are highly

conserved in all photoautotrophic

organisms, despite extremely variable

environmental conditions. Interestingly,

also physiological responses such as cold

shock photoinhibition, observed in

temperate cyanobacteria and warm climate

plants have been detected in obligate

psychrophillic Antarctic diatoms

(publication 7). The requirement to cope

with freezing temperatures evolved late in

the evolution of photosynthesis.

Photosynthesis originated by 2.500 Ma in

cyanobacteria (Raymond et al. 2002) and

first evidence of glaciation was 1000 Ma

later during the Archaen. Thereafter

several glaciations occurred in the Late-

Proterozoic, Late-Ordovician, Permo-

Carboniferous and the Cenozoic. Diatoms

first appear in very small numbers in the

Triassic (ca. 250 Ma before present) where

no glaciation occurred (Holba et al. 1998,

Medlin et al. 2000). Earliest evidence of

the return to massive sea ice development

was ca. 50 Ma before present (Cenozoic).

Fifty Ma of cold exposure in diatom

evolution versus 2.500 Ma of

photosynthesis in cyanobacteria is a short

time span for adaptation to low

temperature conditions.

Mechanisms to cope with light stress

developed earlier during the evolution of

photosynthesis than mechanisms to cope

with low temperatures. New models based

on molecular data reveal that the original

function of light harvesting complexes was

not to collect light and to transfer the

energy to the reaction centres but to

disperse the absorbed light energy in the

form of heat or fluorescence (Montane &

Kloppstech 2000). These energy-

dispersing proteins are believed to have

originated in cyanobacteria. Early light-

inducible and high light inducible proteins

(ELIPs and HLIPs respectively) of

phycobilisomes are the ancestors of light-

harvesting complexes of higher plants.

ELIPs first arose with a primary function

in energy dispersion to protect

photosynthetic pigments against photo-

oxidation. Dissipation of light would have

been the first constraint of photosynthetic

ancestor cells, whereas the function as a

tool for collecting light (LHC I and II

families) was developed later in evolution.

Causes may include decreasing light

intensity by a denser atmosphere and

clouds, changes in scalar irradiance or

shading due to a denser plant vegetation

(Rhynia). Effective light harvesting is
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important particular in sea ice where the

ice surface reflects more than 70 % of the

incoming irradiance (Eicken 1992).

However, for diatoms which evolved under

warmer conditions, temperatures below the

optimum for growth such as in sea ice

mimics high light conditions again

(publication 7). Hence, dissipation of

excess excitation energy seems to be as

relevant under recent polar conditions as it

was for the early ancestor growing under

higher temperatures and higher irradiance.

Mechanisms of excitation energy

dissipation were developed during the

evolution of light harvesting complexes.

Examples are the xanthophyll cycle in

algae (e.g. Lohr & Wilhelm 1999, Elrad et

al. 2002) or state transitions in higher

plants (Allen & Forsberg 2001). These

mechanisms efficiently dissipate excitation

energy under excessive light conditions.

Formation of reactive oxygen species

(ROS) caused by excessive light is reduced

by the production of antioxidative enzymes

(e.g. catalase) and during photorespiration

(e.g. Aro et al. 1993, Schriek 2000,

Padmasree et al. 2002). Catalases of low-

temperatures intolerant plants are often

light sensitive and photosynthesis in such

plants is completely suppressed under low

temperatures (e.g. Streb et al. 1999). The

Antarctic ice diatom Entomoneis kufferatii

in contrast shows high catalase activity

under temperatures below 0°C and high

light intensity. This indicates a cold-

adapted and high light insensitive enzyme

(Schriek 2000). Light insensitive repair

mechanisms are also important in alpine

plants, where strongly fluctuating light

conditions are combined with low

temperatures. Translational control

mechanisms ensure that rates of repair can

be rapidly adjusted to fluctuating light

conditions (e.g. Streb et al. 1998).

Polar phytoplankton and especial sea ice

algae in contrast are often subjected to

temperatures below the freezing point of

sea water regardless of light intensity (e.g.

Kirst & Wiencke 1995, Boyd 2002).

Strong scalar irradiance often occurs in the

surface polar ocean and in the upper parts

of sea ice during spring and summer. Thus,

although scalar irradiance rises,

temperatures remain constantly low in

these polar aquatic habitats. Continuos

synthesis of chaperons (e.g. HSP70) as

observed in Fragilariopsis cylindrus

(publication 7) seems one important

mechanism by which it cope their growth

under such conditions. Expression of

chaperons increased in F. cylindrus due to

the decrease of temperature. Most extreme

are the conditions existing in the upper

parts of sea ice where the lowest

temperatures occur in combination with

high salinities and strong fluctuating scalar

irradiance (e.g. Bartsch 1989, Stöcker et al.
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2000, Thomas & Dieckmann 2002).

Dinophytes are known to develop cysts

under such conditions in order to avoid the

stress conditions (Stöcker et al. 2000)

However, metabolically active algae

require catalase activity to detoxify ROS,

which is produced under excessive light

and low temperatures (Schriek 2000).

Molecular oxygen is often concentrated in

gas bubbles in and under sea ice (e.g

Tsurikov 1979). Optode measurements in

undisturbed small brine channels or even

pockets in upper layers of sea ice revealed

a strong out-gasing of dissolved oxygen

due to oversaturation (publication 2). This

is partly caused by diatom photosynthesis

and physical entrapment of oxygen

between the ice crystals during its

formation. Photosynthesis measurements

in newly formed Antarctic sea ice showed

that algae still actively assimilate CO2 with

increasing chl a specific assimilation rate

from bottom to top of the ice (publication

1). Under this assumption growth should

therefore be higher near the top of the ice

(e.g. Geider et al. 1998). However,

biomass in terms of chl a and cell counts

revealed the opposite. Enhanced inorganic

carbon assimilation in the top layers of sea

ice was therefore possibly used for

osmoregulation (e.g. proline and

dimethylsulfonioproprionate (DMSP)

synthesis) or ROS detoxification (catalase

synthesis) and repair of damaged

chloroplast proteins in order to sustain

thylakoid structures (e.g. Davidson 1991,

Xiong & Zhu 2002). Almost all of the

incoming scalar energy is apparently used

to overcome the damaging effect of cold

shock photoinhibition, which is probably

enhanced by increasing salinities (e.g.

Bates & Cota 1986). Also excitation

energy dissipation as heat possibly is a

positive feedback mechanism by which the

algae create “warm islands” to improve

enzymatic reactions and thus repair (Zeebe

et al. 1996).

Growth is possible even under higher light

intensities and low temperatures (e.g. Fiala

& Oriol 1990, Davidson 1991) when

sufficient nutrients, particularly dissolved

nitrogen and iron, are available in order to

compensate the higher demand for protein

synthesis. Such environmental conditions

are seen at the ice edges of the Ross Sea

and the Weddell Sea, where large surface

water blooms of diatoms occur. Iron input

from the continent is presumably the factor

inducing these blooms. Infiltration layers

in Antarctic sea ice represent another high

light environment, where sufficient supply

of new nutrients from surrounding sea

water is used to acclimate to strong scalar

irradiance (Kritiansen et al. 1998).

Nitrogen limitation and limitation of

essential trace elements such as iron have a
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strong impact on algal growth by

restricting the synthesis of proteins and

pigments responsible for acclimation to

high light intensities (e.g. Falkowski et al.

1989). Nitrogen is a key component of

proteins and amino acids and iron is often

part of the functional groups in chloroplast

enzymes. Therefore nutrient limitation

causes photoinhibition by reducing

excitation energy dissipation as well as the

turnover of chloroplast proteins and the

production of chaperons. Dynamic

photoinhibition under cold exposure and

nutrient replete conditions will change to

chronic photoinhibition under nutrient

limitation, because damage exceeds repair

(publication 4). Under these conditions

cells therefore route their energy into the

synthesis of triacylglyerols (neutral lipids

not containing N and Fe). Many studies

have reported on high lipid contents of

polar diatoms, especially at the end of

blooms under nutrient depleted conditions

(e.g. Smith & Morris 1980, Palmisano &

Sullivan 1985, Mock & Gradinger 2000).

Carbohydrates, found to be the primary

energy sink under excess light in diatoms

from temperate and tropical habitats, are

less important in polar diatoms

(publication 4). Carbohydrate metabolism

in higher plants has a greater instantaneous

low temperature sensitivity than other

components of photosynthesis (e.g.

Leegood & Edwards 1996) and this

probably also is the case in diatoms. The

lipid pathway thus becomes increasingly

important under polar conditions, not only

concerning storage of superfluous energy

but also for temperature adaptation (e.g.

Nishida & Murata 1996) and for structural

modulation under stress (publication 4, 5).

Decreasing temperature generally causes a

reduction in membrane fluidity (e.g. Lyons

1973), essential passive or active transport

processes are negatively effected. The

reduced fluidity of membranes acts as a

temperature sensor. Membrane bound

enzymes are activated, triggering a signal

cascade in order to express genes which

encode enzymes to increase the fluidity

(ω3-desaturases; e.g. Suzuki et al. 2000,

Brows & Xin 2001, McKemy et al. 2002).

Thylakoid membranes in chloroplasts of

polar diatoms consist of high amounts of

20 : 5 poly-unsaturated-fatty-acids

(PUFAs) in each chloroplast lipid class.

They regulate the connectivity between

light harvesting protein complexes (LHC)

and pigments, are also responsible for D1

replacement, and ensure plastoquinone

diffusion for efficient electron transport

(e.g. Gombos et al. 1994, Siegenthaler &

Murata 1998, Morgan-Kiss et al. 2002).

Regulation of membrane structure is also

implemented by changes in lipid class

composition (publication 4, 5). Repair

under light and nutrient stress in polar

diatoms is therefore not only related to
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chaperon synthesis and replacement of

damaged chloroplast proteins but also to

changes in fatty acid and lipid class

composition in chloroplasts.

Light stress conditions (even at 35 µmol

photons m-2s-1) at the freezing point of sea

water require differentiated repair

mechanisms, which are costly. The higher

the light intensity and the degree of

nutrient limitation, the lower is the amount

of energy which can be utilised for growth.

Maximum photosynthesis (Pmax) is

therefore reduced by photo damage at low

temperatures and probably by reduced

CO2-fixation. Living as a diatom in polar

aquatic ecosystems therefore requires

appropriate repair mechanisms, which are

insensitive to low temperatures and high

light intensities. Under low light conditions

a greater proportion of incoming radiation

can be used for growth. Deep-water chl a

maxima in waters of the Southern Ocean

and dense accumulations of diatoms under

thick sea ice reveal such acclimation to

growth under lower light intensities (e.g.

Rysgaard et al. 2001, Kühl et al. 2001,

Boyd 2002). Physiological investigations

confirm the ability of these diatoms to use

light in a highly efficient manner (e.g.

Kirst & Wiencke 1995, Robinson et al.

1995, Cota 1985). One mechanism

underlying this unique low light adaptation

is a strongly increased synthesis of the

pigment fucoxanthin. Low ratios of chl a :

chl c (< 2) compared to temperate diatoms

(> 2) were additionally measured (Boczar

& Palmisano 1990). Fucoxanthin and chl c

have an absorption maximum at ca.

440nm, which is part of blue-green

wavelength spectrum reaching clear polar

deep water layers and under thick sea ice

(e.g. Palmisano et al. 1987, Jeffrey et al.

1997). Chlorophyll-protein complexes are

assumed to have a different molecular

structure in polar diatoms caused by

unusually high amounts of fucoxanthin and

chl c (Boczar & Palmisano 1990). Hence,

the energy absorbed under low light, which

is not directly used for growth, is used to

synthesise LHC-complexes and chaperons

essential for living in the cold (publication

7). This growth is thermodynamically

more efficient than investing most of the

energy in the repair of damaged cellular

structures under light stress conditions at

35 µmol photons m-2s-1). This strategy of

stress avoidance is also realised by aquatic

animals (Abele 2002). They are mostly

stressed by ROS, which damages proteins

and membranes of mitochondria.

Particularly the evolutionary older oxygen-

conforming animals prefer sub-oxic zones

and colder water to reduce their

metabolism and thus ROS formation.

The capacity of low light adaptation is

probably most important in polar
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ecosystems with strong seasonal light

fluctuations including a period of darkness.

Diatoms probably remain in an active state

during winter by uptake of dissolved

organic carbon (Thomas & Dieckmann

2002). When light conditions improve in

spring, photosynthesis and growth can

respond rapidly. Tolerance against low

temperatures combined with high quantum

yields under low irradiance are key

features for the success of diatoms in polar

oceans, whereas especially in sea ice the

tolerance against increasing salinities is

also of importance. Prymnesiophytes, with

the major polar species Phaeocystis

antarctica, seem also to be well adapted to

low temperatures as revealed by the

development of large blooms in open polar

waters and even in sea ice. Unfortunately

no detailed molecular studies are available

on mechanisms of temperature adaptation

in P. antarctica. Physiological

investigations under nutrient replete

conditions indicate a better acclimation

under higher irradiances and low

temperatures in P. antarctica than in

diatoms (Moisan et al. 1998, Hegarty &

Villareal 1998, Moisan & Mitchell 1999).

It is therefore likely that P. antarctica has

improved physiological mechanisms to

increase energy excitation dissipation  via

the diadino-/ diatoxanthin cycle and to

repair photodamaged proteins at low

temperatures and high light intensities.  An

efficient detoxification of ROS may also

contribute to the improved high light

acclimation in contrast to diatoms. P.

antarctica harvests light less efficiently

under extreme low light conditions which

is probably caused by different pigment

composition and structural organisation of

the chlorophyll-protein complexes. P.

antarctica is therefore not able to occupy

extreme low light environments such as

under thick pack ice as successfully as

diatoms.

The EST-library of Fragilariopsis

cylindrus enabled us to discover cellular

mechanisms of cold adaptation and

photosynthesis on a broader genomic scale

by using the macro-array technology. This

approach should also be extended to test

molecular acclimation on higher salinities,

different CO2 concentrations and nutrient

limitations, which are important

parameters influencing growth of sea ice

diatoms and psychrophilic diatoms in

general. These data would then provide the

basis for further investigations of how

changes in environmental conditions

effects diatom growth in polar ecosystems

as soon as more sequence data will be

available by continuation of the EST-

project and for instance by sequencing of

the plastid genome, micro-arrays can be

used to investigate the expression of

thousands of genes simultaneously.
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5 SUMMARY

This thesis was conducted to apply new techniques for measuring photosynthesis in Antarctic

sea ice diatoms. A systematic approach of investigations was applied to obtain precise

measurements of photosynthesis under natural conditions in the field from which questions

were derived for further analysis in the laboratory. In situ measurements with the tracer 14C

through the entire thickness of a young sea ice floe revealed that algae are able to actively

assimilate dissolved inorganic carbon under extreme conditions (e.g. -7°C, < 10 µmol photons

m-2) after inclusion into newly formed sea ice. These measurements were conducted with ice

slices suspended in a new incubator. Unfortunately such bulk measurements did not provide

encompass photosynthesis prevailing in the network of brine channels, pockets or bubbles.

New sensors (oxygen micro-optodes) were therefore introduced into sea ice research which

withstand freezing without damage, an important prerequisite to measuring oxygen dynamics

directly within brine channels or brine pockets without disturbing the ice texture or brine

chemistry. A new laboratory sea ice microcosm was developed to simulate natural conditions

of sea ice and to cultivating a sea-ice diatom (Fragilariopsis cylindrus) directly within brine

channels. Hence, changes of environmental conditions (e.g. melting, freezing, nutrient and

light limitation) can now be simulated in the laboratory and effects on diatom photosynthesis

can  be investigated with the optodes without disturbing the habitat. However, how changes of

environmental conditions influence photosynthesis and how these diatoms are generally

adapted to their habitat still remained unresolved. Consequently, the first molecular data base

of an obligate psychrophilic diatom (Fragilariopis cylindrus) was conducted using an EST

(expressed sequence tag) approach under freezing conditions. This preliminary EST-library

consists of 189 unique sequences. More than half (59%) of these sequences could not be

identified by GenBank comparison, indicating  the existence of many unknown genes. A

subset of identified genes and additional genes responsible for photosynthesis, respiration and

cold adaptation were cloned and arranged on a macro-array to investigate gene expression

under freezing conditions. These molecular measurements were paralleled by biophysical and

biochemical investigations. Experimental results revealed that acclimation of diatom

photosynthesis under freezing temperatures of sea water and different resource limitations

(light, nutrients) requires chaperons and repair mechanisms in order to sustain chloroplast

membranes and proteins which are responsible for energy generation and carbon dioxide

fixation.
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6 ZUSAMMENFASSUNG

Diese Arbeit befaßte sich mit der Entwicklung und dem Einsatz neuer Techniken für die

Messung der Photosynthese in antarktischen Meereisdiatomeen. In situ Messungen der

Kohlenstoffassimilation in einer jungen Meereisscholle konnten erstmals für die Antarktis

nachweisen, daß die Mikroalgen über die gesamte Eisdicke aktive Photosynthese betrieben.

Der dafür neu entwickelte Inkubator ermöglichte es, Messungen mit dem Radiotracer 14C  in

1 cm dicken Eisscheiben über die gesamte Eisdicke durchzuführen. Diese Messungen waren

jedoch nicht hochauflösend genug, um die Variabilität der Photosynthese direkt in den

Solekanälen des Meereises erfassen zu können. Aus diesem Grund wurden neue

widerstandsfähige Sauerstoffsensoren, die Mikrooptoden, während der Eisbildung in einem

Mesokosmos in das Eis eingefroren. Diese Untersuchungen konnten zeigen, wie jeder

einzelne Sensor in einem Solekanal die Sauerstoffentwicklung der Algen mißt. Für

Untersuchungen im kleineren Maßstab und unter kontrollierteren Bedingungen wurde ein

Mikrokosmos entwickelt, in dem die bipolare Diatomee Fragilariopsis cylindrus dauerhaft

direkt im Meereis kultiviert wurde. Mit Sauerstoff-Mikrooptoden konnte hier die Netto-

Photosynthese in den Solekanälen der Meereis-Wasser-Grenzfläche untersucht werden. Wie

die Diatomeen jedoch an diese extremen Bedingungen überhaupt angepaßt sind und dadurch

Photosynthese betreiben können, blieb bisher relativ unbekannt. Aus diesem Grund  wurde

bei F. cylindrus  begonnen, das Genom aufzuklären. Die erste EST-Bank (expressed sequence

tag) einer psychrophilen Diatomee besteht bisher aus 189 unterschiedlichen Sequenzen, von

denen mehr als die Hälfte (59%) nicht über einen Datenbankvergleich aufgeklärt werden

konnte, was auf einen hohen Anteil unbekannter Gene schließen läßt. Ein Teil der

identifizierten Sequenzen aus der EST-Bank und zusätzlich klonierte Gene für die

Photosynthese, Kälteanpassung und Respiration wurden zu einem Macroarray

zusammengestellt, um die Genexpression dieser Diatomee am Gefrierpunkt von Meerwasser

zu untersuchen. Diese molekularbiologischen Untersuchungen wurden durch biophysikalische

und biochemische Experimente in Chemostaten ergänzt. Ergebnisse aus diesen

Untersuchungen deuten darauf hin, daß die Photosynthese unter Temperaturlimitation und bei

Nitratlimitation schon durch relativ geringen Lichtintensitäten geschädigt wird. Nur durch

effiziente Reparaturmechanismen und Hilfsproteine (Chaperons, wie z.B. HSP70) ist es F.

cylindrus vermutlich möglich, im Meereis zu überleben.
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