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Abstract

Using a wide-ranging set of experimental approaches and techniques, various
molecular and physiological aspects of the CO2 concentrating mechanism (CCM) were
investigated in two

model cyanobacterial

species, Synechococcus PCC7942 and

Synechocystis PCC6803.
Pulse amplitude modulated flourimetry and absorbance techniques for the
simultaneous determination of the steady-state quantum yields of PSI and PSII were
applied in order to probe the potential for linear and cyclic electron transport under Ci
limitation in Synechococcus. The ratio of $PSI/$PSII, indicative of the relative rates of
cyclic/linear electron flow, always exceeded 2, irrespective of whether the source of Ci in
photosynthesis was HCO 3- or CO 2, and increased to 7-12 as the rate of photosynthesis
approached zero. This was interpreted as strong evidence for the participation of cyclic
electron flow in support of Ci transport and CO2 fixation, which became more pronounced
under more severe Ci limitation. The relative rates of cyclic/linear electron flow were not
significantly different when the source of Ci was CO 2 or HCO3-, suggesting similar
pathways of electron transport were evoked by CO2 and HCO 3- transport.
The short-term physiological response to Ci limitation in high Ci cells of

Synechococcus was monitored by mass spectrometry in experiments in which HCO3- was
injected at rates below 20% of V max of photosynthesis. Evidence for CCM expression based
on synthesis of new proteins was seen as the decline in extracellular [CO 2] towards zero
under HCO3- injection which was insensitive to staurosporine, an inhibitor of the fastinduction of HCO3- transport response. The time-dependent increase in affinity for Ci under
HCO3- injection could be described by the Michaelis-Menton equation as a decrease in
Ka.5(Ci) value. No correlation between the reduction state of the electron transport chain
and the rate of increase in affinity for Ci could be demonstrated.
Semi-quantitative and real-time RT-PCR techniques for the analysis of CCMrelated transcripts in Synechocystis were optimised to a high degree of precision and
accuracy. Increased abundance of cmpA transcript under low Ci, when assessed by semiquantitative R T-PCR, proved the reliability of this technique for the detection of
differentially accumulated CCM-related transcripts in cells undergoing Ci limitation. In
.

IV

relation to real-time RT-PCR, particular emphasis was placed on the optimisation of
product specificity as well as SybrGreen I and primer concentrations. Real-time RT-PCR
analysis of standard curves, relating known differences in template copy number to Ct
value, revealed that amplification efficiencies for selected primers were within 10% of the
theoretically optimum value of 2.
Rapid adaptation to limiting Ci supply in Synechocystis was demonstrated with a
combination of semi-quantitative and real-time RT-PCR. The abundance of cmpA, ndhF3
and sbtA transcripts, encoding inducible Ci transporters, were maximal within 45 minutes
and full physiological adaptation, inferred from increases in affinity for Ci in
photosynthesis, was largely complete within 2 hours of Ci limitation. No evidence for fastinduction of HC03- transport was seen under these conditions. Significant expression of
inducible transcripts was seen only in the presence of low Ci and light signals. Neither of
these signals, on their own, could evoke significant expression.
Both [Ci] and light could modulate the expression of transcripts encoding inducible
Ci transporters, manifested as increases in transcript abundance in diminishing [Ci] under
constant, moderate irradiance and under increasing irradiance in constant, low [Ci]. PSII
electron transport was necessary for cmpA and ndhF3 expression but unnecessary for sbtA
expression. Over-reduction of PSII in the presence of limiting artificial electron acceptor
stimulated cmpA and ndhF3 expression, but not sbtA expression.

V

Table of Contents
..

Statement of Original Authorshi p

11

Acknowle dgements

111

Abstract

lV

Table of Contents

Vl

List of Tables

Xl

Table of Figures

Xl

List of Abbreviat ions

XlV

Chapter 1 General Introduction

1

Chapter 2 General Experimental Methods and Procedures

30

2.1 Cyanobacterial Strains

31

2.2 Growth Conditions

31

2.3 Measurement of Growth and Chlorophyll a Assay

32

2.4 Induction of Cyanobacterial Cells Under Low Ci Conditions

33

2.5 Preparation of Assay Buffer

34

2.6 Gas Exchange Measurements by Mass Spectrometry

34

.

.
.

.

.

2.6.1 Ci Response Measurements

35

2.6.2 Ci Depletion Experiments

35

2.6.3 CO 2 and HCO 3 - Flux Analysis

35

2.6.4 Culture [Ci] Measurements

36

2.7 Primer Sequence Selection

36

2.8 Other Methods and Procedures

36

Chapter 3 Analysis of Steady-State Photosynthetic Electron Transport in

39

Synechococcus PCC7942
3.1 Introduction

40

3.1.1 Specific Aims and Objectives

42

3.1.2 Approach

42

3.2 Specific Experimental Methods and Procedures

42

3.2.1 P700 and Chlorophyll a Fluorescence Measurements

42

3.2.2 Determination of PSI and PSII Quantum Yield: Measurement

42

.

Vl

and Calculation

3.2.3 Linearity of Injection Rate by the Infusion Pump

48

3.2.4 Preparation of CO2 Solutions

48

3.3 Results

48

3.3.1 Ci Injection Increases the Reduction State of the Electron Transport Chain

48

3.3.2 The Quantum Yield of PSI Exceeds that of PSII Under CO2 and HCO 3 -

50

Injection

3.3.3 The Ratio of ~PSI/~PSII Increases as the Rate of Photosynth esis Approaches Zero 51
3.4 Discussion
3.4.1 Simultaneo us Measureme nt of ~PSII and ~PSI in Studies of Cyanobacte rial

54
54

Photosynth esis

3.4.2 The Regulation of Photosynth etic Electron Transport Under Ci Limitation

54

3.4.3 Evidence for Considerab le Cyclic ET in Support of CO2 and HCO 3 - Uptake:

55

Results Presented Here in Context With Other Work

3.4.4 Conclusion s

Chapter 4 Adaptation to Light and Limiting Inorganic Carbon in Synechococcus

56

58

PCC7942
4.1 Introduction

59

4.1.1 Specific Aims and Objectives

60

4.1.2 Approach

60

4.2 Specific Experiment al Methods and Procedures

61

4.2.1 Mass Spectromet ry

61

4.2.2 Measureme nt of Quantum Yield of PSII and Relative Electron Transport Rate

61

4.3 Results

62

4.3.1 The Photosynth etic Affinity for Ci Increases Under HCO 3 - Injection Limitation

62

4.3.2 PSII ETR and Changes in Affinity for Ci Under HCO3 - Injection

64

4.3.3 The Effect of Low Light on Extracellula r 13 Ci is Similar to Rapid HCO 3 -

67

Injection and Vice-Versa

4.3.4 Effects of Staurospori ne on [1 3 Ci] Pattern Under HCO 3 - Injection
4.4 Discussion
4.4.1 Differences in the Estimation of the Increase for Apparent Affinity for

68
71
71

Ci Under HCO 3 - Injection

4.4.2 HCO 3 - Injection Limitation as a Tool for Analysis of Steady-Stat e CCM

72

Expression

4.4.3 CCM Expression Under Ci Injection Limitation Has Two Component s :

73

Fast-Induct ion of HCO 3-Transport and de nova Protein Synthesis

..

Vil

4.4.4 The Rate of Adaptation to Limiting Ci is Unrelated to the Rate of Electron

74

Transport Under These Conditions
4.4.5 The Rate of Adaptation Under Limiting Ci Injection is Irradiance Dependent

74

4.4.4 Conclusions

75

Chapter 5 Optimisation and Validation of Semi-Quantitative and Real-Time RT-PCR

77

for Studies of Cyanobacterial Gene Expression
5.1 Introduction

78

5.1.1 Specific Aims and Objectives

80

5.1.1.1 Semi-Quantitative RT-PCR Optimisation

80

5.1.1.2 Real-Time RT-PCR Optimsation

81

5.2 Specific Experimental Methods and Procedures

82

5.2.1 Growth of Cells and Adaptation to Low Ci

82

5.2.2 RNA Isolation and Purification

82

5.2.3 Quantitation of RNA Preparations and Assessment of Quality

83

5.2.4 Semi-Quantitative RT-PCR Conditions and Optimisation

84

5.2.4.1 cDNA Synthesis

84

5.2.4.2 PCR

84

5.2.4.3 DNA Electrophoresis

86

5.2.5 Real-Time RT-PCR: Optimisation and Quantitative Validation

87

5.2.5.1 cDNA Synthesis for Real-Time RT-PCR

87

5.2.5.2 cDNA Synthesis with the Superscript System

87

5.2.5.3 PCR

88

5.2.5.4 Real-Time PCR Amplification

88

5.2.5.5 Standard Curve Analysis

89

5.3 Results

90

5.3.1 Effect of Primer Concentration on Semi-Quantitative RT-PCR End Product Yield

90

5.3.2 Differential Accumulation of PCR Product as a Function of Low Ci Treatment

92

5.3.3 Optimisation of RT-PCR Product Specificity

92

5.3.4 Effect of SybrGreen I on Real-Time RT-PCR Amplification Sensitivity

94

5.3.5 Effect of Primer Concentration on Ct Value

96

5.3.4 Standard Curve Analysis

96

5.4 Discussion
5.4.1 The Reliability of Semi-Quantitative RT-PCR in the Detection of

101
101

Vlll

Differentially Expressed Transcripts
5.4.2 Optimisation of PCR Product Specificity for Real-Time RT-PCR

101

5.4.3 SybrGreen I and [Primer] Optimisation for Real-Time RT-PCR

102

5.4.4 Analysis of Real-Time RT-PCR Amplification Efficiency

103

5.4.5 Conclusions

103

5.4.5.1 Semi-Quantitative RT-PCR Optimisation

103

5.4.5.2 Real-Time RT-PCR Optimisation

103

Chapter 6 Rapid Adaptation to Limiting Ci in Synechocystis PCC6803: Analysis

105

by Semi-Quantitative and Real-Time RT-PCR
6.1 Introduction

106

6.1.1 Specific Aims and Objectives

107

6.1.2 Approach

107

6.2 Specific Experimental Methods and Procedures

108

6.2.1 Induction of Cells Under Low Ci

108

6.2.2 Light Treatments

108

6.2.3 RNA Isolation and Gene Expression Analysis

109

6.2.4 Calculations Used in Real-Time PCR Analysis

110

6.3 Results

110

6.3.1 Changes in Culture [Ci] During Aeration with COrfree Air

110

6.3.2 Increases in Affinity for Ci in Photosynthesis During Exposure to COrfree Air

111

6.3.3 An Initial Screen of Low Ci Responsive Genes

111

6.3.4 Time Course of the Response of Inducible Transcripts Under Low Ci Stress

117

6.3.5 Effect of COrfree Aeration on Photosynthesis, CCM induction and Growth

119

6.3.6 Light Requirement for Low Ci Induced Expression of cmpA, sbtA and ndhF3

121

6.3.7 The Effect of High Light Stress on Low Ci Responsive Transcripts

124

6.4 Discussion

127

6.4.1 Gene Expression Under Ci Limitation in Synechocystis PCC6803

129

6.4.2 Rapid Transcriptional and Physiological Response to Ci Limitation

131

6.4.3 The Role of Light in.the Expression of Low Ci Induced Transcripts

133

6.4.4 Conclusions

133

Chapter 7 Modulation of CCM Expression in Synechocystis PCC6803 by Ci and Light: 135

Similarity to a Redox Control Mechanism
7.1 Introduction

136

7.1.1 Specific Aims and Objectives

137

7.1.2 Approach

138

7.2 Specific Experimental Methods and Procedures

139

.

lX

7.2.1 Mass Spectrometry Incubation Experiments

139

7.2.3 Intracellular Ci Pool Size Determination

140

7.2.3 RNA Isolation and Real-Time RT-PCR

140

7.3 Results

140

7.3.l The Control of CCM-Related Gene Expression by Ci and Light
7.3.1.1 Abundance of cmpA, sbtA and ndhFJ Transcripts Increases in

142
142

Diminishing [Ci] Under Constant Irradiance
7.3.1.2 Increasing Irradiance Under Low Ci Stimulates Expression of

144

Transcripts Encoding Ci Transporters: Confirmation by CO 2 and HCO 3 Flux Analysis
7.3.2 Increasing Irradiance Exacerbates Photosynthetic Limitation Under Low Ci

147

7.3.3 Electron Transport in PSII is Necessary for the Expression of cmpA and ndhFJ

147

Transcripts But Not For sbtA Transcripts
7.3.4 The Use of Artificial Electron Acceptors ofPSII in Studies of CCM-Related

150

Gene Expression
7.3.4.1 Artificially Induced Electron Flow Through PSII Stimulates

152

cmpA and ndhFJ Expression But Not sbtA Expression
7.4 Discussion

155

7.4.1 Coupling of Gas Exchange Measurement by MIMS to Analysis of Gene

155

Expression by Real-Time RT-PCR in Synechocystis Cell Suspensions
7.4.2 Evidence for Regulation of CCM-Related Gene Expression by Ci and Light

155

in Synechocystis : Similarities to Redox Control Mechanisms
7.4.3 Differences in the Regulation of sbtA Transcript and cmpA and ndhF3 Transcripts

157

7.4.4 Direct Sensing of CO2 and/or HCO 3 - Does Not Regulate Expression of

159

CCM-Related Transcripts
7.4.5 Internal HCO 3 - Pool Probably Does Not Play a Role in Sensing External Ci

159

Limitation
7.4.6 Redox Control of Gene Expression in Cyanobacteria

159

7.4.7 Conclusions

160

Chapter 8 General Discussion
8.1 Analysis of Steady-State Electron Transport in Synechococcus PCC7942:

163
164

Evidence for CO 2 Concentrating Capacity Under Low Rates of Ci Injection
8.2 The Expression of the CCM in Synechocystis PCC6803: Present Findings in

165

Context with Other Work
8.2.1 The Absence of Fast-Induction ofHCO 3 -Transport in Synechocystis

167
X

8.2.2 The Capacity of High Ci Cells of Synechocystis for HCO 3-Transport

168

8.2.3 Co-Regulation ofExpressi on of Inducible Transcripts by Ci

168

and Light in Synechocystis PCC6803
8.3 Properties and Characteristics of Inducible Ci Transporters in Cyanobacteria

172

8.4 Limitations on Photosynthesis and PSII - Correlations With Changes in Transcript

174

Abundance
8.5 Concluding Remarks

176

Literature Cited

179

List of Tables
Table 2-1 Composition of growth medium for liquid and plate cultures of Synechocystis

31

PCC6803 and Synechococcus PCC7942.
Table 2-2 Oligonucleotide sequences used in semi-quantitative and real-time RT-PCR

38

analysis.
Table 3-1 Infusion pump Ci injection rates and corresponding calculated rates of CO 2 fixation.

49

Table 5-1 Constituent concentrations of2x Thermoscri pt reverse transcription master mix

86

used in cDNA synthesis for semi-quantitative RT-PCR analysis.
Table 5-2 Constituent concentrations of 2x Superscript master mix for cDNA synthesis.

88

Table 5-3 Constituent concentrations of Local and Qiagen PCR reaction mixtures.

89

Table 5-4 Effect of ndhD2 primer concentration on Ct values in real-time RT-PCR

98

amplifications of cDNA templates from Synechocystis PCC6803.
Table 5-5 Linear regression analysis of standard curves and amplification efficiencies (E) for

100

primer pairs used used in real-time RT-PCR.

Table of Figures
Figure 1-1 Morphological diversity of selected cyanobacterial species and potential threats to

3

human health.
Figure 1-2 pH dependence of fractional CO 2 , HCO 3 - and

co/- concentration.

Figure 1-3 Organization of cmp an9 ndhF3/D3/c hpY operons, sbtA, ictB and ndhF4/D4

5

21

and chpX genes in Synechocystis PCC6803.
Figure 3-1 Path of electrons in the cyanobacterial thylakoid membrane.

42

Figure 3-2 Configuration of experimental apparatus for simultaneous measureme nt of

44

chlorophyll a fluorescence and absorbance of 820 nm light by P700.
Figure 3-3 Simultaneous recording of absorbance of 820 nm light by P700 in PSI and yield

46

of chlorophyll a fluorescence in Synechococcus PCC7942.
Figure 3-4 Determination of total photo-oxidizable P700 in the dark in cells of Synechococcus

47

.

XI

PCC7942.
Figure 3-5 Calibration curve of infusion pump.

50

Figure 3-6 Typical steady state recording of absorbance of 820 nm light by P700 and

52

and the yield of chlorophyll a fluorecence in low Ci cells of Synechococcus PCC7942.
Figure 3-7 Effect ofHCO 3 - and CO 2 on steady state PSII and PSI quantum yield in low

53

Ci cells of Synechococcus PCC7942.
Figure 4-1 Adaptation of Synechococcus PCC7942 to limiting Ci supply.

63

Figure 4-2 Physiological adaptation to H 13 CO 3 - injection limitation in Synechococcus

65

PCC7942.
Figure 4-3 Pattern of [1 3 Ci] produced in cell suspensions of Synechococcus PCC7942 under

69

H 13 CO3- injection limitation as a function of irradiance.
Figure 4-4 Effect of 0.5 µM staurosporine on the pattern of 13 Ci in the extracellular medium

70

13

under H COr limited injection.
Figure 5-1 Typical image of total RNA isolated from cells of Synechocystis PCC6803.

85

Figure 5-2 Differential expression of cmpA in high and low Ci cells of Synechocystis

91

PCC6803.
Figure 5-3 Electrophoretic separation of RT-PCR end products generated by different

93

combinations of reverse-transcription and amplification systems.
Figure 5-4 Effect of SybrGreen I concentration on PCR amplification profile and Ct value.

95

Figure 5-5 Effect of ndhD2-specific primer concentration on Ct value and PCR product

97

specificity in real-time RT-PCR amplifications.
Figure 5-6 Method validation for analysis of gene expression by real-time RT-PCR.

99

Figure 6-1 The effect of aeration with COrfree air on total [Ci] in illuminated and darkened

112

cultures of Synechocystis PCC6803.
Figure 6-2 Comparative uptake of Ci by cells of Synechocystis PCC6803 aerated with COrfree

114

air for 15, 60, 120, 180 and 300 minutes.
Figure 6-3A Initial screen by semi-quantitative RT-PCR of Ci-responsive genes from cells of

115

Synechocystis PCC6803.
Figure 6-3B Histogram plot of the relative changes in the abundance of transcripts corresponding 116

to the initial screen of CCM-related gene expression shown in Figure 6-3A.
Figure 6-4 Semi-quantitative RT-PCR amplification of RNA extracted from cells during

118

induction of the CCM.
Figure 6-5 Physiological responses of cells of Synechocystis PCC6803 to aeration for up to
6 hours with COrfree air.

120

Figure 6-6 Log-transformed traces of fluorescent PCR product accumulation monitored by
the real-time RT-PCR technique.

122

Figure 6-7 Relative changes in cmpA, sbtA , ndhFJ, ndhF4 and ndhD2 transcript abundance in

123

..

XII

cells of Synechocystis PCC6803 exposed to COrfree air for 30 min in the light or the dark.
Figure 6-8 Real-time RT-PCR product amplification of cDNA derived from Synechocystis

125

cells incubated in low, intermediate and high light for 15 minutes under 3% CO 2 in air.
Figure 6-9 Relative changes in transcript abundance in cells of Synechocystis PCC6803 exposed

126

to intermediate or high light for 15 minutes under 3% CO 2 in air.
Figure 6-10 Relative changes in transcript abundance in cells of Synechocyctis PCC6803

128

exposed to high light as determined by real -time RT-PCR.
Figure 7-1 Typical mass spectrometer recording of [CO 2 ] and [0 2 ] under manual injection of

141

NaHCO3 during photosynthesis high Ci cells of Synechocystis.
Figure 7-2 Effect of diminishing [Ci] and increasing irradiance on the expression of genes

143

encoding inducible Ci transporters in high Ci cells of Synechocystis.
Figure 7-3 Effect of mass spectrometer incubation irradiance on initial CO 2 transport, net HCO 3 - 145

uptake and net 0 2 evolution, relative to high Ci cells.
Figure 7-4 Effect of irradiance on net 0 2 evolution in the presence of saturating and limiting

146

Ci and on intracellular Ci pool size in cell suspensions of Synechocystis PCC6803 measured by mass
spectrometry.
Figure 7-5 Patterns of CO 2 and 0 2 exchange monitored by mass spectrometry in 8 mL,

148

high-Ci cell suspensions of Synechocystis in the presence of DCMU and EZ.
Figure 7-6 Effect ofDCMU and EZ on the expression of cmpA, ndhFJ and sbtA transcripts in

149

Synechocystis cells.
Figure 7-7 Diagrammatic representation of light-dependent electron flow through PSII to 2,6-

151

dichlorobenzoquinone and Potassium Ferricyanide .
Figure 7-8 Response of net 0 2 evolution to irradiance in the presence of 20 and 270 µM DCBQ

153

and 2 mM Potassium Ferricyanide in high Ci cells of Synechocystis PCC6803.
Figure 7-9 The response of 0 2 evolution and Ci exchange in the presence of20 µM DCBQ

154

to increasing irradiance in 8 rnL Synechocystis cell suspensions monitored over a 10 minute
interval by mass spectrometry.
Figure 7-10 Expression profiles of cmpA, sbtA and ndhF3 corresponding to the mass

156

spectrometer incubations in the presence of 20 µM DCBQ and 2 mM Potassium ferricyanide
shown in Figure 7-9.
Figure 8-1 Diagrammatic representation of the co-regulation of CCM expression by Ci

171

and light in Synechocystis PCC6803.
Figure 8-2 Effect of irradiance on the expression of cmpA, sbtA and ndhF3 transcripts and the

175

% suppression of net 0 2 evolution at low Ci, relative to high Ci levels, as a function of irradiance.
Figure 8-3 Effect of irradiance on the expression of cmpA and ndhF3 transcripts and on

177

PSII-acceptor side limitation in the presence of 20 µM DCBQ and 2 mM Potassium ferricyanide.

Xlll

List of Abbrev iations

A

Absorba nce

ATP

Adenos ine Triphos phate

CA

Carboni c anhydra se

CCM

CO2-Concentrating Mechan ism

Chla

Chlorop hyll a

Ci

Inorgan ic carbon

Ct

Thresho ld Cycle

Cyt b6//

Cytochr ome b6/f comple x

DCBQ

Dichlor o benzoqu inone

DCMU

3-(3 ,4-Dich lorophe nyl)-l, 1-dimet hylurea

DMSO

Dimeth ylsulfox ide

DNA

De-oxy ribonuc leic acid

DNAse

De-oxy ribonuc lease

DTT

Dithioth reitol

EDTA

Ethylen eDiamin eTetraa cetic Acid

ETC

Electron Transpo rt Chain

ETR

Electron Transpo rt Rate

EZ

Ethoxyz olamide

FC

Fold Change

Fm'

Maximu m yield of chlorop hyll a fluoresc ence

Fs

Steady- state fluoresc ence yield

Fv

Variabl e fluorescence yield

~

PSI

Quantum yield of PSI

~

PSII

Quantum yield of PSII

HEPES

N-2-Hy droxyet hylpipe razine-N '-2-etha nesulfon ic
acid
Concen tration of CO 2 required for half-ma ximal rate
of steady-state CO2 transpor t

.

XIV

Concen tration of HCO 3- required for half-ma ximal
rate of steady-s tate HCO 3- transpor t
Ko.s(Ci)

Concen tration of Ci required for half-ma ximal rate of
photosy nthesis
Michae lis-Men ton Constan t, concent ration of
substrat e required to half-sat urate enzyme activity

MIMS

Membra ne Inlet Mass Spectro metry

NDH-1

Type 1 NADPH Dehydr ogenase Comple x

O.D.

Optical Density

ORF

Open Reading Frame

PAM

Pulse Amplitu de Modula ted

PCC

Pasteur Culture Collecti on

PCR

Polyme rase Chain Reactio n

PQ

Plastoqu inone

PSI

Photosy stem I

PSII

Photosy stem II

RNA

Ribonuc leic Acid

RNAse

Ribonuc lease

S.D.

Standar d Deviatio n

S.E.

Standard Error

RT-PCR

Reverse Transcr iption-P olymera se Chain Reactio n

TES

(2-[ (2-Hydr oxy-1, 1 bis [hydrox ymethyl ] ethyl)am ino]
ethanes ulfonic acid)

TBE

Tris-Bo rate-ED TA Buffer

UTEX

Univers ity of Texas Culture Collecti on

Ymax

Maximu m rate of photosy nthesis

v/v

volume per volume

xv

Cha pte r 1
Gen era l Intr odu ctio n

Chapter 1

General Introduction

1. Introduction

1.1 General Introductio n to the Cyanobact eria

Cyanobacter ia are an ancient and diverse group of photosynthet ic prokaryotes
which are responsible for a considerable fraction of global primary productivity. Similar to
higher plants and algae, cyanobacteri a carry out oxygenic, C 3 photosynthes is. Unlike higher
plants and algae however, most cyanobacteri a contain chlorophyll a and the main lightharvesting structure is a specialised complex consisting of proteins and chromophore s, the
phycobilisom e. The accessory pigments which partly comprise the phycobilisom es are
phycocyanin (blue), phycoerythri n (red) and allophycocya nin (blue).
Cyanobacter ia of the genus Prochlorococcus are unique in terms of pigment
composition in that they contain divinyl derivatives of chlorophylls a and b as the main
light-harvest ing complex, plus a-carotene and zeaxanthin and a unique form of
phycoerythri n as accessory pigments (Partensky et al. 1999). This unique composition of
pigments has lead to the suggestion that Prochlorococcus may represent an extant model
for the common ancestor shared by both cyanobacteri a and the chloroplasts of all other
higher plants and algae (Tomitani et al. 1999)

1.1.1

Morphology and Habitat
The cyanobacteri a are comprised of 150 genera and approximate ly 2000 species.

Morphologic ally, there are unicellular, filamentous and colonial representativ es (see Fig. 1-

1). In tenns of habitat, cyanobacteri al species are found in marine, freshwater and terrestrial
syste1ns, although most are found in freshwater. Nutrient-rich coastal and estuarine waters
often contain diverse assemblages of cyanobacteri a. On land, cyanobacteri a have
occassionally formed symbiotic relationships with fungal species (lichens) or with aquatic
plants, like the well characterized Anabaena-A zollae symbiosis.
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10 microns

Fig. 1-1 Diversity of morphology in selected cyanobacterial species and the potential threat to
human health posed by cyanobacterial blooms.
a) Nostoc sp. (200x, courtesy of Roger Burks, University of California, Riverside)
b) Oscillatoria princeps (200x, courtesy of Roger Burks, University of California)
c) Anabaena sp. (courtesy of Wayne Carmichael, Wright State University)
d) Synechocystis sp. (courtesy of Christine Gaylande, Universidade Federal do Rio Grande do
Sul)
e) Synechococcus leopoliensis (a.k.a. Synechococcus PCC7942, formerly Anacystis nidulans
R2, TEM of 300 nm semi thin-section, courtesy of J.K. Sainis, Bhabha Atomic Research
Centre)
f)

Bloom of Microcystis aeuriginosa, Beijing, China (courtesy of Wayne Carmichael Wight
State University).

All images used by permission (Mark Schneegurt, Wichita State University and Cyanosite,
www-cyanosite.bio.purdue.edu)

3

Chapter 1

General Introduction

In eutrophic lakes and rivers, certain cyanobacterial species like Anabaena flos-aquae
and Aphanizome non sp. undergo un-restricted growth and accumulate in toxic blooms. The
colonial Microcystis aeruginosa, another notorious bloom-forme r, produces the toxin
microcystin, which can pose serious threats to human health.

1.2 Limitations on Cyanobact erial Photosynth esis : Defining the Problem
The cyanobacteri a constitute an ecologically important fraction of marine and
freshwater phytoplankto n and are responsible for a considerable proportion of primary
productivity (Raven and Falkowski 1999). These photosynthetic micro-organisms are
confronted, however, by a number of physical and biochemical constraints which, together,
conspire to limit the efficiency of photosynthes is in natural conditions.

1.2.1 Physico-Che mical Constraints
The first of these is the relatively slow rate of diffusion of CO 2 in water which is
some 4 orders of magnitude slower than that of CO 2 in air (Badger and Spalding 2000).
This problem is potentially excacerbated under conditions where the dissolved inorganic
carbon (Ci) concentration is drawn away from equilibrium with air and, consequently,
where the rate of CO2 supply is. even more limiting (Codispoti et al. 1982).
The fractional concentration of Ci species in aqueous solution at 25 °C is shown in
Fig. 1-2. The proportionat e composition of the various Ci species in solution is pH
dependent. Over the pH range within with cyanobacteria typically thrive (7-9, Coleman and
Colman 1981), HCO3- is the dominant Ci species in solution, constituting between 70-99.5
% of the Ci in the bulk medium. The uncatalysed dehydration of HCO 3- to CO 2 is a
relatively slow reaction, however, at physiologica lly relevant temperatures within the range

of pH 7.8-8.2 (a realistic representation of naturally occurring pH values), and thus, could
potentially limit the supply of CO 2 to the sites of fixation in photosynthes ising
cyanobacterial cells.
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Fig. 1-2. pH dependence of fractional CO 2, HCO 3- and CO 32- concentration in water at 25 °
C and 1 atmosphere pressure.

1.2.2 Biochemical Contraints
The second major problem which confronts cyanobacteria and, to a lesser extent,
other photosynthetic microalgae, is the relatively low affinity of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco, the enzyme which fixes CO 2 in photosynthesis) for CO2
in photosynthesis. Several studies over the years have reported Km(CO2) values for
Rubisco from a number of cyanobacterial species in the range of 150-300 µM (Badger
1980,Andrews and Abel 1981, Jordan and Ogren 1981 ). This compares to values from
higher plants in the range of 10-20 µM (Andrews and Abel 1981). In air-equilibrated
aqueous solutions the dissolved [CO 2] varies between 10-15 µM, depending mainly on
temperature and ionic strength, which is obviously well below the concentrations required
to even half saturate Rubisco. To compound the problem even further, Rubisco, in addition
to its main role as the primary carboxylating enzyme in the cell, also functions as an
oxygenase, catalysing the condensation of an 0 2 molecule to RuBP (ribulose-1,5bisphosphate) , the first step in an energetically wasteful process termed photorespiration
(Shelp and Canvin 1981). At concentrations of CO 2 and 0 2 typically found in aqueous
5
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(Shelp and Canvin 1981 ). At concentrations of CO2 and 0 2 typically found in aqueous
solutions equilibrated with air (10 and 250 µM, respectively) , Pierce and Omata (1988)
have suggested that the effective Km(CO 2 ) for cyanobacterial Rubisco may be as high as
600 µM, due mainly to oxygen inhibition of the carboxylase reaction. Along with the
enzyme's relatively poor affinity for CO 2 it displays a remarkably poor ability, relative to
the enzyme from higher plants and other microalgae, to distinguish between CO 2 and 0 2.
Values for this so called 'specificity factor', an inherent biochemical property of the
enzyme, from cyanobacterial Rubiscos generally fall into a range of

~

40-60 while, by

comparison, the range of values reported from higher plants is around 75-90 ( a
comprehensive collection of these data across a broad spectrum of taxa was reported by
Badger et al. 1998 ).
Taken as a whole then the poor kinetic properties of cyanobacterial Rubisco plus
the physico-chemical aspects of dissolved Ci species, which have implications for the
accessibility of CO2 to the cell, have the potential to impose serious limitations on
photosynthesis under natural conditions.
To overcome these limitations a remarkable adaptive response has evolved in many
species of cyanobacteria, and other photosynthetic organisms, whereby the concentration of
intracellular CO2 is raised, in an energy-dependent manner, around the active sites of
Rubisco in an attempt to elevate and optimise the CO2 concentration. As a consequence of
the raised [CO2]/[O2] ratio, the carboxylation reaction is greatly favoured over oxygenation,
and photorespiration is suppressed and virtually absent. A mechanism such as this permits
efficient photosynthesis and ultimately, cell division and growth, under conditions where
the concentration of CO 2 would otherwise be very limiting.
This so-called CO 2-Concentrating Mechanism (CCM) was first described in detail
in the filamentous cyanobacterium Anabaena variabilis (Kaplan, Badger and Berry 1980)
and, contemporaneously, in the model green alga Chlamydomonas reinhardtii by the same
group (Badger, Kaplan and Berry 1978). Since then variants of the CCM have been
described in a diverse range of micro- and macroalgae as well indicating that it appears to
have been adopted as a common evolutionary 'solution' to the problem of inorganic carbon
(Ci) limitation in widely divergent taxa (Badger et al. 1998). Efficient use of CO 2 under Ci
limitation is undoubtedly the main benefit associated with CCM activity. However, other
6
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benefits include the near-complete suppression of photorespiration and the more efficient
use of other nutrients, such as N , S, P and Fe ( see Beardall and Giordano 2002 and
references therein).
This introduction will deal almost exclusively with the induction , regulation and
energisation of the cyanobacterial CCM, and where instructive, various features and
attributes of the CCM from other organisms will be incorporated into the discussion.

1.3 General Overview of the Adaptat ion Respons e to Limiting Ci
Under contrived laboratory conditions the CCM is typically fully expressed in
cyanobacteria when cultures are switched from aeration with high concentrations of CO2
(1-5 % in the gas phase) to very low concentrations, typically 360 ppm to as low as 20 ppm
CO 2. However, a basal or constitutive level of CCM activity is present in cells even when
grown under luxuriant Ci conditions (Price et al. 1998, Kaplan and Reinhold 1999, Badger
and Spalding 2000). A characteristic syndrome of physiological features accompanies the
induction of the CCM in cyanobacteria, the most diagnostic of which is the dramatic
increase in the affinity for total Ci exhibited by the cell. In model study organisms like
Synechococcus PCC 7942 and Synechocystis PCC 6803 the [Ci] required to half-saturate
photosynthesis (i.e. K 0 .5 (Ci), a term analogous to but not the equivalent of, the MichaelisMenton constant, Km, used in enzymological analyses) decreases approximately 15-20 fold
when cells are bubbled with such low concentrations of CO 2 (Badger and Andrews 1982,
Shelp and Canvin 1984). Early studies in Anabaena variabilis showed conclusively that the
increase in photosynthetic efficiency attendant upon exposure to low CO 2 was not the result
of improved carboxylase efficiency via a biochemical modification of Rubisco itself or by
an increase in the activity of other carboxylating enzymes like PEP carboxylase (Kaplan et
al. 1980). The large increase in cellular affinity for Ci is the manifestation of a dramatic
modification of both gene expression patterns and de nova protein synthesis and posttranslational modification of HCO 3- transporters (Sliltemeyer et al. 1998a).

1.4 Early Investigations of Ci Transpo rt in Cyanoba cteria
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1.4.1 Filtering Centrifugation Techniqu e

Many early studies involving the measurem ent of Ci transport in cyanobacteria
commonly employed the technique of silcone oil filtering centrifugation. Cells were
normally depleted of external Ci in the chamber of an illuminated 0 2 electrode. Aliquots of
the depleted cell suspension were then transferred to a transparent microfuge tube and resupplied with either

14

CO 2 or H 14 CO 3- for various periods of time or with varying

concentrations of the labelled Ci for a defined interval of time. The reaction was then
terminated by centrifuging the cells through a layer of silicone oil into an alkaline killing
solution. The cell pellet would then be re-suspended and a portion acidified, dried and
radio-assayed by liquid scintillation counting for the proportion of labelled Ci fixed into the
products of photosynthesis. The difference between this and the total amount of labelled Ci
taken down with the cells was assumed to be equivalent to that amount of Ci which existed
as an un-fixed, accumulated pool. With knowledge of the intracellular volume, the
concentration of this internal pool could be determined and compared between different
cell types assayed under identical conditions. This valuable and useful technique provided
the first real insights into the nature of Ci transport in cyanobacteria adapted to different
concentrations of Ci during growth.

1.4.1.2 General Conclusions Drawn from Filtering Centrifugation Studies.

These studies provided the first systematic evidence that cyanobacteria display
different affinities for externally supplied Ci depending on the concentration of Ci
experienced by the cells during growth. Various studies using cells grown on either high
CO2 (1-5 % in the gas phase) or air-grown cells (~ 350 ppm CO 2 or lower) showed that
both cell types were capable of transporting both CO 2 and HCO 3- in photosynthesis but that
cells grown in 'carbon-d eficient' culture displayed much higher rates of initial CO 2 and
HCO3- transport than cells ·grown in 'carbon-su fficient' cultures (Kaplan et al. 1980,
Badger and Andrews 1982, Miller et al. 1984a, Badger and Gallagher 1987). These two
growth conditions defined the two extreme states of CCM expression but Badger and
Gallagher (1987) clearly showed in Synechococcus PCC6301 a continuum of CCM activity
which increased as the growth [Ci] decreased. They defined the two extreme states as either
high Ci or low Ci cells with the former displaying the lowest CCM activity and the latter
8
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displaying the highest (Badger and Gallagher 1987). When labelled CO2 or HCO3- were
supplied at equal concentration s, CO 2 was taken up much more rapidly than HCO3- and this
was more pronounced in high Ci cells (Abe et al. 1987, Badger and Gallagher 1987). It was
also clearly shown in a number of studies that the path of carbon proceeded from the Ci
supplied in the external medium through to an intracellular pool, the concentration of which
was anywhere from 50-1000 times greater than the external Ci. The accumulated pool then
served as the source of CO2 for photosynthet ic fixation by Rubisco (Badger and Andrews
1982, Shelp and Canvin 1984, Abe et al. 1987). These studies provided the first direct
evidence for the internal accumulation of Ci at concentration s would could not be
accounted for by passive diffusion.

1.4.2 Early Models for CO 2 and HC0 3- Transport
In low Ci cells of Anabaena variabilis, the rate of CO 2 fixation as a function of the
intracellular pool of Ci was the same, irrespective of the type of Ci provided indicating that
whichever species of Ci was taken up, it was HCO3- which was delivered to the interior of
the cell (Volokita et al. 1984, Abe et al. 1987). This then lead to the proposal that CO 2 and
HCO3- uptake were mediated at the cell membrane by a common transporter which, in the
case of CO2 uptake, must posses a 'CA-like' activity to convert CO 2 to HCO 3- in midtransport within the cell membrane. Although several models were presented, it was
postulated that the central transporter was a HCO 3- transporter which utilized CO2 in a sort
of secondary way after its hydration to HCO 3- by a "CA-like" moiety, rather than by a
conventional CA enzyme per se (Volokita et al. 1984, Abe et al. 1987). Another model
conceived in light of evidence for the inhibition of CO 2 uptake by ethoxyzolam ide (a
sulphonamid e inhibitor of carbonic anhydrase) (Price and Badger 1989a,b) suggested that
the induction of high-affinity HCO 3- transport upon exposure to low Ci was in fact the
result of modification of a central CO 2 transporter which utilized HCO 3- by a 'front-end'
mechanism (Badger and Gallagher 1987, Price and Badger l 989a,b ). Despite these
disparate views, a generally accepted feature of the CCM was that the internal Ci pool was
maintained in disequilibriu m greatly favouring the formation of HCO 3- (Volokita et al.
1984, Price and Badger 1989c ). The expression of human CA in the cytoplasm of

Synechococcus PCC7942, which equilibrated the Ci pool throughout the cell, lead to
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massive leakage of CO 2 back into the external medium, dissipating the internal pool of Ci
(Price and Badger 1989c). This was clear evidence for an internal Ci pool maintained out of
equilibrium in the cytoplasm in the form of HCO 3- and that the carboxysome must be the
site of internal CO 2 elevation (Price and Badger 1989c). It was thought that the
maintenance of the pool in this form would minimize the wasteful leakage of Ci from the
cell since the permeability of lipid bilayers to HCO3- was assumed to be very low.

1.4.3 Evidence for Separate and Independ ent Pathways of CO2 and HCO3- Uptake
1.4.3.1 Differential Requirem ent of CO2 and HCO3-Transport for Na+
It has been clearly established that CO 2 and HCO 3- transport have differing
requirements for the Na+ ion in photosynthesis and this feature has often been used to

distinguish between them. Kaplan et al. (1984) were the first to notice a Na+ requirement
for photosynthesis in Anabaena variabilis and they traced this requirement to active HCO3uptake. Miller and Canvin (1985) and Espie et al. (1988) clearly showed in Synechococcus
that HCO3- transport is heavily Na+ dependen t with mM concentrations of Na+ required for
maximal rates of transport while CO 2 transport only required this ion in the µM range. In
addition to this Espie and Canvin (1987) identified a form of HCO 3- transport expressed in
'standing cultures' of Synechococcus UTEX625 which showed no apparent Na+
dependency at all. This mode of HCO3- transport seemed to be absent in Synechocystis
PCC6803 (So et al. 1998).

1.4.3.2 Inhibitor Studies
The case for separate and independent transporters was further strengthened with
the use of various inhibitors which blocked the transport of one, but not the other, species
of Ci. For instance carbon ox·y-sulphide (COS) and H 2S, both structural analogues of CO 2,
inhibited CO2 uptake in Synechococcus without apparent inhibition of HCO 3- transport
(Espie et al. 1989, Miller et al. 1989). The cation Lt and the Na+/H+ exchange protein
inhibitor monensin appeared to block HCO 3- transport while having no effect on CO 2
transport (Espie and Kandasam y 1992, 1994). While 12 CO 2 was shown by mass
spectrometry to inhibit 13 CO2 uptake in Synechococcus, no inhibitory effect of HCO 310
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transport on CO 2 uptake could be found (Espie et al. 1991). This result was inconsistent
with a model in which a single transporter could mediate the uptake of both CO2 and
HCO3- simultaneously. Competitive interaction for the binding sites of a putative common
transporter should have been reflected by mutual inhibition of CO2 and HCO3- uptake.
Volokita et al. (1984) did report such competitive interaction in low Ci cells of Anabaena

variabilis but the balance of accumulated evidence strongly supports the existence of
independent and mutually exclusive CO2 and HCO3- transport in many species of
cyanobacteria.

1.4.4 Analysis of Ci Transport in Cyanobacte ria During Steady State Photosynthesis

1.4.4.1 Ci Flux Analysis by Membrane Inlet Mass Spectrometr y (MIMS)
A major disadvantage associated with filtering centrifugation studies was that
assays of Ci transport were conducted under initial conditions, sometimes after as little as
10 seconds of illumination. A more desirable approach was to monitor the activities of Ci
uptake under conditions of steady state photosynthesis with the use of mass spectrometry.
Badger and Andrews (1982) were the first to use MIMS in studies of cyanobacterial
photosynthesis using a marine Synechococcus species closely related to Synechococcus
PCC7002. They monitored the free [CO2] in cell suspensions in the presence and absence
of carbonic anhydrase (CA) and from these studies concluded that CO 2 could be utilized
directly from the medium by Synechococcus.
The use of MIMS was developed and extended to include an analysis of the fluxes
of CO2 and HCO3 - which supported CO2 fixation during photosynthesis. The theoretical
considerations of this technique were comprehensi vely described by Badger et al. ( 1994 ).
Typically, the [CO2] (m/e=44) and [0 2] (m/e=32) are monitored under conditions of Ci
disequilbrium in the light in actively photosynthesising cell suspensions. From these
measurements the net rates of inward CO2 transport and net 0 2 evolution (assumed to be
equivalent to the net rate of CO 2 fixation by Rubisco) are measured. The difference
between net CO 2 uptake and net 0 2 evolution is attributed to net HCO 3- uptake. When these
measurements were made over a range of [Ci] Michaelis-Menton kinetics were derived for
both CO2 and HCO3- uptake, indicating carrier-mediated transport processes (Yu et al.
11
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1994, Stiltemeyer et al. 1995, Salon et al. 1996a, McGinn et al. 1997). The overall aim of
these studies was to accurately quantify the affinity of the Ci transporters for their
respective substrates under steady-state conditions and, in this sense, they were extremely
useful. The affinity of cells for CO 2 and HCO3- in photosynthesis and the response of
photosynthesis to total Ci were expressed in terms analogous to the Michaelis-M enton
expression, Km. Accordingly, the expressions Ko_5(CO2), Ko.s(HCO3-) and Ko.s(Ci) were
used to represent the concentrations of CO 2, HCO3- and total Ci required for half-maximal
rates of CO2 and HCO3- transport and for net photosynthesis, respectively. It was shown by
several labs that when cells were fully adapted to low Ci conditions and assayed at alkaline
pH (7.5-8.2) the K 0 _5(C02) for transport decreased from approximately 3-5 µM to between
2-0.2 µMand, similarly, the K 0_5 (HCO3-) decreased from 150-200 µM to 10-20 µM (Badger

et al. 1994, Yu et al. 1994, Stiltemeyer et al. 1995, Salon et al. 1996a, McGinn et al. 1997).

1.4.4.2 Barriers to CO 2 Efflux During Steady State
More sophisticated analyses of Ci exchange using MIMS revealed that considerable
CO2 and HCO3- efflux occurs in the light (Salon et al. l 996a,b, McGinn et al. 1997). This
had important implications for the overall efficiency of the CCM. Using Fick's first law
describing passive diffusion of solute and with knowledge of internal [Ci] during steady
state photosynthesis, Salon et al. (l 996a,b) calculated permeability coefficients for CO 2
across the cell membrane of approximately 3 x 1o- 8 m s- 1 which is about 3 orders of
magnitude more impermeable than typical lipid bi-layers (10- 5 m s- 1, Badger and Spalding
2000). Similar results were obtained with Anabaena variabilis (McGinn et al. 1997). This
was clear evidence strongly suggestive of an impermeable barrier to CO 2 efflux in
cyanobacterial cells when the CCM was induced. This barrier was assigned to some special
property of either the cell membrane or the protein coat of the carboxysome. However, the
permeability co-efficients presented in the literature were calculated based on the passive
gradient for CO2 ([CO2]in •

[CO2]out) during steady state photosynthesis, the steepness of

which is maintained by the efficient "scavenging" nature of high affinity CO 2 transport
known to operate in low Ci cells (Price et al. 2002). Rather than a modified property of the
cell per se which blocked CO2 efflux, the low permeability was more likely a reflection of
the efficient retrieval of leaked CO 2 close to the cell, or within the cell. However, mutation
12
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in carboxysome genes confirms that the structural organization of the carboxysomal shell is
critical for correct function. Thus, an additional feature of the carboxysome that restricts
CO 2 leakage is still likely.

1.5 Recent Advances in Our Understand ing of the Molecular Nature of Ci
Transport in Cyanobacte ria

1.5.1 Active CO2 Uptake
The elucidation of the genetic components encoding the proteins responsible for
CO 2 uptake in cyanobacteria has been aided immensely by systematic analysis of various
mutants. In pioneering studies, Ogawa isolated mutants in the ndhB (1991) and the

ndhK/ndhL subunits (1992) of the NADPH dehydrogenase complex (NDH-1) of
Synechocystis PCC6803. One of these mutants, M55, which displayed no active CO 2
uptake, was also shown to have an impairment in cyclic electron transport activity around
PSI (Mi et al. 1992). Thus earlier evidence ·implicating PSI activity in the energisation of
Ci uptake was apparently clarified, although the most recent evidence suggested that the
apparent link between NDH-1 and PSI-driven cyclic activity was a consequence of the
radical disruption caused by the mutation carried by the MS 5 mutant, which resulted in the
loss of all possible NDH-1 complexes (see Section 1.6.1, Ogawa et al. 1985).

1.5.1.1 The Role of Specialised NDH-1 Complexes in CO 2 Uptake
Using a random insertional mutagenesis approach, Stiltemeyer et al. (1997a)
generated mutants with impairments in CO 2 uptake but not in HCO3- uptake in

Synechococcus PCC7002. The genomic DNA regions interrupted in these mutants were
later mapped to a cluster of 3 genes named ndhF3-ndhD 3-chpY which appeared to code for
part of a specialized NDH-1 complex. This finding marked a turning point in the
understanding of the role of NDH-1 complexes in Ci uptake. These mutants were
characterized primarily by their inability to induce a high affinity CO 2 uptake system
(Klughammer et al. 1999). Mutations in any one of the three genes in the cluster lead to
essentially the same phenotype which lacked high affinity CO 2 uptake (Klughamme r et al.
1999). Similar results were obtained in Synechocystis PCC6803 in which mutations in
13
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either ndhF3, ndhD3 or slll734 resulted in an impairme nt in the ability of the cell to induce
high affinity CO 2 uptake without apparent effect on the expressio n of HCO3- uptake
(Ohkawa et al. 2000a). These two studies constitute d the first direct evidence for the
existence in cyanobac teria ofNDH-1 complexe s with specialized roles.
Homolog ues of these genes were found in Synechocystis PCC6803 , for which a
complete genomic sequence has been available since 1996 (Kaneko et al. 1996). The NDH1 complexes are believed to be bound to the thylakoids in Synechocystis PCC6803
(Ohkawa et al. 2001 ). They are multi-sub unit complexe s which function in the reduction of
plastoquin one by oxidizing NADPH in respiratory and cyclic electron transport (Mi et al.
1994, 1995). Of the 12 subunits which comprise the whole complex (ndhA •

ndhL) 2

subunits, ndhD and ndhF, occur as gene families. In the Synechocystis PCC6803 genome
there are 6 ndhD and 3 ndhF homologu es (Price et al. 1998). All other subunits occur as
single copies. Ohkawa et al. (1998) revealed by transcript analysis that only the expressio n
of the ndhD3 transcript showed sustained stimulatio n by exposure to low Ci, although the

ndhD2 and ndhD5 transcripts did show some low-Ci responsiveness. This suggested that
NDH-1 complexe s could have quite specialized roles in the cell depending on which ndhD
(or ndhF) subunit was present. This was later confirmed by Ohkawa et al. (2000b) in an
important contribution which showed that an ndhD3-/ndhD4- double mutant possessed no
CO2 uptake while displaying normal P700 oxidation kinetics. However, single inactivation
mutants in either ndhD3 or ndhD4 each possessed some CO 2 uptake activity. Another
double mutant, ndhDl-/n dhD2- displayed normal CO 2 uptake but impaired P700 oxidation
kinetics. Shibata et al. (2001) recently confirmed and extended the work of Ohkawa et al.
(2000b) by showing in Synechocystis PCC6803 that 2 genes clusters, one encoded by

ndhF4-nd hD4-slll 734 (the latter named cupA for CO 2 uptake 12rotein) was necessary for
high affinity CO2 uptake and growth under low Ci. The other, comprised by ndhF4-ndhD4
and slr 1302 (named cupB) encodes a low affinity, constitutively expressed CO 2 uptake
system which was dispensable for growth under low Ci (see Fig. 1.3 for organisati on of
these operons in Synechocystis PCC6803 ). The homologo us CO 2 uptake systems have been
independently discovered in a different cyanobac terium, Synechococcus PCC7942 , by
Maeda et al. (2002) who generated tagged mutants in two genes, chpX and chpY (for
_g_arbon hydration 12rotein). These genes proved to be the homologu es of slr 1302 (cupA) and
14

Chapter 1

General Introducti on

slll 734 (cupB), respectively, and their inactivation, singly and in combinati on, produced
essentially the same phenotype as the correspon ding mutations in Synechocystis PCC6803 .
This paper further showed no effect of these mutations on HCO3- uptake under steady-sta te
condition s (Maeda et al. 2002). The chpY gene product was necessary for high affinity CO2
uptake and chpX gene product was necessary for low affinity, constituti vely expressed CO2
uptake. Both of these proteins seem to be involved in the hydration of CO2 to HCO3- in a
'CA-like' reaction (Maeda et al. 2002). A model describing Chp function in CO2 uptake
has recently been presented (Price et al. 2002).
Thus, CO 2 uptake in low Ci-adapte d wild-type cells of Synechococcus appeared to
be the sum of the low and high affinity activities. The low affinity system displayed a
greater V max and a much higher K 0 _5 while the high affinity system had a much lower K 0 _5
and a greatly reduced V max· Interestin gly, the low affinity system, measured under initial
uptake conditions, was insensitiv e to DCMU, a potent inhibitor of PSII activity, suggestiv e
of energizati on by cyclic electron transport around PSI. The high affinity system was much
more sensitive to this inhibitor suggestin g PSII-depe ndent energisati on by linear electron
flow (Maeda et al. 2002). Although this result has yet to be confirmed in any other species
of cyanobac teria for which the correspon ding mutants are available, it is an intriguing
finding and suggests the cells have the capacity to modulate the type of CO 2 uptake in use
depending on the spectral quality, which is apt to be highly variable under natural
conditions.

1.5.2 Active HC03- Uptake

1.5.2.1 The Fast-Induction of High Affinity HC0 3- Transpor t
Recently, Stiltemeyer et al. (1998a) showed in 2 species of cyanobac teria, the
marine Synechococcus PCC7002 and the freshwate r Synechococcus PCC7942 , a rapid (<
10 min) induction of high-affin ity HCO 3- transport which did not involve gene expressio n
and de nova protein synthesis. The fast induction response was characteri sed in dense, high
Ci cell suspensio ns in the presence of CA in MIMS experiments. Under these conditions,
the cells rapidly depleted the Ci in the extracellu lar medium to near zero levels . In the
absence of CA, the Ci drawdown was less complete and the fast-induction response was
15
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not detected. At some critical threshold , an as yet un-identified signal is thought to be
involved in triggering the phosphorylation of an unknown protein, presumab ly a
constitutively expressed HCO 3- transporte r via a two-comp onent regulatory pathway possibly a ser/thr kinase system or a similar system (Stiltemeyer et al. 1998a). Indeed,
kinase inhibitors were shown to block the response while protein phosphatases and
chloramphenicol, an inhibitor of proteiri synthesis in prokaryotes, had no effect. This
allosteric modification by phosphor ylation conferred much higher affinity for HCO3- on the
transporter (Stiltemeyer et al. l 998a,b ). Mass spectrometric Ci flux analysis showed that
fast-induced cells displayed an affinity for HCO3- nearly as high as cells adapted to 20 ppm
CO 2 (Stiltemeyer et al. 1998a). Interestingly, the fast-induction response was much more
rapid in the marine species than in its freshwater counterpart. The fast-induction response
was not detected in Synechocystis PCC6803 when the cells were grown under relatively
low light conditions (Benschop et al., in press)
Any hypothesis concerning the usefulness of this response under natural conditions
would be purely speculative at present. Nonetheless, the ability of some species of
cyanobacteria to rapidly modify their affinity for HCO 3- through fast-induction may confer
a considerable advantage over other photosynt hetic micro-organisms under conditions
where Ci supply rapidly becomes limiting. Conditions such as these might occur under
bloom conditions or under other conditions where cell densities become high.

1.5.2.2 The cmpABCD Operon Encodes A Classic ABC Type HCO 3- Transpor ter
Omata and colleagues were the first to observe the synthesis of a 42 k.Da, plasmamembrane-localized

protein

synthesised

under

conditions

of

Ci

limitation

.

Ill

Synechococcus PCC7942 (Omata and Ogawa 1985, 1986). A mutation resulting in the
deletion of the gene, cmpA ( for f)'toplasm ic membrane 12rotein), coding for the 42 k.Da
protein had no obvious effect on the growth of the cells and no apparent affect on Ci
transport properties under low Ci (Omata et al. 1990). Another conundrum was the
hydrophilic nature of the amino acid sequence of the mature protein which suggested that it
was not a classic membran e-spannin g protein. In later work it was shown that the gene is
co-transcribed in the operon cmpA •

cmpB •

cmpC •

cmpD with other genes which

encode the actual membrane componen ts of the ABC-type (ATP Binding Cassette)
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transporter (Omata 1992). That the CmpA-D ( recently named BCT-1) complex functions
in HCO 3- transport was demonstrated elegantly by Omata et al. (1999) who performed a
gain-of function analysis by constructing a mutant in which the native promoter region of
the cmpA-D operon was replaced with the NO 3--responsive nirA promotor , which drives
the expression of the nrtA-D operon encoding a NO 3- transporter also of the ABC-type.
High affinity HCO 3- uptake was induced i:n the CMP+ mutant when cells were grown in the
presence of NO 3-, but not NH4 +, when the culture medium was bubbled with 2% CO2,
conditions under which the native cmpA-D operon is not normally expressed and where, in
wild-type cells, HCO 3- transport activity is typically low. This contribution marked the first
identification of a primary HCO3- transporter.
The homologues for the cmp genes in Synechococcus were quickly identified in

Synechocystis PCC6803 and transcript analysis confirmed that these genes were also highly
up-regulated under low Ci (Omata et al. 2001 ). In Synechocystis, the cmp operon includes
an extra gene, sll0042 (named or/576, Price et al. 1998) which appears to encode a porinlike protein of some sort . This gene is absent from the cmp operon in Synechococcus
PCC7942.

1.5.2.3 The Role of CmpA in HCO 3- uptake

Recent work by Maeda et al. (2000) demonstrated, using equilibrium dialysis and
mass spectrometric disequilibrium experiments, that CmpA specifically binds HCO 3- with
an apparent dissociation constant (Kct) of 5 µM. Although this value is much higher than the
Kct of substrate binding proteins from other ABC-type transporters (the Kct for NrtA, which
binds NO 3-, was reported to be

~

0.3 µM, Maeda and Omata 1997) it is similar to the

reported Ko.s(HCO3-) value for BCT-1 of 15 µM (Omata et al. 1999).

1.5.2.4 The Regulation of cmpA-D Expressio n

Very little is known about the factors involved in the regulation of the different Ci
transporters in cyanobacteria and the cmpA-D operon is no different in this respect.
However, cmpA-D appears to be a typical 'low Ci' responsive operon similar to ndhF3-

ndhD3-ch pY (cupA in Synechocystis PCC6803). According to Omata et al. (2002), when
cells are grown under high CO2 both the cmpA transcript and the encoded 42 kDa protein
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are practically undetectable, but both accumulate to high levels when the cells are shifted to
low Ci conditions (Omata et al. 1986, 2001). In Synechocystis PCC6803, Shibata et al.
(2002b) have recently shown that the cmpA transcript does in fact accumulate to high
levels after 6 hours of bubbling on air levels of CO2.
In Synechocystis PCC6803, the expression of the cmp operon is under the control of

cmpR (sll0030) located just upstream of cmpA and a member of the LysR family of
transcriptional regulators (Omata et al. 2001 ). Gel-shift assays indicated that CmpR binds
an intergenic region of DNA between cmpR and cmpA (Omata et al. 2001 ). Low Ci
induced expression of cmpA-D was lost in a mutant of Synechocystis in which cmpR had
been insertionally inactivated (Omata et al. 2001, 2002). Presumably, CmpR binds and
initiates cmpA-D expression under low, but not high, concentrations of Ci. This type of
regulation differs from ndhR , also a LysR type transcriptional regulator, which appears to
regulate the expression of the ndhF3-nd hD3-chpY operon encoding the high affinity CO2
uptake system in Synechocystis PCC6803. In a mutant in which ndhR was inactivated, this
normally low Ci-induced operon was expressed constitutively suggesting that NdhR
actively represses its expression under high Ci (Figge et al. 2001 ).
Interestingly, in early work Reddy et al. (1989) and Masamoto et al. (1987)
demonstrated in Synechococcus PCC7942 that cmpA (known to them as cbpA for
farotenoid binding p_rotein A) could bind carotenoids and its expression was regulated by
light. They proposed that the protein was expressed to protect against photo-oxi dative
damage. A recent paper by Hihara et al. (2001) using DNA microarray reported that cmpA
was up-regulated in Synechocystis PCC6803 by a shift in growth light intensity from 20 to
300 µmol photons m- 2 s- 1 under high CO 2 growth conditions. Reddy et al. (1989) cultured
their cells on a rotary shaker without Ci supplementation so it is quite likely that the cells
experienced considerable Ci limitation. Thus, the emerging evidence is that cmpA is
regulated by an, as yet, unresolved interaction between Ci and light. Which of these two
environmental factors is more important in this respect requires further investigation (see
Chapters 6 and 7).
Despite the obviously high responsiveness of the cmpA-D operon in Synechocystis
to low Ci conditions the balance of evidence would seem to indicate that it contributes
little, if anything at all, to net HCO 3- uptake during photosynthesis. Inactivation of a
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member of the operon had little effect on growth at pH 9 .0 in this species and filtering
centrifugation studies showed no significant effect of the mutation on HCO3- transport
(Shibata et al. 2002 a,b). Consisten t with these studies was the work of So et al. (1998)
who failed to show significant Na+-independent HCO3- transport in standing cultures of

Synechocystis, where it it typically expressed in Synechococcus. The BCT-1 complex in
Synechococcus PCC7942 is, however, both active and of high affinity and is likely to
contribute substantially to photosynt hetic carbon fixation in the species (Omata et al. 1999)

Care must be taken , however, when trying to interpret these studies as evidence
that the BCT-1 complex is inactive in Synechocystis. There is evidence that cmpA-D is not
expressed under low light conditions (Reddy et al. 1989). So et al. (1998) grew their
standing cultures at 25 µmol photons m-2 s- 1 which was adequate for growth but possibly
not high enough for appreciable expressio n of cmpA-D which might explain the absence of
Na+-independent HCO3- transport in their study. Also, the HCO3- transport assay carried
out by both So et al. (1998) and Shibata et al. (2002b) were made using the filtering
centrifugation technique (see section 1.4.1) which measures transport of Ci species under
non steady-state conditions. Under initial conditions such as these, the activation state of
BCT-1 may not have been sufficient for high rates of transport.
It is possible, however, that a single point mutation somewhe re in the sequence of

cmpA-D could have resulted in the expressio n of a non-funct ional complex. The
Synechocystis strain routinely used for most CCM studies (the "DuPont" strain) is a mutant
which was selected originally for its non-motility. It has undergon e other non-lethal
mutations, however, like its tolerance to glucose.

1.5.2.5 Other genes involved in HC0 3- Uptake
Recently, Shibata et al. (2002b) have isolated another gene which appears to encode
a HCO3- transporter in Synechocystis. The gene, designated sbtA, codes for a protein of 374
amino acids and was induced under low Ci and required millimola r levels of Na+ for
maximal activity. Hydropat hy plots indicated up to 10 membran e spanning domains. This
protein would seem then to have fulfilled the role of the long sought after Na+-depe ndent
HCO3- transporter. Another gene in Synechocystis, slr 1509 (a homologu e of ntpJ, a Na+/K+
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translocating protein) was inactivated in a ndhD3-lndhD4- double mutant background (no
CO 2 uptake, Shibata et al. 2002b ). The resultant triple mutant showed a severe inhibition in
the rate of Na+-dependent HCO 3- uptake. The authors speculated that the protein encoded
by sir 15 09 established the ~µNa+ (via Na+ extrusion) which could then be used to energise
HCO 3- uptake via secondary Na+/ HCO3- symport. Such a mechanism could work, in
principle, if the stoichiometr y of Na+: HCO3- ions during symport was 2 or 3: 1 (Ritchie et

al. 1996).
Bonfil et al. (1998) isolated a gene in Synechococcus, designated ictB, which they
suggested encoded a HCO 3- transporter in this species based on the fact that its inactivation
resulted in a phenotype in which all HCO3- uptake was abolished. It must be mentioned
here that the structure of this mutation was quite complex and resulted in only partial
deletion of ictB (Bonfil et al. 1998). The resulting phenotype displayed by the mutant
seemed inconsistent with the essential redundancy of cyanobacteri al Ci transport wherein
inactivation of one system lead to no discernible phenotype as other Ci transporters could
compensate for the mutation (Omata et al. l 990). Along with this, the mutant failed to
segregate completely suggesting a fundamental ly important function for the encoded
portein. Shibata et al. (2002b) have recently discounted the possibility that the homologue
of ictB in Synechocystis, sir 1515, encodes a genuine HCO3- transporter in that species as a
quadruple mutant in which all known CO 2 and HCO 3- transporters were inactivated showed
no HCO3- uptake. The prevailing opinion at present is that the same is probably true in

Synechococcus PCC7942, the species in which the gene was originally identified. The gene
organisation of all Ci transporters known in Synechocystis PCC6803 is presented in Fig. 13 (modified from Kaneko et al. 1996).

1.6 Energisation of Ci Transport in Cyanobacte ria

The inward transport of Ci (CO 2 and HCO 3-) proceeds against a considerable
concentration gradient, invoking the expenditure of metabolic energy. A lthough this is of
primary importance in the efficient functioning of the CCM, it has received comparativel y
little attention.
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Function of Encoded Protein(s)
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Low affinity CO 2 transporter
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High affinity HC0 3- transporter (sbtA)
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Fig. 1-3 Organisation of the cmp and ndhF3/D3/chpY operons, sbtA, ictB and ndhF4/D4 and chpX
genes in Synechocystis PCC6803 modified from Kaneko et al. (1996). CmpR (sll0030) and ndhR
(slr 1594) are the transcriptional regulators of the cmp and ndhF3/D3 /chpY operons, respectively
(Figge et al. 2001, Omata et al. 2001 ).

Ci transport is light-depe ndent as no transport occurs in the dark and it is tightly
coupled in some way to photosynt hetic electron transport. Badger and Andrews (1982)
showed a higher quantum requireme nt for photosynt hesis in air-grown cells compared to
cells grown under high CO 2_ (2-4 % ) in a marine Synechoc occus sp., suggestiv e of an
energetic cost associated with the CCM. The earliest studies which investigat ed the specific
energetic requireme nts of the CCM showed a dependen ce of Ci accumula tion on PSI
activity. In Anabaena variabilis and Anacystis nidulans Ci accumula tion closely tracked
the action spectrum of PSI while CO 2 fixation was seen to be dependen t upon PSII activity
(Ogawa et al. 1985, Ogawa and Ogren 1985). Kaplan et al. (1987) demonstra ted in

Anabaena variabilis a concerted requireme nt for PSII and PSI for the activation and
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energisati on of Ci transport, respective ly. The activation of Ci transport by PSII could be
mimicked in vivo by DTT (Kaplan et al. 1987). Working with Synechoo ccus UTEX625
(PCC6301 ), Li and Canvin ( 1998) used various electron transport inhibitors and electron
acceptors in combinati on with measurem ents of photosynt hetic gas exchange by MIMS and
concluded that the energetic requireme nts of HCO3- transport were supported by linear
electron transport while CO 2 uptake was energised by cyclic electron transport around PSI.

1.6.1 Energisa tion of CO2 Transpor t
As described in Section 1.5 .1.1, separate, specialise d NDH-1 complexe s carry out
both high and low affinity CO2 uptake in cyanobact eria. Klugham mer et al. (1999), using

Synechococcus PCC7002 , and Ohkawa et al. (2000b ), using Synechocystis PCC6803 ,
demonstra ted normal P700+ re-reducti on kinetics in mutants with impairme nts in the high
affinity CO 2 uptake system. This seemed to suggest the absence of a functiona l dependen ce
of CO 2 uptake on cyclic electron transport around PSI. In the M55 mutant (see Section
1.5 .1 ), which possesses no CO 2 transport, there is a critical impairme nt in NDH-1 mediated
cyclic electron flow (Mi et al. 1992). The clear implicatio n from this earlier work was that
cyclic electron transport was absolutely necessary for CO 2 uptake. The opposing
conclusio ns drawn from these studies can be reconciled since we now know that the
mutation in the M55 mutant (the core ndhB subunit was interrupte d) was severely
disruptive and likely resulted in the non-assem bly of all NDH-1 complexe s, irrespectiv e of
function or location within the cell. Thus, the emerging evidence is that one class of NDH1 complex (NDH-13 and NDH-14, Price et al. 2002) functions in both high and low affinity
CO2 transport while a separate class of complex (one containin g NdhDl and NdhD2
subunits) functions in cyclic electron flow around PSI and in respiratio n (Ohkawa et al.
2000a).

1.6.2 Energisa tion of HC03-tra nsport
Bicarbona te transport is the main inward flux of Ci providing substrate for CO 2
fixation when the external Ci is low (< 200 µM) at alkaline pH (Yu et al. 1994, Salon et al.
1996a). It proceeds against a large electroche mical gradient in the light (Ritchie et al.
1996). Not much is known, however, about the nature of its energisati on.
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The basic question revolves around whether or not a primary HCO3- transporter is
fuelled directly by an energy source, for instance the hydrolysis of ATP, or if HCO3transport is powered by the motive force of an ion gradient established across the plasma
membrane. In relation to the BCT-1 complex, being a member of the ABC class of
transporters is strong circumstantial evidence for energisation by direct hydrolysis of ATP.
On the other hand, the well documented dependence of HCO 3- transport on the Na+ ion (see
Section 1.4.3.1 , Miller and Canvin 1985) would seem to implicate the energy stored in the
L\µN a+ as the driving force for SbtA-mediated HCO3- uptake.
Ritchie et al. (1996) have pointed out that in order for the motive force of a
particular ion to be established as unequivocally essential for the transport of a particular
molecule, both a thermodynam ic and a kinetic condition must be satisfied. In relation to
HCO3- transport, a Na+/ HCO3- symport could theoretically proceed if the stoichiometry of
uptake was 2-3 Na+ ions per HCO3- molecule (at pH 9 and above), which would satisfy the
thermodynamic pre-condition. However, they found that the flux of Na+ ions was not high
enough to support the observed rates of photosynthesis at pH 10, thus, the kinetic condition
could not be met. Indeed, they found no significant difference between the movement of
Na+ ions out of the cell and into the extracellular medium in the presence or absence of
HCO3- transport. As well, if the stoichiometrical relationship of 2-3 Na+; HCO 3- were
correct then a de-polarization of the plasma membrane should be observed upon the
initiation of HCO3- transport. What was in fact observed, however, was a transient
hyperpolarization (Kaplan et al. 1982, Ritchie et al. 1996). They also found that the L\µH+
was not sufficient to support HCO 3- uptake at pH 10.

1.7 The Role of Carboxysomes in the Cyanobacterial CCMs
Carboxysomes are sub-cellular, proteinaceous micro-compa rtments which have
been shown to sequester most, if not all, of the cell ' s Rubisco and CA in cyanobacteria
(Badger and Price 1992, Price et al. 1992). This forms a localised environment within
which the concentration of CO2 is elevated, relative to the cytosol (and external
environment), by the catalysed dehydration of HCO 3- taken up by active transport systems.
The CO2 is then efficiently fixed into the first products of photosynthesis. Carboxysomes
are of fundamental importance in the efficient functioning of cyanobacterial CCMs. Both
23

Chapter 1

General Introduction

the number of carboxysomes (Turpin et al. 1984, McKay et al. 1993) and Rubisco activity
(Price et al. 1992) have been shown to increase under Ci limitation. Several studies have
shown that mutations in genes which lead to aberrant carboxysomes or, in some cases, no
carboxysomes at all, invariably give rise to mutants which require high CO2 for growth
(Badger et al. 1991, Badger and Price 1992, Price et al. 1998, Ludwig et al. 2000).
An elegant demonstration of the fundamental importance of carboxysomes was
provided by Price and Badger (1989c ). In this study a high CO2-requiring Synechococcus
mutant expressing human CA in the cytosol was shown to be unable to concentrate Ci
taken up by active Ci transport, seen as a massive leakage of CO2 back into the
extracellular medium. They concluded from this study that the cytoplasm was not the site
of CO 2 elevation, although others have disputed this model (Miller et al. 1997).
The critical feature of the carboxysome, in relation to its role in the CCM, is its
apparent ability to attenuate the leakage of CO2 from the cell, which is thought to be a
property of the carboxysomal shell. The exact mechanism by which the carboxysomal shell
restricts CO 2 efflux is not known and different models have appeared (Reinhold et al.
1987). It is generally assumed that the carboxysomal coat must be fairly permeable to
HCO3- and 02 but impermeable to CO 2, while the cell membrane would possess typical
permeabilities of a lipid bi-layer (Price et al. 1998, Badger and Spalding 2000). Other
models have suggested that a particular paracrystalline arrangement of Rubisco within the
carboxysome acts to attenuate the leakage of CO 2 by fixing it as it diffuses from the center
of the carboxysome outwards towards the periphery (Reinhold et al. 1991 ).
It is likely that the carboxysome does have some special property which restricts

CO2 leakage, but the main portion of CO 2 efflux is limited by efficient CO 2 scavenging by
CO2 pumps located on the thylakoid membrane (see model for CO 2 uptake presented by
Price et al. 2002).

1.8 New Avenues of CCM Research : Compar ative Genomic s
With the availability of several complete, or nearly complete, genomic sequence
databases from a number of ecologically important cyanobacteria, it is now possible to
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investigate the diversity of CCMs within cyanobacteri a by a comparative genomics
approach.
Badger et al. (2002) were the first to carry out such an analysis. They presented a
fundamental phylogenetic division in the cyanobacteria, for which sequences are available,
into two groups based on the type of Rubisco each possesses so that Form IA and lB
Rubisco-containing species were classified as the a-cyanobact eria and f3-cyanobacteria,
respectively. This supplanted the former division which was based primarily on accessory
pigment composition.
The main difference identified between the two groups was in the genetic region
coding for the carboxysomes. As mentioned previously, carboxysome s are proteinaceou s
micro-organelles which play a key role in the CCM by compartmen talizing CA and
Rubisco and, in some way, attenuate the excessive leakage of CO 2 from the cell.
In the a-cyanobacte ria, as in many chemoautotr ophic bacteria, the carboxysome
proteins are encoded by the csoS operon, along with other genes. In the ~-cyanobacteria,
which includes the model organisms Synechococcus PCC7942 and Synechocystis
PCC6803, the ccm operon encodes the carboxysome proteins (Price et al. 1998, Ludwig et

al. 2000, Badger et al. 2002). Such a striking dis-similarity between the two groups in the
coding regions for such a fundamentall y important component of the CCM as the
carboxysomes raises important questions about the operation of a putative CCM in the acyanobacteria, about which almost nothing is known, and how such a CCM might differ
from the CCM of the more intensely studied ~-cyanobacteria.
In a similar way, sequence analysis of the representatives of the a-cyanobact eria
such as Prochlorococcus marinus (for which 2 eco-types exist, MIT93 l 3 and MED4)
revealed no homologues for any of the known CO 2 and HCO 3- transporters from ~cyanobacteria, nor were there any homologues of ~-CAs found (Badger et al. 2002). In
only one a-cyanobacte rium, Synechococcus WH8 l 02, were homologues for the low
affinity CO2 uptake system found (Badger et al. 2002). In contrast, Shibata et al. (2002b)
provided evidence that Prochlorococcus marinus MED4 possesses a weak homologue of

sbtA, recently identified in Synechocystis PCC6803 , which appears to encode a Na+dependent, low Ci inducible HCO 3- transporter . If this were true it would have significant
implications for global carbon fixation in the world ' s oceans, in which Prochlorococcus sp.
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play a critical role. At any rate, it would appear as though the a-cyanob acteria lack most of
the Ci transporters known to function in the ~-cyanobacteria.
These apparent genetic differences between the a- and ~-cyanob acteria will
obviously have implications for the type of CCM in operation in each group. Interestingly,
the representatives of the a-cyanob acteria presented by Badger et al. (2002) are all marine
species whereas the ~-cyanobacteria are, with some exceptions, mostly freshwater species.
Significant CCM activity has yet to be demonstrated in even a narrow sampling of the acyanobac teria with the exception of Synechococcus WH7803 (Hassidim et al. 1997). Cells
of this species cultured in the laboratory could adapt to low Ci conditions and a mild
concentrating capacity was reported with a maximum accumula tion ratio (Ciin/Ci 00t) of
approxim ately 10 measured in air-grown cells.
Despite this, the absence of demonstrable homologu es for Ci transporte r genes and
other componen ts of the CCM from the ~-cyanobacteria in most members of the acyanobacteria may be proof that no such CCM exists in the latter. Alternatively, the acyanobacteria may possess CCMs that bear little or no genetic or physiolog ical
resemblan ce to those from ~-cyanobacteria. In view of the different types of carboxyso mes
employed by the a- and ~-cyanobacteria, this may be plausible. Moore et al. (1998) have
suggested that the most conspicuo usly studied member of the a-cyanoba cteria,

Prochlorococcus marinus, may account for as much as 30% of photosynt hetic biomass
over much of the world's oceans. So, it would seem that, irrespective of the presence of an
effective CCM, Prochlorococcus marinus is exquisitely adapted to its environment.

1.9 Aims of the Project

In general, the aims of the project were to address, using a wide-rang ing set of
experimental appoaches , certain fundamental questions concernin g cyanobac terial CCMs
that have, thus far, remained un-resolved, with particular emphasis on Ci uptake systems.

1.9.1 The Role of Photosyn thetic Electron Transpor t 1n the Energisa tion of Ci
Transpor t in Synechoc occus PCC7942
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As described in Section 1.6, light-dependent Ci uptake is intimately coupled to the
photosynthetic electron transport chain, presumably in the provision of energy generated by
linear and cycle electron transport pathways to Ci transport complexes.
With the exception of the paper by Badger and Schreiber (1993), no study to date
has attempted to simultaneously measure the potential for electron transport via PSII and
PSI in cyanobacterial cells under a variety of experimental conditions. The aim of this part
of the project was to simultaneously measure the quantum yields of PSI and PSII in cell
suspensions of the model cyanobacterium Synechococcus PCC7942 under conditions
where photosynthesis was driven predominant ly by either HCO 3- or CO 2 uptake. This was
done in order to determine to what extent cyclic electron transport pre-dominated over
whole-chain electron transport in support of active Ci uptake.

1.9.2 Steady-State Adaptation of Synechcococ cus PCC7942 to Ci Limitation: ShortTerm Incubations Using Membrane Inlet Mass Spectrometr y

Most physiological studies which have investigated temporal aspects CCM
induction have reported a requirement of several hours for full acclimation to low Ci
conditions (Marcus et al. 1982, Yu et al. 1994 Omata et al. 2001 ). The aim of this part of
the project was to examine the physiological response of high Ci cells of Synechococcus
PCC7942 to steady, but limiting, rates of HCO3- supply simultaneously with measurements
of the electron transport rate in PSII. These studies had the aim of examining the relative
reduction state of the electron transport chain simultaneously with changes in the affinity of
cells for Ci in photosynthesis over periods of up to 1 hour.

1.9.3 Characterisation of the Molecular and Physiologica l Features of CCM
Expression in Synechocyst is PCC6803
It has become evident that there is a great deal of functional redundancy in terms of

the different modes of Ci uptake in Synechocystis PCC6803 (Shibata et al. 2002b ). It is
clear that at least 4 modes of Ci transport operate in this strain, 3 of which are induced
under low Ci while the remaining system is constitutively expressed (Shibata et al. 2002
a,b).
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It is not clear, however, how rapidly the genes encoding the inducible Ci

transporte rs are expressed under Ci limitation or if their expressio n is co-ordina ted in any
way. What also needs clarificati on is the temporal relationsh ip between gene expressio n
and the appearanc e of functional transporte r proteins, inferred from the changes in
physiolog ical affinity for Ci in photosynt hesis. At least 50 genes are known to be involved
in the expressio n of the CCM in the model strains that have been studied (Price et al.
1998). These include genes encoding Ci transporte rs, proteins involved in carboxyso me
assembly, specialise d NAD(P)H -dehydrog enase sub-units and genes encoding componen ts
of the electron transport chain, and others (Price et al. 1998, 2002). It is not known with a
great deal of temporal precision, however, how the expressio n of these genes is regulated
under low Ci or the degree to which the expressio n of these genes is synchroni sed. The
absence of synchroni sation could be interprete d as evidence for independe nt sensing
systems and transcript ional responses .
A recent paper has shown that some genes, which had been previousl y shown to be
regulated by low Ci, are also potentiall y regulated by light (Hihara et al. 2001 ). This
suggests that the signalling mechanis m involved in CCM expressio n operates via a Ci- and
light-depe ndent pathway. Thus, another aim of the project was to, as clearly as possible,
elucidate the role of light in the expressio n of the CCM, looking specifical ly at the
influence of light on the expressio n of transcript s encoding inducible Ci transporte rs, or
componen ts thereof.

1.9.4 Studies Aimed at Identifying the Primary Signal Controlli ng Expression of
CCM-Re lated Transcripts in Synechoc ystis PCC6803
The environm ental signal which triggers the expressio n of the CCM remains unidentified. Candidate s include the total Ci concentra tion, photoresp iratory metabolit es or
the intracellu lar CO2/O 2 ratio· (Kaplan and Reinhold 1999). A mechanis m which has not
been widely considere d is the reduction state of the electron transport chain. Reports in the
literature implicatin g the redox state of the thylakoid al plastoquin one pool as the primary
signal mediating the response of cells to a variety of stresses, including excess light and
nutrent limitation , are becoming increasing ly more common (Li and Sherman 2000,
Grossman et al. 2001 ).
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Studies which had the aim of identifying the the environmental signal(s) which
control CCM expression were conducted using a novel approach whereby a mass
spectrometer was used to control precisely the [Ci] and other experimental parameters
under conditions designed to deliberately promote CCM expression. Changes in transcript
abundance under these conditions were then assessed by real-time RT-PCR. These studies
had the specific aim of more fully exploring the role of light in CCM expression and its
interaction with Ci in Synechocystis PCC6803 with a view to testing the hypothesis that the
primary signal involved in triggering the expression of the CCM in cyanobacteria is related
to the reduction state of the electron transport chain.

The objectives described above are considered in more detail at the conclusions of
the Introduction to each chapter of experimental results.
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2.1 Cyanoba cterial Strains

Two cyanobacterial species were used in this research. Both are unicellular and
normally occupy freshwater habitats (see Fig. 1-1 ).

Synechococcus PCC7942 - formerly known as Anacystis nidulans R2 (a.k.a
Synechococcus leopoliensis,· now known as Synechococcus elongatus )
Synechocystis PCC6803 "Dupont" strain which is non-motile and glucosetolerant (the original motile, glucose-intolerant Synechocystis PCC6803
strain is still held in the Pasteur Culture Collection)
For more details see: http://www.pasteur.fr/recherche/banques/PCC/genus5.htm

2.2 Growth Conditio ns

Both cyanobacterial species were grown in JDM media, which is modified BG-11 medium
(Rippka et al. 1981 ). The coin position of this medium is given in Table 1.

Table 2-1 Composition of growth medium for

liquid and plate cultures of Synechocystis PCC6803
and Synechococcus PCC7942 .

Component
Salts

K2HPO4
MgSO4· 7H2O
CaCh ·2H2O
NaNO3
Metals

Ferric Citrate
Na2EDTA
H3BO3
MnCh · 4H2O
ZnSO4 · 7H2O
Na2MoO4 · 2H2O
CuSO4 · 5H2O
Co(NO3) · 6H2O

Concentration
mg· L- 1

mM

31

0.18

25

0.30

36

0.25

1500
mg· L- 1

18
µM

6.7

27

14.9

40

2.9

46

1.8

9

0.22

0.8

0.39

1.5

0.08

0.5

0.05

0.2
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Pure cultures were routinely maintaine d by streaking cells onto JDM medium
solidified with 1.2 % agar. Plate cultures were grown in 1-2 % CO2 in air at 30 °C in
transparen t boxes under 20 µmol photons m- 2 s- 1 irradiance. Solidified and liquid media
were buffered to pH 8.0 with 100 and 20 mM TES- or HEPES-K OH, respective ly.
For liquid cultures of Synechococcus PCC7942 , a loop of cells was inoculated from
a plate culture into approxim ately 30-50 mL of JDM media in cylindrica l glass tubes,
bubbled with air enriched to 3 % CO2 and illuminated with 40 µmol photons m-2 s- 1
irradiance. After approxim ately 24-36 hours of growth under these condition s, the culture
was diluted with 100-150 mL of fresh media to a chlorophy ll a concentra tion of between
0.5-1 µg mL- 1• The irradiance was increased to 90-100 µmol photons m-2 s- 1 and the
cultures grown to mid to late log phase for subsequen t experimen tal treatment s.
For Synechocystis PCC6803 , direct inoculation into a small volume of growth
medium, contained in a cylindrical culture tube, typically resulted in the attachmen t of the
cells to the sides and bottom of the culture vessel, interpreted as a light avoidance strategy.
To circumven t this problem, cells from plate cultures were inoculated into 100 mL of JDM
medium in a 250 mL Erlenmey er flask containing a sterile stirring rod and suppleme nted
with 10 mM N aHCO3 in powder form. The culture was shaded with nylon-me sh screening
at an irradiance of 20-25 µmol photons m-2 s- 1 at 31 °C and stirred slowly on a magnetic
stirring platform. A petri-plate was placed beneath the culture flask to prevent the transfer
of thermal energy from the stirring platform to the flask and a fan was used to cool the
culture. After 36-48 hours of growth under these condition s, approxim ately 50 mL of
culture was diluted with 80-100 mL of JDM media (pH 8, buffered with 20 mM TES- or
HEPES-K OH) in cylindrical glass tubes and bubbled with air enriched to 5 % CO 2 at 30
°C. Illuminati on was provided from one side at 50-60 µmol photons m- 2 s- 1• Synechocystis
cultures typically displayed distinctive "blue-gre en" pigmentat ion when grown under these
condition s and this feature was used a qualitativ e characteri stic of cell viability. Under
these condition s, the pattern of growth, dilution and re-growth could be repeated for up to
several weeks. Cultures which lost the distinctive pigmentat ion, typically seen after several
cycles of growth and re-growth , were not used in experimen ts.

2.3 Measure ment of Growth and Chlorop hyll a Assay
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Estimates of the rate of cell division were made with two methods. Three mL
aliquots of culture were periodica lly removed and the optical density (O.D.) was
determine d by measuring the absorbanc e at 730 nm (A730) in a spectrophotometer.
Alternatively, the cultures were assayed for the concentra tion of chlorophyll a. One mL of
cells was removed from the culture and collected by centrifugation. All but approxim ately
20 µL of the supernata nt was removed. The cell pellet was mixed with the residual growth
medium by vortexing into a densely packed slurry. 0.98 mL of room-tem perature methanol
was added to the tube, vortexed, and incubated on the bench for 3-5 minutes. The extract
was spun in a microcent rifuge and the supernata nt removed to a glass spectroph otometer
cuvette. The absorbanc e at 730, 665.2 and 652 nm were measured in the extract in a
Shimadzu spectrophotometer. The chlorophy ll a concentration was then calculated
according to the following equation:

[Chl a] (µg mL- 1) = 16.29 x (A66s.2- A730) - 8.54 x (A6s2-A730) (Porra et al. 1989)

2.4 Induction of Cyanobacterial Cells Under Low Ci Conditions
For experimen ts using Synechococcus PCC7942 , cells grown to mid to late log
phase were switched from bubbling on air enriched to 3 % CO 2 to 20 ppm CO 2 overnight
before the cells were harvested for experiments.
For experimen ts using Synechocystis PCC6803 , cells grown to an O.D. of between
0.5 and 1.2 A730 were collected by centrifugation (4800 x g for 10 min. at room
temperature) and resuspend ed in an equal volume of sterile growth medium and aerated for
between 15 minutes and 5 hours with CO 2-free air, which was prepared by passing
humidified air through a plexiglass cylinder (4 cm x 26 cm) packed with CO 2 absorbing
soda lime (Dragersorb, Drager, Leipzig,G ermany).
When cells of either species of cyanobac teria are grown by bubbling with air
enriched with high concentrations of CO 2 (3-5%), a typical low affinity, constitutively
expressed CCM activity is apparent. These cells are referred to as "high Ci cells" using the
nomenclature introduced by Badger and Gallagher (1987). Under aeration with CO2-free
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air or normal air a high affinity, inducible CCM activity rapidly becomes apparent. This
type of cell is referred to as a "low Ci cell".

2.5 Prepara tion of Assay Buffer

The assay buffer used was JDM (pH 8, buffered with 20 mM TES- or HEPESKOH) as described above with some modification. The NO3- ion can act as an efficient
terminal electron acceptor, potentially confound ing measurements CO 2 fixation measured
as net 02 evolution. In view of this, it was omitted from the assay buffer and replaced with
20 mM NaCl (Omata et al. 1999). This also fulfilled the requireme nt of HCO3- uptake for
the Na+ ion in photosynthesis (Miller and Canvin 1985).
In experiments which required a low initial Ci concentration, the assay buffer was
bubbled vigourously with CO 2-free air as described above. Mass spectrometric analysis
revealed that bubbling for at least 5 hours was necessary to deplete the [Ci] to
approximately 20 µM. Typically the assay buffer was bubbled with CO 2-free air overnight.

2.6 Gas Exchang e Measure ments by Mass Spectrom etry
Measurements of 12 CO 2 (m/e 44), 13 CO2 (m/e 45) and 16 0 2 (m/e 32) exchange in
Synechococcus and Synechocystis cell suspensions were carried out by membran e inlet
mass spectrometry essentially as described by Badger and Andrews (1982). All of the
measurements described below were made in a thermo-regulated cuvette at 30 °C
connected to the mass spectrometer (MM-6, VG Gas Analysis, England) by a semipermeable membrane. The mass spectrometer was calibrated for CO 2 and for total Ci by
injecting known amounts of NaHCO 3 into 0.02 N HCl and assay buffer, respectively.
Calibration for 0 2 was done by recording the voltage from the m/e 32 signal in distilled
H2O equilibrated with air. A value of 240 µM 0 2 was taken as the air-equilibrated value at
30 °C (Li and Canvin 1998). All reported rates of 0 2 exchange were corrected for the rate
of 0 2 consumption by the mass spectrometer. The recorded voltage for m/e 44 in the
absence of CO2 (CO2

zero)

was obtained by the dropwise addition of saturated NaOH to a

small volume of distilled H 2O both in the presence and absence of 0 2. Illumination was
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provided as white light from a slide projector lamp or from a flash lamp (KL-1500 , Schott)
and the intensity varied with a combinati on of neutral density filters and nylon-me sh
screening.

2.6.1 Ci Response Measurem ents
The response of Synechococcus cells to Ci was carried out in the presence of 7 µg
mL- 1 bovine carbonic anhydrase (CA) at a chlorophy ll a concentra tion of 2 µg mL- 1. In the
presence of CA the CO2 signal is proportio nal to the total Ci in the medium thereby acting
as a surrogate for the concentra tion of HCO3-.
Cells were collected by centrifuga tion (4,800 x g) and resuspend ed in 4 mL of low
Ci buffer in the mass spectrome ter cuvette and allowed to fix any contamin ant Ci in the
presence of 400 µmol photons m- 2 s- 1 irradiance. Measurem ents of the response of net 0 2
evolution to light showed that this level of irradiance was just saturating . Increasing
concentra tions of NaH 12 CO 3 were added until the rate of photosynt hesis, measured as net
02 evolution , was saturated. Half-satur ation constants (Ko.5 Ci) were calculated from
double-re ciprocal plots of the Ci response curves.

2.6.2 Ci Depletion Experime nts

Synechocystis cells were harvested at various periods of induction under CO 2-free
air by centrifuga tion (4800 x g for 10 min.), washed twice with low-Ci assay buffer and
concentra ted as described by Stiltemey er et al. (1995). The relative affinity for Ci was
determine d by the rate at which cellular photosynt hesis removed approxim ately 80 µM Ci
from the mass spectrome ter cuvette, which is a Ci level close to the K 0.5 for high Ci cells
but near saturating for low Ci cells, allowing for clear distinction between them. The rate of
Ci depletion was assessed by monitorin g the [CO 2] and [0 2] in the presence of 25 µg mL- 1
CA and 400 µmol photons m-2 s- 1 irradiance at pH 8. The cells were pre-adapt ed to these
condition s by exposing them to the measuring irradiance for 2 minutes. Chloroph yll a
concentra tions were adjusted to between 2.5 and 3 µg mL- 1•

2.6.3 CO2 and HC03- Flux Analysis
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The net uptake of CO 2 and HCO3 - by photosynt hesising Synechocystis cell
suspensions was determined with the disequilibrium flux technique as described by Badger

et al. (1994). This technique requires knowledg e of the rate constants of hydration and
dehydration of CO 2 and HCO 3-, respectively, in order to calculate the extracellular
concentration of the HCO 3- species during CO2 fixation. These were determine d
empirically by injecting 500 µM NaHCO3 in assay buffer at 30 °C according to the method
of Badger et al. (1994). The rate constant for CO2 hydration to HCO 3- (k 1) was 2.64 min-I
and the rate constant for HCO3- conversio n to CO2 (k2 ) was 0.09 min-I. Condition s of
steady-state flux measurem ents were as described for Ci depletion experiments.

2.6.4 Culture [Ci] Measurem ents

Synechocystis cells were harvested and subjected to aeration with CO 2-free air for
up to 40 minutes according to the protocol outlined above. At 10 minute intervals,
approximately 0.8 mL of culture medium was withdraw n through a 0.45 µm filter into a
sterile, 1 mL syringe. This was immediat ely placed into a 0.5 mL centrifuge tube with no
remaining head-space. Three, 100 µL aliquots were injected into 4 mL of 0.02 N HCI (pH
2.4) with a gas-tight syringe in the mass spectrome ter cuvette and the rise in the I2co 2
signal recorded.

2.7 Primer Sequenc e Selection

For gene expression experimen ts, primer sequences were chosen using the Primer
3.0 software (www-ge nome.wi.m it.edu ; Whitehea d Institute, Cambridg e, MA., U.S.A.)
and designed to produce 450-550 bp PCR products with a Tm of 60 ° C, at least 1 GC
cla1np, and of 18-20 nucleotides in length. Primers were purchased from Life Technolo gies
(Melbourne, Australia). All primer sequences used in the research supportin g this thesis are
listed in Table 2-2.

2.8 Other Methods and Procedu res
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The methods used for the isolation, purification and quantitation of total RNA are
described in Section 5.2.2-5.2.3. Methods and procedures used in the optimisation of semiquantitative and real-time RT-PCR are described in Sections 5.2.4 and 5.2.5 , respectively.
All other specific methods not considered above are described in detail in the appropriate
sections of the accompanying chapters.
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Table 2-2. Oligonucleotide sequences used in this study.
Gene Name

Cyanobase ORF ID

a

Forward Primer (5 ' - f 3 ')

Reverse Primer (5 '-f 3 ')

cmpA

slr0040

CGAGCGATTGGGTAGATAA

TGGATTAGCAGGGTCAAAGG

cmpB

slr0041

CGGGTTGCTCAAGGTTATTC

CGCACCGATGTAAAACACTG

orf576

slr0042

CCCTCTATCCCACCGAAAAT

TAGAGTCGCCTTCCGGATTA

cmpC

slr0043

TTAGGAGTGCGGGAAGATTG

TGGTGAAATTGCGATGAATG

cmpD

slr0044

CTTGGTTAACTGCCCTGGAA

TGGGCAAAGCGGTTATAGAG

ndhF3

s111732

GTGAAGCTAAGCCGATGACC

AAAGGCGCCAATTAAAGTCA

ndhD3

s111733

CGGTACCGAGCTGAGTGTTT

TTCATTGGTGGTGGTTTGTG

chpY

s111734

ACGGTATTTTTGCCATTGCT

ATTGCCGATTCTTAGCCAAA

ndhF4

s110026

GTGCCCATGGTGAGTTTGAT

CTGGACCAAAACTGCCTGAT

ndhD4

s110027

ATCATTTCTGCCCTGCTGTT

ACTTCCCCCAATTCCTTGAC

chpX

slr1302

TGTGGTGCAACATATCCAAGA

GTCTCCTGTTCCTGGGGATT

ndhDJ

slr0331

CATACCCTGATGCTGGATGA

GCCGTAAAGCAGTGACTTCC

rbcX

slr00l 0

GCACATAGCTCAGGCAACAG

GGGGGAGAATCGTTGTTGTT

rbcL

slr0009

CGGCATTTTGCTCCATATTC

AACTCAGGGGACCAACGAC

rbcS

slr0012

CTTACCTGCCCCCCTTTAACC

AGTAACGGCCTTGGTTTTGG

ntpJ

slr1509

CGGGCTTTAACACCATTGAT

CCAGCAAATTTTCCTCTGGA

ccaA

slr1347

GAGCCATGAAAGGTCTGCTC

ACGGGAGCCTCGATAAATG

ictB

slrl 515

CCGTGGCGGTTATATTAGGT

AACAATGGCCACTAGCAACC

ndhD2

slr1291

AGTAATGCCCACGGTTTTTG

AAGTCCGTGGTGGGAATGT

ccmK3

slr1838

CC GTTGGCGTGATACAGAC

GAAGCGAGCGACTTTTTCTG

ccmA

s110934

AGAAATCATTGCGGAAGTGG

GGCCAACGTCCTACAGTTTG

ccmL

s111030

GGGACCGTGGTCAGTACATC

TCCCATCATCCCTCTTGTTG

ccmM

s111031

AAGGCCAAATCCTGGGATAC

TTTAGCCGTGGGATCTATGC

ccmO

slr1032

ACAGCAACGGGGTTACAGTC

CTTCCACTATGGGCTTTTCC

psbA2

slrl3 l l

CTCTGATGGTATGCCCTTGG

TTGCGTTCGTGCATTACTTC

sodB

slrl 516

GACTACACCGCTCTGGAACC

GGAAATCGGCAATGTAATCG

cmpR

s110030

ACAAATTTTGGAGCGTTTGG

TGGAAACTGCTTCATCATGG

ndhR

s110998

ATCCCGGCATTGAAGTATCC

TGGGTAATCACCGACAGTTG

sbtA

slr151 2

TAATCGGGTCAAAATCTGGC

CAAAATCGTCAATAGCGGCG

a Cyanobase

website : http ://www. kazusa.or.j p/cyano/Synechocystis/index. html
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Photosynthet ic Electron Transport in Synechococcus

3.1 Introduction
The inward transport of Ci is light-depend ent as no Ci uptake occurs in the dark.
The energetic requirements of Ci uptake are believed to be supplied, at least in part, by
chemical energy in the form of ATP, provided via the transduction of light energy by the
photosynthet ic electron transport chain. Cyclic electron transport proceeds via the reduction
of plastoquinon e by PSI generated reductant, translocating protons and developing a
chemical potential for the formation of ATP without concomitant formation of new
reductant. The ATP generated by this pathway is thought to be important under
energetically demanding conditions, such as acclimation to environment al stresses (Bendall
and Manasse 1995). Virtually nothing is known, however, about the relative fluxes of linear
and cyclic electron transport in support of Ci uptake in cyanobacteri a.
Both linear and cyclic electron !ransport (ET) pathways operate in cyanobacteri a
and there appears to be considerable flexibility in terms of the modes of cyclic ET. (Fork
and Herbert 1993, see Fig. 3-1). Some evidence has appeared suggesting that at least two
separate pathways for cyclic electron transport can be detected in cyanobacteri a (Bendall
and Manasse 1995). One pathway involves the reduction of plastoquinon e by ferredoxin
catalysed by a putative ferredoxin-q uinone oxidoreducta se (FQR) enzyme (Bendall and
Manasse 1995, Thomas et al. 2001 ). The other is the more intensely studied pathway which
involves the reduction of pla.s toquinone by an NADPH pool, catalysed by NDH-1
complexes (Mi et al. 1992, 1995). Jeanjean et al. (1998) have observed, in Synechocystis
PCC6803, high salt-induced, PSI-depende nt cyclic ET which restored low Ci growth of the
normally high CO2-requiring M55 mutant. This mutant has no functional NDH-1
complexes and, clearly, no NDH-1 mediated cyclic electron transport. So, another mode of
cyclic ET can apparently be- invoked by high salt concentration . Whether or not this
pathway was FQR-depend ent or constituted a separate pathway altogether was not explored
in this study. There is also evidence that potentially another pathway operates in

Synechococcus PCC7002 which requires functional PsaE protein in PSI (Yu et al. 1993).
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In terms of its role in the cell, the emerging evidence is that PSI-driven cyclic ET
seems to become more engaged under certain stress conditions, such as high salinity
(Jeanjean et al. 1993) or excess light (Fork and Herbert 1993).
In terms of the importance of cyclic ET for CO2 and HCO3- uptake, the earliest
studies which addressed the energisation of Ci uptake in cyanobacteria implicated PSI
activity as essential for Ci accumulation in Anabaena and Anacystis nidulans (Ogawa et al.
1985, Ogawa and Ogren 1985, see General Introduction, Section 1.6). Stiltemeyer et al.
(1997b) have shown that a Synechococcus PCC7002 mutant lacking funtional psaE gene
product was unable to induce the high affinity HCO3- transporter in this species. In this
mutant, the PsaE-dependent cyclic ET pathway was impaired (Yu et al. 1993). Tchemov et

al. (2001) have provided evidence that the uptake of CO2 in Synechococcus is driven by
~µH+ generated by PSI and not by the hydrolysis of ATP per se, seemingly consistent with
earlier proposed models of CO2 uptake (Kaplan and Reinhold 1999). In terms of the
functional dependence of CO2 uptake on PSI, the results of Tchemov et al. (2001) are
consistent with those of Li and Canvin (1998) who showed using air-grown Synechococcus
that under conditions favouring PSI-dependent ET, CO 2 uptake was favoured, while under
conditions favouring PSII-dependent ET, HCO 3- transport pre-dominate d (see General
Introduction, Section 1.6.2). Miller et al. (1988a) showed that when Synechococcus
UTEX625 was exposed to light preferentially absorbed by PSI, CO 2 transport in
Synechococcus was inhibited by only 6%, relative to white light, while 0 2 evolution was
inhibited by half under the same conditions, suggesting that PSI alone could drive active
CO2 uptake, which, by association, implicated cyclic ET and, possibly, NDH-1 complexes.
Clearly, different studies have implicated PSI-depende nt cyclic ET as critical for
CO2 uptake which is difficult to reconcile with the recent evidence in which specialised
NDH-1 complexes with impairments in P700 oxidation (and, presumably, cyclic ET)
possessed normal CO2 uptake, and vice-versa (Klughamme r et al. 1999, Ohkawa et al.
2000a). However, it seems just as likely that inducible, high-affinity HCO 3- transport
systems could be energised by cyclic ET. Evidence in support of this has already been
mentioned (Stiltemeyer et al. 1997 b). The BCT-1 complex is a classic ATP-binding
cassette transporter and so there is a high probability that it is dependent on ATP hydrolysis
for energisation. It is conceivable that this could be supplied by cyclic ET.
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3.1.1 Specific Aims and Objectives
The results described in this chapter were based around the following questions :
• What is the relationship between linear and cyclic electron transport in
photosynthes ising cells of Synechococc us PCC7942 under severe Ci limitation ?
• Does cyclic electron transport pre-dominate under these conditions ?
• Can Ci-species-d ependent differences in the relative rates of linear and cyclic
electron transport be detected under these conditions ?

3.1.2 Approach
To address these questions, a method for the simultaneous measuremen t of the
potential for photosynthet ic electron transport was developed. Using a saturating flash
technique, the steady-state yield of chlorophyll a fluorescence from PSII and the
absorbance of 820 nm light by P700 in PSI could be monitored simultaneous ly under Cilimited conditions. From this, inferences could be drawn about the relative rates of linear
and cyclic electron transport supporting CO 2 fixation. This approach has been used by
others in studies of the regulation of photosynthet ic electron transport in higher plants
(Harbinson and Foyer 1991, Eichelmann and Laisk 2000).

3.2 Specific Experimen tal Methods and Procedures

3.2.1 P700 and Chlorophyll a Fluorescenc e Measureme nts
Changes in As2onm and the yield of Chl a fluorescence were monitored
simultaneous ly with two PAM-101 modulated fluorimeters (Walz, Germany), one fitted
with an EDP700-DW (As20nm) and the other with a ED-101 unit (fluorescence ) essentially
as described by Badger and Schreiber (1993). The salient features of the experimental
configuration under which these measuremen ts were made is shown in Fig. 3-2.

3.2.2 Determinati on of PSI and PSII Quantum Yield: Measureme nt and Calculation
Cells were resuspended in 2 mL of assay buffer (20 mm TES-KOH, pH 8, see
Section 2.5 for more details) in a quartz spectrophoto meter cuvette at a Chi a density of
13.5 - 15 µg mL-1 and allowed to fix the residual Ci until the CO 2 compensatio n point was
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Fig. 3-1. Path of electrons along the photosynthetic electron transport chain in the thylakoid
membrane of cyanobacteria. The arrows indicate the movement of electrons and protons along the
chain. For clarity, only the NDH-1 dependent cyclic electron transport pathway is shown. Although
only NADPH is shown as the source of reductant for NDH-1 complex, it is thought that reduced
ferredoxin can also fulfill this role (Price et al. 2002).

reached. This was determined from the rise in the yield of Chl a fluorescence and As2onm to
their respective maxima. Actinic light (500 µmol photons m-2 s- 1) was provided by a slide
projector lamp. At the CO 2 compensation point, a saturating flash of white light (20,000
µmol photons m- 2 s-1) of 500 ms duration was delivered to one side of the cuvette through
the operation of an electronic shutter (Model T132, Uniblitz, U.S.A.). The intense flash
fully saturates the photosynthetic electron transport chain, inducing the full closure of all
PSII reaction centres (maximum fluorescence) and full oxidation of P700 in all PSI
reaction centres (Klughammer and Schreiber 1994 ).
Net CO 2 fixation was initiated by the injection of either HCO 3 - or CO2 into the cell
suspension with a steady infusion pump (Model A-99 , Razel Scientific, CT, U.S.A.) . Once
a steady rate of photosynthesis was obtained, the series of saturating flashes was reinitiated. The rate of photosynthesis was increased in a stepwise fashion by increasing the
supply of Ci to the desired rate with the infusion pump according to Table 3-1. In order to
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Driver

Analog/Digital Converter

EDP700DW
Actinic Light Source
PAM-101
aturating
Light
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Fig. 3-2. Configuration of experimental apparatus for measurements of chlorophyll a fluorescence
from PSII and absorbance of 820 nm light by P700 in PSI in cells of Synechococcus PCC7942. The
cell suspensions were incubated in a quartz cuvette in a termo-regulated (30 °C) water jacket.
Actinic light (500 µmol photons m·2 s· 1) was provided by a slide projector lamp. The quantum
yields of PSII and PSI (<pPSII and <(>PSI, respectively) were determined by a saturating flash
technique. Maximal yields of fluorescence and A 820

nm

were induced via a shutter-driven, 500 ms

exposure of the cells to white light (20,000 µmol photons m·2 s· 1). The saturating light was activated
by a remote power supply approximately 8 s prior to the shutter opening to ensure its full
energisation. A computer program (Dasylab, V.4) controlled all timed events. Data were acquired
with the use of a high-speed acquisition card (Workmate, Strawberry Tree Inc. , Sunnyvale , CA).
All other details are as indicated in the text.
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improve the resolution of the A 82 onm signal, the stirring control was turned off 6-8 seconds
before the saturating flash was delivered (see Fig. 3-3).

The quantum yields of PSI and PSII ( ~PSI and ~PSII, respectively) were
determined simultaneous ly during steady-state using the saturating flash technique
described above. For the determinatio n of ~PSII, the equation of Genty et al. (1989) was
used:
~PSII = (Fm' -Fs)/Fm' ( eq. 3.1)

where Fm' is the maximum fluorescence yield obtained during a saturating flash and Fs is
the steady-state fluorescence yield (see Fig. 3-3).
The steady-state value of ~PSI was determined with the method of Klughammer
and Schreiber (1994). With this method, the proportion of active PSI centres during
photosynthes is is estimated from the difference between the steady-state reduction level of
P700 at time t ( called As2onm(t)) and the fully oxidised P700+ level obtained in the presence
of the saturating flash (called As2onm(sat)). This estimate is then divided by the total amount
of photo-oxidiz able P700 in the dark (details concerning this measuremen t are given in the
caption to Fig. 3-4). This yields the following equation for ~PSI calculation, adapted from
Klughammer and Schreiber (1994):
~PSI= (As2onm(sat)-As20nm(t)) / ~ As2onm 100% ox-100% red (eq . 3.2)

In relation to the determinatio n of fully oxidized P700+ during steady-state
illumination (see Fig. 3-3) and in the dark (see Fig. 3-4), the initial, maximum As2onm
signal, measured in the first 'fast-rise' of P700+ formation upon application of the
saturating flash , was interpreted as full oxidation of P700 centres, according to
Klughammer and Schreiber (1994). This was done despite the apparently greater level of
oxidized P700+ after the second, 'slow-rise' phase which followed the transient, partial rereduction of P700 (see Figs. 3-3 and 3-4 ). According to Klughamme r and Schreiber (1991 ,
1994) these characteristic rises in As 2onm after the transient re-reduction of P700 (see also
Fig 3-6) potentially represent changes in As 2onm due to other species which absorb 820 nm
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Fig. 3-3. Simultaneous recording of absorbance at 820 nm by P700 in PSI (A 820 nm, top trace) and
the yield of Chl a fluorescence from PSII (bottom trace) during steady-state photosynthesis in cells

of Synechococcus PCC7942. A saturating flash of white light was delivered to the cells through the
opening of an electronic shutter as indicated in the figure and as described in Section 3.2.2. Fv
represents the total variable fluorescence yield. Paran1eters used in the calculation of ~PSI and
~PSII are indicated. The term ~A 82 onm 100% ox-100% red represents the total amount of photooxidizable P700 signal present in the cell suspension measured from dark-adapted cells. Details
concerning the measurement of this parameter are given in the caption to Fig. 3-4. For other details
see Section 3.2.2.
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Fig. 3-4. Total photo-oxid izable P7OO in low Ci cells of Synechococcus PCC7942 measured by
monitoring changes in absorbance of 820 nm light (A 82 onm) by P7OO in PSI . Cells at a density of 15
µg Chi mL- 1 were resuspende d in low Ci assay media (prepared according to Section 2.5) and preadapted to darkness for 5 minutes. Assay medium was JDM growth medium (minus N03- ion, see
Section 2.5) buffered to pH 8 with 20 mM TES-KOH . In the dark, all PSI reaction centres are
' open' which correspond s to full P7OO reduction (represente d in the figure as P 700 <100% red)' see
Klughamm er and Schreiber 1994 ). In order to induce full P7OO oxidation (P 700 (IOO% ox\ in which all
PSI reaction centres are ' closed'), the cell suspension was exposed to an 800 ms saturating flash of
white light through the operation of an electronic shutter (see Section 3.2.2). The maximum value
of A 82 onm in the initial 'fast-rise' phase, as indicated in the figure with the upper arrow, was taken as
the value of P 700 <100%ox), indicating full PSI reaction centre closure (see Section 3.2.2 for rationale).
The difference between P7oo( IOO% ox) and P700(100%red)' equivalent to the term b. As20nm 100% ox-100% red,
was used in the calculation of steady-stat e

~

PSI in the light (see Fig. 3-3).
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light, such as ferredoxin and/or plastocyanin and thus, can not necessarily be interpreted as
specific to P700. However, it was clear that the initial 'fast-rise' in the As2onm signal upon
application of the saturating flash was due to genuine P700 oxidation and, consequently,
the initial maximum was taken as I 00% P700 oxidation.

3.2.3 Linearity of Injection Rate by the Infusion Pump
It was important to confirm that the pump used to drive very low, but steady, rates
of photosynthesis delivered Ci to the cells at a predictable rate. Thus, it was critical to
establish the relationship between the infusion pump setting and the actual rate of delivery.
This was done generating a calibration curve for the pump as shown in Fig. 3-5. Clearly,
the response of the pump was linear (r2=0.998) and thus, low rates of CO 2 fixation could be
induced in cell suspensions with a high degree of confidence.

3.2.4 Preparation of CO 2 Solutions
Solutions of CO2 for use in experiments described above were prepared by
acidifying freshly prepared IO mM NaHCO 3 solutions with I% (v/v) additions of I N HCl
in a tapered glass vial such that no headspace remained. The vial was capped immediately
and used within minutes of its preparation. The pH of the HCO 3- solution after acidification
was 2.4. Injection of CO2 as the Ci source for photosynthesis had no effect on the pH of
cell suspensions

3.3 Results

3.3.1 Ci Injection Increases the Reduction State of the Electron Transport Chain
The system described ·here for the simultaneous measurement of ~PSI and ~PSII
could detect small changes in the redox state of the photosynthetic electron transport chain
induced by incremental increases in the supply of Ci in photosynthesis. This is shown by
Fig. 3-6. Under increasing rates of CO 2 injection, the fluorescence yield from PSII was
increasingly quenched. Concomitantly with the quenching of fluorescence , P700+ became
increasingly more reduced as the rate of CO 2 supply increased. The same trends in
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chlorophyll fluorescence and P700+ reduction were seen when HCO3 - was used as the
source of Ci in photosynthesis in injection experiments (data not shown).

Table 3-1 Infusion pump Ci injection rates and corresponding rates of steady
state CO 2 fixation used in simultaneous measurements of quantum yields of PSII
a

and PSI .

Infusion Pump

Ci Injection Rate

Dial Setting

(nmol Ci min-1 mD 1)

Calculated Rate of
Photosynthesis

b

% Vmax

C

(µmol CO2 mg- 1 Chl H 1)

0

0.0

0.0

0

3

5.0

9.9

2.4

6

9.9

19.8

4.8

9

14.9

29.7

7.2

12

19.8

39.6

9.6

15

24.8

49.5

12

25

41.3

82.1

20

a

Injection rates shown correspond to the experiment depicted in Figs 3-6 and 3-7.

b

Equivalent rate of CO 2 fixation calculated from the rate of Ci injection in a
2 mL cell suspension at a Chl a density of 15 µg mL- 1•

c

Ymax of low Ci cells= 410 µmol 0 2 mt 1 Chl h- 1; measured independently by

mass spectrometry (data not shown).

The effects of CO2 and HCO 3- injection on ~PSI and ~PSII in low Ci cells of

Synechococcus PCC7942 are shown in Fig. 3-7. The data shown in these figures
corresponds to the raw data from the injection experiments shown in Fig. 3-6. As the rate of
CO2 and HCO3- injection increased, both ~PSI and ~PSII increased in a near linear fashion ,
indicating increased rates of photosynthetic electron transport in PSI and PSII . The absolute
49

Chapter 3

Photosynthetic Electron Transport in Synechococcus

10

8
~

•

0

• 'I""""(

~

0

C)

• 1"""'"'";")

~

~

~

0

C)

trj

~

~

I

~

6

• 'I""""(

s

~

::L
~

4

~
2

0
0

5

10

15

20

25

30

Infusion Pu1np Dial Setting
Fig. 3-5. Calibration curve of infusion pump. Rates of injection were determined by visual analysis
of time-dependent delivery of known volumes of water at room temperature. A 500 µL gas-tight
syringe was fitted to the pump for the injections. Linear regression analysis yielded a best-fit curve
described by the equation:
y = 0.337x + 0.004 (r2 = 0.998).
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values of $PSI and $PSII measured under CO 2 injection were approximately 4/5 those
measured under HCO 3- injection (Fig. 3-7 A and B). This is probably a reflection of the
fraction of out-gassed CO2 lost upon acidification of the HCO3- solution, before the vial
could be sealed. Mass spectrometric measurements of the stability of CO 2 solutions
prepared by HCO3- acidification revealed that approximately 20% of the acidified HCO3was lost nearly immediately. Over the course of 1 hour however, in a sealed vial, only
approximately 5% of the CO2 was lost by rapid out-gassing (data not shown).

3.3.2 The Quantum Yield of PSI Exceeds that of PSII Under CO 2 and HC03- Injection
One of the objectives of this work was to examine the realtionship between linear
and cyclic ET under conditions of severe Ci limitation. Insight into this relationship can be
gained by plotting $PSII as a function of $PSI (Badger and Schreiber 1993). A slope less
than 1 could be interpreted as a greater engagement of cyclic ET, relative to linear ET.
When the data shown in Fig. 3-7A and B were re-plotted to show this relationship under
either HCO3- or CO 2 injection, a linear trend was observed under both conditions which
was essentially the same irrespective of the Ci species supplied (Fig. 3-7C). Under both
CO2 and HCO3- injection, the slope of the curves was approximately 0.5, indicating a 2fold larger $PSI value for a given $PSII value.

3.3.3 The Ratio of $PSI/$PSII Increases as the Rate of Photosynthesis Approaches
Zero
The ratio of $PSI/$PSII under Ci injection limitation can also be used to gauge the
extent to which cyclic and linear electron transport are operating. As shown in Fig. 3-7D,
there was no significant difference in this ratio when either CO 2 and HCO3 was injected.
The ratio was high (between 6-10) at the CO 2 compensation point but dropped off rapidly
as the rate of Ci injection increased and settled around 2 at the most rapid rates of injection.
The increase in the ratio as the rate of photosynthesis approached zero was the result of a
decrease in $PSII, rather than an increase in $PSI. Clearly, there was more error in the
measurement under low rates of injection. This was due to the difficulty in resolving $PSII
under very low rates of injection, where nearly all PSII reaction centres were closed (see
Fig. 3-6).
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Fig. 3-6. Typical recording of reduction state of P700+ in PSI (A 82 onm, top traces) and the yield of
chl a fluorescence from PSII (bottom traces) in low Ci cells (15 µg Chl a mL-1) of Synechococcus
PCC7942 at pH 8. The method for the simultaneous measurement of A 82 onm and fluorescence is
described in Section 3.2.1. The arrows refer to the shutter-driven delivery of the saturating flash
=

open, .J.,

=

(t

closed). The rates of injection and corresponding rates of CO 2 fixation are provided in

Table 3-1. CO 2 was used as the source of Ci in photosynthesis and was prepared as described in
Section 3.2.4. The numbers in the top right of each panel refer to the rates of CO 2 injection in units
of nmol min- 1 mr 1• The irradiance was 500 µmol photons m-2 s-1•
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Fig. 3-7. The effect of HCO 3- and CO 2 injection on ¢PSII (A) and ¢PSI (B) in low Ci cells of

Synechococcus PCC7942. Th~ preparation of the cells and the assay conditions are described in
Section 3.2.2. Mesaurements were conducted in low-Ci assay medium (JDM growth medium minus
NO3- ion, pH 8). The cell density corresponded to 13.5-15 µg Chl a mL- 1 . The irradiance was 500
µmol photons m-2 s- 1 . Rates of Ci injection and the corresponding rates of photosynthesis are listed
in Table 3-1. The data shown in Panels A and B were replotted to show ¢PSII as a function of ¢PSI
(C) and the ratio of ¢PSI/¢PSII as a function of Ci injection rate (D). Data points represent the
mean+ S.D. of three replicate determinations.

53

Chapter 3

Photosynthetic Electron Transport in Synechococcus

3.4 Discussion

3.4.1 Simultaneous Measurement of ~PSII and ~PSI in Studies of Cyanobacterial
Photosynthesis
As stated in the Introduction to this chapter, there is a considerable deficiency in our
understanding of the routes of electron transport which support the uptake of Ci in the
CCM and whether there is a bias for CO 2 or HCO 3- uptake. This chapter attempts to
address this question by direct measurement of the quantum yields of PSI and PSII, using a
method similar to that employed by Badger and Schreiber (1993).
It is clear from Fig. 3-6 that the reduction state of the photosynthetic ETC is tightly
regulated under low rates of photosynthesis.
The ratio of $PSI/$PSII, which is an indicator of the proportion of cyclic to linear
ET, increased approximately 3-4 fold as the rate of photosynthesis decreased towards the
CO2 compensation point (Fig. 3-7D). This feature has been correlated with the presence of
CCM activity in Phaeoceros and Notothylas, two pyrenoid containing bryophytes (Hanson

et al. 2002). However, it has also been observed in pea plants under CO 2-free air, so it does
not appear to be a phenomenom exclusive_to organisms possessing CCMs (Harbinson and
Foyer 1991).
Under the conditions used here, and irrespective of the source of Ci used to drive
photosynthesis, $PSI always exceeded $PSII. This was interpreted as a more active
engagment of cyclic ET, relative to linear ET, which became more pronounced as the rate
of photosynthesis approached zero. In higher plants, equal $PSI and $PSII values under
changing light intensity were interpreted as evidence for the absence of cyclic ET
(Harbinson et al. 1988, 1990, Eichelmann and Laisk 2000).

3.4.2 The Regulation of Photosynthetic Electron Transport Under Ci Limitation
As mentioned above, the reduction state of the electron transport chain and,
consequently, the rates of linear and cyclic ET, appeared to be under tight regulation.
Incremental increases in the rates of CO 2 fixation , driven by either CO 2 or HCO 3- uptake,
were reflected by increases in the quantum yields of PSII and PSI, suggesting a ' feedback '
regulation of linear and cyclic ET by photosynthesis.
54

Chapter 3

Photosynthetic Electron Transport in Synechococcus

This observation raises the question of whether a) the activity of CO 2 and HCO3transporters, in support of CO 2 fixation, or b) the availability of PSI acceptors (i.e. CO2)
regulates the proportionate fluxes of linear and cyclic ET under these conditions. Badger
and Schreiber (1993) have shown that the rate of P700 re-reduction in Synechococcus
PCC7942 was controlled by the availability of PSI acceptors and the results reported here
seem consistent with that result. Under decreasing availability of CO 2 as an electron
acceptor, the ratio of $PSI/$PSII increased, indicating that a basal level of cyclic ET
activity remained, possibly as a mechanism to dissipate excess photons (Fig. 3-7). Under
such conditions, there was nearly total PSII reaction centre closure (Fig 3-6, bottom traces).
One of the aims of this work was to examine the dependency of CO 2 and HCO3uptake by Synechococcus on linear and cyclic ET under carefully defined conditions. As
described in the Introduction to this chapter, several lines of investigation have implicated a
functional correlation between cyclic ET and CO2 uptake in cyanobacteria. On the basis of
the evidence presented here, there was considerable cyclic ET, relative to linear ET, under
both CO 2 and HCO 3- injection. In light of this, it can not be discounted that CO 2 uptake is
energised by cyclic ET, however, it appears that HCO 3- transport is also mainly energised
in this way. There is clearly no 'distinctive' coupling of cyclic ET exclusively to CO 2
transport. In other words, no evidence for a greater engagement of cyclic ET under CO2
uptake-supported photosynthesis, relative to HCO 3- uptake, was found.

3.4.3 Evidence for Considerable Cyclic ET in Support of CO 2 and HCO 3- Uptake:
Results Presented Here in Context With Other Work
The only other paper which attempted to address the specific energetic requirements
of both CO2 and HCO3- uptake in Synechococcus sp. was the work of Li and Canvin
(1998). These authors concluded that CO 2 transport was supported by cyclic ET on the
basis of the observation that CO 2 was taken up in the presence of DCMU, which inhibits
PSII function and linear ET, but not in the presence of methyl viologen, which drains
electrons from PSI, inhibiting cyclic ET (Badger and Schreiber 1993). The results
presented here are consistent with this interpretation in terms of the clear evidence for
considerable cyclic ET during CO 2 uptake-supported photosynthesis (Fig. 3-7C). In relation
to HCO3- uptake however, the conclusions drawn here depart significantly from those of Li
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and Canvin (1998). They concluded that HCO3- uptake was supported exclusively by linear
ET on the basis that HCO3-was not taken in the presence of DCMU but was in the presence
of PNDA, which supports whole-chain electron flow from PSII to PSI at high rates. The
results presented here in relation to the energetic requirements of HCO 3- uptake are not
consistent with the interpretation of Li and Canvin (1998). Simultaneous measurement of
~PSII and ~PSI during HCO3- uptake-supported photosynthesis lead to the interpretation of
greater cylic ET, relative to linear ET, under these conditions, which is in direct opposition
to the observation made by Li and Canvin (1998).
Reasons for the apparent discrepancies in interpretations of data, in relation to the
energisation of HCO 3- uptake, are speculative but might involve the differing absolute
energetic requirements for HCO3- uptake under the different assay conditions employed by
the two studies. The study of Li and Canvin (1998) used air-grown cells of Synechococcus
sp. (presumably high-affinity CCM) in the presence of 100 µM Ci, which would have
supported rates of photosynthesis close to V max and lead to the formation of large
intracellular Ci pools. These conditions may have altered the balance of linear and cyclic
ET, favouring linear flow, relative to the conditions used in this study, characterised by low
rates of photosynthesis, which were only a small fraction of V max (see Table 3-1 ), and
where the intracellular Ci pool size would have been lower than in the study of Li and
Canvin (1998, although this was not measured directly in these experiments).
Another notable difference was that in the present work the potential for electron
flow through PSII and PSI was inferred from direct measurements of ~PSII and ~PSI under
steady-state conditions. The interpretations of Li and Canvin (1998) were drawn from the
effects of various inhibitors and acceptors of ET on the photosynthetic exchange of CO 2 ,
measured by MIMS and not from direct measurements of the potential for ET under these
conditions.

3.4.4 Conclusions
• The slope of the relationship between ~PSII and ~PSI was linear, but did not pass
through the origin, under both CO 2 and HCO 3- injection limitation . The slope was
approximately 0.5 under both conditions, indicating a high dependence on PSI-cyclic
activity at low Ci levels.
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• Evidence in support of considerable cyclic ET, which became more pronounced
as the rate of photosynthesis approached zero, was obtained by virtue of the observation
that ~PSI always exceeded ~PSII under Ci limitation.
• There were no clear differences in the relative rates of cyclic and linear electron
flow under CO2 or HCO3- uptake-dependent photosynthesis.
• The rates and proportions of steady-state linear and cyclic ET are consistent with
regulation by PSI acceptor side limitation, rather than by the primary source of Ci as CO2
or HCO3-.
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Adaptation to Limiting Ci and Light in Synechococcus

4.1 Introduction

When placed under restrictions in Ci supply, cyanobacteria develop several high
affinity forms of Ci transport (Price et al. 2002). These various systems have been
described in detail in Chapter 1, Section 1.5. Several studies have examined the temporal
aspects of CCM induction under culture conditions, using decreasing K 0_5 (Ci) values as an
indicator of increased affinity for Ci. These studies have reported a requirement of 4-6
hours for maximum expression of the CCM in Synechococcus PCC7942 and Anabaena

variabilis (Marcus et al. 1982, Yu et al. 1994). Fast-induction of HCO 3- transport(< 10
min) has been demonstrated in two species of cyanobacteria to date, Synechococcus
PCC7942 and PCC7002 (Sultemeyer et al. 1998a). This form of high affinity HCO 3transport does not require de nova protein synthesis (see Section 1.5.2.1). No study to date
has examined the physiological response to a limiting supply of Ci in short-term (< 1 hour)
time courses. The novel approach taken in this work was to restrict the supply of Ci to cells
by injecting HCO3- into cell suspensions at rates at or below approximately 16 % of the
V max under Ci-restriction at constant light.

Recent evidence suggests that the redox state of the plastoquinone pool may play
an important part in triggering the specific cellular responses to certain adverse
environmental stresses, such as nutrient and high light stress in cyanobacteria (Li and
Sherman 2000, Mao et al. 2002, van Waasbergen et al. 2002). Signalling via this
mechanism involves the direct sensing of an over-reduced plastoquinone pool in the
thylakoid membrane by a sensory histidine kinase. This, in tum, activates a response
regulator, typically a transcriptional regulator, effecting the expression of genes encoding
high affinity transporters of the limiting nutrient, along with other, more general, responses.
Such a system, however, has not yet been identified as important for signalling Ci
limitation.

The signalling and subsequent expression of the CCM under Ci deprivation via a
system resembling, for instance, a two component regulatory system triggered by redox
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sensing of plastoquinone is an attractive model, but one for which no convincing evidence
has yet emerged. The expression of the CCM is known to be light-dependent as no
induction occurs in the dark (Marcus et al. 1982). However, no experimental evidence has
appeared implicating a direct role for redox sensing in the intial events leading to CCM

.

expression.

4.1.1 Specific Aims and Objectives

This study was undertaken using membrane-inlet mass spectrometry to monitor the
physiological adaptation of high Ci cells of Synechococcus under Ci limitation in short13

term H C03- injection experiments. Clear evidence for rapid expression of the CCM,
which was apparently un-related to the reduction state of plastoquinone, is presented.
The experimental results in this work are based around the following specific
questions:
• Can the dynamic nature of adaptation to limiting HC0 3- injection be monitored
by MIMS in real-time using high Ci cell suspensions held at limiting rates of HC03injection?
• Is there a predictable pattern in the external [Ci] in high and low Ci cell
suspensions when held at limiting rates of HC0 3- injection?
• Is there any relationship between the photosynthetic electron transport rate during
the adaptation response and the rate at which cells actually adapt ?
• Is the adaptation under limiting HC0 3- injection dependent upon the intensity of
the irradiance ?
• What effect does staurosporine, an inhibitor of fast-induction of high-affinity
HC03- transport, have on the adaptation response?

4.1.2 Approach

The response of high Ci cells of Synechococcus PCC7942 to severe restrictions in
Ci supply was monitored over the course of 1 hour by MIMS. Subsequent to these time
course experiments, the affinity for Ci was measured in Ci-response experiments. The
pattern of Ci measured in the medium was monitored under increasing rates of HC0 3injection. The effect of irradiance on the adaptation response was also examined by MIMS
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injection experiments. Finally, the effect of staurosporine on the adaptation response was
also evaluated.

4.2 Specific Experimental Methods and Procedures

4.2.1 Mass Spectrometry
The characteristic pattern of extracellular [13 Ci] measured in high Ci cell
suspensions of Synechococcus when held at a limiting rate of photosynthesis was a
fortuitous one originally made in experiments designed to measure the quantum yields of
PSII and PSI simultaneously with measurements of photosynthetic gas exchange.
Masses 45 ( 13 CO 2), 44 ( 12 CO 2) and 32 ( 16 0 2) were monitored continuously in a 2.5
mL liquid phase cuvette attached to a mass spectrometer as described in Chapter 2. The cell
concentrate was resuspended in low Ci assay media (pH 8, see Section 2.5) at 15 µg Chi a
mL- 1 in the cuvette of the mass spectrometer and illuminated from the top with actinic light
at the measuring irradiance of 400 µmol photons m-2 s- 1 for approximately 5 minutes during
which time the contaminant Ci was fixed and the cells approached the CO 2 compensation
point. Generally, the concentration of contaminant Ci was between 100-120 µM upon
illumination. Before illumination bovine CA was added to 7 µg mL- 1. Net photosynthesis
was initiated by injecting KH 13 CO 3 at a given rate continuously for a period of 50-55
minutes. Increases in the rate of photosynthesis were made by increasing the rate of
13
H CO3- injection on the infusion pump. Non-radioactive 13 C labelled HCO 3- was used in
the injection experiments because the background drift in the 12 CO 2 signal, which is related
to the natural isotope abundance in the mass spectrometer, was much more pronounced
than with the labelled isotope. The light from a KL-1500 lamp (Schott) was varied with the
use of neutral density filters ·in order to obtain irradiance of the desired intensity.

4.2.2 Measurement of Quantum Yield of PSII and Relative Electron Transport Rate
The quantum yield of PSII (~ PSII) was measured during H 13 CO 3- injection
experiments according to Section 3 .2.5. The relative electron transport rate (ETR) was
calculated according to Campbell et al. (1999) as follows:
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ETR=

~

PSII

* Irradiance * 0.5 , (eq 4.1)

where 0 .5 represents the fraction of incident photons absorbed by PSII.

4.3 Results

4.3.1 The Photosynthetic Affinity for Ci Increases Under HCO 3- Injection Limitation
13
The characteristic pattern of CO2 measured in high Ci cells under a limiting rate of
H 13 CO 3- injection, in the presence of carbonic anhydrase (CA), is shown in Fig. 4-lA. In
13
the presence of CA the equilibrated CO2 trace was proportional to the total 13 Ci in the
medium. Approximately 2 minutes after the onset of H 13 CO 3- injection the ( 3CO 2] in the
medium began to rise until it reached a maximum concentration of roughly 0.15 µM under
an injection rate equivalent to 5% of Ci-saturated V max ( equivalent to 7 .8 µM total 13 Ci). A
rise in [Ci] indicates that the rate of H 13 CO 3- injection exceeds the net rate of CO 2 fixation.
This can happen if the photosynthetic affinity for Ci is not high enough to make efficient
use of all of the injected Ci. Over the course of 50 minutes, however, the concentration of
13
CO2 decreased to approximately 0.02 µM under this rate of H 13 CO 3- injection
13
(representing 1.1 µM total Ci). Thus, the concentration of 13 Ci which supported the
measured rate of photosynthesis decreased by a factor of 7 under H 13 CO 3- injection
limitation while the rate of photosynthesis was relatively steady, clearly indicating an
increase in affinity for total Ci in these cells. This adaptation response was relatively rapid
13
as the [ Ci] began to decrease, subsequent to its initial rise, only 10 minutes after the
13
injection of H CO3- began suggesting that the cells can respond to limitations in Ci supply
very quickly.
The apparent affinity for total Ci was measured by mass spectrometry from high Ci
cells and from cells harvested after nearly 1 hour under limiting HCO 3- injection as shown
in Fig. 4-1 A (point a). The response of these cells to externally supplied Ci is shown in Fig.
4-lB. There was an obvious increase in the affinity for Ci in cells subjected to HCO 3injection limitation, relative to high Ci cells. Double reciprocal plots of the Ci response
curves returned Ko_5(Ci) values of 83 µM for high Ci cells and 16 µM for cells subjected to
13
H CO3- injection, which represented a 5.1 fold increase in affinity for Ci (see inset in Fig.
4-lB).
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Fig. 4-1 . A. Adaptation by high Ci cells of Synechococcus PCC7942 to limiting Ci supply. Cells
were resuspended in low Ci assay media (see Section 2.5) at 15 µg Chl a 1nL-1 in the presence of 7
µg mL-1 bovine CA. The cell suspension was illuminated with 400 µmol photons m-2 s- 1• As the
CO 2 compensation point was approached, KH 13 CO 3 was injected into the cell suspension at 4 nmol
min-1 mL-1• An aliquot of the cell suspension was sampled at point a, as indicated, after 50 minutes
of HCO 3- injection limitation for Ci response measurements B. Response of high Ci cells (filled
squares) and cells harvested at point a (filled circles) to external Ci as described in Section 2.6.1.
K 0_5(Ci) values of 83 and 16 µM were determined from double reciprocal plots (inset) for high Ci
cells and cells harvested from points a, respectively.
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4.3.2 PSII ETR and Changes in Affinity for Ci Under HCO 3- Injection
High Ci cells were exposed to HI 3CO 3- injection rates of 4, 8, 12 and 16 nmol min-I
mL-1, which supported rates of photosynthesis equivalent to 5%, 8%, 12% and 16% of Cisaturated V max in high Ci cells, respectively (Fig. 4-2D). As is shown in Fig. 4-2A, the cells
displayed the typical adaptation response, in terms of the pattern of extracellular

13

Ci, to

limiting HI 3 CO 3- injection as shown in Fig. 4-lA. Under all rates of injection, the external
I3co 2 accumulated in the medium in the first 5-8 minutes of injection. After this time, the
system assumed a pseudo-steady state condition in which the rate of net 02 evolution (data
not shown) and PSII ETR (Fig. 4-2B) were relatively constant but the [I 3CO 2] declined
towards the concentration maintained by cells adapted to 20 ppm CO 2 (low Ci cells),
indicating an increase in the cellular affinity for Ci (Fig. 4-2A). In low Ci cells under an
injection rate of 4 nmol min-I mL-I, the extracellular I3co 2 measured was close to zero over
the period of injection. This was interpreted as clear evidence that the extracellular I3co 2
was a direct reflection of the cellular affinity for Ci in photosynthesis under these
conditions.

Also shown in Fig 4-2B are the measurements of relative PSII ETR made
concomitantly with the measurements of

[1 3Ci]

shown in Fig 4-2A. The relative PSII ETR

values were calculated according to Campbell et al. (1999) using measurements of the
quantum yield of PSII ($PSII) multiplied by the irradiance and corrected for the quanta of
photons absorbed by PSII, which was assumed to be one-half (0.5) the incident irradiance.
The PSII ETR expressed in this way gives a good, relative measure of the flux of electrons
through PSII under varying conditions of light or Ci status. It has been used by several
workers for this purpose (Goosney and Miller 1997, Campbell et al. 1999, Beardall et al.
2002). The PSII ETR rates depicted in Fig. 4-2B were roughly proportional to the rates of
HI 3CO 3- injection shown in Fig. 4-2A, suggesting that the rate of Ci supply, and,
consequently, the availability of CO 2 as an electron acceptor, was limiting the rate of PSIIdriven electron transport. Clearly, PSII ETR under HI 3 CO 3- injection limitation was
relatively steady, despite the large increase in photosynthetic affinity for Ci measured under
these conditions (Fig. 4-lB).
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Fig. 4-2. Physiological adaptation to H 13 CO3- injection limitation in Synechococcus PCC7942. Cells

(15 µg Chl a mL- 1) were resuspended in low Ci assay media (pH 8, see Section 2.5) in the presence
of 7 µg mL- 1 CA. A. Changes in extracellular [1 3CO 2] in cell suspensions during steady-state
H 13 CO 3- injection. Cells were illuminated with 400 µmol photons m-2 s- 1 irradiance and allowed to
fix the residual

12

Ci in the assay medium. As the CO 2 compensation point was approached, the

infusion pump was turned on (t) at the indicated rate. B. Concomitant measurements of PSII
electron transport rate (PSII ETR) measured during the injections displayed in Panel A. The
quantum yield of PSII ( ~ PSII) and relative ETR were measured and calculated according to
Section 4.2.2. C. The rate of adaptation to limiting Ci under the injection rates shown in Panel A.
The relative affinity for Ci was described by the expression Rp/[CO 2] which represents the rate of
photosynthesis, measured as net 0 2 evolution, divided by the [1 3CO 2] after the onset of the decline
in [13 CO 2] in the H I3 CO 3- injection experiments shown in Panel A. The highest Rr/[CO 2] values
were measured in cells adapted to 20 ppm CO 2 overnight (Panel C, upper trace) D. The steadystate rates of net 0 2 evolution measured during the injections displayed in Panel A expressed as a
fraction of the Ci-saturated rate of photosynthesis for high Ci cells at 400 µmol photons m-2 s- 1
irradiance (400 µn1ol 0 2 mi 1 Chl h- I , see Fig. 4- lB).
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The potential for the rate of H 13 CO 3- injection to influence the rate of increase in the
affinity for Ci was also examined (Fig. 4-2C). This was done by comparing the rate of
increase in the relative affinity for Ci in cells subjected to the rates of H 13 CO 3- injection
shown in Fig 4-2A. The relative affinity for Ci was expressed by the term Rps/[ 13 CO ],
2

which represents the rate of photosynthesis, normalised to the concentration of 13 CO 2
which supported it (see caption to Fig. 4-2). Clearly, the larger the Rpsf[1 3CO ] value under
2

a given rate of photosynthesis, the higher the affinity for Ci at a given irradiance. This is
shown in Fig. 4-2C. Cells adapted to 20 ppm CO 2 returned the highest Rps/[ 13 CO 2 ] values
(varied between ~ 1125-1250). Irrespective of the rate of H 13 CO 3- injection, the rates of
adaptation, reflected by the slopes of the Rps/[ 13 CO 2 ] vs. time curves, were approximately
equal (slopes varied between 4.5 and 5.9, Fig. 4-2C). Initial estimates of the relative
affinity for Ci after 10 minutes of injection limitation were approximately 10% of cells
adapted to 20 ppm CO 2 and increased to 25% after 50 minutes of injection, irrespective of
the rate of injection (Fig 4-2C, note: compare Rpsf[1 3CO ] values between low Ci cells and
2

cells incubated under H 13 CO 3-injection for 10 and 50 minutes).

4.3.3 The Effect of Low Light on Extracellular

13

Ci is Similar to Rapid HCO 3-

Injection and Vice-Versa

The effect of irradiance on the pattern of extracellular [1 3CO 2] in cell suspensions
13
subjected to H CO3- injection at a rate equivalent to 8% V max is shown in Fig. 4-3A. In the
presence of 75 , 100 and 300 µmol photons m- 2 s- 1, the [1 3CO 2 ] rose characteristically to an
initial maximum, the height of which was inversely related to the irradiance, followed by a
gradual decline. The initiation of the decline was delayed by approximately 20 minutes in
the 75 µmol photons m- 2 s- 1 treatment, relative to the higher irradiances. At the lowest
irradiance used, 40 µmol photons m- 2 s- 1, the characteristic pattern in extracellular [13CO ]
2

described above was not seen and the [1 3CO 2 ] continued to rise. The rates of photosynthesis
13
corresponding to the H CO 3- injections in Fig 4-3A, measured as net 0 2 evolution, are
shown in Fig 4-3B. The expected rate of photosynthesis set by the injection pump was
equivalent to approximately 30 µmol 0 2 mg- 1 Chl h- 1. This was met, or exceeded, under
illumination with 75, 100 and 300 µmol photons m- 2 s- 1. There was a brief period in the
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initial 15 minutes after injection began, in the presence of 75 and 100 µmol photons m- 2 s- 1
where the rate of photosynthesis exceeded the rate set by injection (Fig. 4-3B). This most
12
likely represented the fixation of residual
Ci as the cells approached the CO 2
compensation point, which was more conspicuous in the presence of lower irradiance.
12
However, after the Ci was fixed, the rates of photosynthesis approached the expected rate
in the presence of all irradiances except 40 µmol photons m-2 s-1, where the rate of
photosynthesis was approximately 1/3 that of the rate set by injection. Thus, there appeared
to be insufficient light energy to drive CO 2 fixation under these conditions and Ci
accumulated externally. However, under all other irradiances, it was the injection of
13
H CO 3- which limited the rate of photosynthesis, and not light.
13
The trends in the pattern of extracellular [ CO 2] produced under an increasing rate
13
of H CO 3- injection in high light were similar to the patterns under a constant rate of
injection in diminishing irradiance. (compare Fig. 4-2A to Fig. 4-3A). Namely, that the
greater the rate of injection under a given irradiance, or the lower the intensity of irradiance
under constant injection, the higher the concentrations of

13

CO 2 measured in the external

medium.

4.3.4. Effects of Staurosporine on [13 Ci] Pattern Under HCO 3- Injection
It was not clear to what extent the patterns of [ 13 CO 2] measured under H 13 CO 3limited injection (Figs. 4-lA, 4-2A) could be attributed to the fast-induction of high-affinity
HCO3-transport originally described by Stiltemeyer et al. (1998a, see Section 1.5.2.1.). The
effect of staurosporine on the pattern of 13 Ci maintained in the extracellular medium by
13
high Ci cells under H CO 3- injection is shown in Fig. 4-4. Staurosporine is a potent
inhibitor of protein kinases at quite low concentrations (0.1 µM) and was shown to inhibit
the fast-induction response (Stiltemeyer et al. 1998a). After the CO 2 compensation point
had been reached, a rate of photosynthesis equivalent to approximately 10% of the light
and Ci-saturated V max was initiated with the injection pump (see Fig. 4-1 ).
There was a clear effect of this inhibitor on the patterns of

13

CO 2 obtained in cell

suspensions, relative to control cells (Fig. 4-4B). Both the initial rate of 13 CO 2 rise and the
maximum concentration obtained were stimulated approximately 2-fold by stauroporine.
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Fig. 4-3. A. Pattern of [1 3 Ci] produced in cell suspensions (15 µg Chl a rnL-1) of Synechococcus
13

PCC7942 under H CO 3- injection limitation as a function of irradiance. A rate of H I 3CO 3- injection
equivalent to 30 µmol 0

2

mg-I° Chl h-1 or approximately 8 % V max was used. Desired irradiances

were obtained by filtering the light from a KL-1500 lamp (Schott) with neutral density filters. All
other experimental conditions were as described in the ' Specific Experimental Methods and
Procedures ' section. B . Concomitant measurements of net 0

2

evolution corresponding to the

13

H CO 3- injections shown in Panel A.
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Fig. 4-4. Effect of 0.5 µM staurosporine on the pattern of 13 Ci in the extracellular medium under
13

H COr lirruted injection. Cells (15 µg Chl a rnL- 1) were resuspended in the mass spectrometer
cuvette in JDM medium (pH 8, - NO 3 -) in the presence of 7 µg mL- 1 CA in the dark. The cells were
illurrunated with 400 µmol photons m-2 s-1 • Staurosporine was added just before light on. Control
and treated cells were allowed to reach the CO 2 compensation point as judged by the cessation of
net 0 2 evolution (data not shown). The initial

12

Ci in the medium was 237 µM and 105 µM in

control and treated cell suspensions, respectively. After the cells reached the CO 2 compensation
point, the injection of KH 13CO 3 was initiated at t=0 at a rate equivalent to approximately 10% V max
(Ci-saturated rate in high Ci cells at 400 µmol photons m-2 s- 1) and the patterns of 13 Ci ,

12

Ci in the

extracellular medium and the rate of photosynthesis, measured as net 0 2 evolution, were followed
over the course of 1 hour. The patterns of gas exchange in treated cells are represented as broad
lines or with squares.
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However, the characteristic decline in the extracellular

13

CO 2 was not inhibited in

treated cells. In fact, the rate of decline was approximately 2 fold greater in treated cells,
relative to control cells. After a period of approximately 30 minutes under HCO3- injection,
the concentration of 13 CO 2 in the extracellular medium in treated and untreated cell
suspensions was approximately equal. Over the course of HCO 3- injection, the rate of
photosynthesis measured in treated and untreated cells was also essentially equal.
The effect of staurosporine on photosynthetic gas exchange shown in Fig. 4-4 was
13
interpreted as follows. The greater rise in CO 2 in treated cell suspensions, relative to
control cells, following the onset of HCO3- injection was probably due to the inhibition of
the fast-induction of high-affinity HCO3- transport. A similar trend in the concentration of
12
12
Ci was observed, namely, that treated cells were unable to draw the residual CO2 as low
13
as control cells. The decline in the extracellular CO 2 in treated cells was interpreted as
evidence for the induction of the CCM as a result of gene expression and de novo protein
synthesis in the presence of this inhibitor in the same manner as the experiments depicted
in Figs 4-lA and 4-2A. Apparently, staurosporine does not inhibit the genetic basis of
CCM expression. Under the conditions here, however, it was apparent that the cells
undergoing Ci limitation had undergone a fast-induction response prior to the initiation of
injection. In the presence of staurosporine, the expression of the CCM, evidenced by the
13
pattern of CO2 measured in the external medium, resulted from gene expression and de
novo protein synthesis and the effect of fast-induction response on the [ 13 CO 2] was absent.

4.4 Discussion
The time-dependent increase in affinity for Ci in Synechococcus was investigated
using membrane-inlet mass spectrometry to monitor the extracellular [Ci] under steady
13
rates of H CO3- injection. Concomitant measurements of net 0 2 evolution and PSII ETR
revealed that photosynthesis was ITmited to between 5-16 % of V max under these conditions.
The effect of varying the irradiance under a rate of H 13 CO 3- injection equivalent to
approximately 8% of V max was also examined using high Ci cells.

4.4.1 Differences in the Estimation of the Increase for Apparent Affinity for Ci Under
HCO 3- Injection
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There was clear evidence for a substantial increase in affinity for total Ci in cells
subjected to 50 minutes of H 13 CO3- injection at a rate equivalent to 5% V max (Fig. 4-lA and
B). The K 0_5 (Ci) decreased from 83 µM in high Ci cells to 16 µM in cells subjected to the
injection protocol described above. The Ko.s(Ci) of cells limited by HCO3- injection for 50
minutes was very similar to Ko.5 (Ci) estimates of cells adapted to 20 ppm CO 2 (10-18 µM,
estimated in the absence of CA, Stiltemeyer et al. 1998a). This estimate contradicted the
rate of adaptation measured under steady-state injection (Rp/[ 13 CO 2] values, Fig. 4-2C).
Analysis of the rate of change in the relative affinity for Ci using this expression indicated
that the affinity for Ci had increased to only approximately 25% that of low Ci cells in the
first 50-60 minutes of injection, based on the differences in Rp/[ 13 CO 2] values. This
apparent discrepancy can probably be explained on the basis that the Ci-response
measurements reported here (Fig. 4-lB) were made in the presence of CA, which tends to
over-estimate the apparent photosynthetic affinity of cells for Ci by maintaining a high rate
of CO2 supply from HCO3- dehydration. This effect is especially pronounced in cells with a
low apparent affinity for CO 2. This tendency is illustrated by the K 0_5 (Ci) value of 253 µM
measured in high Ci cells ofSynechococcus PCC7942 in the absence of CA (Stiltemeyer et

al. 1998a). This is approximately 3x higher than the value of 83 µM measured here in the
presence of CA under nearly identical assay conditions in the same cell type, clearly
indicating the enhancement in affinity for Ci by CA.

4.4.2 HC03- Injection Limitation as a Tool for Analysis of Steady-State CCM
Expression
Under culture conditions, Yu et al. (1994) demonstrated complete expression of the
CCM in Synechococcus in 4-6 hours under bubbling with 20 ppm CO 2. This was similar to
the estimate of 4 hours in Anabaena variabilis under CO 2-free air (Marcus et al. 1982).
Bensch op et al. (in press) reported 4 hours for complete adaptation to 20 ppm CO 2 in
Synechocystis PCC6803. A rate of increase in relative affinity for Ci of 25% h- 1, relative to
low Ci cells, was reported here in cells undergoing steady-state H 13CO 3- injection.
Assuming any further increases in affinity for Ci under more prolonged periods of injection
would also be linear, this would equate to a requirement of 4 hours for full CCM
expression (i.e. 25% h- 1 * 4 hours= 100% maximum affinity for Ci). This is in accordance
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with culture-based studies (see above) and illustrates the usefulness of this method for
studying the acclimation to limiting Ci under steady-state conditions.
The increase in affinity for CO2 (or Ci) under conditions of steady-state injection, as
shown in Fig. 4-2C, can be described mathematically by re-arrangement of the MichaelisMenton equation:
V/s=(V max-V)/Km (eq. 4-2),

Where V = the steady-state rate of CO2 fixation, s = the steady-state [CO2], V max = the
maximum rate of CO2 fixation and Km is the half-saturation constant for Rubisco. By
3

substituting the equivalent terms Rps for V, Rps/[1 CO2] for V/s and Ka. 5 (CO2) for Km, the
equation becomes:

Under conditions where the Rps is small, relative to V max, such as in the injection
experiments displayed in Fig. 4-2, the equation simplifies further:
13

Rps/[ CO2] = (V max)/ Ko.s(CO2) (eq. 4-4),

The V max did not change significantly in cells subjected to steady-state H 13 CO 3- injection,
relative to high Ci cells (see Fig 4-lB). In view of this, the observation that Rps/[ 13 CO 2]
increased under steady-state injection (Fig. 4-2C) can be interpreted as decreasing
Ko.s(CO2), or, in other words, increasing affinity for CO 2. Since the injection experiments
shown in Fig. 4-2 were carried out in the presence of CA, which equilibrates the

13

CO 2

signal and renders it proportional to the total [Ci], the expressions Rps/[1 3 Ci] and K 0_5 (Ci)
13

can be inserted in the place of Rps/[ CO 2] and K 0_5 (CO 2), respectively, in eq. 4-3 in order to
express the increase in affinity under steady-state injection in terms of total Ci.
The preceding analysis is significant in that it describes the changing affinity for Ci
under Ci limitation on a time-scale of minutes. Estimates of the rate of change in the
affinity for Ci have not been reported with the same temporal resolution as shown here.

4.4.3 CCM Expression Under Ci Injection Limitation Has Two Components: FastInduction of HC03- Transport and de novo Protein Synthesis
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The decline in the

13

CO 2 concentration after ~ 10 minutes of injection (Fig. 4-2A)

probably arose from the expression of high-affinity Ci transporters via de nova protein
synthesis. This conclusion was drawn from two separate experiments. The linear increase
in relative affinity for Ci, described by the expression Rps/[ 13 CO 2 ], continued to increase
beyond the time required for the fast-induction to be complete (~ 10-15 min., Siiltemeyer et

al. 1998a). The second piece of evidence arises from direct examination of the response of
cells to H 13 CO 3- injection in the presence of staurosporine, shown by Siiltemeyer et al.
(1998a) to inhibit the fast-induction response (Fig. 4-4). In the presence of this inhibitor,
the characteristic pattern of

13

CO 2 decline under Ci injection was not inhibited. However,

the lower concentration of 13 CO 2 under injection limitation in control cell suspensions most
likely represented the activity of the high-affinity HCO 3- transporter, activated by the fastinduction response prior to beginning of injection (see Fig. 4-4, control treatment).

4.4.4 The Rate of Adaptation to Limiting Ci is Unrelated to the Rate of Electron
Transport Under These Conditions
The rate of PSII ETR is tightly regulated by the degree of H 13 CO 3 - injection (Fig 42A and B). There was a clear, linear relationship between the rate of injection and the rate
of PSII ETR. The rate of increase in affinity for Ci under limiting Ci injection was
apparently unrelated to the rate of experimental injection (Fig. 4-2C). This suggested that
rate of PSII ETR was not directly involved in regulating the rate of adaptation under these
conditions. This could be explained if, even under the highest rate of H 13 CO 3 - injection
used, the limitation imposed on the ETC was sufficiently severe to cause the expression of
the CCM at maximal or near-maximal rate.

4.4.5 The Rate of Adaptation Under Limiting Ci Injection is Irradiance Dependent
The results of the experiments depicted in Fig. 4-3A revealed that the pattern of
13

extracellular [ Ci] measured in the mass spectrometer cuvette under H 13 CO 3- injection was
dependent upon the intensity of irradiance. Lower irradiances, although sufficient to drive
the rate of photosynthesis set by the injection pump, lead to higher concentrations of 13 Ci in
the medium and, in the case of 75 µmol photons m- 2 s- 1, a delay in the onset of the decline
of the

13

Ci towards zero. Only under the lowest irradiance was there insufficient light
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energy to drive photosynthesis. Under these conditions the characteristic

[1 3 Ci] induction

pattern was not evident.
It was clear from concomitant measurements of net 02 evolution (Fig. 4-3B) that
the capacity for CO 2 fixation under 75, 100 and 300 µmol photons m-2 s- 1 was the same

under these conditions and set by the rate of H 13 CO 3- injection. In view of this, inherent
light-dependent differences in photosynthetic capacity can not be invoked to explain the
differing patterns of 13 Ci measured under the different conditions of irradiance.
Furthermore, the development of internal Ci pools, which might be larger under
increased irradiance because of higher, light-dependent Ci transport activities, also can not
be invoked as an explanation for the differing

[1 3 Ci] patterns. Although the possibility of

light-dependent Ci accumulation was not addressed directly by experiment here, it can be
assumed from indirect evidence that it did not occur. Only under conditions where both Ci
and light are not limiting, can appreciable levels of internal Ci pool accumulation be
measured. Under the conditions used here, the rate of H 13 CO 3- injection determined the rate
of photosynthesis so there was no over supply of Ci, thereby making it impossible for the
cells to over-accumulate Ci.
The main conclusion drawn from this experiment was that the pattern of 13 Ci under
13

H CO 3- injection and the rate of adaptation were both irradiance-dependent.
One possible interpretation of the results depicted in Fig 4-3 is that the expression
of components of the CCM, namely transcripts encoding Ci transporters, is potentially
regulated by a light-dependent mechanism which senses the intensity of the irradiance
directly or, senses the reduction state of the ETC in some way. However, no conclusive
evidence in support of the latter of these two models has been presented here.

4.4.4 Conclusions

• The dynamic nature of the response to limiting Ci could be monitored by MIMS
over short-term periods and was manifest under limiting Ci supply as an initial rise in Ci
followed by a gradual decline towards zero over the experimental interval of 1 hour (Fig. 41A).
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• The pattern of Ci measured in cell suspensions under defined conditions of HCO 3injection was predictable. The [Ci] in the medium under injection limitation was
proportional to the rate of injection (Fig. 4-2A).
• Increases in the affinity for Ci under HCO 3 - injection limitation could be resolved
on the order of minutes (Fig. 4-2C).
• The characteristic pattern of

13

CO 2 measured by MIMS under H 13 CO 3- injection

limitation was interpreted as evidence for rapid expression of the CCM which was
dependent upon both fast-induction of high-affinity HCO 3- transport and de novo protein
synthesis.
• The pattern of Ci in the medium under HCO 3- injection was effected by the
irradiance used. The higher the irradiance, the lower the [Ci] measured under HCO 3injection. This was interpreted as evidence that the intensity of irradiance controlled the
rate of CCM induction by a direct or indirect means (Fig. 4-3).
• Staurosporine caused a stimulation in both the rate of increase in [Ci] and the
maximum [Ci] measured in cell suspensions under HCO 3- injection but did not inhibit the
subsequent decrease in Ci to low levels. This was interpreted as evidence for the absence of
any effect of this inhibitor on the genetic basis of CCM expression (Fig. 4-4).
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Optimisation of Semi-Quantitative and Real-Time RT-PCR

5.1 Introduction
The unicellular cyanobacterium Synechocystis PCC6803 is ideally suited for use in
the study of gene expression patterns under certain environmental stresses, like Ci
limitation. This strain is relatively easy to culture and to obtain high-purity RNA from but,
most importantly, its entire genomic sequence has been available online since 1996
(Kaneko et al. 1996). It also displays considerable metabolic flexibility as it is capable of a
wide range of growth modes including photoheterotrophy and photomixotrophy in the light
and heterotrophy in the dark.

Recently, the use of a number of progressive techniques for investigations into gene
expression patterns in cyanobacteria has become increasingly more common. One of the
more popular amongst these has been the use of DNA microarray technology in which
sample sets ranging from a few hundred genes to the entire gene-set sequence of the
cyanobacterium can be spotted on glass slides and then hybridized to RNA-derived cDNA
extracted from cells which have been subjected to a particular condition such as high light
stress (Hihara et al. 2001) or dark-light transitions (Gill et al. 2002). With this technology,
genome-wide changes in transcript abundance patterns can be detected and quantified. The
main drawback associated with microarray analysis, aside from the obvious one of cost, is
its relative insensitivity to the detection of low copy number transcripts like transcriptional
regulators or sigma factors which play crucial roles in the cell's response to environmental
disturbance through the activation of stress-related gene transcription. Microarray
hybridizations are also not able to discriminate between closely homologous sequences,
which is possible with PCR-based gene expression analysis techniques.

Techniques like semi-quantitative and real-time RT-PCR can not duplicate the
results of microarray analyses in terms of the number of transcripts which can be assessed
simultaneously, but they do offer the advantage of increased sensitivity as, in theory, only
a few copies of a particular transcript are sufficient for detection. They are also more rapid,
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less laborious and offer higher throughput than other more conventional gene expression
techniques like Northern hyridisation.

With semi-quantitative RT-PCR, RNA extracted from cells subjected to various
treatments is reverse-transcribed and the cDNA is amplified through a particular number of
PCR cycles. Usually, one or more constitutively expressed transcripts, sometimes referred
to as housekeepers, are co-analysed with the differentially expressed transcripts to correct
for errors in the estimations of initial [RNA] and for differences in the efficiency of reverse
transcription across reactions. The PCR reaction is terminated before product formation
enters the plateau phase and a sample is subjected to electrophoresis on an agarose gel. The
gel is photographed and the bands quantified from the image. In this way, comparisons of
transcript abundance between two or more treatments are made while the PCR products are
accu1nulating exponentially. The underlying assumption is that while still in the
exponential phase of amplification, the number of copies of each PCR product (the
intensity of the band) is proportional to the initial number of cDNA copies. Once the PCR
reaction enters the plateau phase and product has ceased accumulating, this relationship no
longer holds. Semi-quantitative RT-PCR has been applied in various studies of gene
regulation and metabolism in cyanobacteria, notably in the study of Yang et al. (2002).

Real-time RT-PCR is distinctly advantageous over semi-quantitiative R T-PCR in
that product accumulation during the entire PCR reaction is monitored at each cycle as the
increase in fluorescently-labelled PCR product. The point where the product accumulates to
such a degree that fluorescence surpasses a pre-set background value and exponential
amplification begins has been termed the threshold cycle, (Ct) and it is directly proportional
to the initial number of cDNA copies (Heid et al. 1996). Fluorescent labelling can be
achieved by the inclusion ·in the reaction of a fluorophore like SybrGreen I, which
preferentially binds to double-stranded DNA (dsDNA), or by using specially designed
oligonucleotide probes which fluoresce only after successful probe-target duplex formation
and subsequent extension by Taq DNA ploymerase (TaqMan Probe technique) . Real-time
RT-PCR is also advantageous over semi-quantitative RT-PCR in that it requires essentially
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no post-PCR handling or processing and quantitation is relatively swift and easy to
perform.
The main drawback with real-time RT-PCR is that it can require extensive preexperimental optimisation, particularly with 'difficult' primer pairs, which consumes both
time and resources.

5.1.1 Specific Aims and Objectives
Chapters 6 and 7 deal mainly with changes in the patterns of gene expression for
several transcripts in cells undergoing severe Ci limitation assessed with a combination of
semi-quantitative and real-time RT-PCR. Thus, this preliminary work was exploratory in
nature in that the objective was to develop reliable semi-quantitative and real-time RT-PCR
analysis systems and to optimise conditions with the objective of applying them to studies
of CCM-related gene expression in Synechocystis PCC6803. Particular emphasis was
placed on verifying the quantitative reliability of real-time RT-PCR.

5.1.1.1 Semi-Quantitative RT-PCR Optimisation
a) Primer Concentration
The yield of end-product after a sub-saturating number of PCR cycles can be
heavily influenced by the concentration of primers present in the reaction. This is because
comparisons of transcript abundance with semi-quantitative R T-PCR are made as the PCR
reactions approach limitation by reactants, particularly by primers. This parameter was
optimised for semi-quantitative RT-PCR with a view to finding the concentration at which
the PCR products were maximised in terms of yield, without compromising PCR product
specificity.

a) Number of PCR Cycles
Ideally, comparisons ·of the degree to which a particular transcript is
differentially expressed are made while the PCR products are accumulating exponentially.
The underlying assumption of semi-quantitative RT-PCR is that the intensity of bandstaining on agarose gels after a sub-saturating number of PCR cycles is proportional to the
initial number of cDNA copies. Accordingly, the number of PCR cycles used must satisfy a
number of conditions.
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1) Enough PCR product must be present in the reaction to enable visual
identification and quantification on agarose gels. This condition determines the
minimum number of PCR cycles used.
2) The reaction must not be allowed to enter the plateau phase of amplification.
The amount of PCR product after a saturating number of PCR cycles is no
longer proportional to the initial number of cDNA copies.
3) The number of PCR cycles chosen must satisfy the two criteria above for all
conditions over which comparisons of transcript abundance are made. For
highly differentially expressed transcripts, this may not always be possible.

5.1.1.2 Real-Time RT-PCR Optimsation
a) PCR Product Specificity
As mentioned in the Section 5 .1, PCR product detection with SybrGreen I does not
allow for discrimination between specific and non-specific PCR products. For semiquantitative RT-PCR, this is not as problematic because the specific PCR products are
identified and quantified based on fragment size. This critical parameter was optimised by
testing the yield and specificity of PCR products amplified with conventional and 'hotstart'

Taq DNA polymerase enzymes.
b) SybrGreen I
This fluorophore can inhibit polymerization by Taq DNA polymerase if its
concentration is too high (Heid et al. 1996). The concentration which yielded adequate
levels of fluorescence without causing any inhibitory effects was determined by a simple
titration method.

c) Primer Concentration
In theory, the primer concentration used in real-time RT-PCR amplifications should
not be as critical as for semi-quantitative RT-PCR. This is because at the threshold cycle
(see Section 5 .1 ), the concentration of all reactants should be non-limiting. Therefore, for a
given number of initial cDNA copies, the Ct value should be relatively insensitive to the
concentration of primers, as even quite low concentrations should still be saturating.
However, an excess of primers can lead to non-specific product formation , which must be
avoided. The optimal concentration of primers was determined by comparing the Ct values
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generated by PCR reactions containing between 0.25-1.5 µM primer under otherwise
optimised conditions.
d) Primer Amplification Efficiency
The efficiency of primer pairs used in real-time RT-PCR analysis was estimated by
generating a series of standard curves by amplifying serially diluted templates, the
concentrations of which spanned several orders of magnitude.

5.2 Specific Experimental Methods and Procedures

5.2.1 Growth of Cells and Adaptation to Low Ci
All details of the growth of Synechocystis PCC6803 cultures and treatment of the
cells with low Ci are given in Chapter 2. The period of exposure to CO 2-free air was 1
hour.

5.2.2 RNA Isolation and Purification
Fifty mL aliquots of Synechocystis cells were collected by a brief centrifugation
(4800x g for 3-5 min.) in 50 mL centrifuge tubes. The cells were concentrated in
approximately 1 mL of residual growth medium and transferred to a 1.5 mL microcentrifuge tube. The cells were re-centrifuged for 30 s (10,000 x g) and the pellets snapfrozen in liquid N2 and stored at - 80 ° C for later processing. Storage under these
conditions was usually less than one week.
Total RNA was isolated from harvested cells using the phenol-guanidineisothiocyanate-chloroform extraction protocol (TRizol Reagent, Invitrogen, Carlsbad, CA).
Briefly, 0.5-0.7 mL of TRizol reagent was added to the frozen cell pellet and incubated at
65 °C for 10 minutes with periodic vortexing. The crude extract was cooled to room
temperature followed by the addition of 0.2 vol of chloroform and a brief vortex. The
extract was centrifuged (10,000 x g) for 10 minutes and the supernatant from this
separation was carefully removed to a fresh 1.5 mL centrifuge tube and extracted 1-4 times
(depending on the amount of starting material) with phenol:chloroform:isoamyl alcohol
(25 :24: 1, vlv/v ). The RNA was precipitated by adding an equal volume of isopropanol,
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incubating for 10 minutes at room temperature, and centrifuging for 10 minutes (10,000 x
g).
In order to obtain high-quality RNA for use in semi-quantitative and real-time RTPCR analysis, the RNA was digested for 10 minutes at 3 7°C with 4 U of DNAse (RQ 1
RNAse-free DNAse, Promega). The addition of DNAse stop solution was omitted and the
digest was instead extracted with phenol:chloroform (5:1, v/v). The RNA was reprecipitated by centrifugation after a 40 min incubation at - 20 ° C in the presence of 75
1nM sodium acetate buffer (pH 5.2) and 75 % (v/ v) ethanol. The purified RNA pellet was
washed twice with 75 % ethanol and re-suspended in sterile, double-distilled H2O. The
DNAse step generally gave high quality RNA at the expense of overall yield
(approximately 40 % yield relative to un-DNAsed preparations). RNA was stored for short
periods at - 20 °C or - 80 °C for longer periods.

5.2.3 Quantitation of RNA Preparations and Assessment of Quality
Aliquots of the RNA preparations were diluted 20-50 fold in 100 µL of sterile,
double-distilled H2O and the absorbance at 260 nm and 280 nm measured in a 100 µL
masked cuvette in a Shimadzu UV-240 spectrophotometer. The yield of total RNA was
estimated according to the equation:
[RNA] (µg mL- 1) = A260 x 40 x dilution factor (eq. 5-1)
Crude estimates of RNA purity were obtained by determining the ratio of A 26o/A 280 .
Typically, this ratio was 1.6-1.8 before DNAse digestion but increased to 2 or greater after
this treatment.

Visual confirmation of RNA integrity was assessed by subjecting aliquots of
purified RNA to electrophoresis. Between 1-5 µg of RNA was mixed with an equal volume
of formamide , 0.01 % (v/v) SybrGreen II, 0.5 % (v/ v) Bromophenol Blue and incubated at
90 °C for 5 minutes followed by immediate chilling on ice. Electrophoretic separations
were carried out in 1.2 % agarose gels in small horizontal tanks submerged in 0.025 M
Tris-Borate-EDTA buffer (pH 8.2). The gel tank was chilled to 4 °C beforehand and
packed with ice in a large plastic tub. Under conditions such as these, the separation could
be completed in 15-20 minutes by applying a voltage of 20 V /cm. Following
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electrophoretic resolution, the gel was scanned in a fluorimager (Fluorimager SI, Vistra
Fluorescence, Sunnyvale, CA) to confirm the absence of RNA degradation (see Fig. 5-1 ).

5.2.4 Semi-Quantitative RT-PCR Conditions and Optimisation

5.2.4.1 cDNA Synthesis
First strand synthesis for semi-quantitative RT-PCR was carried out with the
Thermoscript™ cDNA synthesis system (Invitrogen). A 2x master mix was prepared which
contained all of the components of the reaction except RNA and gene-specific 3' primers
(Table 5-1 ). Approximately 0.23 µg of total RNA and 6-10 pmol reverse primer were
mixed and denatured at 65 ° C for 5 min. After 1 minute of chilling on ice, 10 µL of the
RNA/primer mixture was added to an equal volume of the master mix. The RT reaction
was carried out at 50 ° C for 30 minutes followed by a 5 minute enzyme inactivation step at
85 ° C. cDNA products were used directly for PCR amplification without dilution. Storage
was at - 20°c.

5.2.4.2 PCR
After first strand synthesis, 1 µL of template was mixed with 10 µL of ready-to-use
2x master mix (HotstarTaq PCR kit, Qiagen, Germany), either 2, 1 or 0.5 µL each of
forward and reverse primer (corresponding to 0.50, 0.25 or 0.13 µM of each primer,
respectively) and the appropriate amount of H 2 0 to bring the total volume to 20 µL per
reaction. The final activity of Taq DNA polymerase was 1 U per reaction and the final
concentration of MgCh was 1.5 mM. PCR cycling conditions were as follows:
1.

Enzyme Activation

95° C for 15 min.

2.

Denaturation

94° C for 20 s

3.

Primer Annealing

57° C for 30 s

4.

Extension

72° C for 1 min.
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23SrRNA---16S rRNA----

5SrRNA---

Fig. 5-1. Typical image of total RNA ( 5 µg) isolated from cells of Synechocystis PCC6803 with
Trizol reagent and digested with DNAse according to Section 5.2.2. Ribosomal RNA (rRNA) bands
are as indicated. RNA was mixed with 50% (v/v) formamide, 0.5% (v/v) bromophenol blue, 0.01 %
(v/v) SybrGreen II and de-natured at 90 °C for 5 minutes followed by immediate cooling on ice for
1 minute. Electrophoretic separation was performed in ice-cold 0.025 M Tris-Borate- 2.5 mM
EDTA buffer (pH 8.2) under 250V for a period of 20 minutes.
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Steps 2-4 were repeated for 10-40 cycles. After the desired number of cycles, a 10
µL aliquot of the reaction was mixed with 2 µL of gel-loading buffer (40% w/v sucrose,
0.25% w/v bromophenol blue) and subjected to electrophoresis.

Table 5-1 Constituent concentrations of 2x Thermoscript reverse transcription
master mix used in cDNA synthesis for semi-quantitative RT-PCR analysis.

Component

2x Concentration or
Activity

Buffer
Tris-Acetate (pH 8.4)

l00mM

Potassium Acetate

150 mM

Magnesium Acetate

16mM

DTT

l0mM

dNTPsa

2mM

RNAse Inhibitor

80 U

Thermoscript

30U
Reverse Transcriptase
a

2mM each of dATP, dGTP, dCTP and dTTP

5.2.4.3 DNA Electrophoresis
Electrophoretic separ_ations of semi-quantitative RT-PCR products were performed
1n 1% agarose gels containing 0.05% (v/ v) ethidium bromide in 0.045 M Tris-BorateEDTA running buffer (pH 8.2) in small horizontal tanks. The same concentration of
ethidium bromide was added to the running buffer. Electrophoresis was carried out under
80-100 V for 55-60 minutes. A DNA size marker was included to confirm the expected size
of the amplified fragments. Negative controls which did not receive reverse transcriptase (RT controls) were run to show that the amplified poducts did not arise from contaminating
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genomic DNA sequences. Nevertheless, some bands did appear occasionally in negative
control lanes, but generally only after 30 cycles of PCR (see Fig. 5-2B). After separation by
electrophoresis, the gel was scanned in a Fluorlmager and the bands on the image
quantified with linked ImageQuant software using local background correction.

5.2.5 Real-Time RT-PCR: Optimisation and Quantitative Validation
5.2.5.1 cDNA Synthesis for Real-Time RT-PCR

.

In view of the larger throughput of real-time RT-PCR compared to semiquantitative RT-PCR analysis, a comparative assessment of various combinations of
reverse transcription and PCR protocols was made with the view of identifying the system
which provided the best results in terms of PCR product specificity and yield at the lowest
cost. Two protocols for cDNA synthesis were tested with RNA isolated from Synechocystis
cells. These were the Superscript™ and Thermoscript first strand synthesis kits
(Invitrogen). The Thermoscript system is potentially advantageous over the Superscript
system in that the reverse transcriptase is more thermo-stable which allows for slightly
higher primer-template annealing temperatures (50 vs. 42 °C), nearer to the optimal
annealing temperatures of the primers where there is less likelihood of significant
inhibitory RNA secondary structure.

5.2.5.2 cDNA Synthesis with the Superscript System
The protocol for cDNA synthesis with the Thermoscript kit is described above and
the constituents of the reaction are listed in Table 5 .1. The protocol for use with the
Superscript ezyme was similar and the constituents of the 2x master mix are listed in Table
5.2
Approximately 0.5-1 µg of total RNA was incubated at 65 ° C for 5 minutes in the
presence of 20 pmol gene-specific reverse primer and 1 mM of each dNTP. Ten µL of
RNA/primer/dNTP mixture was added to an equal volume of 2x master mix and incubated
at 42 ° C for 2 minutes in an Eppendorf thermal cycler. 50 U of Superscript RT enzyme was
added and the tubes incubated at 42 ° C for 50 minutes followed by 70 ° C for 15 minutes to
deactivate the RT enzyme. Negative controls received 1 µL of H 2 0 instead of RT enzyme.
cDNA products were diluted 10 fold for use in real-time RT-PCR amplification.
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Table 5-2 Constituent concentrations of 2x Superscript master mix for
cDNA synthesis

2x Concentration or
Component
Activity

Tris-HCl (pH 8.4)

40mM

DTT

20mM

MgCh

12.5 mM

RNAse Inhibitor

20U

5.2.5.3 PCR
Two PCR amplification protocols were tested for yield and specificity of PCR
product using as template cDNA generated with the Thermoscript and Superscript firststrand synthesis kits. The comparison was made between a non-commercial, locally
sourced PCR amplification system (Local) and the Qiagen hot-start enzyme used in semiquantitative R T-PCR analysis. The constituents of the buffers and other components of the
reaction are listed in Table 5 .3. Cycling conditions were as listed in Section 5 .2.4.2 with the
exception that amplifications using Local Taq did not receive the 15 minute enzyme
activation step. All other conditions were as described in Section 5.2.4.3 .

5.2.5.4 Real-Time PCR Amplification
All amplifications carried out with the real-time PCR technique were conducted on
a Rotor-Gene 2000 thermal . cycler according to the manufacturer's instructions (Corbett
Research , N.S.W., Australia) with the HotstarTaq PCR amplification system (Qiagen).
PCR Cycling conditions were modified slightly from Section 5.2.4.2 and were as follows:

1.

Enzyme Activation

95 °C for 15 min

2.

Denaturation

94 °C for 20 s

3.

Primer Annealing

57 °C for 30 s
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4.

Extension

72 °C for 30 s

5.

Signal Acquisition

84 °C for 15 s

6.

Steps 2-5 Repeated for 35-40 Cycles

7.

Hold

72 °C for 2 min

8.

Ramp (Melt Curve)

55 - 99 °Cat 0.2 °C s-1

The [MgCb] was supplemented to 2.5 mM according to the protocol given for the
Quantitect™ SYBR Green kit (Qiagen, Cat.# 204143). The concentration of forward and
reverse primer and SybrGreen I were optimised as described in the Results section.
Optimised conditions for real-time RT-PCR were referred to as 'standard' conditions.

Table 5-3. Constituent concentrations of Local and Qiagen PCR reaction a mixtures

Units of
Component

Concentration

Amplification System
Local

b

Qiagen

Tris.HCI

mM

50

40

(NH4)2SO4

mM

16

15

MgCb

mM

2

1.5

Thesit ct

% (v/v)

0.075

n.a.

mM

0.2

0.2

1

1

0.5

0.5

dNTPs

1

TaqDNA

C

e

Units of

Polymerase

Activity

F and R Primer

µM

a

Final concentrations given per 20 µL PCR reaction

b

pH of buffer was 9.2 (25 °C), c pH of buffer was 8.7 (20 °C)

d

Non-ionic detergent

e

not applicable, r 0.2 mM each of dTIP, dATP, dGTP, dCTP

5.2.5.5 Standard Curve Analysis
In order to relate Ct value to relative differences in template copy number, standard
curves were generated for every primer pair used in real-time RT-PCR experiments. For
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many transcripts, standard curves encompassing the desired span of Ct values (5-25 cycles)
could not be generated from cDNA synthesised by the RT reaction because the initial copy
number was too low (i.e. the first Ct value in the curve would have been too high). To
overcome this problem, template was generated by extraction and purification of genespecific PCR products from agarose gels. The template used for the standard curves was
made from a serial dilution of the initial gel-purified product. One µL of the serial dilutions
was amplified in quadruplicate on the RotorGene 2000 thermal cycler under standard
conditions. More detail is provided in the caption to Fig. 5-6.

5.3 Results

5.3.1 Effect of Primer Concentration on Semi-Quantitative RT-PCR End Product
Yield

In semi-quantitative RT-PCR, the degree to which a gene is differentially expressed
is determined by comparisons on gels of the yield of a specific PCR product at a particular
cycle, ideally, over a range where the products are accumulating exponentially. Therefore,
it was important to determine the optimum concentration of primers needed to maximize
the yield without compromising the specificity of the reaction. A example of this analysis is
shown in Fig. 5-2A for primers specific to the cmpA sequence encoding the HCO 3--binding
protein of the high affinity, ABC-type HCO 3- transporter encoded by the cmpA-D operon
(Omata et al. 1999, 2001; Maeda et al. 2000). The end-product yield from both high and
low Ci cells after 35 cycles of PCR increased as the concentration of primer increased from
0.13 µM to 0.50 µM. However, no further increases in yield were seen when the
concentration of primer was increased to either 1 µM or 2 µM for either treated or control
cDNA (data not shown). The end-product yield from cDNA isolated from low Ci cells was
always greater than from high Ci cells, indicative of a differential expression under low Ci
which could still be detected by 35 cycles of PCR.
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Fig. 5-2. A Effect of cmpA primer concentration on yield of 35-cycle PCR product amplified from
cDNA derived from reverse transcription of total RNA from Synechocystis cells grown
continuously at 5% CO 2 in air (H) or cells exposed to COi-free air for 1 hour (L). B. Differential
accumulation of PCR product amplified with cmpA primers at 0.5 µM with cDNA from low and
high Ci cells. 1 µL of cDNA template ( or - RT negative control) was amplified by PCR in 6
replicate reactions. Beginning at 10 cycles and every 5 cycles thereafter, a reaction was removed
from the thermal cycler and the amount of PCR product in a 10 µL aliquot assessed by agarose gel
electrophoresis and image analysis according to Section 5.2.4.3. No sample was taken at 35 cycles.
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5.3.2. Differential Accumulation of PCR Product as a Function of Low Ci Treatment

The differential expression of cmpA transcript was more apparent when the yield of
PCR product was assessed at 5-cycle intervals in separate reactions (Fig 5-2B). This
approach simulates the real-time RT-PCR technique in that the cumulative yield of PCR
product at 5-cycle intervals in replicate reactions is partly analogous to the accumulation of
product in a single reaction. Equivalent total RNA from low and high Ci cells was reversetranscribed into cDNA and amplified by PCR for between 10 and 40 cycles in 6 separate
reactions. End-product fluorescence was quantified from agarose gels by image analysis.
cDNA amplified from low Ci cells was detected as quantifiable PCR product within 15
cycles, whereas 30 cycles of PCR were required to detect quantifiable product from high Ci
cells, clearly indicating an up-regulation of this transcript under low Ci. There was a small
amount of genomic DNA contamination which appeared in the minus RT negative control
from control cells but it was not detected until after 30 cycles of PCR.

5.3.3 Optimisation of RT-PCR Product Specificity

As mentioned previously, the throughput possible with real-time RT-PCR is, in
general, much higher than with semi-quantitative RT-PCR. In light of this, it was desirable
to test alternative R T-PCR protocols with the view to minimizing the cost per reaction.
In terms of RT-PCR product specificity, the combination of Superscript/Local
yielded the poorest results (Fig. 5-3C, black arrows). Non-specific PCR products were
detected with cDNA ainplified with ndhDJ and ndhF4 pimers and Superscript/Local Taq
combination which were not seen in any other amplifications. No obvious differences in
PCR end-product yield were noted for cmpA and ndhD 1 amplification products irrespective
of the RT-PCR system used. However, the yield of end-product in reactions containing
ndhF4 primers was poorer when Local Taq was used, compared to the hot-start enzyme.

Of the 3 primer pairs tested, no clear differences in performance could be found
between Superscript and Thermoscript RT-PCR products when amplified with the hot-start
Taq DNA polymerase. In view of this, and in consideration of cost, the Superscript system

in combination with the Qiagen hot-start enzyme was used in all subsequent real-time RTPCR applications.
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Fig. 5-3. Electrophoretic separation of RT-PCR end products generated by different combinations

of reverse-transcription and amplification systems. Total RNA was isolated from Synechocystis
cells and cDNA templates were synthesised with either the Superscript (A, C) or Thermoscript (B,
D) first-strand synthesis kits (Invitrogen) according to Section 5.2.5. Reactions in lanes 2, 3 and 4

received 1 µL of RT enzyme while reactions in lanes 5, 6 and 7 received 1 µL of H 2 O. 1 µL of
cDNA synthesis reaction product was amplified using either Qiagen 'HotStart' (A, B, Qiagen,
Germany) or 'Local' (C, D, sourced locally) as the source of Taq DNA polymerase. See text for all
other conditions of PCR amplication. Reactions contained primers specific to cmpA (Lanes 2 and
5), ndhDJ (Lanes 3 and 6) and ndhF4 (Lanes 4 and 7) gene sequences (see Table 2-2). PCR
products were separated on 1% agarose gels submerged in TBE (0.045 M Tris-Borate, 0.005 M
EDTA) containing 0.05 % (v/v) ethidium bromide and scanned in a fluorimager. The black arrows
in C indicate the presence of non-specific amplification products in the RT-PCR reactions
containing primers specific to ndhDJ and ndhF4 sequences. In D , the black arrow indicates the
reduced amount of total end product, relative to the other reactions, in the RT-PCR reaction
containing ndhF4 primers. The arrows along the left side of the images indicate the position of the
0. 5 kb MW marker in Lane 1.
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5.3.4 Effect of SybrGreen I on Real-Time RT-PCR Amplification Sensitivity
SybrGreen I, as an intercalating dye, resembles ethidium bromide in terms of its
chemical interaction with nucleic acids. SybrGreen I forms fluorescent adducts with
double-stranded nucleic acids and, because of this, has the potential to disrupt the
efficiency of primer annealing to target sequences and, consequently, can limit the overall
efficiency of PCR by compromising the polymerisation of DNA by Taq polymerase.

It was necessary then to determine the optimum concentration of SybrGreen I at
which there was sufficient quantity for appreciable levels of detectable fluorescence but
where the concentration was low enough to avoid any inhibitory effects similar to those
described above.
This was done by testing 3 concentrations of SybrGreen I in PCR amplifications of
cDNA from Synechocystis PCC6803 using primers specific to the ndhD2 sequence. The
results of this experiment are shown in Fig. 5-4.
With respect to the 2 lower concentrations of of SybrGreen I, there was little
difference in the corresponding Ct values (Fig. 5-4B), indicating that the difference in the
degree of inhibition by the fluorophore at these concentrations, if present, was slight. In the
presence of O.5 µL SybrGreen I, however, there was a clear enhancement in the amount of
detected fluorescence , relative to 0.2 µL, after 23 cycles of PCR, which was preferred over
lower levels of fluorescence (Fig. 5-4A). When the concentration of SybrGreen I was
doubled from 0.5 to 1 µL per reaction, however, there was a clear inhibition of the
sensitivity of PCR product detection, seen as an increase in the Ct value from 17.05 + 0.38
(mean+ S.E. , n=4) to 23.21 + 0.35 (Fig. 5-4B). As a consequence of the delay in the onset
of exponential amplification in the presence of 1 µL SybrGreen I, product continued to
accumulate after 35 cycles of PCR (data not shown). In contrast, in the presence of 0.2 or
0.5 µL per reaction of SybrGreen I, product accumulation (in terms of fluorophore bound to
PCR product) was essentially complete after 26 and 33 cycles, respectively.
Increasing the concentration of SybrGreen I from 0.2 to 0.5 µL per reaction had no
significant deleterious effect on the sensitivity of the detected amplification, reflected by
the small difference in mean Ct values. However, the yield of detectable fluorescence was
dramatically enhanced, improving the signal to noise ratio. Doubling the concentration of
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Fig. 5-4. Effect of SybrGreen I concentration on PCR amplification profile (A) and Ct value (B). Ct

values were determined by the RotorGene software (V. 4.6) in "Autofind Threshold Mode' from
the log transformed normalised fluorescence traces. One µL of cDNA was subjected to 35 cycles of
PCR in the presence of 0.2 (squares), 0.5 (circles) or 1 (triangles) µL of SybrGreen I fluorophore
per 20 µL PCR reaction in the Rotor-Gene 2000 Thermal Cycler (Corbett Research, NSW,
Australia). The SybrGreen I solution was prepared in water as a 1000-fold dilution of the original
10,000x stock (Fisher Biotech, N.J., U.S.A). Primers (0.75 µM) specific to ndhD2 sequence of
Synechocystis PCC6803 were used. See text for all other details of PCR amplification. Data points
are the average of 4 replicate determinations.
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SybrGreen I from 0.5 to I µL per reaction clearly had a marked effect on the sensitivity of
the amplification, seen as an increase in the Ct value from 17 to 23. Based on this evidence,
0.5 µL SybrGreen I was chosen as the optimal concentration to use in all subsequent realtime PCR amplifications.

5.3.5 Effect of Primer Concentration on Ct Value

Another parameter which could potentially limit the efficiency of real-time RT-PCR
reactions is the concentration of primer used. The importance of the primer concentration in
terms of semi-quantitative RT-PCR product yield has already been shown (Fig. 5-2A). In
order to optimise this, several different concentrations of ndhD2 primers were tested on
cDNA templates from Synechocystis PCC6803 in the presence of optimal concentrations of
SybrGreen I (see Fig. 5-4). The results of this experiment are shown in Fig. 5-5 and Table
5-4.
The measured Ct values were clearly quite insensitive to the primer concentrations
used. This is reflected by the fact that there were no significant differences in Ct value
between primer concentrations spanning a range from 0.25 - 1.5 µM (all quoted values
represent the absolute concentration of each primer in the pair, Fig 5-5 A and Table 5-4 ). A
concentration of 0.75 µM was used in all subsequent real-time RT-PCR amplifications,
which is the recommended concentration for use with the Quantitect™ SYBR Green kit, a
commercially available kit which is very similar to the real-time RT-PCR system used here.

5.3.4 Standard Curve Analysis

The real-time RT-PCR amplification efficiencies for the primer pairs used in this
study were determined by the generation and analysis of standard curves relating known,
relative differences in initial copy number to Ct value. In order to ensure that there was
sufficient material for the construction of standard curves spanning several orders of
magnitude, target sequences were generated from gel-purified, gene-specific PCR products.
A similar approach has been taken by Yin et al. (2001 ). An example of this analysis is
shown in Fig. 5-6 A-D for the ndhD2 gene which encodes a subunit of an NDH-1 complex
which has been suggested to function both in cyclic electron flow around PSI and
respiration (Ohkawa et al. 2000a).
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Fig 5-5. Effect of ndhD2-specific primer concentration on Ct value (A) and PCR product specificity
(B) in real-time RT-PCR amplifications in the presence of 0.5 µL SybrGreen I per reaction. cDNA

synthesised from total RNA extracted from high Ci cells of Synechocystis served as template. The
PCR conditions were as described in the text and in the caption to Fig. 5-4. In B, the fluorescence
was monitored from PCR end-products as the temperature was ramped from 55 to 99 ° C at a
constant rate. The rate of change in total flourescence with time (LiF/Lit) is plotted against time. The
presence of one dominant peak in all the melt curves revealed the presence of the specific PCR
product of interest with the characteristic maximum of 92.1 ° C and also revealed the absence of
contaminating, non-specific amplification products. There was no amplification product detected
above background in the reactions which contained no primers (data not shown).
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Table 5-4. Effect of ndhD2 primer concentration on
Ct values in real-time RT-PCR amplificationsa of
cDNA templates from Synechocystis PCC6803.

a

[Primer] (µM)

Ct Valueb

0

n.d.c

0.25

14.91 + 0.14d

0.50

14.75 + 0.20

0.75

14.72 + 0.10

1.0

14.94 + 0.07

1.5

14.88 + 0.10

Contained 0.5 µL reaction

-I

SybrGreen I,

software in 'Autofind Threshold' mode,

c

b

determined by RotorGene

not determined,

d

values are

the mean± S.E. (n=4)

Fig 5-6A shows the raw fluorescence data from the amplification of the dilution
series along with the no template control (NTC). The Ct values were plotted against the
relative initial copy number and the slope of the linear regression was used to determine the
amplification efficiency according to the following equation:

E = 10

-(1/m) ( eq.

5 .1 ),

where m = slope of the linear regression of the standard curve for the particular primer pair
investigated (Fig. 5-6D). For the 10 primer pairs for which standard curves were generated,
there was a deviation of less than 10 % from the optimal E value of 2 (Table 5-5). A default
value for E of 2 was used in all subsequent quantitation calculations. All of the standard
curves depicted in Table 5-5 were generated with serial amplifications of template under
optimised conditions.
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Table 5.5 Linear regression analysis of standard curvesa
and amplification efficiencies (E) for primer pairs used
used in real-time RT-PCR.
Gene Name

a

Linearity
2

Slope

bE

(r value)

(m)

ndhF3

0.999

-2.93

2.19

cmpA

0.999

-3.29

2.00

sbtA

0.999

-2.91

2.20

ndhD2

0.999

-3.45

1.95

ndhDJ

0.998

-3.46

1.95

psbA2

0.999

-3.51

1.92

sodB

0.999

-3.25

2.04

ndhF4

0.999

-2.88

2.20

ccmM

0.998

-3.22

2.04

rbcL

0.999

-3.42

1.96

Standard curve analysis as described in Section 5.2.5.4
generated under standard, optimised conditions

b

E= 1o(-1 / m)
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5.4 Discussion

5.4.1 The Reliability of Semi-Quantitative RT-PCR in the Detection of Differentially
Expressed Transcripts

The data in Fig. 5-2B shows the semi-quantitative RT-PCR data for the cmpA
transcript, that was amplified as cDNA after reverse transcription of total RNA isolated
from Synechocystis cells. It was clear that the transcript was more abundant in cells
exposed to CO2-free air for 1 hour relative to control cells, that had been maintained under
high Ci. This was interpreted as evidence for the strong up-regulation of this transcript after
aeration with CO2-free air for 1 hour. This is consistent with other studies which have also
shown that cmpA transcript accumulates to high levels under Ci limitation (Omata et al.
2001, Shibata et al. 2002a).
In order to optimally compare the level of a particular transcript between 2 or more
conditions, the PCR cycle at which the reaction is terminated must be chosen carefully such
that all of the amplification products are in the linear phase of accumulation, if possible.
From examination of Fig. 5-2B, this condition would be satisfied by comparing amplified
cDNA products between 25-35 cycles. In subsequent, semi-quantitative RT-PCR analyses,
either 28 or 30 cycles was chosen as the point of comparison. In a minor departure from the
optimisation shown here, a constitutively expressed transcript, ndhD 1, was included in all
subsequent semi-quantitative RT-PCR amplifications to correct for differences in initial
RNA concentrations and for potential differences in the efficiency of the reverse
transcription reaction from tube to tube. Ohkawa et al. (1998) have shown by northern
hybridization that ndhDJ transcript does not respond to low Ci stress.

5.4.2 Optimisation of PCR Product Specificity for ReaITime RT-PCR

The poorest performance in terms of PCR product specificity was seen with the
Superscript/Local Taq DNA polymerase. This was not surprising as this combination of
RT-PCR protocols was the least stringent in terms of its lower reaction temperature where
the conditions conducive to the formation of non-specific reverse transcripts was more
permissive. This interpretation is supported by the fact that the degree of non-specific RT-
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PCR product formation was much reduced when Thermoscript RT enzyme (synthesis
temperature was 8°C higher) was used in combination with Local Taq.
The potential for mis-priming in PCR is a function of the propensity of primers to
anneal to non-specific sequences in the presence of sufficient DNA polymerase activity.
This is most critical during the first cycle of amplification. The frequency of initial mispriming events can be minimised or avoided altogether by the use of DNA polymerases
which require brief periods of high temperature treatment in order to activate such as the
"hot-start" enzyme used here. In real-time RT-PCR applications which use SybrGreen as
the basis for product detection, it is critically important that the formation of non-specific
amplification products is minimized, as SybrGreen I binds indiscriminately to dsDNA.
From the PCR end-products shown in Fig. 5-3 A and Band from the melt curves shown in
Figs. 5-5 C and 5-6 D, it was clear that the PCR protocol employed gave highly specific
products of high yield.

5.4.3 SybrGreen I and [Primer] Optimisation for Real-Time RT-PCR

Of all of the parameters optimised for real-time R T-PCR analysis, the concentration
of SybrGreen I used in the reactions to detect PCR product seems to have been the most
critical.
Somewhat surprisingly, the concentration of ndhD2 pnmer did not seem to be
critical in terms of the sensitivity of the amplification. The cycle at which PCR product
formation rises above background occurs at a point in the PCR reaction when only a tiny
fraction of the reactants have been consumed, including primers. This means that at the
threshold cycle, the 'availability' of primers for target sequence polymerization was
saturating, even the lowest concentration of primer tested (0.25 µM).
As all of the primers used in real-time RT-PCR experiments were chosen to have
similar chemical properties · (in terms of primer length, Tm and QC-content, see Table 2.2
and Section 2.7), it was assumed that such insensitivity of Ct value to primer concentration
would be a feature of other primer sequences as well. Because of this , 0.75 µM was chosen
as a default primer concentration for use in the generation of the standard curves, described
below, which were aimed at quantifying the actual amplification efficiencies of each primer
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pair. This assumption was validated by data in Table 5.5 indicating that the estimated E
values was close to the theoretically optimal value of 2.

5.4.4 Analysis of Real-Time RT-PCR Amplification Efficiency

Tha data shown in Fig. 5-6 and Table 5-5 clearly showed that the conditions under
which real-time PCR amplifications were conducted were optimised to a degree sufficient
to detect quantitatively known differences in template copy number to a high degree of
precision and accuracy. This approach, however, does not take into account the potential
inhibitory effect on the overall amplification efficiency (E) of competitive target sequences
like, for instance, those which might be found in a complex mixture of templates such as a
genomic DNA or a large pool of cDNA. It was felt, however, that such potential
competitive inhibition would likely be small, if detectable at all, under the experimental
conditions used here as the cDNA pools contained a maximum of approximately 20
transcripts. Under these conditions, the specific target sequences of a particular primer pair
would still most likely be the overwhelmingly preferred template.

5.4.5 Conclusions
5.4.5.1 Semi-Quantitative RT-PCR Optimisation

The semi-quantitative RT-PCR system described here could reliably detect
differential expression of CCM-related transcripts. This was accomplished by comparison
of cDNA amplification products at a sub-saturating number of cycles (25-35) where PCR
products amplified with primer sequences specific to cmpA appeared to be accumulating
exponentially. Although trace background levels of genomic DNA contamination were
present in the reactions, cDNA (RNA-derived) amplification products could be clearly
resolved as they were many orders of magnitude more abundant than the minor DNA
contaminant.

5.4.5.2 Real-Time RT-PCR Optimisation

Clearly, the use of a Taq DNA polymerase activated by heat treatment ('hotstart')
was critical in terms of obtaining highly specific PCR products of consistently high yield.
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The most important component of real-time RT-PCR that needed optimisation,
however, was the effective concentration of SybrGreen I present in the reactions. Careful
attention was paid to this parameter as a mere doubling from 0.5 to 1 µL per reaction had a
marked effect on the sensitivity of product detection (Fig. 5-4).
As expected, the Ct value was relatively insensitive to the concentration of ndhD2
primers in a titration experiment and a default value of O. 7 5 µM , recommended for use in a
commercially available real-time RT-PCR kit similar to the system employed here, was
used in all subsequent experiments.
Overall, it was clear that the real-time RT-PCR system was optimised to a high
degree of precision and accuracy, as evidenced by the amplification efficiencies, which
provided confidence in the experimental levels of differential gene expression reported in
subsequent Chapters.
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Rapid Adaptation to Limiting Ci in Synechocystis

6.1 Introduction
Cyanobacteria change their affinity for Ci when exposed to low concentrations of Ci
during growth. This adaptation greatly increases the overall efficiency of photosynthesis
(Price et al. 1998, Kaplan and Reinhold 1999). When the supply of Ci to cells is restricted,
the affinity for CO 2 and HCO 3- in photosynthesis increases dramatically from a basal,
constitutive level to a high-affinity form. This is arguably the most distinctive feature of the
CO 2-concentrating mechanism (CCM) in cyanobacteria.
The increase in affinity for Ci is brought about mainly by the transcription and
subsequent translation of genes which encode high affinity CO2 and HCO3 - transporters.
Allosteric modification of existing proteins also occurs, however, in which a constitutively
expressed HCO 3- transporter is rapidly modified under Ci limitation to a high-affinity form
via a post-translational phosphorylation event, a process termed

'fast-induction'

(Stiltemeyer et al. l 998a,b; for more details see Chapter 1, General Introduction, Section
1.5, also Price et al. 2002, Shibata et al. 2002b ). It is not clear, however, if the 'fastinduction' response plays any role in Ci acquisition under natural conditions, whereas,
CCM-related gene expression and de nova protein synthesis certainly does .
Surprisingly little work has been targeted at characterising the co-ordinate
regulation of CCM genes in cyanobacteria. Although reports concerning the expression of
inducible Ci transporters under Ci limitation in cyanobacteria are becoming more numerous
(Omata et al. 2001, Shibata et al. 2002a), there is little information available, for instance,
on the response of genes encoding carboxysome-related functions during CCM expression.
In addition to this, no study has appeared which has attempted to define the time-lag
between the expression of transcripts encoding inducible Ci transporters and their
subsequent translation into functional Ci transporters. In order to address this deficiency,
the present work was carried out to extend and further characterise the response of a
comprehensive sampling of CCM-related transcripts to Ci limitation in Synechocystis
PCC6803. Special emphasis was placed on resolving the temporal kinetics of the changes
in transcript abundance and physiological responses of Ci transport upon transfer of cells
from high to low Ci conditions.
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Recent evidence has suggested that light, in and of itself, is capable of inducing
some CCM-related transcripts in Synechocystis PCC6803, even in the absence of a low Ci
regime (Hihara et al. 200 l ). This is a fundamentally important question, as it has
implications for the mechanism controlling the initial sensing pathway and subsequent
expression of the CCM. In another section of this work, this finding was re-assessed with
carefully planned experiments performed at high concentrations of Ci, with light intensity
as the only variable, with the view to testing the hypothesis that light was capable, under
high Ci, of effecting significant expression of CCM-related transcripts.

6.1.1 Specific Aims and Objectives
The experimental results described in this chapter were based around the following
specific questions:
• Which transcripts encoding components of the CCM in Synechocystis PCC6803
are responsive to Ci limitation ? Is the regulation of Ci-responsive transcripts co-ordinated
in any way?
• What is the temporal response of the most Ci-responsive, CCM-related transcripts
under low Ci?
• What is the temporal relationship between the response of these transcripts and
the expression of functional Ci transport complexes, inferred from the changes in
physiological affinity for total Ci in photosynthesis under Ci limitation ?
• Can the increase in affinity for Ci under Ci limitation in Synechocystis PCC6803
be attributed to a fast-induction of high-affinity HCO 3- transport ?
• Is light essential for the expression of low Ci-responsive transcripts ?
• Can light regulate the expression of CCM-related transcripts independently of
low Ci?

6.1.2 Approach
Semi-quantitative RT-PCR was use to investigate changes in the patterns of
transcript abundance in Synechocystis PCC6803 under well-defined conditions of low Ci
limitation over defined intervals of time. Particular emphasis was placed on obtaining high
temporal resolution of the response of transcripts within 2 hours of low Ci treatment. In
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parallel experiments, MIMS was used to define the temporal response of physiological
expression of the CCM.
Real-time RT-PCR was used to explore the potential for light-dependent regulation
of several key genes involved in the expression of the CCM in Synechocystis. Particular
attention was paid to addressing a recent article which used DNA microarray hybridization
to demonstrate an apparent stimulation by high light of the expression of many key CCMrelated genes under high Ci conditions (Hihara et al. 2001, Plant Cell 13: 793-806).

6.2 Specific Experimental Methods and Procedures

6.2.1 Induction of Cells Under Low Ci
Cells of Synechocystis PCC6803, which were initially grown in 5% (v/v) CO 2 in air,
were collected by centrifugation, resuspended in low Ci JDM growth medium and bubbled
with CO2-free air to induce the CCM according to Section 2.4 (see Fig. 6-1). For gene
expression experiments conducted with the low Ci induction protocol, control cells were
also collected by centrifugation, resuspended in JDM growth medium and re-aerated with
5% (v/ v) CO2 in air. All other experimental methods are as described in Chapter 2.

6.2.2 Light Treatments
For experiments which involved exam1n1ng the effect of different light
treatments on the abundance of CCM-related transcripts in Synechocystis PCC6803 , several
combinations of light intensity and growth [Ci] were investigated.
In an initial set of light experiments, cells were grown in JDM media (20 mM
HEPES-KOH, pH 8, 3% (v/v) CO 2 in air) under 40 µmol photons m- 2 s- 1 to an OD 730 of
between 0.6-1.0. This served as the low light control. For treatment with intermediate or
high light intensities, one culture grown under low light was harvested by centrifugation
(4,800 x g for 10 min.) and divided into 3 x 50 mL cultures (see caption to Fig. 6-9). One
was placed back under low light, one was placed under 200 µmol photons m-2 s-1, and the
third was placed under 400 µmol photons m-2 s- 1 for a period of 15 minutes. Immediately
after this period, cells from all light treatments were harvested for isolation of RNA.
Illumination was provided by fluorescent tubes (Osram, Australia) and all quoted light
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intensities were from one side of the culturing apparatus. The CO 2 was maintained at 3% in
air. The maximum obtainable light intensity, from one side, was 400 µmol photons m- 2 s- 1
(see above). Further increases in effective experimental light intensity could only be
obtained by illuminating cultures from both sides. In a separate experiment, a low and high
light condition were set up with two cultures by illuminating one with 40 and the other with
250 µmol photons m- 2 s- 1 from both sides with fluorescent tubes (Osram, Australia). All
other growth conditions and the period of high light exposure were as for the experiment
described above.
In a second set of experiments, cells were grown for 2-3 days under low light
conditions (20 µmol photons m- 2 s- 1) in 3% CO 2 in air in JDM media buffered to pH 8 (20
mM HEPES-KOH). This involved several cycles of dilution and re-growth. For
experimental treatments, approximately 50 mL of low-light grown cells were collected by
centrifugation (4800x g for 10 min) and resuspended to an OD 730 of between 0.1-0.2 in two
separate 80 mL cultures in sterile JDM medium. One of the resuspended cultures was put
back under the previous growth conditions of low light while the other was exposed to 3 00
µmol photons 1n-2 s- 1 for 15 minutes. Both cultures were bubbled continuously with 3%
CO2 in air (this experiment in shown in Fig. 6-10).
In a separate, but related, experiment, cells were grown under low light in JDM
medium buffered to pH 7 (20 mM HEPES-NaOH) for several days as described above with
the exception that the [CO 2] in the bubbling stream was 1% (v/v) in air. The culture was
diluted to a 100 mL volume to yield an OD 730 of 0.4 and grown for a further 1 hour at
which time 50 mL was harvested to serve as a low light control sample. The light intensity
was raised to 300 µmol photons m- 2 s- 1 for a period of 15 minutes, at which time the
remaining 50 mL of culture was harvested for isolation of total RNA (this experiment is
shown in Fig. 6-10).

6.2.3 RNA Isolation and Gene Expression Analysis
Methods for the isolation of total RNA from cultures of Synechocystis were carried
out according to Section 5 .2.2. All methods for gene expression are described in Section
5.2.4 - 5.2.5.
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6.2.4 Calculations Used in Real-Time PCR Analysis: Changes in transcript abundance in
experimental samples were estimated as fold change (FC) relative to a control condition,
and expressed as percent increase or decrease. The fold change in transcript abundance was
calculated according to the equation:

FC = 2(-ilflCt±

s.e.)

(eq. 6-1, Pfaffl 2001) where,

~~Ct+ s.e. = ~Cttar + s.e. - ~C{ef + s.e. (eq 6-2),
Where the value 2 (eq. 6-1) is the amplification efficiency. The terms ~Clar and C{ef
represent the differences in mean Ct values between treated and control samples for target
genes and the reference gene, respectively. The standard errors of the means (s.e.) on these
terms were added together to give the s.e. on ~~Ct. The fold changes in transcript
abundance for target genes in treated samples, relative to control, were then calculated
according to the following equation:

% Change in Transcript Abundance= (FC - 1) * 100 (eq. 6-3),

such that a FC of 1 equals a 0% change in transcript abundance.

6.3 Results

6.3.1 Changes in Culture [Ci] During Aeration with CO 2 -free Air
The protocol used for CCM induction in this study was relatively severe in that the
cells were aerated with CO2-free air for varying periods of time for up to 5 hours. To more
fully define the conditions under which the cells were induced it was necessary to measure
the [Ci] in the extracellular growth medium during exposure of cell cultures to COi-free
air. These measurements have rarely been attempted in previous studies.
After autoclave sterilisation the growth medium was cooled and tightly capped so as
to prevent equilibration with air. As a consequence, the [Ci] was initially quite low and
ranged between 110-130 µM or approximately 15% of the air-equilibrated value for 30 °C
and pH 8.0.
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Typical changes in the extracellular medium in illuminated and darkened cultures
aerated with CO 2-free air are shown in Fig. 6-1. The Ci in cell-free medium was depleted at
a constant rate of about 30% h- 1 with the rate of aeration used. In the light, the Ci in the
medium was depleted much more quickly than growth medium alone and reached nearzero concentration by 40 minutes of exposure to CO2-free air. In darkened cell suspensions,
there was little change in [Ci] over the first 20 minutes followed by a gradual decline at a
rate similar to that seen in cell-free medium. Clearly, cellular photosynthetic activity was
necessary for reduction of the Ci concentration to low levels.

6.3.2 Increases in Affinity for Ci in Photosynthesis During Exposure to CO 2-free Air
It was clear from the results shown in Fig. 6-1 that cells exposed to CO 2-free air in

the light experienced rapid and severe Ci deprivation which did not occur in the dark. It
was desirable to determine the rate at which the cellular affinity for Ci changed upon
. transfer to the low Ci induction conditions described in Fig. 6-1. To do this, aliquots of
cells were harvested after various periods of exposure to CO 2-free air in a 5 hour timecourse experiment and then resuspended in the cuvette of the mass spectrometer. Affinity
for Ci was determined in drawdown experiments as the rate at which the cells could deplete
exogenously added Ci from 90 µM to concentrations approaching the CO 2 compensation
point, which was approximately 10 µM Ci. The results of this experiment are displayed in
Fig. 6-2.
High Ci cells depleted the Ci in the assay medium in approximately 20 minutes.
Cells exposed to CO2-free air for 15 minutes and 1 hour depleted the Ci in the subsequent
mass spectrometer assay in approximately 13 and 10 minutes, respectively (Fig. 6-2A).
Cells aerated with CO2-free air for 2, 3 and 5 hours all depleted the Ci in the assay medium
in approximately 6 minutes indicating that 2 hours of this treatment was sufficient for
maximal expression of the CCM (Fig. 6-2A). The actual rates of Ci uptake, re-plotted from
the drawdown traces shown in Fig. 6-2A and normalised for Chl a concentration, are
shown in Fig. 6-2B.

6.3.3 An Initial Screen of Low Ci Responsive Genes

Changes in the expression patterns of several genes known, or suspected, to be
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Fig. 6-1. The effect of aeration with COrfree air on total [Ci] in illuminated (closed circles) and
darkened (closed triangles) cultures of Synechocystis PCC6803. Culture conditions and [Ci]
measurement are as described in Chapter 2. For incubations done in the dark, the culture tube was
wrapped in aluminium foil. The light intensity used for the + Light treatment was 60 µmol photons
m-2 s- 1. The mass spectrometer was calibrated by injecting known amounts of NaHCO 3 into 0.02 N
HCL. The mean+ S.D. of 3 replicate measurements are shown.
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important for CCM expression in Synechocystis were investigated upon transfer of high Ci
cells to media bubbled with CO 2-free air using the semi-quantitative RT-PCR technique.
One hour of exposure to CO 2-free air was chosen as a convenient time-point for the
analysis as it preceeded the full physiological expression of the CCM (Fig. 6-2) where
measurable differential expression of the genes of interest was expected to be quite evident.
It should be emphasised that the particular method of gene expression analysis employed
here was used primarily to provide insight into which genes were the most responsive
under the low Ci induction protocol used. As such, the results are not to be interpreted as
being rigourously quantitative. The results of the experiment are shown in Fig. 6-3 A and

B.
It was readily apparent that within 1 hour of aeration with CO2-free air that the
transcripts for genes encoding inducible systems of Ci transport (cmpA-D, ndhF3/D3/chpY
and sbtA) were highly up-regulated relative to high Ci growth conditions (Fig. 6-3A and B).
A gene, ntpJ, which encodes a protein recently implicated as being necessary for energising
Na+-dependent HCO 3 - transport in Synechocystis sp. (Shibata et al. 2002a) was not
differentially expressed under these conditions nor was the homologue of a gene identified
as necessary for HCO 3- transport in Synechococcus, ictB (data not shown, Bonfil et al.
1998). Both the cmpA-D and the ndhF3/D3/chpY gene clusters appeared to be transcribed
as operons which confirmed the results of Omata et al. (2001) and Ohkawa et al. (2000b ),
respectively. Slr0042 (or/5 76, Price et al. 1998) was co-transcribed with cmpABCD
confirming its participation as a member of this operon in Synechocystis. This gene is
absent from the cmp operon in Synechococcus PCC7942 (Omata et al. 2002).
Interestingly,

both

of the

transcriptional

regulators

for

the

cmpA-D and

ndhF3/D3/chpY operons, namely cmpR and ndhR, respectively, were up-regulated by about
the same amount (Fig 6-3 A and B). This is the first report of the effect of Ci limitation on
the abundance of the cmpR ·transcript. The expression of the low affinity CO 2 transporter,
encoded by the ndhF4/D4 and chpX genes, was essentially unaffected by Ci stress
indicating that these genes were constitutively expressed under these conditions. Somewhat
surprisingly the expression of the rbcLXS and ccmK-N operons, ccmO and ccaA, encoding
carboxysomal CA, were relatively insensitive to the low Ci treatment and, consequently,
these were not investigated any further (Fig. 6-3 A and B).
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Fig. 6-2. A. Depletion of Ci in the cuvette of the mass spectrometer by Synechocystis PCC6803
cells exposed to COTfree air for 15, 60, 120, 180 and 300 minutes and cells grown continuously in
5% CO 2 in air (high Ci cells). Bovine CA (25 µg mL-1) was added in the dark to ensure
equilibration between the CO 2 and HCO 3- in solution. The cell suspensions (2.5-3.0 µg Chi a mL- 1)
were pre-illu1ninated for 2 minutes with 400 µmol photons m- 2 s- 1 to activate Ci transport and
photosynthesis followed by approximately 90 s of darkness. The cell suspensions were reilluminated ( t, time zero) and allowed to deplete the Ci in the medium until the COTcompensation
point was reached. B. Rates of Ci uptake below 70 µM calculated from the Ci drawdown traces
plotted in Panel A. A representative set of traces from 3 independent experiments is shown.
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Fig. 6-3 B. Histogram plot of the relative changes in the abundance of transcripts corresponding to

the initial screen of CCM-related gene expression shown in Fig. 6-3 A . Band intensities were
quantified using ImageQuant software with local background correction as described in Section
5.2.4.3.
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6.3.4 Time Course of the Response of Inducible Transcripts Under Low Ci Stress

One of the goals of this work was to investigate the kinetics of low Ci responsive
gene expression in relation to the rapid physiological changes in the affinity for Ci seen
upon transfer to CO 2 -free air (Fig. 6-2). The results from Fig. 6-3 revealed that clear
differences in the expression profiles of transcripts encoding components of inducible Ci
transporters could be seen within 1 hour of exposure to CO 2-free air. Thus, it was of
interest to examine the relative transcript abundance of representative members of these
operons over a 5 hour time course similar to the measurement of physiological response to
low Ci shown in Fig. 6-2. Particular emphasis was placed on obtaining high temporal
resolution of changes in transcript abundance during the first 90 minutes of exposure to
CO2-free air.
The sbtA, cmpA and ndhF3 transcripts were rapidly induced, accumulating to
approximately 75%, 55% and 80% of the maximum, respectively, in as little as 15 minutes
under Ci limitation (Fig. 6-4A and B). The maximum levels of sbtA and cmpA transcripts
occurred at 45 minutes under low Ci conditions and declined steadily afterwards (Fig. 64B). The maximum accumulation of ndhF3 transcript also occurred at 45 minutes but, in
contrast to sbtA and cmpA, the transcript abundance was largely sustained for
approximately 3 hours of low Ci stress, after which it also began to decline (Fig. 6-4B).
The pattern of sbtA and cmpA expression and the relative amounts of these
transcripts tracked one another quite closely. The maximum relative percent increase in

sbtA and cmpA was approximately 10-fold greater than that of ndhF3. Somewhat
unexpectedly, the ndhF4 transcript did show a mild increase in transcript abundance but
this increase was small relative to ndhF3 (Fig. 6-4B). Interestingly, ndhD2, a gene
encoding a sub-unit of an NDH-1 complex, which possibly functions in respiration and
cyclic electron flow around PSI, was also up-regulated under these conditions, although not
as strongly as the genes encoding subunits of Ci transporters (Fig. 6-4B) . The ndhDJ gene
was assumed to be constitutively expressed under these conditions and was included in this
analysis as a reference gene against which all transcript quantitations were referenced.
The assumption that ndhD 1 was constitutively expressed under these conditions was based
on the available evidence in the literature that showed no dependence of inducible CO 2
transport on this gene and that the transcript did not respond to low Ci stress when assessed
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Fig. 6-4. A. Semi-quantitative RT-PCR amplification of RNA extracted from cells during induction
of the CCM. Amplification conditions and quantitation of band intensites were as described in
Chapter 5. No bands were detected in the minus RT controls (data not shown) B. Expression
profiles from the RT-PCR reactions shown in Panel A. The reference gene, ndhDJ , was used to
correct for errors in the estimation of RNA concentrations and for differences in RT reaction
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by northern analysis (Ohkawa et al. 1998, 2000a) The amount of experimental variability
in the reference gene based on equivalent total RNA is plotted in Fig. 6-4B. No PCR
products were detected in the minus RT negative controls after 28 cycles of amplification
with ndhDJ primers (data not shown).

6.3.5 Effect of CO 2-free Aeration on Photosynthesis, CCM induction and Growth

The response to low CO 2 stress of various physiological parameters related to
photosynthesis, CCM induction and growth are shown together in Fig. 6-5. The maximum
rate of photosynthesis, measured as net 0 2 evolution, was unaffected over 5 hours of
aeration with CO 2-free air indicating that the photosynthetic capacity of the cells was not
impaired by this r,ather severe treatment and no net photoinhibition was apparent (Fig. 65A).
The results from Fig. 6-4A and B showed that the responses of cmpA, sbtA and
ndhF3 transcripts were qualitatively similar due to exposure to CO2-free air, especially

during the first hour of the treatment. In view of this, it was considered acceptable to
express the response of these most strongly induced transcripts collectively as a pooled
average and to compare this expression to the physiological changes in affinity for Ci over
the same time period of low Ci exposure.
The increases in affinity for Ci, indicated by the rate of Ci uptake and net 02
evolution supported by 20 µM Ci, and the corresponding collective response of inducible
transcripts to CO 2-free air, are shown in Fig. 6-5B. The data were re-plotted from data
shown in Figs. 6-2 and 6-4, respectively. When compared graphically, it was evident that
the initial rate of transcript induction was more rapid than the physiological response, as
was expected. Most of the collective increase in transcript abundance was complete by 15
minutes of exposure to CO 2-free air whereas full physiological expression of the CCM was
evident by 2 hours under these conditions indicating a strong relationship between gene
transcription and subsequent translation into functional products. This is the first study to
report the responses of transcripts encoding all known Ci transporters with the
physiological expression of the CCM under the same conditions and over the course of
several hours of low Ci treatment.
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Fig. 6-5. Physiological responses of cells of Synechocystis PCC6803 to aeration for up to 6 hours

with COrfree air. A. Ymax of net 0 2 evolution. The mean + S.D. of 3 separate experiments are
shown .B. Pooled average increase in ndhF3, sbtA and cmpA transcripts re-plotted from the RTPCR experiment shown in Fig. 6-4 (closed circles) and the rates of Ci uptake (open squares) or net
0 2 evolution (open triangles) supported by 20 µM Ci in the assay medium re-plotted from the
drawdown experiments shown in Fig. 6-2B. C. Growth of Synechocystis PCC6803 in cultures
aerated with 5% CO2 or COrfree air. 3 mL of culture was withdrawn periodically and the O.D. 730
determined spectrophotometrically. Values are the means+ S.D. of 3 separate growth experiments.
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Fig. 6-5C shows the effect of aeration for up to 6 hours with CO2-free air on the
growth rate of Synechocystis. The doubling time of high Ci-grown cultures was
approximately 8 hours. Clearly, aeration with CO2-free air caused complete cessation of
growth, seen as a gradual decline in O.D.730 of approximately 10% over the first 5 hours of
the treatment after which cell numbers appeared to stabilise. Continued aeration with CO2free air for an additional 18 hours had no further effect on growth rate (data not shown).

6.3.6 Light Requirement for Low Ci Induced Expression of cmpA, sbtA and ndhF3
For the experiments shown in Figs. 6-3 and 6-4, semi-quantitative RT-PCR was
used to investigate the relative changes in transcript abundance induced by exposure of
cells to CO 2-free air for various periods of time. This technique is useful for the stated
purpose but is susceptible to underestimations in expression levels where strong changes in
transcript abundance occur. On the other hand, with the real-time RT-PCR technique, more
precise estimations of relative changes in transcript levels can be made. In the analysis
presented here, the accumulation of PCR product was monitored continuously by the
inclusion of a fluorophore, SybrGreen 1, which binds preferentially to double stranded
DNA. The Ct value, or cycle at which product formation departs from background and
enters the exponential phase of amplification, is directly proportional to the initial number
of cDNA copies (see Chapter 5 for more detail).
This technique was used to explore the requirement for light in the expression of
inducible transcripts after a 30 minute exposure to CO 2-free air. The results of this
experiment are shown in Figs. 6-6 and 6-7.
Clearly, cmpA, sbtA and ndhF3 were highly up-regulated in the light, but not in the
dark, under bubbling with CO 2-free air, with measured expression levels of 33,000 %,
5,000 % and 400 %, respectively, relative to control cells (Figs. 6-6, 6-7). The expression
levels for sbtA and ndhF3 at 30 minutes aeration with CO 2-free air agreed quite closely
with the data in Fig. 6-4 indicating that for these genes the two methods for determining
transcript abundance gave similar results. However the value for cmpA was vastly underestimated by semi-quantitative RT-PCR (compare Fig. 6-4 B to Fig 6-7). The ndhF4 and

ndhD2 transcripts under both light and dark conditions, and ndhF3 in the dark, were not
significantly up-regulated relative to control cells ( p > 0.1, Fig. 6-7B). Results with semi121
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Fig. 6-6. Log-transformed traces of fluorescent PCR product accumulation monitored by the real-time RTPCR technique. Details of PCR conditions are given in Chapter 5. cDNA was obtained by reversetranscription of total RNA from Synechocystis PCC6803 cells exposed to COrfree air for 30 minutes in the
light (open squares), dark (closed ·squares) or from cells grown continuously in the light in 5% CO 2 in air as
experimental control (open circles). Primer sequences (0.75 µMeach primer) were specific to cmpA (A), sbtA
(B), ndhF4 (C), ndhF3 (D), ndhD2 (E) and ndhDJ (F) genomic sequences. ndhDJ was used an internal
reference transcript. The horizontal lines represent the threshold levels determined by the RotorGene software
in 'Autofind threshold' mode as described in the ' Results ' section of Chapter 5. Ct values for negative
controls were 8-14 cycles higher than the values determined above (data not shown). The points are the
average of 4-8 replicate determinations.
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traces for this experiment are shown in Fig. 6-6. All changes shown are relative to cells grown in
5% CO2 at 60 µmol photons m- 2 s- 1• The quantitation method used in the above calculations is
described in detail in Section 6.2.4. Cells grown in 5% CO 2 were harvested by centrifugation and
resuspended in air-equilibrated BG-11 medium at O.D. of 0.7 and aerated for 30 minutes in the
presence of 60 µmol photons m- 2 s- 1 or in darkness. Light was excluded by wrapping the culture
tube in aluminium foil. The mean+ S.E. of 4 replicate measurements are shown.
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quantitative RT-PCR analysis indicated that ndhD2 was up-regulated by approximately
150% in the light, relative to control cells. This obviously contradicts the results obtained
for this gene by real-time RT-PCR (see Fig. 6-7). The reasons for this discrepancy are
unclear at present.

6.3.7 The Effect of High Light Stress on Low Ci Responsive Transcripts
Light is an obligate requirement for the expression of inducible Ci transporters (i.e.

cmpA, ndhF3 and sbtA) in Synechocystis when the Ci is low (Figs. 6-6 and 6-7). It seemed
reasonable to ask the question as to whether or not light could regulate the expression of
these same transcripts, even in the absence of a low Ci 'signal'. Accordingly, an
experiment was designed in which cells, initially grown under low light, were briefly
exposed to an irradiance of either 5 or 10 times the growth irradiance under a high
concentration of Ci ( 3% (v/v) CO 2 in air) after which RNA was isolated for the analysis of

cmpA, ndhF3 and sbtA transcript abundance. The results of this experiment are shown in
Figs. 6-8 and 6-9. None of these transcripts were significantly up-regulated by either
intermediate or high light levels. The only significant change in abundance seen was the
down-regulation of the ndhF3 transcript under high light, relative to low light (Fig. 6-9).
No significant changes in the patterns of transcript abundance were seen even when the
light intensity was increased to 500 µmol photons m-2 s- 1 net irradiance by illuminating the
culture from both sides (data not shown, see Section 6.2.2).
A recent DNA microarray study investigated the effect of a high light treatment on
genome-wide expression in Synechocystis (Hihara et al. 2001 ). The expression of several
genes involved in the CCM, and known to be low-Ci inducible, were reported as strongly
up-regulated within 15 minutes of treatment with high light while maintained under high
Ci. The initial light experiments (see above), which were aimed at testing the possibility of
light-dependent up-regulation of CCM-related transcripts, failed to show an upregulation
by light, even when cells were illuminated from both sides to give an effective light ' dose'
of 500 µmol photons m-2 s- 1 net irradiance. This result was re-assessed in more detail with
real-time RT-PCR. However, unlike the initial light experiments, care was taken to use
light intensities and growth conditions as closely matched as possible to those detailed in
Hihara et al. (2001).
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(D) transcripts. Details of PCR conditions are given in Chapter 5. cDNA was obtained by reverse
transcription of total RNA from Synechocystis PCC6803 cells grown continuously in low light
(filled squares, 40 µmol photons m-2 s- 1) or exposed to intermediate light (filled circles, 200 µmol
photons m- 2 s- 1) or high light (open triangles, 400 µmol photons m- 2 s- 1) for 15 n1inutes. Details of
the manipulation of cells for the light treatments are given in Section 6.2.2. The horizontal lines
represent the threshold levels determined by the Rotor-Gene 2000 software. During the period of
intermediate or high light exposure, the [CO 2] was maintained at 3% (v/v) in air at pH 8. Data
points are the mean± S.E. of 3 replicate measurements.
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Fig. 6-9. Relative changes in transcript abundance in cells of Synechocystis PCC6803 exposed to
intermediate (black bars, 200 µmol photons m- 2 s- 1) or high irradiance (grey bars, 400 µmol photons
m-2 s- 1) for 15 minutes under 3% (v/v) CO 2 in air. The corresponding PCR amplification data are
shown in Fig. 6-8. Low light condition (40 µmol photons m-2 s- 1) served as the control against
which all transcript quantitations from experimenal treatments were referenced. Details of the
manipulation of cells for light treatments is given in Section 6.2.2. The mean ± S.E. of 4 replicate
measurements are shown.
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The effect of a 15-fold increase in light intensity from low light to high light (20 •
300 µmol photons m-2 s- 1) in cultures buffered at pH 8 and pH 7 (bubbled with 3 and 1%
CO 2 in air, respectively) on the expression of several genes related to the CCM is shown in
Fig. 6-10. At pH 8, two genes, super-oxide dismutase B (so dB) and the high-light inducible

psbA2 showed significant up-regulation of 250 % and 150 %, respectively, under high light
relative to low light (p < 0.1 ). These acted as positive controls for verification of genuine
light stress. On the other hand, cmpA was significantly down-regulated under these
conditions (p < 0.1) while the expression levels of rbcL, ccmM, ndhF3, ndhF4, sbtA and

ndhD2 were not significantly affected by high light. At pH 7, the expression of psbA2 was
not significantly effected by the high light treatment. However, similar to the result at pH 8,
neither cmpA, sbtA nor ndhF3 transcripts were significantly effected by the high light
treatment.
On the basis of the absence of any effect of high light on the expression of the key
CCM-related genes under high Ci, it is clear that high light exposure, in and of itself, can
not regulate the expression of the CCM. In other words, light does not appear to be a
primary signal for induction of inducible CCM genes. However, under Ci limitation, light
can act as a secondary induction factor and this is explored in more detail in Chapter 7.

6.4 Discussion
This study was carried out to investigate in detail the response of Synechocystis
PCC6803 to severe Ci stress and to more clearly establish the temporal relationship
between the initiation of CCM induction at the level of gene expression and its
physiological manifestation. Towards this goal, particular emphasis was placed on studying
the expression of genes known to encode inducible Ci transporters ( or components thereof)
in this species, namely, cmpA (BCTl, a high affinity HCO 3- transporter) , sbtA (a Na+dependent HCO3- transporter) and ndhF3 (a component of an NDH-1 complex involved in
high affinity CO 2 uptake).
Using two different RT-PCR methods for monitoring transcript abundance, the main
findings were that the expression of genes encoding inducible CO 2 and HCO 3- transporters
was strongly initiated from the onset of aeration with COrfree air, with essentially no
measurable lag period. Mass spectrometric analysis of Ci uptake kinetics revealed that
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Fig. 6-10. Relative changes in transcript abundance in cells of Synechocyctis PCC6803 exposed to
high light as determined by real-time RT-PCR. Low light (20 µmol photons m- 2 s- 1) served as the
control condition against which all transcript quantitations were referenced. Details of the
manipulation of cells for light treatments is given in Section 6.2.2. Low light grown cells at pH 7
(grey bars) or pH 8 (white bars) were exposed to 300 µmol photons m-2 s- 1 for 15 minutes at 30 ° C.
The [CO2] was maintained at 3% (pH 8) or 1% (pH 7) in air. The mean + S.E. of 4 replicate
measurements are shown.
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subsequent translation and processing into functional, high-affinity Ci transporters (inferred
from physiological measurements) was largely complete within 2 hours after transfer to Ci
limitation. Both the transcript and physiological responses to Ci limitation were much more
rapid than previously thought. The expression of transcripts encoding inducible Ci uptake
systems occurred only under Ci limitation in the light, strongly suggestive of a co-operative
interaction between these two environmental factors. This view is consistent with the
observation that there was no expression seen under Ci limitation in the dark or after a
transfer from low to high light under high Ci conditions.
With respect to methodologies for quantitation of transcript abundance, semiquantitative and real-time RT-PCR generally gave similar results, however, largely as
expected, it was clear that semi-quantitative R T-PCR tended to under-estimate strong
changes in transcript abundance (for instance, the quantitation of cmpA transcript).

6.4.1 Gene Expression Under Ci Limitation in Synechocystis PCC6803

Considered together, the results from Figs. 6-2-6-5 clearly show that Synechocystis
can respond very quickly to low Ci stress. The inducible transcripts cmpA, sbtA and ndhF3
reached, or exceeded, 7 5% of the maximal response within 15 minutes of exposure to Ci
limitation, whereas physiological adaptation was close to maximal within 2 hours. The lag
between transcript abundance and production of new transporters is largely the expected
result for transcription followed by translational processing and targetting to either the
cytoplasmic or thylakoid membranes. However, this study appears to be the first to
determine the temporal relationship between gene transcription and susbsequent translation
inferred from physiological change, for CCM genes in a cyanobacterium.
Clearly, the transcripts encoding inducible Ci transporters were the most responsive
to low Ci conditions of the genes exainined in this study. Both the cmp and ndhF3/D3/chpY
gene clusters appeared to respond as classic operons which confirmed the results of Omata

et al. (2001) and Ohkawa et al. (2000b ). One novel finding of this work was the
confirmation that slr004 2 (orf5 76, Price et al. 1998) was co-transcribed with other
members of the cmp operon in Synechocystis. This result has not been demonstrated in
previous studies. This gene encodes a putative membrane-spanning porin protein which
could potentially function to assist in the trans-location of HCO 3 - across the outer
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membrane. In addition to this, it was demonstrated that the ndhF4/D4 and chpX genes were
insensitive to low Ci stress in Synechocystis PCC6803 , representing an independent
confirmation of the data of Ohkawa et al. (1998).
Interestingly, cmpR and ndhR were up-regulated by approximately the same amount
under low Ci, suggesting that the regulatory mechanism controlling the expression of the

cmp and ndhF3/D3/chpY operons is potentially similar under these conditions. Despite this,
however, there is evidence that these operons are regulated differently. Insertional
inactivation of cmpR abolished the low Ci responsiveness of the cmp operon in

Synechocystis PCC6803, indicating positive transcriptional regulation (Omata et al. 2001 ).
On the other hand, in an ndhR null mutant the ndhF3/D3/chpY operon appeared to be
constitutively expressed under high Ci, suggesting that under these conditions N dhR
actively represses the transcription of this operon (Figge et al. 2001 ). This observation is
inconsistent, however, with the observed stimulation in ndhR expression reported here
under low Ci conditions, which was very similar to cmpR (~ 200%, Fig. 6-3D).
Significantly, the rbcLXS and ccmK-N operons, ccmO and the gene encoding
carboxysomal CA (ccaA) did not show significant differential expression under the low Ci
treatment used here (Fig. 6-3C and D). The fact that the V max of photosynthesis was
unaffected by the low Ci treatment (Fig. 6-5C) is consistent with the absence of any
discernible effect on the expression of the rbcLXS operon. Detailed studies of the responses
of these transcripts to Ci limitation in cyanobacteria are lacking but in Synechocystis
PCC6803, Omata et al. (2001) reported only a slight increase in rbcL transcript after a shift
from 2% to 0.005 % CO2 in air. However, in the same study, substantive increases in rbcL
and ccmK-O transcript were reported in Synechococcus PCC7942 under the same low Ci
treatment. It is interesting to note that these two operons are located very near one another
in Synechococcus sp. with the ccm operon found just upstream of the rbc operon suggesting
the potential for co-ordinated expression under Ci limitation (Friedberg et al. 1989, Price et

al. 1998, Badger et al. 2002). In Synechocystis PCC6803 the 2 operons and ccmO are
widely separated (Kaneko et al. 1996). It has been reported that the number of
carboxysomes per cell increased in Synechococcus sp. as the [Ci] in the medium decreased
(Turpin et al. 1984, McKay et al. 1993) and Rubisco content increased (Price et al. 2002).
This is consistent with the data of Omata et al. (2001) mentioned above in relation to ccm
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expression. A comparable study in Synechocystis PCC6803 has not been carried out. In this
study, the Ci limitation protocol used completely inhibited growth, suggesting that the
increased synthesis of carboxysomes under Ci limitation (McKay et al. 1993) may require
ongoing cell division.

6.4.2 Rapid Transcriptional and Physiological Response to Ci Limitation
There have been relatively few studies that have investigated the effect of several
hours of low Ci stress on physiological adaptation in cyanobacteria. In Synechococcus
PCC7942 it was estimated that 4-6 hours was required for full induction of the CCM after
cells were transferred from high Ci conditions to 20-30 ppm CO 2 (Yu et al. 1994). A
similar value of 4 hours was measured in Anabaena variabilis after aeration with CO 2-free
air (Marcus et al. 1982). Here, full induction in Synechocystis was estimated at 2 hours
which indicates that the increase in affinity for Ci can be more rapid than previously
reported estimates. The difference between this and other studies is apparently related to
the method used to obtain high-affinity cells. In previous studies, investigators have simply
switched the bubbling-gas stream from 2-3% CO2 to air or 20-30 ppm CO 2. This approach
would have been unlikely to have allowed for the attainment of low Ci conditions for at
least the first hour after changeover. Consistent with this are the results of Shibata et al.
(2002a) who showed, by semi-quantitative RT-PCR, a lag of 2 and 6 hours before the
appearance of sbtA and cmpA transcript, respectively, after switching directly from aeration
with high Ci to normal air. In the present study, the cells were rapidly collected by
centrifugation and the media was exchanged for low Ci media before aeration with CO 2free air began. Omata et al. (2001) used an induction protocol very similar to the one
employed here and showed a similar temporal response of cmpC transcript to low Ci in

Synechococcus sp., although the level of expression was lower than that reported here.
As mentioned above·, Shibata et al. (2002a) reported a differential expression of

sbtA and cmpA when Synechocystis cells were bubbled with air. The transcript encoding
sbtA was detected after 2 hours of air-bubbling, 4 hours before cmpA was detected,
indicating that sbtA was more readily expressed under those conditions. In the present
study, the expression of cmpA and sbtA was co-incident and strongly controlled by low Ci
during illumination (Figs. 6-4A, 6-6 and 6-7). In the experiments presented here the initial
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[Ci] in the culture media at the beginning of CO 2 -free aeration was approximately 6-fold
lower than in air-equilibrated media (Fig. 6-1 ). It is likely then that the induction protocol
used here would have imposed a more severe stress on the cells than the approach of
Shibata et al. (2002a) suggesting that the cmpA-D operon may only be expressed under
relatively severe Ci stress compared to sbtA (see Chapter 7). This is consistent with early
physiological data which showed that Na+-independent HCO3- uptake was only expressed
in standing cultures in Synechococcus sp. and not in air-grown cells (Espie and Canvin
1987). In these experiments, standing culture cells were grown without supplementary
HCO 3-, or stirring, so it was likely that the [Ci] was well below air equilibrium. The
measured [Ci] in the medium from standing cultures of Synechococcus sp. at the time of
harvest was reported in the 20-30 µM range (McKay et al. 1993).
Clearly, the severity of the induction protocol used in this study did not inhibit
photosynthetic capacity in these cells as there was no significant adverse effect on V max•
However, cell division and growth were completely inhibited under these conditions.
Severe inhibition of growth rate in cyanobacteria is a common feature of aeration with very
low concentrations of CO 2 (Stiltemeyer et al. 1997 a). Taken together the data in Fig. 6clearly show that the severe restriction in Ci supply induced a strong down-regulation of
the cellular machinery involved in cell division and growth. This did not, however, negate
an effective response to Ci stress.
The time required for full physiological adaptation to low Ci under the conditions
used here was approximately 2-3 hours (Fig. 6-5B). This is not consistent with the nature of
' fast-induction ' of HCO3- transport, as characterised by Stiltemeyer et al. (l998a,b) who
showed in Synechococcus PCC7942 and PCC7002 a very rapid(< 10 min.) increase in the
affinity of cells for HCO3- under conditions of high cell density and in the presence of
carbonic anhydrase (see Chapter 1, Section 1.5 .2.1 ). However, Benschop et al. (in press,
Photosyn. Res.) have shown .that Synechocystis PCC6803 does show a weak fast-induction
response when grown under the same light conditions used in these experiments. The
implication from the data shown in Fig. 6-5 B , considered in concert with Fig. 6-4, is that
the physiological adaptation to low Ci measured here is dependent upon gene expression
and de nova protein synthesis and not on 'fast-induction ' .
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6.4.3 The Role of Light in the Expression of Low Ci Induced Transcripts
Light is clearly required for significant levels of cmpA, sbtA and ndhF3 expression
when the external [Ci] is low as there was no significant expression of these transcripts in
the dark. Despite several attempts under various experimental conditions in which high
light was the only experimental variable, no evidence for light-dependent regulation of
CCM-related transcripts, independent of low Ci, could be found, even when conditions
were as closely matched as possible to those of Hihara et al. (2001, Figs. 6-8-6-10). The
light 'signal' involved in CCM expression seems to only become engaged under conditions
where photosynthesis is limited by CO 2.

6.4.4 Conclusions
The over-arching conclusions drawn from this set of experiments is that the
imposition of severe Ci deprivation on Synechocystis PCC6803 by aeration with CO2-free
air resulted in rapid physiological expression of the CCM which was evidenced by the
extremely rapid up-regulation of transcripts encoding high-affinity transporters for CO2 and
HCO3-.
• Transcripts encoding inducible Ci transporters, or components thereof, were the
most responsive to low Ci treament; these included cmp and ndhF3/D3/chpY operons and

sbtA; the low affinity CO2-transporter ndhF4/D4/chpX was un-responsive to low Ci.
• The abundance of the highly responsive transcripts increased dramatically from
the onset of low Ci treatment with no significant lag period (Fig. 6-4 ); the expression of

cmpA, sbtA and ndhF3 appeared to be under co-ordinate regulation, as judged from the
te1nporal response of these transcripts to low Ci (Fig. 6-4).
• The abundance of cmpR and ndhR transcripts also increased under low Ci (200%
relative to high Ci cells), but to a lesser extent than other Ci-responsive transcripts (Fig. 63).
• Carboxysome related genes such as the rbcLXS and ccm operons and ccaA were
not responsive to low Ci under the conditions used here (Fig. 6-3).
• The increase in physiological affinity for total Ci was essentially complete within
2 hours of low Ci treatment (Fig.6-5B), which was not consistent with the operation of fastinduction of high-affinity HCO 3- transport in other cyanobacteria (< 10 min. , Stiltemeyer et
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al. 1998a); the interval between maximum abundance of transcript and full physiological

expression of the CCM was approximately 7 5 minutes under these conditions, which marks
the first report of such an estimate from cyanobacterial CCMs.
• The presence of light was essential for cmpA, sbtA and ndhF3 expression under
low Ci; there was essentially no expression of these transcripts in the dark, relative to high
Ci cells in the light (Figs. 6-6 and 6-7).
• No evidence for light-dependent expression of CCM-related transcripts,
independently of low Ci, could be found under a variety of experimental conditions (Figs.
6-8-6-1 O); the light-dependency of cmpA, sbtA and ndhF3 expression (Fig. 6-7) appears to
be low Ci-dependent (see Chapter 7).
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Modulation of CCM Expression in
Synechocystis PCC6803 by Ci and Light:

Similarity to a Redox Control Mechanism
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7.1 Introduction

Studies of CCM expression in cyanobacteria are carried out predominantly with
cultures grown under bubbling with high concentrations of CO2 (1-5 % (v/ v) in air) and/or
low levels of CO 2 (air-levels or lower). These two extreme states then typically serve as the
basis for comparison between the low level, constitutively expressed state and the high
level, inducible state of CCM activity.

Under both of these conditions, the actual concentrations of Ci experienced by the
cells during growth changes according to the balance between the photosynthetic demand
for Ci and the rate at which it is supplied. The rate of Ci supply depends mainly on the rate
of bubbling, the concentration of CO 2 in the bubbling stream and the pH of the culture
medium (Badger and Gallagher 1987).

The conditions controlling the cellular demand for Ci are more complex but are
essentially described by the density of cells in the culture and the rate of cellular Ci
acquisition, which itself is controlled mainly by irradiance. An increase in the growth
irradiance would boost the supply of energy to light-dependent CO2 and HCO3transporters. This would tend to increase the rate of cellular Ci consumption, drawing the
[Ci] further away from equilibrium. Increasing the supply of light energy to light-limited
cultures might also have the effect of increasing the steady-state internal Ci pool. The
potential for sensing Ci limitation via changes in the internal, rather than external, HCO3pool has received virtually no consideration. There is some evidence that internal
metabolites can act as sensor molecules in signal transduction pathways in cyanobacteria.
In Synechocystis, the internal level of 2-oxoglutarate has been proposed to be the
mechanism by which external nitrogen limitation is sensed (Muro-Pastor et al. 2001) .
Further evidence from Synechococcus indicated that 2-oxoglutarate acts to increase the
binding affinity of the NtcA transcriptonal regulator to one of its target genes, glnA ,
encoding glutamine synthetase (Vasquez-Bermude z et al. 2002). NtcA regulates the
transcription of many genes involved in the acclimation response to nitrogen limitation,
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such as occurs in the absence of ammonium as nitrogen source (Lee et al. 1999). The
possibility exists that the internal HCO3- pool could play a similar role in relation to
signalling external Ci limitation and this requires further investigation.

In published work, seldom is there any attempt to precisely define the conditions,
particulary in relation to the [Ci], under which CCM expression is promoted or repressed.
There have been a few exceptions to this general rule, notably the work of Badger and
Gallagher (1987) and Miller et al. (1984a). The studies of Badger and Gallagher (1987)
and Mayo et al. (1986, 1989) were the first to show a continuum of CCM induction states,
as a function of external [Ci], which implicated the external [HCO3-] as the primary signal
involved in CCM expression. This was, presumably, by direct sensing on the cell
me1nbrane or in the periplasmic space. However, in the presence of light, limiting Ci levels
have indirect effects on the cell, principally on the reduction state of the photosynthetic
~lectron !ransport _g_hain (ETC).

Since CO2 fixation places the largest demands on ATP and NADPH consumption in
relation to any other nutrient, limitation in Ci supply should have measurable effects on the
flow of electrons along the thylakoid membrane and, consequently, on the reduction state
of the ETC. Under conditions where the assimilation of photons by PSI and PSII exceeds
the capacity of CO 2 to act as a sink for the resultant flow of electrons, an imbalance is set
up which is sensed as an over-reduction of the primary quinone acceptor of PSII, QA-, on
the acceptor side of PSII (De Las Rivas et al. 1992). Whether or not the same, or a similar,
mechanism regulates the expression of the CCM is not known. Such an investigation is
clearly warranted as the redox state of PSII has been implicated in the regulation of the
PSII repair cycle in Synechococcus undergoing photoinhibition (Clarke et al. 1995) as well
as many other cellular responses to environmental stress (see Section 7.4.4 ).

7.1.1 Specific Aims and Objectives
The work described herein attempts to more clearly define the conditions which
control the expression of the CCM in Synechocystis PCC6803 , with the view to identifying
the signal(s) which actually trigger it.
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The experimental results presented here were based around the following specific
questions:

• At what external incubation [Ci] is significant expression of cmpA, sbtA and ndhF3
transcripts evoked ? Is the expression of these transcripts co-ordinately regulated in the
presence of diminishing [Ci] ?

• Can the intensity of the irradiance under low incubation [Ci] influence the magnitude of

cmpA, sbtA and ndhF3 expression? If so, is the magnitude of the expression reflected at the
protein level as functional high affinity CO 2 and HC0 3- uptake ?

• To what extent is photosynthesis limited by low CO 2 availability under increasing
irradiance ? Is the expression of the key transcripts related in any way to the degree of
limitation imposed by low CO2 availability under increasing irradiance ?

• Can any evidence be provided for sensing of the internal HC0 3 - pool as the signal
promoting expression of CCM-related transcripts?

• What is the nature of the light requirement for cmpA, sbtA and ndhF3 expression (see
Figs. 6-6 and 6-7) ? Is light-dependent photosynthetic electron transport necessary ? If so,
is electron transport through PSII sufficient for significant expression of these transcripts ?

7.1.2 Approach

With the aid of the mass spectrometer to monitor the exact concentrations of dissolved CO2
and 02, the approach was to incubate high Ci cells of Synechocystis under a variety of
precisely defined conditions for pre-determined intervals of time, with the aim of
experimentally promoting CCM expression. Following the incubation treatments, cells
were harvested for isolation of total RNA and subsequent analysis of transcript abundance
according to details given in Chapter 5. Key transcripts encoding inducible Ci transporters

(cmpA, sbtA and ndhF3) were chosen for investigation as these genes are likely to be
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among the first to be up-regulated by the signal transduction pathway initiating CCM
expression (see Chapter 6, Fig. 6.4).

7.2 Specific Experimental Methods and Procedures

7.2.1 Mass Spectrometry Incubation Experiments
Cells were harvested by centrifugation (4,800 x g for 10 min), washed twice with
incubation buffer (JDM buffered with 20 mM HEPES-KOH, - NO 3-, pH 8.0) and
concentrated to 75-150 ~Lg Chi a mL- 1 in a 1.5 mL microcentrifuge tube. The incubation
buffer contained 20 mM Na Cl. An aliquot of cells was resuspended in 8 mL of incubation
buffer in the mass spectrometer cuvette at a Chi a density of 3 µg mL- 1 in the presence of
25 ~Lg mL- 1 bovine CA. The cell suspensions were pre-illuminated at the measuring
irradiance for two minutes. After pre-illumination, the cells were darkened for
approximately 1 minute. The incubations were initiated by re-illuminating the cell
suspension. The total [Ci] in the cell suspension and the net rate of 0 2 evolution were
monitored over a 30 minute period. In the presence of CA, the 12 CO 2 signal was
proportional to the total Ci in the reaction mixture. Periodic manual injection of NaHCO3
through a port in the cuvette plug was necessary to keep the [Ci] in the assay medium
within pre-determined limits. In all of the incubation experiments shown here, the average
deviation in [Ci] over the 30 minute incubation period was typically approximately 3 %
(n=l 5). For comparisons of gene expression levels and post-incubation CO2 and HCO3flux analysis, high Ci cells which did not receive the incubation treatment were used as
controls. Illumination was provided by a slide projector lamp and the intensity was
controlled with a combination of neutral density filters and nylon-mesh screening. In
incubations where the [Ci] was greater than 150 µM , the mass spectrometer cuvette plunger
was removed to avoid the rapid buildup of 0 2.

In some experiments the cells were subjected to the incubation protocol as
described above and subsequently subjected to CO 2 and HCO 3- disequilibrium flux analysis
according to Section 2.6.3. and described comprehensively in Badger et al. (1994).
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7.2.3 Intracellular Ci Pool Size Determination

Intracellular Ci pool size was determined in the presence of 25 µg mL- 1 CA
according to the method of Li and Canvin (1998). An intracellular volume of 60 µL mg- 1
Chl was used in the pool size calculations according to So et al. (1998). For other details
see caption to Fig. 7-4.

7.2.3. RNA Isolation and Real-Time RT-PCR

Total RNA was isolated from Synechocystis cells according to Section 5 .2.2. All
methods related to the real-time RT-PCR technique are described in Chapter 5.
Quantitation of transcripts was performed as described in Section 6.2.1.

7.3 Results

The aim of the experiments described below was to attempt to identify the
environmental signal(s) which could potentially trigger the expression of the CCM-related
transcripts in Synechocystis PCC6803. This was done with the aid of a mass spectrometer
in incubation experiments in which Synechocystis cells were held under both limiting and
non-limiting concentrations of Ci and irradiance over 30 minute time intervals, a period of
sufficient duration to induce appreciable levels of CCM expression in cultures (see Chapter
6, Fig. 6-4). In this context, the mass spectrometer cuvette was used as a short term culture
vessel with the advantage that the concentrations of Ci and 0 2 and the incident irradiance
could be easily controlled and measured precisely. A typical incubation in the mass
spectrometer cuvette of this kind in which the CO 2 (and total Ci in the presence of CA) and
02 concentrations were monitored continuously in photosynthesising cell suspensions of

Synechocystis is shown in Fig. 7-1. In the presence of CA, a constant CO 2:HCO 3 - ratio was
maintained. For incubations carried out at higher light or under higher Ci concentrations,
manual injection of NaHCO 3 was more frequent so as to keep pace with the higher rates of
photosynthesis.

At the end of the 30 minute incubation, the cell suspension was harvested for
isolation of total RNA. Although the yield of RNA was much less than what would
140

Ci and Light Modulation of CCM Expression in Synechocystis

Chapter 7

70
1.3

0 2

L

65

250

CO2

'

1.2
60

point a

j

240

,,-_

~

,,-_

::i.

'-'

-~
u

r--,

55

~

1.1

230

::i.

r--,

0

'----I

50

N

u

N

l

'-'

r--,

l

1.0

0

'----I

,,-_

l

""'"'"

220

'----I

~

'-'

0.9
210

45
0.8
40
-5

0

5

10

15

20

25

30

200
35

Time (min)

Fig. 7-1. Typical mass spectrometer recording of [CO 2] and [0 2] during photosynthesis by high Ci
cells of Synechocystis. Cells (3 µg Chl a mL- 1) were resuspended in 8 mL of assay buffer in the
presence of 25 µg mL- 1 CA and pre-illuminated at the measuring irradiance (20 µmol photons m- 2 s1) for 2 minutes as described in the 'Specific Experimental Methods and Procedures ' section of this

Chapter. After light on (broad arrow, L), the [CO 2] was maintained within narrow limits by the
1nanual injection of NaHCO 3 , as indicated by the arrows, for an interval of 30 minutes . The average
[CO2] over this period was 1.12·+ 0.03 µM (equivalent to 58.5 + 1.8 µM total Ci in the presence of
CA). For analysis of transcripts by real-time RT-PCR and for Ci flux measurements, cells were
typically harvested at point a.
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typically be expected from a culture, the main advantage of RT-PCR is its extreme
sensitivity. High Ci cells grown under standard conditions (see Chapter 2, Section 2.2)
served as the control condition for gene expression and Ci flux analysis experiments. The
measuring irradiance in experiments shown in Fig. 7-2A was 200 µmol photons m-2 s- 1
which was approximately 3x the growth irradiance. However, no evidence for lightdependent regulation of CCM-related transcripts under high levels of Ci could be found
(see Chapter 6, Figs. 6-8-6-10.)

7.3.1 The Control of CCM-Related Gene Expression by Ci and Light

A series of mass spectrometer incubations was carried out under conditions where
the Ci was varied between 60-1300 µM (covering the range of approximately 0.l-2x of the
air-equilibrated value at 30 °C and pH 8) at a constant irradiance of 200 µmol photons m-2
s- 1 . In another set of experiments, the irradiance was varied from 7-520 µmol photons m- 2 s1

at a constant [Ci] of 60 µM. The objective was to examine at what [Ci] and under what

intensity of irradiance the expression of the inducible transcripts cmpA, sbtA and ndhF3
was evoked to levels significantly above those of control cells.

7.3.1.1 Abundance of cmpA, sbtA and ndhF3 Transcripts Increases in Diminishing
[Ci] Under Constant Irradiance

As the level of Ci used in the mass spectrometer incubation experiments decreased,
the expression of cmpA, sbtA and ndhF3 increased dramatically (Fig. 7-2A). Significant
levels of ndhF3 and sbtA expression were seen, relative to high Ci control cells, even at the
highest Ci-incubation concentration (about 1.3 mM). The patterns of increase for both of
these transcripts were very similar in magnitude (Fig. 7-2A). With respect to cmpA, there
was a considerable lag in the up-regulation of this transcript compared to the two others. At
Ci levels close to air-equilibrium, the expression of the cmpA transcript was not
significantly different from high Ci cells. However, when the Ci incubation concentration
was lowered to approximately 1/3 of air-equilibrium (about 160 µM) , the expression of

cmpA transcript increased and continued to increase to levels well above those of ndhF3
and sbtA as the Ci decreased even further (Fig. 7-2A). Clearly, the expression of these
transcripts increased as the concentration of Ci diminished and the expression of cmpA was
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Fig. 7-2. Effect of diminishing [Ci] (A) and increasing irradiance (B) on the expression of genes
encoding inducible Ci transporters in high Ci cells of Synechocystis. In (A), cells were incubated at
the indicated Ci concentrations in the presence of 200 µmol photons m-2 s- 1. In (B), cells were
incubated at the indicated irradiances in the presence of 55-65 µM Ci (mean ~ 60 µM). All
incubations were carried out for an interval of 30 minutes and contained in the reaction mixture 25
1

µg mL- CA as described in the caption to Fig. 7-1. Gene expression analysis was performed by
real-time RT-PCR as described in Chapter 5. Note: Changes in transcript abundance are relative to
high Ci cells grown under standard conditions (see Section 2.2).
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less responsive to Ci limitation than either ndhF3 or sbtA. The expression of the two latter
transcripts were apparently quite responsive to even mild decreases in total [Ci] as both
were shown to be up-regulated to a significant degree even at Ci levels approximately 2x
air-equilibrium (Fig. 7-2A).

7.3.1.2 Increasing Irradiance Under Low Ci Stimulates Expression of Transcripts
Encoding Ci Transporters: Confirmation by CO 2 and HC0 3 - Flux Analysis
The effect of increasing irradiance on the expression of these transcripts was
examined in mass spectrometer incubation experiments in which the external Ci was
maintained between 55-65 µM Ci as shown in Fig. 7-1. The expression of cmpA and ndhF3
transcripts increased in a linear fashion with increasing irradiance (Fig. 7-2B ). The absolute
level of expression was much greater for cmpA transcript than for ndhF3, especially at
higher irradiances. The expression of sbtA transcript also increased with irradiance up to
2
200 ~Lmol photons m- s- 1 but subsequently declined when the irradiance was increased to
500 µmol photons m- 2 s- 1•

The capacity for CO2 and HCO3- transport after incubation under vanous
irradiances in the presence of 55-60 µM Ci was assessed by measuring the fluxes of CO2
and HCO3- during steady-state photosynthesis with the mass spectrometric disequilibrium
technique (Badger et al. 1994, Salon et al. 1996a). There was a clear stimulation in the
rates of initial CO2 transport and net HCO 3- uptake as the incubation irradiance was
increased (Fig. 7-3 ). This was consistent with the increase in transcripts under the same
conditions (Fig. 7-2B). The stimulation in net CO 2 uptake increased to

~

35% under

moderate incubation irradiance but subsequently declined to ~ 15% and - 20% at 200 and
2
520 µmol photons m- s- 1 incubation irradiance, respectively. Initial conditions, however,
potentially provide a better estimate of gross CO 2 uptake than steady-state. This is due to
the absence of appreciable amounts of HCO 3- uptake, and the consequent leakage of CO2
back into the medium, in the first 30 seconds or so after illumination.
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Fig. 7-3. Effect of mass spectrometer incubation irradiance on initial CO 2 transport, net HC0 3 - uptake and net
0 2 evolution. A series of 30 minute mass spectrometer incubations were performed at various irradiances in
the presence of 55-65 ~LM Ci and 25 ~Lg mL- 1 CA ( essentially as shown in Fig. 7-1 ). Immediately after, the
cell suspensions were darkened and 50 µM AZ was added to inhibit the exogenously added CA. The
irradiance was adjusted to 200 µmol photons m-2 s- 1 and the cells were pre-illuminated for 2 minutes to
activate Ci transport. Estimates of Ci fluxes were made according to the method described by Badger et al.
(1994) which is described briefly in Section 2.6.3. The control condition was high Ci cells which had not been
subjected to the 30 minute incubation. The control rates were 26.8 ± 5.5 (net CO 2 uptake), 28.2 ± 1.4 (initial
CO2 uptake), 48.4 ± 8.4 (net HC0 3 - uptake) and 75.2 ± 7.3 (net 0 2 evolution). The reported rates are the
means ± S.D. of 3 replicate determinations in units of µmol mt 1 Chi h- 1 • The data points are expressed as
percent stimulation relative to control cells.
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Fig. 7-4. Effect of inadiance on net 0 2 evolution in the presence of saturating (2.8 mM Ci, open

squares) and limiting (60 µM Ci, open triangles) Ci and on intracellular Ci pool size (filled circles)
in cell suspensions of Synechocystis PCC6803 measured by mass spectrometry. For measurements
of net 0 2 evolution, the chl a density was 3 µg mL- 1. Measurements were made in the direction of
increasing inadiance from darkness. Representative responses from 2-5 independent experiments
are shown. For pool size measurements, the chl a density was 6 µg mL- 1 and the Ci was held
between 55-65 µM by manual injection according to Fig. 7-1. Cell suspensions were allowed to
accumulate Ci for 2 minutes at the indicated inadiance before the light was turned off and the
accumulated Ci pool allowed to leak back into the medium according to Li and Canvin (1998). CA
was added to 25 µg mL- 1 before cells were illuminated. Light was provided from one side by a slide
projector lamp and varied with the use of neutral density filters and nylon-mesh screening.
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7.3.2 Increasing Irradiance Exacerbates Photosynthetic Limitation Under Low Ci

The response of photosynthesis to light under the most severe Ci-limiting
conditions used in the mass spectrometer incubation experiments and under saturating Ci
were measured in order to gauge the extent to which photosynthesis was limited by the low
availability of Ci. The results of this experiment are shown in Fig. 7-4. Clearly, under the
incubation conditions of 60 µM Ci, there was a considerable limitation on photosynthetic
0 2 evolution which was more pronounced as the irradiance increased. The proportion of 02
evolution measured at limiting Ci to that measured at saturating Ci decreased from
approximately 2/3 to 1/3 as the irradiance increased from 7 to 520 µmol photons m- 2 s- 1• At
the higher irradiances, this represented a considerable imbalance between the amount of
light energy absorbed by PSII and the extent to which CO 2 could act as an efficient electron
acceptor.
The internal Ci pool size measured under limiting external Ci (~ 60 µM) increased
in a linear fashion with irradiance, in the same manner as cmpA and ndhF3 transcripts (Fig.
7-4 compare to Fig. 7-2B). When the irradiance was increased from 7 to 520 µmol photons
m- 2 s- 1 under~ 60 µM external Ci, the internal pool size approximately doubled. The pool
sizes estimates were similar in magnitude to other studies of Ci uptake in Synechocystis
PCC6803 (So et al. 1998). The effect of irradiance under low Ci on internal Ci pool size
was investigated to explore the potential of the internal HCO 3 - pool to act as a modulating
signal for external Ci limitation. As parallel trends in internal Ci pool size and inducible
transcripts were observed under low Ci and increasing irradiance, this type of modulation
seems unlikely. However, the present results are inconclusive in this regard.

7.3.3. Electron Transport in PSII is Necessary for the Expression of cmpA and ndhF3
Transcripts But Not For sbtA Transcripts

The effect of a blockage of photosynthetic electron transport in PSII by DCMU and
the inhibition of CO2 transport by ethoxyzolamide (EZ) on the expression of cmpA, ndhF3
and sbtA was examined in mass spectrometer incubation experiments at low (60-100 µM)
Ci. The results of this experiment are shown in Figs. 7-5 and 7-6. The concentration of EZ
used (300 µM) was shown to be sufficient for inhibition of CO 2 transport, but not
carboxysomal CA, in Synechococcus PCC7942 (Price and Badger l 989a,b ). As shown in
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Fig 7-5 , the exogenously added CA was completely inhibited by EZ causing disequilibrium
between CO 2 and HCO 3 - in the extracellular medium. Clearly, the concentration of EZ used
in this experiment was not sufficient to block CO2 transport in Synechocystis, the intended
aim, but it did inhibit photosynthesis generally as the rate of net 0 2 evolution was
approximately 10% of the control value (Fig. 7-5).
In the presence of 10 µM DCMU, net CO2 fixation and 0 2 evolution from PSII were
completely inhibited. The concentration of Ci increased in the light at a rate approximately
equal to the rate of dark respiratory CO2 release.
DCMU completely blocked the expression of cmpA and ndhF3 transcripts but had
no effect on the expression of sbtA transcript (Fig. 7-6). Interestingly, EZ stimulated the
expression of cmpA, sbtA and ndhF3 transcripts by 50, 20 and 75 %, respectively, over the
control level. The conclusion from this experiment was that electron transport from PSII•
PSI was necessary for the expression of cmpA and ndhF3 transcript but not for sbtA. A
general inhibition of photosynthesis by EZ, presumably by an inhibition of carboxysomal
CA, apparently increased the expression of all 3 genes relative to control conditions by an
unknown mechanism with the strongest effect seen in the ndhF3 transcript and the weakest
in sbtA.

7.3.4. The Use of Artificial Electron Acceptors of PSII in Studies of CCM-Related
Gene Expression
Electron transport through PSII can be studied independently of whole chain
electron transport by the use of artificial electron acceptors like 2,6-dichlorobenzoquinone
(DCBQ). This acceptor binds to the QB- binding site in PSII, accepting electrons from QA-Electron flow from PSII to DCBQ can be sustained by the addition of a secondary electron
acceptor such as potassium ferricyanide , K 3 (Fe[CN] 6) , which continually re-oxidises
reduced DCBQ, replenishing it in a form capable of accepting electrons from PSII. The
diversion of electrons from PSII to DCBQ is shown schematically in Fig. 7-7.

Under such conditions, steady rates of 0 2 evolution could be induced and sustained
for periods up to 10 minutes under various intensities of irradiance. The response of net 0 2
evolution to irradiance in the presence of limiting and saturating concentrations of DCBQ
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Fig. 7-7. Diagra1nmatic representation of light-dependent electron flow through PSII to 2,6dichlorobenzoquinone (DCBQ) and Potassium Ferricyanide (K 3(Fe[CN] 6)). PQ=plastoquinone.
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is shown in Fig 7-8. There was considerable inhibition of 0 2 evolution in the presence of
20 µM DCBQ/K3(Fe[CN]6) which was relieved upon the addition of 250 µM DCBQ/
K3(Fe[CN]6). The degree of inhibition, under limiting PSII acceptor, was more pronounced
as the irradiance became more intense (Fig. 7-8).

The pattern of PSII activity limitation in the presence of DCBQ/ K3(Fe[CN]6) was
similar to the pattern measured under limiting concentrations of Ci (Fig. 7-4). In the
presence of DCBQ/K3(Fe[CN]6), however, electron transport was essentially 'shortcircuited' before plastoquinone reduction whereas, in the presence of Ci, whole chain
electron transport proceeded normally.

7.3.4.1. Artificially Induced Electron Flow Through PSII Stimulates cmpA and ndhF3
Expression But Not sbtA Expression
As it was clear that PSII activity was necessary for cmpA and ndhF3 expression
(Fig. 7-6), the specific objective of the experiment described by Figs. 7-9 and 7-10 was to
observe the effect on gene expression of light-driven electron transport through PSII under
increasingly severe PSII-acceptor side limitation by incubating cells in the presence of
limiting amounts of DCBQ while increasing the irradiance.
As described above, steady rates of 0 2 evolution to DCBQ/K3(Fe[CN]6) could only be
maintained for, at most, 10 minutes under high irradiances. This was due, presumably, to
the inability of K3(Fe[CN]6) to replenish oxidized DCBQ at a rate equal to or above the rate
of DCBQ reduction by PSII under increasingly more intense irradiance.

The rates of net 0 2 evolution and the patterns of CO 2 exchange in the presence of
20 ~tM DCBQ and 2 mM K3(Fe[CN] 6) as a function of irradiance are shown in Fig. 7-9.
The rate of 02 evolution increased approximately 4.5 fold from 20 to 300 µmol photons m-2
1

s- but no additional increase was seen when the irradiance was increased to 520 µmol
2 1
photons m- s- (Fig. 7-9A). There was net Ci release under all irradiances indicating that
photosynthetic CO2 fixation (i.e. CO 2 photo-reduction) was completely suppressed.
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Fig. 7-8. Response of net 0 2 evolution to irradiance in the presence of 20 and 270 µM DCBQ and 2
mM KJ(Fe[CN] 6). High Ci cells (3 µg Chl a mL- 1) of Synechocystis were harvested as described in
Chapter 2 and resuspended in the presence of approximately 30 µM Ci and 25 µg mL-1 CA. Steady
rates of 0 2 evolution at a given irradiance were obtained for 5 minutes in the presence of 20 µM
DCBQ. After this period, 250 µM DCBQ was added to saturate electron flow through PSII. DCBQ
was dissolved in dimethylsulfoxide (DMSO). The maximum final concentration of DMSO was 0.1
% (v/v). A fresh suspension of cells was used for each irradiance treatment.
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over a 10 minute interval by mass spectrometry. CA was added to 25 µg mL-1• At the end of the 10
minute interval, the cells were harvested for analysis of gene expression by real-time RT-PCR. The
numbers adjacent to 0 2 traces are the rates of steady state net 0 2 evolution in units of µmol mg-1
Chl h-1• An aliquot of high Ci cells not subjected to the incubation protocol described above was
sampled and used as a reference for comparions of gene expression. A fresh suspension of cells was
used for each irradiance treatment. The final concentration of DMSO , in which the DCBQ was
dissolved, was 0.075 % (v/v).
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The patterns of cmpA, sbtA and ndhF3 expression, determined by real-time RTPCR, corresponding to the experiment depicted in Fig. 7-9, are shown in Fig. 7-10. The
expression of cmpA transcript was stimulated from around 650 to 1600 % as the irradiance
was increased from 20 to 180 µmol photons m- 2 s- 1 but subsequently decreased to 1000 %
stimulation as the irradiance was increased further. The expression of ndhF3 transcript was
also stimulated under these conditions but to a lesser extent than cmpA and in a manner
which was apparently unrelated to the intensity of irradiance. The sbtA transcript was
completely un-responsive under these conditions.

7.4 Discussion

7.4.1 Coupling of Gas Exchange Measurement by MIMS to Analysis of Gene
Expression by Real-Time RT-PCR in Synechocystis Cell Suspensions
The approach taken here, which has not been attempted elsewhere, in terms of the
simultaneous monitoring of photosynthetic gas exchange by MIMS and the analysis of
changes in transcript abundance of certain key genes involved in inducible Ci transport
confers distinct advantages over culture-based studies of CCM induction. In the latter,
crucial conditions such as [Ci], effective irradiance and cell density are often not known
with any precision over the period of CCM induction under low Ci . The effects on gene
expression patterns with the MIMS approach can be ascertained with much more certainty
by 'forcing' CCM induction under very precisely defined conditions. Although the yields
of total RNA were much less than typically observed in a similar culture-based experiment
(approximately 10 µg 8 mL cell suspension-I vs. 60-100 µg per 100 mL culture), the
extreme sensitivity of RT-PCR based gene expression techniques obviates the need for
large amounts of RNA to be isolated.

7.4.2 Evidence for Regulation of CCM-Related Gene Expression by Ci and Light in
Synechocystis : Similarities to Redox Control Mechanisms
The data of Fig. 7-2 clearly showed that the expression of inducible Ci transporters
is regulated by both low Ci and light. However, it is appropriate to recall here that the
stimulation by light on the expression of these transcripts requires, a priori, the presence of
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Fig. 7-10. Expression profiles of cmpA, sbtA and ndhF3 corresponding to the mass spectrometer
incubations in the presence of 20 µM DCBQ and 2 mM K3(Fe[CN] 6 ) shown in Fig. 7-9. The
transcript levels from high Ci cells not subjected to the mass spectromter incubation were used as a
reference.
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low Ci (Figs. 6-7-6-10, Fig. 7-2B). Any model describing the regulation of CCM
expression then, would have to be one which could incorporate both of these environmental
signals into one combined scheme.
It is evident from the response of cells to irradiance that, in the presence of low Ci,

the accompanying inhibition of photosynthesis became more severe as the irradiance
increased. The inhibition was relieved, however, when the supply of Ci was increased to
saturating levels (Fig. 7-4). The expression of cmpA and ndhF3 transcripts was linear, as a
function of irradiance, under low Ci (Fig. 7-2B, the same conditions as the experiment
shown in Fig. 7-4 ). The expression of transcripts continued to increase beyond the point
where net 0 2 evolution became limited by low CO 2 availability (Fig. 7-4, low Ci curve).
This would seem to imply that the intensity of irradiance, per se, and not the limitation on
photosynthesis by low CO 2 , was the primary factor controlling the magnitude of expression
of these transcripts. This could potentially be mediated through a phytochrome, or a similar
transduction mechanism, although there is evidence that phytochrome tends to mediate
signals of low light intensity. This interpretation, however, is also difficult to reconcile with
the data from Fig. 7-6, where a clear requirement for linear electron transport for cmpA and

ndhF3 expression was shown, implying the redox state of the ETC as important for
regulation.
More evidence, however, for a regulatory mechanism related to the redox state is
shown in Fig. 7-2A. The abundance of all 3 transcripts decreased when the incubation [Ci]
was increased from approximately 60 µM to 1.3 mM (Fig. 7-2A). At the same irradiance of
200 µ1nol photons m- 2 s- 1, an increase in the [Ci] from 60 µM to 2.8 mM relieved the CO 2
inhibition of photosynthesis, increasing the reduction state of ETC (Fig 7-4 ). Apparently, a
heavily reduced ETC is correlated with a reduction in the abundance of inducible
transcripts while a relatively more oxidized ETC correlates with an increase in their
.

expression

7.4.3 Differences 1n the Regulation of sbtA Transcript and cmpA and ndhF3
Transcripts

The sbtA transcript was not transcribed in the dark under low Ci (Fig. 6-7) and its
abundance increased under low to moderate irradiance in the presence of low Ci (Fig.7157
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2B). Both of these observations were made for cmpA and ndhF3 transcripts also. However,
two lines of evidence suggest that the expression of the sbtA transcript is regulated
differently than either cmpA or ndhF3. The data from Figs. 7-6 and 7-10 illustrate a key
difference in the regulation of these transcripts. In the presence of DCMU, which binds
tightly to the QA- site in PSII completely blocking PQ reduction, the expression of cmpA
and ndhF3 was completely blocked while sbtA was not effected suggesting that the signals
which trigger the expression of cmpA and ndhF3 (assuming they are the same) and sbtA are
not the same. Apparently, the regulatory mechanism governing sbtA expression does not
depend upon a flux of electrons through PSII, while for cmpA and ndhF3, it does.
This suggestion is supported by the experiment shown in Fig 7-10. In this
experiment, increasing the irradiance in the presence of 20 µM DCBQ/ 2 mM K3(Fe[CN]6)
resulted in increased acceptor-side inhibition of electron flow through PSII (Fig. 7-8).
Under these conditions, when linear electron transport was effectively ' short-circuited',
eliminating the capacity for PQ reduction, sbtA was completely un-responsive while the
expression of cmpA was stimulated in an manner seemingly related to the degree of PSIIacceptor side limitation. The ndhF3 transcript was also stimulated in the presence of DCBQ
but did not follow the same pattern as cmpA in that the degree of stimulation was relatively
steady between 200-300 %, irrespective of the irradiance.
Clearly, stimulation of cmpA and ndhF3 transcript under these conditions did not
require electron flow to plastoquinone. Therefore, a different regulatory mechanism must
be functioning here which, presumably, senses the redox state of some other component of
electron transport in PSII, possibly QA-·
In relation to sbtA, the data in Fig. 7-6 and 7-10 are not mutually inconsistent. From
Fig. 7-6, it is clear that DCMU does not block sbtA expression, suggesting that the
regulatory network controlling the expression of this gene is not PSII-dependent. The
experiment shown in Fig. 7~10 shows that under conditions where only PSII is operative (in
terms of electron transport), sbtA expression is inhibited, sugesting that the signal triggering

sbtA expression does not reside in PSII and that, under these conditions, this signal is
prevented from functioning properly.
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7.4.4 Direct Sensing of CO 2 and/or HC03- Does Not Regulate Expression of CCMRelated Transcripts
It is unlikely that a periplasmically-loc alised protein which could sense either CO2
or HCO 3- or total Ci regulates the expression of these transcripts under these conditions.
The evidence for this comes mainly from Fig. 7-2B where a series of mass spectrometer
inductions were carried out under a relatively constant Ci of 55-65 µM but where the
irradiance was varied by almost 100-fold. As shown in Fig. 7-2B and in Fig. 7-3, the
expression of transcripts and CO2 and HCO3- transport activities were both stimulated as
the induction irradiance increased under constant Ci. This would not have been the case
had the cells been sensing the Ci directly from the medium. In that case the intensity of the
response of transcripts and the physiological response should have been the same.

7.4.5 Internal HC0 3- Pool Probably Does Not Play a Role in Sensing External Ci
Limitation
The internal Ci pool size increased in a linear fashion with increasing irradiance
under low external Ci (Fig. 7-4). The pool sizes measured were similar to those measured
in cells grown in standing culture under similar assay conditions (So et al. 1998). The
positive correlation between pool size and increased expression of inducible transcripts
under increasing irradiance was interpreted as evidence that internal HCO3- sensing in
response to Ci limitation probably does not occur.

7.4.6 Redox Control of Gene Expression in Cyanobacteria
The regulation of gene expression by redox control in cyanobacteria undergoing
nutrient and/or high light stress has recently received considerable attention. Two genes,

rppA and rppB have recently been identified in Synechocystis PCC6803 which encode a
sensory histidine kinase and a response regulator, respectively, of a two-component signal
transduction pathway responsive to the redox state of the plastoquinone pool. RppB directs
the transcription of genes such as psbAII involved in the PSI! repair cycle (Li and Sherman
2000). Grossman and his colleagues have made a good deal of progress mapping the signal
transduction pathway in Synechococcus PCC7942 cells undergoing nutrient limitation and
high light stress. In cells of that organism undergoing severe nitrogen and/or sulphur stress,
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a scavenging strategy has been adopted in which the the nitrogen and sulphur-rich
phycobilisomes are degraded to release some of the limiting nutrient and to attenuate the
capture of light energy transferred to PSII and PSI. Several mutants have been isolated
which do not show the bleaching phenotype (so-called nbl mutants for non-bleaching, ).
Two genes, nblS and nblR, which encode a sensory histidine kinase protein and a response
regulator, respectively, are expressed under severe N or S stress and high light under the
control of the redox state of the PQ pool (Schwarz and Grossman 1998, van Waas bergen et
al. 2002). NblR activates the expression of two other genes, nb!A and nblB, which are
thought to be specifically involved in phycobilisome degradation under nutrient stress
(Collier and Grossman 1994, Dolganov and Grossman 1999). Indeed, NblB has been
shown to have significant homology to subunits of certain lyases (CpcE and CpcZ) which
catalyse the attachment of chromophores to apophycobiliprotei n subunits suggesting that it
interacts directly with phycobilisomes (Dolganov and Grossman 1999). A model describing
this particular signal transduction cascade has been presented recently in a review
(Grossman et al. 2001).
Redox control of cyanobacterial gene expression has also been implicated in several
other responses to certain environmental stresses such as Ni2+ limitation (Lopez-Maury et

al. 2002) and in state transitions, which are short term adaptive responses to light-capture
imbalances involving the re-distribution of excitation energy via the movement of entire
phycobilisome units between PSII and PSI (Mao et al. 2002).
Thus, the notion that cyanobacteria sense the redox state of a component in the ETC
and use this signal to regulate CCM-related gene expression is certainly feasible.

7.4.7 Conclusions
The data presented in this chapter provide clear evidence that both Ci and light can
regulate the expression of key genes involved in inducible Ci transport in Synechocystis
PCC6803.

•

The simultaneous analysis of transcript abundance by real-time RT-PCR and

photosynthetic gas exchange by MIMS is a useful approach towards more precisely
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defining the conditions under which the expression of key CCM-related transcripts is
evoked.

• Under constant irradiance and diminishing Ci, the abundance of cmpA, ndhF3 and sbtA
transcripts increased. Under low, constant Ci, the abundance of cmpA and ndhF3
transcripts increased in a linear fashion with irradiance; sbtA transcript increased under low
to moderate irradiance, but decreased under high irradiance to a level approximately 10
fold greater than control (Fig. 7-2).

• The modulating effect of irradiance on key transcript abundance at low Ci was reflected
at the protein level as a stimulation in the rates of initial CO2 and net HCO3- transport and
net photosynthesis, relative to high Ci cells grown under standard conditions (5% CO2 in
air, 60 µmol photons m-2 s- 1, Fig. 7-3)

• When the external Ci was maintained between 55-65 µM , there was considerable
limitation of photosynthesis which was exacerbated as the irradiance was increased (Fig 74); The size of the internal Ci pool increased under low Ci in a linear fashion with
increasing irradiance, this was interpreted as evidence that sensing of internal HCO3- levels
as the primary signal in CCM expression is not likely (Fig. 7-4)

• The expression of cmpA and ndhF3 was dependent upon PSII-driven electron transport
and was inhibited by DCMU. sbtA expression was insensitive to DCMU and, under
conditions where only PSII was operative, its expression was completely inhibited (Fig. 76, Fig. 7-10)

• Signalling by direct sensing of CO 2 and/or HCO3- was unlikely in view of evidence
showing a clear modulation of the expression of the key transcripts by irradiance under the
same low concentration of Ci (Fig. 7-2).

• Expression of the cmpA transcript was related to the degree of limitation in PSII electron
transport in the presence of an artificial electron acceptor (Fig. 7-1 0); the expression of
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ndhF3 transcript was also stimulated under these conditions but in a manner not related to

the degree of PSII limitation (Fig. 7-10).

• The dual regulation of CCM expression by Ci and light suggests the involvement of a
form of redox control which is related to the degree to which the ETC is limited by the
availability of CO 2 as an electron acceptor in the light.
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8.1 Analysis of Steady-State Electron Transport in Synechococcus PCC7942:
Evidence for CO2 Concentrating Capacity Under Low Rates of Ci Injection
The conclusions drawn from the experiments designed to estimate the fluxes of
cyclic and linear ET in cells of Synechococcus under Ci limitation were essentially twofold. Firstly, it was clearly evident that cyclic ET was easily detectable under these
conditions, seen as the 'extra' PSI quantum yield which exceeded the quantum yield of
PSII. Excess cyclic ET operates under these conditions presumably in the provision of ATP
for both CO2 fixation and primary CO2 and HCO3- transport as the availability of CO 2 as a
terminal electron acceptor diminishes and whole chain electron transport is thereby
restricted. Secondly, the relative rates of cyclic and linear ET, inferred from the ratio of
~PSI/~PSII, were similar when CO2 fixation was driven by the uptake of CO 2 or HCO 3- as
the primary source of Ci. This suggested that the energetic demands placed on the system
by the activities of CO2 and HCO3- transporters were similar in nature. While not
discounting recent models which have appeared showing coupling between CO 2 uptake and
PSI-driven cyclic ET pathways (Kaplan and Reinhold 1999), the data do suggest that the
dependence of HCO3- uptake systems on cyclic ET is likely to be just as significant as it is
for CO2 uptake systems.
Estimates of internal Ci pool size were not attempted under the conditions in which
the measurements of ~PSI and ~PSII were made (see Section 3.2.2). However, at least two
lines of indirect evidence can be invoked to demonstrate that Ci did indeed accumulate
under these conditions and, consequently, that a genuine concentrating capacity was
operative in these cells. This is an important consideration when comparing the results of
this study to similar studies from other groups, which have typically been carried out with
an excess of Ci in the assay medium to allow for the development of measurable internal Ci
pools. Firstly, Miller et al. (1988b) have demonstrated in Synechococcus that the extent of
chlorophyll a fluorescence quenching was directly related to the size of the accumulated
internal Ci pool. Chlorophyll a fluorescence quenching was detectable in the present study
under rates of CO 2 and HCO 3- injection equivalent to ~ 2.5 % of Ci-saturated V max for
photosynthesis (see Fig. 3-6 and Table 3-1 ), indicating some capacity for Ci accumulation
in these cells even under conditions where the rate of photosynthesis was close to zero.
Secondly, indirect evidence for Ci accumulation under severely limiting Ci injection can
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be demonstrated based on considerations of the kinetic properties of Rubsico. The rate of
Ci injection was matched quite closely by the rate of photosynthesis, indicating quite high
CO 2-use efficiency under these conditions (data not shown). In order to support a rate of
photosynthesis under Ci injection equivalent to 5% of V max, the concentration of CO 2 in the
extracellular medium would need to be sustained at around 8 µM (assuming a Km CO 2 for
Rubisco in Synechococcus of 150 µM) if CO2 entry into the cell was passive. However,
under a rate of Ci injection equivalent to 5% of V max, low Ci cells maintained the [CO 2] in
the extracellular medium at a level approximately 400x lower than this (~ 0.02 µM), which
is strong circumstantial evidence for considerable concentrating capacity under these
conditions (Fig. 4-2A). Clearly, the observed rates of photosynthesis are consistent with
CO 2 elevation around the active sites of Rubsico in the carboxysome, resulting from inward
Ci transport and accumulation. The observed rates of photosynthesis could not be
supported by the direct fixation of CO2 by Rubisco via passive diffusion from the external
medium to the interior of the cell, as the affinity of this enzyme for CO 2 is too low.

8.2 The Expression of the CCM 1n Synechocystis PCC6803: Present Findings in
Context with Other Work

Although Synechocystis PCC6803 was the first cyanobacterium for which a
complete, published genomic sequence was available, there has been comparatively little
work done on the CCM in this organism. This is surprising, considering that in a casual
search of Pub-Med for papers published on any aspect of cyanobacterial biology,
approximately 22 % were carried out using Synechocystis PCC6803 as the model organism.
Nonetheless, only a handful a papers have appeared describing some aspect of Ci uptake
and/or photosynthesis in relation to the CCM in Synechocystis.
Bloye et al. (1992) were the first to carry out an analysis of HCO3- transport in

Synechocystis. These authors concluded that glucose and HCO 3- caused a down-regulation
of HCO3- transport activity in this strain which was also accompanied by changes on the
phosphorylation patterns of proteins. Later work by Beuf et al. (1994) identified a gene,

icfG, the product of which was apparently involved in regulating the glucose- and HCO 3-mediated effect on HCO 3- uptake. Other workers , however, have not found any evidence
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for glucose or HCO3- inhibition of Ci uptake in Synechocystis (Goosney and Miller 1997,
Benschop et al., in press). This apparent disparity in findings, however, may be explained
by subtle differences in strains used. It is believed that the strain used by Bloye et al.
(1992) in the original work was the glucose-intolerant, motile strain, from the Pasteur
Culture Collection. The non-motile, glucose-tolerant ioslate (which was the strain used by
the Kazusa group for sequencing, Goosney and Miller 1997, Benschop et al., in press) may
contain spontaneous mutations which produce responses to glucose and/or HCO 3- which
are completely different to those of the original strain.
The study of So et al. (1998) examined in detail the properties of HCO 3- transport in

Synechocystis and concluded that the main component of HCO 3- transport was Na+dependent when assayed at pH 9.6. Na+-independent HCO 3- transport made only a minute
contribution to net photosynthesis under these conditions. However, these authors used
cells grown in 'standing culture', which is form of growth characterized by the absence of
active aeration, so it is difficult to make comparisions between their study and others where
the growth conditions were different.
The only other recent study of Ci transport in relation to the CCM in Synechocystis
was carried out by Benschop et al. (in press). This study investigated the fluxes of CO2 and
HCO3- transport under steady and non-steady state conditions using MIMS and explored
the potential for fast-induction of high-affinity HCO3- transport. These authors also reevaluated the effects of glucose on both the genetically-based expression of the CCM and
on any putative fast-induction response. The striking feature of Ci transport in

Synechocystis, according to these authors, was the high rate of HCO 3- transport, which
supported nearly all CO 2 fixation, particularly under low Ci, in both high and low Ci cells.
By comparison, Yu et al. (1994) found that Synechococcus PCC7942 relies on CO2 uptake
in support of photosynthesis to a greater extent than does Synechocystis. However, in
relation to the apparently high use of HCO 3- by Synechocystis, it is worth noting that in a
closed system in which the Ci flux measurements were made, the free CO2 is quickly
consumed by the cells, forcing the cells to use HCO 3- to their available capacity. With
regards to the other intended aims of this study, no evidence for either a fast-induction
response or for modulation of Ci uptake properties by glucose could be demonstrated.
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It was against this background of a relative scarcity of data concerning the CCM in

Synechocystis that the present study was carried out. The results described in Chapter 6
constitute the first analysis of the response of transcripts encoding inducible Ci transporters

simultaneously with the physiological adaptation of Ci transport properties in Synechocystis
PCC6803. These results are also significant from the standpoint that the conditions under
which the induction of the CCM was carried out were more precisely defined than other
similar, culture-based studies from Synechocystis and from other cyanobacterial species.

8.2.1 The Absence of Fast-Induction of HC03- Transport in Synechocystis
Detailed physiological analysis of the induction of the CCM in Synechocystis
indicated that the observed increases in affinity for Ci in photosynthesis did not appear to
arise from a fast-induction of the HCO 3- transport response (see Chapter 6, Figs. 6-2 and 65). This conclusion was drawn from the fact that full adaptation to Ci limitation required 2
hours under CO2-free air. This does not accord with the time requirement for fast-induction
measured in Synechococcus PCC7002 and PCC7942 (4-10 minutes, Stiltemeyer et al.
1998a).
It should be mentioned that the conditions under which the induction of the CCM

was carried out in this study were not the same as the quite specific conditions typically
required to detect the fast-induction response (i.e. presence of CA, high cell densities and a
relatively high irradiance ). Apparently, the conditions of Ci limitation required for
detection of the fast-induction response need to be more severe than the induction protocol
under COrfree air used in the present study, assuming that Synechocystis is capable of fastinduction at all.
Interestingly, although Benschop et al. (in press) were unable to demonstrate any
conclusive evidence for fast-induction in Synechocystis, this paper did report a rapid (~ 15
min.), chloramphenicol-sens"itive increase in affinity for Ci under conditions designed to
detect the fast-induction response. The inhibition of this increase by chloramphenicol
suggests that it arises from the synthesis of new proteins. The relative speed of this change
in affinity for Ci reported by Benchop et al. is very similar to the estimates reported in this
study (see Fig. 6-2), which resulted from gene expression and de nova protein synthesis.
Within 15 minutes of aeration with CO 2-free air, the affinity for Ci had increased from a
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basal level of approximately 15% in high Ci cells, relative to low Ci cells, to a level
equivalent to

8.2.2

~

30% of low Ci cells (Fig. 6-5B).

The Capacity of High Ci Cells of Synechocystis for HCO3- Transport

Ci flux analysis revealed that both CO2 and HCO 3- transport provide substrate in
support of photosynthesis in high Ci cells of Synechocystis (see caption to Fig. 7-3 for
details). Under these conditions, the rate of net HCO3- transport was approximately 60% of
the rate of net photosynthesis. In terms of the capacity for HCO3- transport in high Ci cells,
this result is consistent with the data of Bensch op et al. (in press), who showed that under
steady-state conditions and low [CO2], HCO3- transport supports most of photosynthesis in
high Ci cells, even at the V max of photosynthesis.
As both sbtA and cmpA are induced under low Ci, the interpretation that one is lead
to concerning the presence of HCO3- transport in high Ci cells is that an unidentified third
HCO 3- transport system must be present in Synechocystis. Presumably, this system is
constitutively expressed and the encoded transporter would have a relatively low affinity
for HCO3-.
It is interesting to note that the abundance of sbtA transcript is much higher than

cmpA transcript in high Ci cells. The near-total lack of expression of the cmpA transcript
under high Ci has been taken as evidence that the BCT-1 complex is not expressed under
these conditions (Omata et al. 1999, 2002). The raw data from Fig. 6-6 showed that, under
high Ci growth conditions, the sbtA transcript was clearly much more abundant than cmpA
transcript (Ct value for sbtA = 20.9, cmpA=27.3) Although it is difficult to draw any firm
conclusions from this observation, the higher level of sbtA transcription, relative to cmpA,
suggests that there may be appreciable amounts of SbtA-mediated HCO3 - uptake in high Ci
cells, perhaps enough to account for the observed HCO3- uptake. This needs to be
confirmed with immunoblots against SbtA protein under different conditions of growth Ci
but, if true, would allow one to dispense with the hypothesis of the existence of a third,
constitutively expressed HCO 3- transporter.

8.2.3 Co-Regulation of Expression of Inducible Transcripts by Ci and Light 1n
Synechocystis PCC6803

168

Chapter 8

General Discussion

The data presented in Fig. 7-2 clearly showed a capacity for Ci and light modulation
of the key inducible transcripts encoding components of Ci transporters, cmpA, sbtA and

ndhF3. There are several lines of evidence for the concerted requirement of light and low
Ci in the regulation of CCM expression in Synechocystis.
Firstly, neither light stress alone, nor low Ci stress (in the dark), could be shown to
independently regulate the expression of CCM-related transcripts. Figs. 6-6 and 6-7
provided the first evidence that not only is low [Ci] required for expression, but light is as
well. The presence of one of these conditions, but not the other, was insufficient for
significant amounts of expression. The series of experiments described in Figs. 6-8 to 6-10
failed to demonstrate independent modulation of CCM-related transcripts by light, despite
several attempts under a variety of different conditions. It should be mentioned here,
however, that the most intense irradiance employed in these experiments, 400 µmol
photons m-2 s-1, was still a relatively low 'ceiling', and the possibility that higher
irradiances could evoke significant expression of CCM-related transcripts under high Ci
can not be discounted at this stage, although this seems unlikely.
The obvious intracellular pathway which links light and Ci in a functional sense is
the photosynthetic ETC. Following from this, an interplay between these two factors in the
regulation of CCM-related transcripts calls to mind a scheme wherein the balance between
light-driven electron flow from PSII and the capacity of CO 2 to accept these electrons
becomes very important.
This is represented by Fig. 8-1. In this scheme, the capture of light energy by PSII is
represented on the left as electron 'source' while on the right, the concentration of Ci, and,
consequently, the concentration of intracellular CO 2 , is represented as electron 'sink'. The
horizontal line could be conceived of as the referential 'equilibrium' condition where light
energy capture by PSII is balanced by the rate of CO 2 fixation and where the CCM
induction state lies somewhere between the relaxed, constitutive state and the fully induced
state.
In terms of the integrated effects of Ci and light on the expression of CCM-related
transcripts shown by Fig. 8-1 , an increase in irradiance or a decrease in Ci would be sensed
as an imbalance towards excess light capture, resulting in increased expression of
transcripts and CCM activity. Conversely, an increase in Ci concentration or decrease in
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irradiance would be sensed as an imbalance towards excess electron sink capacity resulting
in decreased expression and CCM activity. This is consistent with the results shown in Fig.
7-2. Under low, constant Ci the key transcripts examined increased in a linear fashion with
irradiance (Fig. 7-2B). Under moderate irradiance, the abundance of transcripts increased
as the Ci was decreased (Fig. 7-2A).
The expression of CCM activity can now potentially be conceived of in terms of
balance between photo-assimilation by PSII and CO2 assimilation in photosynthesis. In
experimental cultures, the switchover from bubbling on high CO2 to air or CO2-free air in
order to induce the CCM produces a situation in which there is a sudden decrease in the
intracellular CO 2 concentration in a cell where the photo-assimilatory apparatus has been
adapted to conditions characterised by high rates of electron flux to CO2 (i.e. growth under
high CO 2). This sudden drop in sink capacity might then be sensed by the cell as a transient
period of excess capture of photons by PSII. This effect would, presumably, be especially
pronounced if the cells were collected first and resuspended in low-Ci media, as was done
in this study (Chapter 2, Section 2.4). Under such conditions, the expression of the CCM
would satisfy not only the requirement for CO2 in photosynthesis under Ci limitation, but
the enhanced intracellular CO2 concentration as a result of the activity of high-affinity CO2
and HCO3- transport, would help to re-establish the source-sink balance towards the
equilibrium position, dissipating the excess light energy and potentially avoiding
photoinhibitory damage.
The observation that high light stress alone can not evoke the expression of the
CCM transcripts under high Ci conditions (Figs. 6-8 to 6-10) can now potentially be
explained. Under a transient high light treatment, the sudden increase in electron flow
associated with the increase in irradiance is easily accomodated by the high concentration
of ambient CO 2, or sink capacity, and, hence, no change in the source-sink balance is
sensed. Presumably, if the light treatment was of sufficiently high intensity to 'tip ' the
balance towards excess light capture, (Fig. 8-lA), CCM-related gene expression would
occur.
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Fig. 8-1. Diagrammatic representation of the co-regulation of CCM expression by Ci and Light in
Synechocystis PCC6803. The modulating effects of Ci and light are represented as manifestations of
a sensed imbalance between light capture by PSII and the consumption of electrons by CO 2 in
photosynthesis. The sensing mechanism has been shown as either the plastoquinone pool (PQ), QA
in PSII or the cytochrome bif complex. Each direct effect (i.e. increase or decrease in light/Ci) has
been shown as having an analogous effect, in terms of the effect on CCM expression. For example,
an increase in irradiance, which was shown to cause an increase in inducible transcript abundance
(Fig. 7-2B) has an effect analogous to decreasing the concentration of Ci, and vice-versa. Similarly,
increasing the concentration of external Ci has the effect of decreasing the 1nagnitude of expression
of inducible transcripts (Fig. 7-2A), which has an effect analogous to decreasing the irradiance, and
vice-versa.
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In view of this, the results of the experiment depicted in Fig. 4.3 can be reinterpreted as evidence for light-dependent CCM expression in Synechococcus PCC7942.
Under these conditions, a low rate of photosynthesis (equivalent to ~ 8% of V max) was
induced in cell suspensions by H 13 CO 3- injection under increasing irradiance (see Fig. 4-3).
The concentration of Ci measured in cell suspensions at a given point in time under
conditions such as these is a reasonably good indicator of the photosynthetic affinity for Ci
in photosynthesis (see Fig. 4-2). Clearly shown in Fig. 4-3 was an inverse relationship
between the 13 Ci measured in cell suspensions at a particular time and the irradiance used
to drive the acclimation response. This was interpreted as evidence for rapid expression of
the CCM under Ci limitation, the rate of which was roughly proportional to the irradiance
used (see Discussion section of Chapter 4 for more details). The light-dependent response
to Ci limitation measured under these conditions fits an interpretation consistent with the
model for the regulation of CCM expression depicted in Fig. 8-1. Under these conditions,
the sink capacity can be considered to be a constant, and set by the rate of injection . As the
irradiance was increased from 40 to 300 µmol photons m- 2 s- 1, the source capacity of the
system increased and the balance of electron flow from PSII to CO2 was tipped
increasingly in the direction of excess light capture, triggering more rapid expression of the
CCM. This

interpretation

is speculative, however, and requires more

extensive

investigation in the form of measurements of light-dependent changes in affinity for Ci and
of analysis of changes in inducible transcript abundance similar to those carried out in
Chapter 7.

8.3 Properties and Characteristics of Inducible Ci Transporters in Cyanobacteria
The cmpA and sbtA transcripts had previously been shown to be up-regulated under
low Ci conditions in Synechocystis PCC6803 (Omata et al. 2001 , Shibata et al. 2002a). It
has been shown in Synechococcus PCC7942 that cmpA binds HCO 3- with a measured
dissociation constant (Kct) of approximately 5 µM (Maeda et al. 2000). In the same
organism, the BCTl complex (encoded by the cmpA-D operon) has been shown to
transport HCO 3- during photosynthesis at a high rate, and displayed a Ko.s(HCO3-) value of
approximately 15 µM (Omata et al. 1999). The BCTl complex in Sy nechococcus is also
known to operate efficiently at pH 10 (Price et al. 2002). In contrast to this, the BCTl
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complex appeared to make only a slight contribution to total HCO 3- uptake in
Synechocystis PCC6803. In standing cultures of Synechocystis, Na+-independent HCO 3-

transport (presumably cmp-dependent) was shown to be practically negligible when
assayed at pH 9.6 (So et al. 1998). Under these growth conditions, Na+-independent HCO 3uptake was quite clearly induced in Synechococcus PCC7942 (Espie and Canvin 1987).
In Synechocystis PCC6803, no significant additional impairment in HCO 3- uptake
was found in a LJcmp/LJsbtA double mutant compared to the LJsbtA single mutant (Shibata et
al. 2002a). Thus, despite the high level of Ci responsiveness displayed by the cmp operon

(Figs. 6-3, 6-4, 7-2 ; Omata et al. 2001) there is mounting evidence that the encoded protein
complex might be non-functional in this strain. This needs to be investigated in more detail
in Synechocystis by examining the Na+-dependency of steady-state HCO 3- transport upon
transfer of the cells from high to low Ci conditions and/or characterising HCO 3- uptake in a
t,..,sbtA mutant.

The sbtA gene encodes a Na+-dependent HCO 3- transporter in Synechocystis
PCC6803 which is expressed under Ci limitation (Shibata et al. 2002a, b and Figs. 6-3 and
6-4, Fig. 7-2 in this study). Millimolar levels of the Na+ ion were required for maximal
activity of this transporter. These authors also identified a gene, sir 1509, (homologous to
ntpJ encoding a Na+/K+ translocating protein) which, when inactivated, seemed to abolish

Na+-dependent HCO 3- uptake. The implication from this experiment was that the sir 1509
gene product was necessary for the energisation of SbtA-mediated HCO 3- uptake,
presumably via the establishment of the LiµNa + across the cell membrane which, in tum,
fuelled the uptake of HCO3- by SbtA via secondary Na+:HCO3- symport. However, Ritchie
et al. (1996) have shown in Synechococcus sp. that the measured fluxes of Na+ were not

high enough to support the observed rates of photosynthesis, which, at their experimental
pH of 10, would have been supported entirely by HCO 3- uptake. This suggested that the
LiµNa+ might not energise HCO 3- uptake, per se, but that Na+ extrusion during steady state
photosynthesis might be necessary for the regulation of other cellular processes like the
regulation of internal pH , a suggestion which had previously been advanced by Miller et
al. (1984). Further systematic investigation into the role of Na+ in SbtA-mediated HCO 3-

uptake needs to be carried out to clarify its role in this process
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The finding the ndhF3/D3/chpY transcripts are induced under low Ci limitation is
entirely consistent with the present understanding that ndhF3/D3/chpY are part of
specialised NDH-1 complexes involved in inducible, high-affinity CO 2 uptake (Figs. 6-3
and 6-4, Shibata et al. 2001). This particular NDH-1 complex is necessary for growth under
low levels of Ci and does not appear to participate in cyclic electron flow around PSI
(Klughammer et al. 1999, Ohkawa et al. 2000a). A speculative model describing the
energisation of CO2 uptake has recently been presented by Price et al. (2002). In this
model, CO 2 is hydrated to HCO3- by the chpY protein (or chpX in the low-affinity form)
which is coupled to the abstraction of H+ from a water molecule bound to Zn in the active
site of chp Y. The protons are then thought to be trans located across the thylakoid
membrane along a "proton wire" coupled to electron transport in a modified Q-cycle,
which has the potential to reduce the energy requirements of the mechanism.

8.4 Limitations on Photosynthesis and PSII -

Correlations With Changes in

Transcript Abundance

Under Ci limitation, the degree to which photosynthesis was suppressed, relative to Ci
saturation, became more pronounced as the irradiance increased (Fig. 7-4). Under identical
conditions of Ci limitation and increasing irradiance, transcripts encoding inducible Ci
transporters were shown to increase as well (Fig. 7-2B). As shown in Fig. 8-2, there does
not appear however, to be a strong linear relationship between the degree of suppression on
photosynthesis conferred by low Ci and the relative expression of inducible transcripts
under increasing irradiance, with the possible exception of sbtA. The suppression of
photosynthesis under low Ci, relative to saturating Ci, was maximal at 200 µmol photons
2

1

m- s- • At this intensity of irradiance, the increase of cmpA and ndhF3 transcript was only
50% of the maximum level. Of the three transcripts examined, the expression pattern of

sbtA fit most closely with the limitation on photosynthesis by low CO 2 availability (Fig. 82).
When the abundance of cmpA and ndhF3 transcripts, and the degree of PSII-acceptor
side limitation in the presence of limiting DCBQ were plotted comparatively, it is clear that
both tended to increase with increasing irradiance (Fig. 8-3). However, similar to the data
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showing relative transcript abundance and photosynthetic limitation in Fig. 8-2, no strict
linear relationship was revealed. Since the sbtA transcript was un-responsive to these
conditions (Fig. 7-10), it was not re-plotted in this way. Contrary to the data presented in
Fig. 8-2, the relative abundance of cmpA and ndhF3 transcripts did not continue to increase
in a linear fashion with irradiance but were maximum at moderate irradiance and decreased
as the irradiance was increased. In the case of cmpA, the relative abundance of transcript
decreased to approximately 60% of the maximum in the presence of the 2 highest
irradiances. However, the decrease in cmpA and ndhF3 transcripts could be a reflection of
the diminishing rate of 02 evolution from PSII at the point when the cells were harvested
for RNA extraction (see Fig. 7-9). In other words, the maximum expression of cmpA and

ndhF3 transcripts may have occurred at a point just prior to harvest, possibly during steadystate when the rate of 0 2 evolution was at maximum. More experiments need to be
conducted to confirm this, however.

8.5 Concluding Remarks

The analysis of changes in inducible transcript abundance as a function of Ci and light
treatments has provided the first solid evidence for the co-regulation of CCM expression by
these two factors (Fig. 7-2). This form of regulation resembles redox control of gene
expression, the many examples of which have been described in Chapter 7 (Section 7.4.5).
However, when the expression of inducible transcripts was graphically compared to the
low-CO 2 dependent limitation of photosynthesis (Fig. 8-2) or to the degree of PSII acceptor
side limitation in the presence of DCBQ (Fig. 8-3 ), no conclusive relationship was
revealed. This does not detract from the conclusion that the regulation of CCM expression
under these conditions resembles a type of redox control, merely that the expression
patterns of inducible transcripts could not be shown to correlate in a linear fashion with
measurable limitations of electron transport, per se.
The simultaneous analysis of transcript abundance by real-time RT-PCR and
photosynthetic gas exchange by MIMS in cell suspensions of Synechocystis under wideranging experimental conditions has proven to be a useful approach towards identifying the
signal controlling CCM expression. Future experiments with other inhibitors and/or
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electron donors and acceptors, which have the aim of dissecting the pathways of
photosynthetic electron transport required for expression of transcripts encoding inducible
Ci transporters along with other CCM-related genes, should prove to be instructive. For
instance, the potential influence of electron flow to oxygen on CCM-related gene
expression has not even been addressed in this study but it may be significant. Campbell et

al. (1999) showed, in Synechococcus PCC7942, concerted changes in psbA mRNA species
composition and altered protein synthesis in PSII under anoxia, relative to media
equilibrated with air-levels of oxygen. Similar effects of low oxygen on the expression of
CCM-related genes and proteins are certainly feasible.
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