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ABREVIATIONS  

 

Absmax    Absorbance maximum  

Chl    Chlorophyll 

CP43 and CP47  Photosystem II antenna chlorophyll-protein subunits 

Cyt b6f    Cytochrome b6f complex 

D1 and D2   Photosystem II core complex protein subunits 

DCMU   3-(3,4-dichlorophenyl)-1,1-dimethylurea 

Fo Fluorescence yield of open PSII RCs in dark-adapted state 

Fm Maximum fluorescence yield of closed PSII RCs in dark-

adapted state  

Fv Maximum fluorescence change in dark-adapted state (Fm-Fo) 

iD1 Intermediate form of D1 protein subunit after removal of part 

of the C-terminal extension 

HPLC    High performance liquid chromatography  

LAHG    Light-activated heterotrophic growth 

NPQ    Non-photochemical quenching  

OD    Optical density 

OEC    Oxygen-evolving complex 

PBS    Phycobilisome 

pD1 Precursor form of D1 protein subunit with complete C-terminal 

extension 

PG    Phosphatidylglycerol 

pgsA The mutant deficient in phosphatidylglycerol (PG) synthesis 

Pm    Maximum P700 signal in dark-adapted state 

Po    Minimum P700 signal in dark-adapted state 

PsaA and PsaB  Photosystem I core complex protein subunits 

P680 Primary electron donor of PSII reaction center 

P700 Primary electron donor of PSI reaction center 

RC47  Intermediate PSII complex lacking inner antennae  

CP43 protein subunit 

RCC(1) and RCC(2)  Monomeric and dimeric PSII complexes, respectively 

PSI(1) and PSI(3)  Monomeric and trimeric PSI complexes, respectively 
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RC    Reaction center 

RCa Intermediate PSII complex containing D1 (or iD1), D2 and 

Cyt b-559 but lacking CP47 and CP43 

ROS    Reactive oxygen species 

2D-BN/SDS-PAGE Two-dimensional blue native/sodium dodecyl sulfate 

polyacrylamide gel electrophoresis  

ȹcrtH The mutant deficient in cis- to trans- carotene isomerase 

encoded by crtH gene in Synechocystis 

ȹcrtH/B The mutant deficient in the phytoene synthase encoded by crtB 

gene 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide_gel
http://en.wikipedia.org/wiki/Electrophoresis
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0.0 PROLOG 

 

Cyanobacteria are a fascinating and versatile group of bacteria of immense biological 

importance. In earth history cyanobacteria as nitrogen and carbon-fixing organisms have a 

special position and they play a significant role in Earthôs nitrogen and carbon cycles. 

Cyanobacteria are able to perform nitrogen and carbon fixation, which are often competing 

metabolic processes in the same cell. Moreover, their ancestors are the first oxygen-evolving 

organisms, which were responsible for the oxygen in the atmosphere due to their 

photosynthetic activity, which was invented 2.8 billion years ago. Cyanobacteria even 

nowadays contribute up to 30% of the yearly oxygen production on Earth. 

Carotenoids are ubiquitous compounds playing a role in a range of special processes. 

Thus, they are regarded as essential compounds for life mainly due to their various roles in 

photosynthesis. During the last couple of year interest in these pigments get into the focus of 

plant biology. Recently, various genes involved in carotenoid biosynthesis of several 

bacterial organisms have been indentified, which offers new opportunities for the genetic 

engineering of carotenoid synthesis in vivo. 

Complete genome sequences and the transformability of several cyanobacterial strains 

allow us to generate various mutants and study the importance of carotenoids in 

photosynthetic processes. We aimed to generate a carotenoid deficient mutant in order to 

understand the structural and functional roles of carotenoids in photosynthesis. 
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1.0 INTRODUCTION  

1.1 Photosynthesis 

 

Photosynthesis is a process by which the energy of sunlight is converted into chemical 

energy in higher plants, algae and cyanobacteria. Photosystem II (PSII), photosystem I (PSI), 

cytochrome b6f, (Cyt b6f), and ATP-synthase are the four major protein complexes embedded 

in the thylakoid membranes. Both PSI and PSII reaction centers (RCs), which carry out light-

driven electron transfer, are surrounded by light-harvesting antenna systems, which consist of 

protein-pigment complexes. Both photosystems are coupled functionally by a plastoquinone 

pool, the Cyt b6f complex, and plastocyanin or cytochrome c6 (Fig. 1). 

 

 

 

Figure 1: Major photosynthetic complexes of thylakoid membrane of cyanobacteria 

Major complexes (Photosystem II, cytochrome b6f, photosystem I and ATPsynthase) and 

light driven electron transfer chain across the membrane. The figure was adapted from Dr. 

Donald A. Bryant (1994) and modified by Dr. László Kovács. 
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1.1.1 Light Harvesting Antenna System 

  

Photosynthetic organisms have additional peripheral light harvesting antenna 

complexes containing different pigments, which are specifically associated with proteins in a 

unique structure of photosynthetic apparatus in order to overcome the light limited conditions 

by extending the spectral range of absorbance. The large protein antenna complexes of higher 

plants contain chlorophyll a (Chl a), chlorophyll b and xanthophyll pigments. Some marine 

organisms, such as diatoms and brown algae utilize xanthophylls, Chl a, and chlorophyll c 

within a single light harvesting antenna complex. Red algae and cyanobacteria have 

phycobilisomes. Although the various peripheral light-harvesting antennas differ significantly 

among the photosynthetic organisms, their common functions are to absorb light energy and 

to control dissipation of excess excitation energy under light stress, and to regulate energy 

flow between the two photosystems. 

 In cyanobacteria, there are specific light harvesting antenna complexes, 

phycobilisomes (PBSs), which consist of phycobiliproteins (Fig. 1). In the cyanobacterium 

Synechocystis sp. PCC 6803 (hereafter Synechocystis) there are two blue-pigmented 

phycobiliproteins: phycocyanin (Absmax 620 nm) and allophycocyanin (Absmax 650 nm). 

Some cyanobacteria also have phycoerythrin, a red-pigmented phycobiliprotein (Absmax 560 

nm). The PBSs contain core and rod substructures. Phycoerythrin and phycocyanin form the  

rods, which efficiently absorb and transfer excitation energy to the PBS core, which consist 

predominantly of allophycocyanin (Liu et al. 2005). The PBS core also contains terminal 

emitters (Absmax 683 nm), which tunnel light energy from the PBSs to the RCs. The exact 

interaction between the PBS and the photosystems is still under debate. It is known that a 

PBS can also be decoupled from the Photosystems, leading to long-lived excitation 

(Bittersmann and Vermaas 1991). PBS excitation energy distribution between the two 

photosystems is regulated, in order to optimize  photosynthetic performance (Mullineaux 

2008).  PBSs are also subject to carotene-triggered dissipation of absorbed energy as heat. 

The phenomenon is known as non-photochemical quenching (NPQ) in cyanobacteria 

(Rakhimberdieva et al. 2010) 
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1.1.2 Major  photosynthetic complexes in thylakoid membrane 

1.1.2.1 Photosystem II 

  

The PSII complex has been conserved among cyanobacteria, algae and higher plants. 

The X-ray crystallographic structure of the monomeric PSII complex from 

Thermosynechococcus elongatus (T. elongatus) consists of 17 intrinsic and 3 extrinsic protein 

subunits, 35 Chl a, 11 ɓ-carotene, 2 haem, and one non-haem iron molecules, two calcium 

ions, at least 25 integral lipids, 1-2 chloride ion(s), 3 plastoquinones and CaMn4 cluster 

(Ferreira et al. 2004, Loll et al. 2005, Guskov et al. 2009, Guskov et al. 2010).  

The membrane intrinsic part of monomeric PSII consists of the core complex protein 

subunits D1 and D2, each containing 5 transmembrane Ŭ-helices which bind Chl, pheophytin 

and plastoquinone co-factors (Rappaport and Diner 2008). In addition, there are intrinsic 

antenna protein subunits CP47 and CP43, each containing 6 transmembrane Ŭ-helices, which 

bind 26 Chl a and 9 ɓ-carotene molecules (Loll et al. 2005). These four large protein subunits 

are surrounded by 13 low-mass small protein subunits on the periphery of the PSII. 

Cytochrome b-559 (Cyt b-559) consists of two transmembrane Ŭ-helices; PsbE and PsbF 

represents two of those small protein subunits. Cyt b-559 is able to accumulate in the 

membrane in the absence of D1 and D2 (Komenda et al. 2004). It seems to act as a nucleation 

factor to initiate PSII assembly:  the formation of the  first Cyt b-559-D2 subcomplex (Fig. 2) 

(Komenda et al. 2004, Komenda et al. 2008). After the integration of D1 and PsbI, 

(Dobakova et al. 2007), an intermediate PSII complex, RCa is formed (Fig. 2) (Komenda et 

al. 2008). In the absence of CP47, CP43 is unable to attach stably to the subcomplex 

(Komenda et al. 2008), although in the absence of CP43, CP47 is able to attach to the 

subcomplex and forms the next intermediate PSII complex, RC47 (Fig 2) (Komenda et al. 

2004). RC47 is unable to oxidize water but is still able to drive oxidation of redox-active 

tyrosine, TyrZ, in D1. The subsequent attachment of CP43 allows the formation of 

monomeric PSII complex (RCC(1)) (Fig. 2), which is the starting point for the light-driven 

assembly of the CaMn4 cluster together with the attachment of the extrinsic protein subunits 

PsbO, PsbV and PsbU. They are located at the lumenal side of the core complex assembly 

and contribute to the stability of the CaMn4 cluster (Fig. 2) (Roose et al. 2007, Enami et al. 

2008). Finally two monomeric PSII complexes form a dimeric PSII complex (RCC(2)) (Fig. 

2). Both monomeric and dimeric PSII complexes can be formed in whole cells and isolated 
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thylakoid membranes of Synechocystis and T. elongatus with dimeric form being the more 

active form (Nowaczyk et al. 2006). 

 

 

 

 

Figure 2: Assembly of PSII complex in Synechocystis.  

The small protein subunits PsbE, PsbF, PsbH, PsbI and PsbK and the extrinsic protein 

subunits PsbO, PsbU and PsbV are designated by the upper case letter. Cytochrome b-559 

(cyt b-559) is composed of a heterodimer of PsbE and PsbF. Types of PSII complexes: RCa, 

intermediate PSII complex containing either mature D1, intermediate D1 (iD1), or precursor 

D1 (pD1) but lacking CP43 and CP47; RC47, intermediate PSII complex lacking CP43; 

RCC(1), monomeric PSII complex; RCC(2), dimeric PSII complex. For clarity, assembly of 

the cofactors and many of the small protein subunits is not included. The figure was adapted 

from Nixon et al. (2010). 

 

During biogenesis of PSII, D1, which is synthesized in most organisms as a precursor 

protein, pD1, with a C-terminal extension (16 amino acid extension), must be cleaved to 

allow the assembly of a functional CaMn4 cluster. During C-terminal extension processing, 

the intermediate of D1, designated iD1 can be found (8 amino acid extension), (Komenda et 

al. 2007). The iD1 is found mainly in PSII complexes in vivo (Komenda et al. 2004). C-

terminal extension is not required for assembly of the oxygen-evolving complex (OEC) of 

PSII  (Satoh and Yamamoto 2007). However, mutants either lacking the extension or 

containing modified C-terminal extension are in general much more susceptible to 

photoinhibition (Ivleva et al. 2000, Kuvikova et al. 2005).  



     

10 

 

 

Figure 3: Electron transport chain in PSII RC 

Major participants: P680, (dark green); pheophytin, (light green); QA, QB, and QC (grey); 

CaMn4 cluster (yellow) and tyrosine Z (red). The figure was created by the software 

Discovery Studio Visualizer (DSV) (http://accelrys.com/products/discovery-

studio/visualization) and the PDB file 3BZ1 (Guskov et al. 2009). 

 

 

Light energy captured by the light harvesting antenna complexes is transferred to PSII 

RC. In the RC, light-induced charge separation takes place leading to the oxidation of P680 

(P680
+
), which is a heterodimeric Chl a pair. The electron released from excited P680 

(P680*) travels along the redox-active cofactors of the electron transfer chain. Pheophytin is 

the first electron acceptor. Then two plastoquinone molecules QA and QB receive electrons 

from pheophytin. The tightly bound QA acts as electron transmitter and the mobile QB is the 

substrate of the quinone reductase part of PSII complex (Fig. 3). An additional plastoquinone 

molecule (QC) with unresolved function has been located next to the QB binding site. After 

two charge separation events, the doubly reduced QB (QB
2-

) binds two protons from the 

stromal side of the membrane yielding a fully reduced plastohydroquinone, PQH2. 

P680
+
 has an exceptionally strong oxidizing power and is able to abstract electrons 

via redox active tyrosine Z from the OEC, a heteronuclear CaMn4 cluster located at the 

lumenal side of PSII (Fig. 3). After the accumulation of four positive charges, water is 

oxidized to molecular oxygen. The oxidation of two water molecules in PSII results in the 

http://accelrys.com/products/discovery-studio/visualization
http://accelrys.com/products/discovery-studio/visualization
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release of four protons in the lumen. This contributes to the formation of the electrochemical 

gradient that drives ATP synthesis.  

1.1.2.2 Cytochrome b6f 

 

The Cyt b6f complex, which is another large membrane-bound protein complex, lies 

between PSII and PSI complexes in the thylakoid membrane. In general the native dimeric 

form consist of eight protein subunits and several cofactors legated to the proteins (Kurisu et 

al. 2003). Four of these are considered the large protein subunits and include Cyt f, the Rieske 

iron-sulfur protein, Cyt b6, and subunit IV. 

Electrons are transferred through mobile plastoquinone (PQH2) molecules from PSII 

to the Cyt b6f complex. Cyt b6f donates the electrons to one of the lumenal electron carrier 

proteins, plastocyanin, (or in some cases to Cyt c6), which carries the electron, to PSI. 

Further, the reoxidation of two PQH2 by Cyt b6f also results in the release of an additional 

four protons in the lumen, thereby contributing to the formation of the electrochemical 

gradient that drives ATP synthesis.  

1.1.2.3 Photosystem I 

 

X-ray crystal structure of the monomeric PSI complex from T. elongatus exhibits 12 

protein subunits which are bound to 127 cofactors performing light capturing and electron 

transfer (Jordan et al. 2001, Fromme et al. 2001, Grotjohann and Fromme 2005, El-

Mohsnawy et al. 2010). These cofactors include 96 Chl a and 22 carotenoids, two 

phylloquinones, three iron-sulfur cluster and four lipid molecules. The central part of the core 

complex is formed by the heterodimer of the two large protein subunits PsaA and PsaB, 

comprising 22 transmembrane helices, located in the center of the monomeric PSI complex. 

They coordinate most of the Chl a, carotenoids and the redox cofactors of electron transport 

(Amunts and Nelson 2009).  PSI exists in vivo in monomeric and trimeric forms. The 

trimeric PSI is the most abundant in the thylakoid membrane of T. elongatus and the 

formation of trimeric form is essential for the growth of the cells at low light intensity  

(Grotjohann and Fromme 2005). Trimeric PSI form also plays an important role in the 

assembly and structural integrity of PSI (Grotjohann and Fromme 2005). Interaction of 

antenna Chl a of the monomeric forms within the trimeric form leads to a larger amount of 

long-wavelength Chl a, resulting in a higher photochemical activity of the trimeric form 

under red or far-red illumination. The dynamic equilibrium between monomeric and trimeric 
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forms in the thylakoid membrane may indicate a transient monomeric population in the 

course of biogenesis and could also be the basis for short-term adaptation of the cell to 

changing environmental conditions (El-Mohsnawy et al. 2010). 

PSI catalyzes the light driven electron transfer from plastocyanin, which is located on 

the lumenal side of the thylakoid membrane, to ferredoxin, which is located on the stromal 

side of the membrane. In some cyanobacteria and green algae, Cyt c6 can replace 

plastocyanin as an electron donor to PSI. Excitation energy captured by antenna pigments is 

funneled to P700, a heterodimer of Chl a pair in PSI RC where the charge separation takes 

place. The electron is transferred from P700 stepwise to A and A0 (Chl a molecules), A1 (a 

phylloquinone molecule) and from there subsequently to the iron-sulfur clusters, FX, FA and 

FB. The latter mediates electron transfer to ferredoxin, which act as soluble electron carrier. 

Ferredoxin transfers the electron to the ferredoxin NADP
+
-reductase enzyme (FNR), which 

then finally reduces NADP
+
 to NADPH (Fig. 4). To complete the cycle, P700

+
 is re-reduced. 

 

 

 

 

 

Figure 4: Electron transport chain in PSI RC. 

Major participants: P700, grey; A and A0, red and green, respectively; A1, pale green; FX, FA 

and FB (magenta). The figure was created by the software DSV and the PDB file 1JB0 

(Jordan et al. 2001).  
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1.2 Carotenoids 

 

Carotenoids represent the most fascinating, abundant and widely distributed classes of 

natural pigments. From photosynthetic organisms to anoxygenic bacteria through 

cyanobacteria, algae and higher plants (Frank and Cogdell 1996), as well as numerous non-

photosynthetic bacteria and fungi (Goodwin 1980) produce carotenoid pigments. Until now, 

more than 700 naturally-occurring carotenoid pigments have been identified (Britton et al. 

2004).  

 

1.2.1 Chemical structure and some physiological properties of carotenoids 

 

Their structures are consistent with the assumption that they are produced by joining 

together isoprene units, usually in a "head to tail" fashion. Isoprene is the common name for 

2-methyl-1,3-butadiene. Most naturally occurring carotenoid pigments are tetraterpens (eight 

isoprene units) (Fig. 5). A very important property of carotenoids, both from spectroscopic 

and structural points of view, is the presence of double bonds in conjugated system which 

forms the chromophore responsible for the molecule color. A conjugated double bond system 

of a polyene longer than nine is responsible for the pigment properties of carotenoids (Fig. 5)   

(Gruszecki and Strzalka 2005). The conjugated double bond system constitutes a rigid, rod-

like skeleton of carotenoid molecules. This feature seems to play a key role in the 

stabilization function of carotenoids, both with respect to lipid membranes and proteins. 
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Figure 5: Chemical formulas of serial carotenoid pigments                                               

All -trans- ɓ-carotene, zeaxanthin, lutein, violaxanthin and 9-cis- violaxanthin 

Carotenoids are classified in two subgroups, carotenes and xanthophylls. Carotenes are pure 

hydrocarbons with cyclic ionone rings at one or at two sides. ɓ-carotene which is responsible 

for the orange color in plants and animals is the most known carotene (Fig. 5). In several 

cases, the cyclic ionone rings at one or at both sides are complemented with oxygen 

functional groups such as hydroxy, keto or epoxy (Fig. 5). These oxygenated carotene 

derivatives are called xanthophylls. Since carotenes are hydrocarbons without any polar 

group, they are fat-soluble and extremely hydrophobic, non-polar molecules. In contrast to 

xanthophylls, which contain polar groups, carotenes are hardly soluble in water. Thus, 

carotenes are expected to be restricted to hydrophobic region in the cell, such as the inner 

core of membranes, except in association with a protein, which allows them to access the 

aqueous phase. Obviously, polar functional groups alter the polarity of carotenoids and affect 

their interactions with other molecules (Britton 1995a). 

In general, carotenoids may exist as different stereoscopic isomers. Each double bond 

can exist in trans- or cis- configuration (Goodwin 1980). In nature carotenoids exist primarily 

in the thermodynamically more stable all-trans- configuration rather than in cis- 

configuration. It has been well-documented that polar carotenoids, in the all-trans- 

configuration, are linear, rigid molecules and they are effective modulators of the fluidity of 

http://en.wikipedia.org/wiki/Xanthophyll
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natural and model lipid membranes (Gruszecki and Strzalka 2005). The cis-isomers, 

however, are not simple linear molecules. Their overall shape differs substantially from that 

of the all-trans form, so their ability to fit into subcellular structures is greatly altered. The 

tendency of cis-isomers to crystallize or aggregate is usually much less; therefore cis-isomers 

may be more readily solubilized, absorbed, and transported than their all-trans- counterparts 

(Widomska et al. 2009). Minor cis-isomers can be regarded as products of chemical, thermal 

and photo isomerization (Molnar and Szabolcs 1993, Masamoto et al. 2004). 

1.2.2 Functional roles of carotenoids in photosynthesis 

1.2.2.1 Light harvesting 

 

In photosynthesis, carotenoids act as accessory antenna pigments by absorbing light 

energy in the blue-green region of the solar spectrum (approximately between 400-550 nm). 

Absorption of UV radiation by a carotenoid molecule excites it from a vibrational level in the 

electronic ground state (S0) to vibrational levels in the excited singlet state (
1
Car*) (all 

electrons in the molecule are spin-paired), (1). Classically, carotenoid photophysics has been 

interpreted in terms of two low-lying excited singlet states, called S2 and S1 (Frank and 

Cogdell 1996). Due to the selection rules, the one photon allowed
 
transition from the ground 

state goes to S2. Then S2 internally is converted to S1 by dissipating the excess energy as heat 

(Kandori et al. 1994). Then the decay from S1 to S0 occurs. Carotenoids can donate  energy 

from their both lowest singlet excited states S1 and S2 to the neighboring Chl and excite it to 

the level of the singlet excited state (
1
Chl*), the so called singlet-singlet energy transfer (2). 

The overall efficiency of this energy transfer varies from organism to organism. Singlet-

singlet
 
energy transfer which depends on the antenna complex involved, is either from S2 to 

the Chl  Qx singlet excited state or from
 
S1 to the Chl Qy singlet excited state (Ritz et al. 

2000); in some complexes,
 
both pathways are active (Macpherson et al. 2001). 

 Carotenoids orient nearby Chl in precise configurations that are designed for optimal 

singlet energy capture and efficient migration of excitation energy with minimal energy 

losses (van Amerongen and van Grondelle 2001). The Chl subsequently transfers the 

excitation energy to the RC where it is used to induce a charge separation (3). 

The above mechanisms involved in light-harvesting are briefly shown as follows: 
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Carotenoid+hvŸ
1
Carotenoid*        (1) 

 

Singletïsinglet energy transfer: 

 

1
Carotenoid*Ÿ

1
Chl*          (2) 

 

Then, 

 

1
Chl* Ÿ 

1
P680* Ÿ P680

+
/Pheo

-        
(3) 

 

1.2.2.2 Photoprotection 

 

Under excess light conditions carotenoids quench singlet excited state Chl (Horton et 

al. 1996). The effect of excess light on a photosynthetic organism can be extremely harmful. 

In fact, the absorption of excess light required for maximum CO2 fixation will lead to the 

formation of a rather long lifetime triplet excited state Chl (
3
Chl*) (one set of electron spins is 

unpaired)
 
(1) which can react with molecular oxygen and can produce excited singlet oxygen 

(
1
O2*)  (5), a very reactive oxygen species (ROS) formed mainly in PSII RC (Knox and 

Dodge 1985). The photooxidative damage may result in oxidation of lipids (Havaux et al. 

1996), proteins and pigments (Formaggio et al. 2001), which can lead to photoinhibition of 

the photosynthetic machinery and to photobleaching. At this point, carotenoids can act in two 

ways: either by quenching the triplet excited state of Chl (2) (Schodel et al. 1999) or by 

directly scavenging the singlet excited state oxygen, which can induce interaction of triplet 

excited state of Chl with molecular oxygen (3), (Farmilo and Wilkinson 1973). This capacity 

relies on the photoprotection property of the carotenoid triplet state (
3
Carotenoid*), whose 

energy is sufficiently low to effectively quench triplet state Chl and singlet state oxygen 

(Polivka and Sundstrom 2004).  

In PSII RC, ɓ-carotenes are not in close contact with P680, hence they cannot quench 

triplet excited state of P680 (
3
P680*) by triplet-triplet transfer instead scavenge the singlet 

excited state oxygen, which is formed by the interaction of the triplet excited state of P680 

with molecular oxygen. In both cases triplet excited carotenoids are formed and then relax to 

their ground state by heat dissipation (4). For an efficient triplet-triplet transfer between Chl 
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and carotenoid both molecules must be positioned in close contact with each other (Cogdell 

and Frank 1987), which is maintained by the proteins, via coordinating pigments.  

The above-mentioned mechanisms involved in carotenoid protection are briefly 

summarized as follows: 

 Chl+hvŸ
1
Chl*Ÿ

3
Chl*         (1) 

Triplet-triplet energy transfer: 

3
Chl*+CarotenoidŸChl+ 

3
Carotenoid*        (2) 

Or, 

 
1
O2*+CarotenoidŸ

3
Carotenoid*         (3) 

Then, 

3
Carotenoid*Ÿ Carotenoid + heat Ÿ photoprotection    (4)  

 Otherwise, 

3
Chl* + O2 Ÿ 

1
O2*  + Chl   photoinhibition    (5)  

1.2.2.3 Membrane structure organization 

 

Several recent studies indicate that protection of biomembranes against oxidative 

damage can be also rendered via modification of the physical properties of the lipid phase of 

the membranes. The hydrophobic core of biomembranes composed of polyunsaturated fatty 

acids is a potential target of ROS which may directly lead to membrane degradation. The 

protection against ROS is one of the main biological functions of carotenoids. A direct effect 

of carotenoid pigments particularly on structural and dynamic properties of lipid membrane is 

a significant decrease in the lipid-membrane susceptibility to oxidative degradation (Cogdell 

and Frank 1987, Gruszecki and Strzalka 2005). The effect of carotenoids on the modulation 

of physical properties of lipid membranes is the result of the carotenoid-lipid interactions 

therefore highly depends on the physiological properties of the lipids composing the 

membrane and embedded carotenoids. The presence of hydroxyl groups which are anchored 

at the opposite sides of lipid bilayers in the carotenoid molecule seems to significantly affect 
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the membrane properties by modulating membrane fluidity and forming penetration barrier of 

small molecules, including oxygen (Berglund et al. 1999). 

1.3 Model Organism: Cyanobacterium Synechocystis sp.  PCC 6803 

 

Cyanobacteria are remarkably resistant organisms that inhabited almost all  

environments where light is available, ranging from freshwater, marine and terrestrial 

environments to extreme environments such as hot springs, deserts and Antarctica. 

They are regarded as the origin of plant chloroplasts originated by endosymbiosis due 

to their ability to perform the oxygen-evolving photosynthesis, a characteristic of 

photosynthetic eukaryotes. Cyanobacteria were formerly named as blue-green algae based on 

the provisions of the Botanical Code, but they are in fact prokaryotes, lacking internal 

organelles, and having cell wall (Rippka et al. 1979). 

Cyanobacteria are amenable to genetic manipulation. Some strains are naturally 

transformable. The transformability of cyanobacteria is determinant in the development of the 

molecular biology of these organisms. Genomes of the most popular cyanobacteria have been 

analyzed extensively and complete genome sequencing data for various strains are now 

available. Their unique photosynthetic abilities combined with their usefulness as 

experimental model organisms have made cyanobacteria popular photosynthetic subjects for 

genetic and physiological studies. 

Synechocystis is one of the most highly studied cyanobacteria which can grow both in 

photoautotrophic and heterotrophic conditions in the absence of light. Complete genomic 

sequences have been obtained for the Synechocystis by Dr. Satoshi Tabata and coworkers 

(Nakamura et al. 1996). It is transformable at high efficiency and integrates DNA by 

homologous double recombination. The photosynthetic apparatus is very similar to that found 

in higher plants. 

1.4 Biosynthetic pathway of carotenoids in Synechocystis 

 

Farnesyl pyrophosphate (C15) (FPP) is synthesized from three isopentenyl 

pyrophosphates (IPPs) by IPP isomerase. Then one IPP (C5-isoprenoid units) is added to 

farnesyl pyrophosphate by geranylgeranyl pyrophosphate synthase (CrtE) to yield 

geranylgeranyl pyrophosphate (C20) (GGPP). During a condensation of the two C20 

compounds, the first carotene of 15-cis-phytoene (C40) is formed by phytoene synthase 

(CrtB). Geranylgeranyl pyrophosphate synthase (CrtE) and phytoene synthase (CrtB) 

http://en.wikipedia.org/wiki/Cyanobacteria
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(Martinez-Ferez et al. 1994)  are the first enzymes of carotenoid biosynthesis in 

Synechocystis (Fig. 6). The subsequent conversion of phytoene to ɓ-carotene requires 

desaturases and cyclases steps. Phytoene desaturase (CrtP), (Martinez-Ferez and Vioque 

1992) converts 15-cis-phytoene to cis- -carotenes via 15-cis-phytofluene, -carotene 

desaturase (CrtQ), (Bautista et al. 2005a) converts  all-trans- -carotenes to cis-lycopene via 

cis-neurosporene) (Fig. 6). Cis-to-trans carotene isomerase (CrtH) or light (Masamoto et al. 

2001) converts cis-carotenes to all-trans-lycopene (Fig. 6).  

All trans-lycopenes are cyclized to ɓ-carotene via ɔ-carotene. There are two possible 

branching points in the synthesis of ɓ-carotene and its derivatives, and myxoxanthophyll.  

One is at lycopene, where two lycopene cyclases may be present: lycopene ɓ-cyclase, which 

produces ɓ-carotene, and lycopene monocyclase, which produces only ɔ-carotene for 

myxoxanthophyll. The other possible branching point is at ɔ-carotene: lycopene cyclase 

produces ɓ-carotene via ɔ-carotene, which is also used for myxoxanthophyll synthesis. In any 

case, the branching points are still unknown (Takaichi and Mochimaru 2007). ɓ-carotene is 

further modified by the enzymes such as ɓ-carotene ketolase (CrtO) (Fernandez Gonzalez et 

al. 1997) and ɓ-carotene hydroxylase (CrtR) (Lagarde and Vermaas 1999). CrtO catalyzes ɓ-

carotene to echinenone (Fernandez Gonzalez et al. 1997). CrtR catalyzes ɓ-carotene to 

zeaxanthin via ɓ-cryptoxanthin, and echinenone to 3-hydroxyechinenone and deoxymyxol 2-

dimethyl-fucoside to myxoxanthophyll (Masamoto et al. 1998, Lagarde and Vermaas 1999, 

Takaichi et al. 2001). 
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Figure 6: The pathway of carotenoid biosynthesis in Synechocystis  
General carotenoid biosynthesis pathway together with accumulated end-products: ɓ-

carotene, zeaxanthin, echinenone, 3ôhydoxyechonenone and myxoxanthophyll. Blue line 

indicates the inactivation of crtB gene. On the right side: A putative carotenogenesis pathway 

from 15-cis-phytoene to all-trans-lycopene. Red line indicates the inactivation of crtH gene.  
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1.5 Localization of carotenoids in photosynthetic complexes 

1.5.1 Localization of ɓ-carotene molecules in photosystem II  

 

 Twelve carotenoids were found in monomeric PSII complex of T. elongates by X-

ray crystallographic analysis (Guskov et al. 2009) All  carotenoid molecules were identified as 

ɓ-carotene in all-trans-configuration (Loll et al. 2005, Guskov et al. 2009). Recently, the 

absorption spectroscopy of redissolved crystals confirmed 11 ɓ-carotene molecules (Guskov 

et al. 2010), the missing one ɓ-carotene in the structure of the monomeric PSII is located 

actually at the monomer-monomer interface in dimeric PSII and therefore may detach due to 

its exposed localization in the monomer (Guskov et al. 2010). The best characterized ɓ-

carotene molecule is in the monomeric PSII which is close D2 and Cyt b-559 (Guskov et al. 

2010). The almost identical structure of monomeric and dimeric PSII is also reflected by the 

location of the tetrapyrrole cofactors and the non-heme iron. In agreement with this finding, 

the presence of 11 ɓ-carotene at positions expected from dimeric PSII could also be 

confirmed in monomeric form (Guskov et al. 2010). As five of all ɓ-carotene molecules in 

the dimeric PSII are located at the monomer-monomer interface it is remarkable that only one 

of these five molecules is missing in the monomeric form (Fig. 7). This ɓ-carotene is found in 

a bridging position across the monomer-monomer interface (Fig. 7), (Guskov et al. 2010). 

 

Figure 7: Stromal side view of ɓ-carotene molecule localization on the monomer-

monomer interface   

Red frame emphasizes 5 ɓ-carotene molecules (orange) located on the monomer-monomer 

interface. The figure was created by the software DSV and the PDB files 3BZ1 and 3BZ2 

(Guskov et al. 2009) 



     

22 

 

 

Only two ɓ-carotenes are structurally related to the D1 and D2 protein subunits, five 

are associated with CP47 and four with CP43 (Fig. 8). Most of the ɓ-carotene molecules 

associated with CP47 are clustered at the monomer-monomer interface between CP47 of one 

monomer and D1 and PsbT of the other monomer. A number of ɓ-carotene molecules at the 

outside of the dimeric PSII core complex is nestled between transmembrane helices of the 

large and small membrane intrinsic protein subunits, so that PsbF, PsbH, PsbJ, PsbK and 

PsbZ are apparently involved in carotenoid binding (Fig. 8) (Muh et al. 2008).  

Three Chl a in CP47 and two Chl a in CP43 are in close contact with carotenoids. 

Thus, an efficient quenching of excited triplet states become possible (Muh et al. 2008). Five 

carotenoid molecules are in close contact with each other and are possibly coupled for fast 

electron and/or exciton transfer (Guskov 2009). 

 

Figure 8: Stromal side view of ɓ-carotene and membrane-intrinsic protein subunits 

localization in the monomeric PSII complex.  

Orange, ɓ-carotene; red, D1; navy, D2; light green CP47; dark green, CP43; purple, PsbH; 

light blue, PsbF; magenta, PsbE, orange, PsbT; dark red, PsbJ; black, PsbK; dark blue, PsbZ; 

violet, PsbI; grey, PsbM. The figure was created by the software DSV and the PDB file 3BZ1 

(Guskov et al. 2009).  
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1.5.2 Localization of a ɓ-carotene molecule in cytochrome b6f 

 

 The crystallographic structure of the Cyt b6f complex from the filamentous 

cyanobacterium Mastigocladus laminosus, Nostoc sp. PCC 7120 exhibited stoichiometrically 

bound Chl a and ɓ-carotene at a ratio of approximately one molecule of each per Cyt f 

(Baniulis et al. 2009). A 9-cis-ɓ-carotene molecule which is in agreement with Raman spectra 

results is inserted near the center of the transmembrane region between the PetL and PetM 

helices, in contact with the PetB, PetE, and PetG helices (Kurisu et al. 2003).  It is oriented 

obliquely to the membrane plane and Chl a. It is too far from Chl a for effective quenching of 

the excited triplet state Chl a (Cramer et al. 2006). 

 

1.5.3 Localization of ɓ-carotene molecules in photosystem I  

 

Twenty two carotenoids have been identified in the structure of monomeric PSI from 

T. elongatus (Jordan et al. 2001, Fromme et al. 2001, Grotjohann and Fromme 2005) (Fig. 9). 

They were modelled as ɓ-carotene (Jordan et al. 2001) which has been previously shown as 

the dominant carotenoid in PSI (Palsson et al. 1998). Seventeen carotenoid molecules showed 

the all-trans configuration, 2 are 9-cis, and 3 contain one of 9, 9ô-cis 9, 13ô-cis and 13-cis 

bonds. The óýt-into-spaceô consideration would be the easiest explanation for the 

incorporation of the cis-carotenoids. Other options may include the possibilities that there 

may be a different efficiency for quenching for the cis- and trans-carotenoids, due to the 

higher energy level for the cis- compared to the trans- carotenoids (Grotjohann and Fromme 

2005). 

According to crystallographic structure of T. elongatus (Jordan et al. 2001, 

Grotjohann and Fromme 2005), six carotenoid clusters are present in PSI. Four of six clusters 

are associated with PsaA and PsaB, and contain three, three, two and two carotenoids, 

respectively. Cluster five contains six carotenoid molecules and interacts with PsaA, PsaB, 

PsaF and PsaJ and is located peripherally, on the outside of the complex. Cluster six contains 

also six carotenoids and is near a trimeric axis and participates in hydrophobic contacts with 

PsaA, PsaB, PsaI, PsaL and PsaM. 
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Figure 9: Lumenal side view of the ɓ-carotene molecules localization in the monomeric 

PSI complex 

Orange, ɓ-carotene; red, PsaA; blue, PsaB; light blue, PsaL; magenta, PsaI, yellow, PsaM and 

dark green, chlorophyll a pigments. The figure was created by the software DSV and the 

PDB file 1JB0 (Jordan et al. 2001). 

 

 The majority of the carotenoids are deeply inserted into the hydrophobic region of 

membrane, and only a few of the head groups located closer to the stromal or luminal side. In 

PSI, all carotenoids are in direct vicinity to Chl a head groups and they are in van der Waals 

contacts with them. More than 60 of the 96 Chl a are in close contact with carotenoids, 

thereby facilitating efficient triplet quenching and energy transfer (Fromme et al. 2001). 

1.6 Phosphatidylglycerol in photosynthesis 

 

. Lipid-protein and lipid-pigment interactions play an important role in the regulation 

of pigment-protein complexes embedded in thylakoid membrane (Gruszecki and Strzalka 

2005). Thylakoid membrane of cyanobacteria possesses a characteristic membrane lipid 

composition that consists of glycolipids and phospholipid. In cyanobacteria and in the 

thylakoid membrane of higher plants, phosphatidylglycerol (PG) is the only phospholipid. 
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The recent X-ray crystallographic structure of T. elongatus showed that there are PG 

molecules in PSII complex localized between CP43 and D1 (Guskov et al. 2009) as well as in 

PSI (Jordan et al. 2001). 

   

1.7 Earlier studies on carotenoid mutants in cyanobacteria  

 

The major carotenoids in Synechocystis are ɓ-carotene; its hydroxyl derivative, 

zeaxanthin; its keto derivative, echinenone and 3ôhydroxyechinenone and the carotenoid 

glycoside, myxoxanthophyll (Britton et al. 2004, Takaichi and Mochimaru 2007) (Fig. 6). In 

the ȹcrtO mutant, absence of echinenone affected photosynthetic electron transport to only a 

small extent (Fernandez Gonzalez et al. 1997). In contrast, ȹcrtR lacking both zeaxanthin 

synthesis and myxoxanthophyll accumulation resulted in strong photoinhibition of overall 

photosynthetic electron transport as well as the PSII activity under high light treatment 

(Schäfer et al. 2005). However, ȹcrtR showed that these two missing carotenoids are not 

required for the assembly of RCs (Steiger et al. 1999). In the double mutant ȹcrtRO (Schäfer 

et al. 2005) the effect was additive. The oxygen-evolving activity and maximum quantum 

yield of PSII dramatically dropped under high-light treatment. Moreover, the remaining ɓ-

carotene and modified myxoxanthophyll are not able to protect the photosynthetic machinery. 

ȹcrtH, cis- to trans-isomerase mutant (Masamoto et al. 2001), under light-activated 

heterotrophic growth (LAHG) conditions (described in materials and methods), produced 

primarily cis-lycopenes and small amounts of all-trans carotenes, which are intermediate 

carotenes for all-trans lycopene synthesis, but no xanthophylls. Under light conditions, 

however, this mutant produced all carotenoids which are typical for wild-type strain 

(Masamoto et al. 2001). ȹcrtH can accumulate ɓ-carotene under light conditions. However, 

the mutant cells grown under LAHG condition did not contain detectable levels of either ɓ-

carotene or D1 protein subunit and there were no oxygen-evolving activity of PSII observed. 

ɓ-carotene and D1 protein subunit appeared and a high level of PSII activity was detected 

after the cells were transferred to continuous light condition. The PSI activity of ȹcrtH cells 

were almost the same as those of WT cells, both before and after transfer to continuous light. 

These results suggest that ɓ-carotene is required for the assembly of PSII but not for that of 

PSI (Masamoto et al. 2004).  Moreover, genetic manipulation of the carotenoid synthesis 

suggested that PSII assembly requires the presence of a carotenoid with at least one ɓ-

ionylidene ring, which may play a structural role in early stages of assembly (Bautista et al. 

2005b).  
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Cyanobacteria are well protected against stress-mediated photooxidation. They 

possess a well-balanced antioxidative system to cope with photoinhibition. Due to their 

antioxidative properties, carotenoids are essential for the protection of the photosynthetic 

apparatus against different stress conditions. The substitutions of the ɓ-carotene molecule 

determine antioxidative properties (Britton 1995a). In general, hydroxy carotenoids 

efficiently scavenge peroxy radicals (Woodall et al. 1997b) whereas keto derivatives are 

more efficient in quenching of reactive singlet oxygen (Woodall et al. 1997a) and possess 

efficient stability against peroxy radicals and photooxidation (Steiger et al. 1999). In 

Synechocystis, genetically modified cells containing over-expressed zeaxanthin were more 

efficient in photoprotection than the WT (Schäfer et al. 2005). Similar results obtained on 

Synechococcus PCC 7942 also support the efficient antioxidant activity of zeaxanthin, since 

UV-B stress increased the level of zeaxanthin (Gotz et al. 1999). Under high-light treatment 

of T. elongatus, the level of zeaxanthin was the highest and level of myxol glycoside greatly 

increased while there were only minor alterations in the level of ɓ-carotene (Kilian et al. 

2007). Investigations on the photoprotective function of myxoxanthophyll in the 

cyanobacterium Plectonema boryanum cells exposed to UV radiation revealed a reduced 

efficiency of energy transfer to PSII RCs and an elevated level of myxoxanthophyll (Ivanov 

et al. 2000). Another stress factor that can generate elevated levels of carotenoids is low 

temperature stress. Low temperature stress increased the myxoxanthophyll content of 

Cylindrospermopsis raciborskii cells (Várkonyi et al. 2002). Carotenoids are known to affect 

the structure of photosynthetic membranes (Gruszecki and Strzalka 2005). Stress-induced 

carotenoid accumulation was observed in both thylakoid and cytoplasmic membranes 

(Masamoto and Furukawa 1997, Masamoto et al. 1999). 

Other photoprotective mechanism involves down-regulation of photosynthesis by 

increasing thermal dissipation of the energy absorbed by the PSII antenna. While this process 

has been well studied in plants, the equivalent process in cyanobacteria was only recently 

discovered (Kerfeld 2004, Wilson et al. 2006). The orange carotenoid protein (OCP) binding 

3ôhydroxyechinenone as well as echinenone (Punginelli et al. 2009) is the key inducer of this 

photoprotective mechanism. Light causes structural changes within both carotenoids and the 

proteins, leading to the conversion of an orange inactive form into a red active form. The 

activated red form induces an increase of energy dissipation leading to a decrease in the 

fluorescence of the PBSs, the cyanobacterial antenna, and thus of the energy arriving to the 

RCs. The OCP, which senses light and triggers photoprotection, is a unique example of a 
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photoactive protein containing a carotenoid as the photoresponsive chromophore in 

cyanobacteria (Wilson et al. 2010). 

Studies on Synechocystis cells demonstrated that PG plays an important role in 

oxygen evolution (Hagio et al. 2000), in the formation of dimeric PSII (Sakurai et al. 2003), 

and in the formation of trimeric PSI (Domonkos et al. 2004). PG depletion resulted in a 

decrease of the Chl content and a suppression of electron transport from QA to QB, which may 

lead to over-reduction of QA and to the generation of QA
2-

 (Gombos et al. 2002, Laczkó-

Dobos et al. 2008) indicating the general slowdown of the photosynthetic processes. PG plays 

an essential role against low temperature stress (Murata et al. 1982, Murata 1983, Moon et al. 

1995) and high light stress (Vass et al. 1992).  

 

 



     

28 

 

2.0 AIMS  

 

Changes in global environment might lead to stress conditions in photosynthetic 

organisms and limit the efficiency of photosynthesis. Understanding photosynthesis and its 

protective mechanisms might lead to the development of plant, algae and cyanobacteria with 

improved growth characteristics even under stress conditions. Cyanobacteria, our model 

organisms, are regarded as an origin of the plant chloroplast; therefore they are excellent to 

study higher plant photosynthesis. Carotenoids are very important protective agents in 

photosynthesis due to their anti-oxidative properties against photooxidative damage. Their 

structural and functional features in protection mechanisms are not completely elucidated yet. 

Complete genome sequences and the transformability of several cyanobacterial strains allow 

us to generate various mutants and study the importance of carotenoids in photosynthetic 

processes. Therefore, the aims of my thesis are: 

 

I. To generate the first viable oxygenic photosynthetic prokaryotic in the 

cyanobacterium Synechocystis sp. PCC 6803, which is completely deficient in 

carotenoid synthesis in order to study, for the first time, in vivo: 

 

i.  The structural consequences of carotenoid deficiency on the assembly of the 

photosynthetic complexes 

 

ii.  The functional consequences of carotenoid deficiency on the activity of the 

photosynthetic reaction centers  

 

 

II.  Studying how carotenoids respond to stress conditions other that light stress; to this 

end PG depletion was induced in the Synechocystis sp. PCC 6803 pgsA strain. 
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3.0 MATERIALS AND METHODS  

3.1 Construction of Synechocystis ȹcrtH/B mutant  

 

In order to generate the carotenoid deficient mutant, partial carotenoid deficient ȹcrtH 

cells were used as a host strain due to their adaptation to partial carotenoid deficiency and 

LAHG conditions (check in 3.2) that could increase the probability of transformation. 

Restriction enzymes BglII and NotI were used to cut the cosmid clone cs0798 

(http://genome.kazusa.or.jp/cyanobase/Synechocystis/map/Chr/orf16) provided by S. Tabata. 

A 7.7 kb BglII fragment containing the phytoene synthase encoding crtB gene of 

Synechocystis was cloned into the BamHI site of pMPMA2 (Mayer 1995). A part of the crtB 

gene coding region was removed by ApaI-HindIII digestion and replaced with an omega 

cassette. Transformants were selected under LAHG conditions on BG11 agar plates 

supplemented with glucose and increasing amount of spectinomycin by several restreaking of 

single colonies. Complete segregation of ȹcrtH/B cells was confirmed by PCR using the 

primers crtBup (5ô-CGGTGCCCAACTTTTACCTA-3ô), and crtBdown (5ô-

TCACCTAAGGGGAAACATCG-3ô). 

3.2 Organisms, growth conditions and light treatment 

 

The mutant strains used in this study were derived from the glucose-tolerant strain of 

Synechocystis ȹcrtH, and ȹcrtH/B strains were grown at 30 
o
C in BG11 medium (Allen 

1968) supplemented with 5 mM HEPES buffer (pH 7.5) and 10 mM glucose under light-

activated heterotrophic growth (LAHG) conditions (Anderson and McIntosh 1991). In 

LAHG, the cells grown in the dark were supplied by white fluorescent lights for 10 min once 

a day at an intensity of 15 ɛmol photons m
ï2

 s
ï1

. For low-light treatment the cells were treated 

at 35 µmol m
-2

 s
-1

 (50 µmol photons m
-2

 s
-1 

only for protein analysis) and for high-light 

treatment the cells were treated at 500 µmol photons m
-2

 s
-1
.  Forty µg ml

-1
 kanamycin and 40 

µg ml
-1

 spectinomycin, and 20 µg ml
-1

 kanamycin were added to the medium of ȹcrtH/B and 

ȹcrtH cells, respectively. Cultures were aerated on a gyratory shaker at 100 rpm.  

Synechocystis pgsA mutant cells were grown photoautotrophically in BG11 medium 

(Allen 1968) supplemented with 5 mM HEPES-NaOH (pH 7.5), 20 ɛg ml
-1

 kanamycin and 

20 ɛM dioleoyl-PG (18:1/18:1 PG) (P-9664, Sigma, St Louis, MO, USA) at 30°C under 

continuous illumination at a light intensity of 30 ɛmol photons m
-2 

s
-1

. PG depletion was 

http://genome.kazusa.or.jp/cyanobase/Synechocystis/map/Chr/orf16
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achieved by washing the cells twice with PG-free medium and keeping them afterwards in 

PG-free medium. Cultures were aerated on a gyratory shaker at 100 rpm.  

3.3 Chlorophyll content analysis 

 

Chlorophyll content analysis for HPLC measurements ï Chl concentration was 

measured by absorbance at 665 nm, using a 90% methanol extract (Lichtenthaler 1987). 

Chlorophyll content analysis for protein measurements ï Sedimented cells or 

membranes were extracted with 100% methanol and the Chl content of the extract was 

calculated from the absorbances at 666 nm and 720 nm (Welburn and Lichtenthaler 1984). 

3.4 Carotenoid content analysis 

 

Synechocystis cells and subcellular fractions isolated from them were extracted with 

acetone:methanol (7:2 v/v) and centrifuged for 3 min at 4°C in a Sigma K-18 centrifuge 

(20,000×g). The supernatant fluid was evaporated under nitrogen gas and the extracted 

pigments were dissolved in HPLC-grade ethanol. 

Pigments were separated on a Prostar HPLC system (Varian, Miami, FL, USA), 

equipped with a photodiode array spectrophotometric detector Tidas I (World Precision 

Instruments, Sarasota, FL, USA) and a Nucleosil 100 C18 reversed phase column, 5 ɛm 

particle size (Technokroma, Barcelona, Spain), using the solvent system described by 

Lagarde and coworkers (Lagarde et al. 2000). Samples (100 ɛl) were filtered through a 

stainless steel filter (ű = 0.22 ɛm) and loaded on the column equilibrated with Solvent A 

(acetonitril:water:triethylamine, 9:1:0.01 by vol.). The column was eluted with Solvent B 

(ethyl acetate 100%), by a three-step gradient (0-40% B for 10 min, 40-60% B for 10 min, 

60-100% B for 3 min) followed by an isocratic hold (2 min) at 100% B. During separation, a 

constant flow rate of 1.5 ml min
-1 

was ensured. The absorption spectra of the eluates (380ï

800 nm) were recorded every 0.2 s. 

Carotenoid derivatives were identified on the basis of both their absorption spectra 

and their retention times. The relative content of each pigment was estimated by a 

comparison of peak areas on chromatograms recorded at 440 nm. The concentrations of 

carotenoid species and chlorophyll were calculated from BeerïLambert's law using their 

specific extinction coefficients at 440 nm (Mantoura and Llewellyn 1983)  and at 665 nm 

(Lichtenthaler 1987) (Only the echinenone was calculated at 460 nm (Britton 1995b)). Values 

are means ± SD from at least three individual experiments.  


















































































