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Preface 

 

Today approximately 6.5 billion people live on our planet and according to predictions the 

population will increase further within this century, possibly to 9 billion by the year 2050. 

Already now it is difficult to provide food for everybody and due to difficulties in food 

distribution millions of people suffer from starvation. In order to fight hunger and starvation 

we need to understand the basic processes of life. One of the most important processes of life 

is photosynthesis – the basis for most life on our planet. Plants, algae and photosynthetic 

bacteria fix carbon dioxide into complex organic molecules, thereby providing us, as well as 

all animals, with food. They also provide us with the oxygen we breathe, the ozone layer that 

protects us from dangerous UV-radiation, give us energy and have a great influence on the 

climate of this planet. The complex interactions from photosynthesis, global gas exchange and 

climate are not fully understood, yet. Understanding how plants work should therefore have 

top priority in our research focus. In a time where global climate changes become obvious 

even to the most ignorant, we need to understand the context of global influences from tiny 

bacteria to the whole global ecosystem. This is not possible by strictly researching one 

discipline, rather research networks and interdisciplinary research becomes necessary to 

achieve this.  

 

Photosynthesis is a complex process involving at least 100 proteins and several hundred 

cofactors. A dangerous side reaction of photosynthesis is the creation of reactive oxygen 

species during the light reactions of photosynthesis. These reactive oxygen species can 

damage proteins and lipids in the plant. In order to prevent the production of reactive oxygen 

species photosynthesis is tightly regulated. This regulation includes the dissipation of excess 

energy from the photosynthetic antenna system. By understanding this mechanism we get one 

step closer to engineer plants with enhanced performance, which could for example grow in 

environments usually alien to a species.  

 

Cars t en  Külh e im 
Carsten Külheim 

August 2005 
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Introduction 
 

Photosynthesis – an evolutionary view on the basis of life on earth 
Photosynthesis is the basis for almost all life on our planet. Through the process of 

photosynthesis, photosynthetic organisms are able to capture and transform the radiant energy 

present in sunlight into chemical energy via the creation of stable storage compounds such as 

organic molecules, carbohydrates, fatty acids and proteins.  These compounds in turn feed the 

planet’s heterotrophic organisms either directly or indirectly (serving as the food source for 

prey organisms later consumed at higher trophic levels). Today a multitude of photosynthetic 

organisms exist on earth, belonging to two different kingdoms, eubacteria and plants. The 

photosynthetic apparatus thus provides an excellent tool to evaluate evolution of 

photosynthetic organisms, and by extension, photosynthesis itself. Several methods exist to 

compare evolutionary relationships and due to the complexity of the photosynthetic process 

and the cellular structures that enable it, these comparisons can be applied from macro- to 

micro- scales.  For example, one can envision comparisons of (1) the whole photosystem 

structure, (2) the amino acid sequence of conserved proteins, (3) the set of pigments of a 

given organism, (4) the storage compound used to store the assimilated carbon, (5) the 

chloroplast envelope (due to several endosymbiontic events the number of envelope 

membranes varies between groups), and (6) the structure of the thylakoid membrane. 

 

1. The photosystem structure 

The photosynthetic reaction center probably evolved only once and due to evolutionary 

divergence two different types of photosystems exist today (Nitschke and Rutherford, 1991). 

Early in the evolution of photosynthesis, a single “proto-photosystem” diverged into two 

forms: one that had a FeS primary acceptor (type I photosystem) and one that had a quinone 

as a primary acceptor (type II photosystem). Photosynthetic bacteria today can be grouped 

accordingly, with Chloroflexaceae (green filamentous bacteria) and purple bacteria having the 

type II photosystem and Chlorobiaceae (green sulfur bacteria) and Heliobacteria having the 

type I photosystem. These four single-photosystem phylae cannot perform oxygenic 

photosynthesis. Instead they photosynthesize anoxygenically, with the purple and green sulfur 

bacteria using H2S at the electron donor, and Heliobacteria and purple non-sulfur bacteria 

using organic electron donors such as succinate or malate (Schubert et al., 1998). The last 

group of photosynthetic bacteria, the Cyanobacteria, have both photosystems (type I and II) 
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and use water as a primary electron donor.  Cyanobacteria therefore perform oxygenic 

photosynthesis because water splitting produces protons and molecular oxygen in addition to 

electrons. Cyanobacteria are believed to be the ancestors of the modern chloroplasts in higher 

plants and algae (Gray, 1989, 1999; McFadden, 1999). During an endosymbiotic event 

thought to have occurred 1,2 to 1,5 billion years ago (Dyall et al., 2004), a heterotrophic 

bacteria engulfed a cyanobacterium, and a symbiotic relationship between the cyanobacteria 

and the heterotrophic bacteria was established. 

 

2. Amino acid sequence comparisons 
Examination of the amino acid sequences of photosynthetic proteins across phylae reveals the 

evolution of an increasingly complex photosynthetic apparatus.  Amino acid sequence 

similarity suggests that the inner antenna proteins of higher plants photosystem II (PSII) 

(CP43 and CP47) evolved from the reaction center proteins (Barber et al., 2000). Many 

proteins can be grouped into protein families, one of which is the light-harvesting complex 

protein (LHC) family (Jansson, 1994). A database search done in 1999 by Jansson (Jansson, 

1999) identified 30 members of the LHC family in Arabidopsis. Today, 6 years later the 

number of genes in this family in Arabidopsis has changed little (Table 2, (Klimmek et al., 

submitted manuscript)), with one gene formerly classified as an LHC removed 

(ferrochelatase) and two new members added: Lil6 (Andersson et al., 2003b) and Lhcb7 

(Klimmek et al., submitted manuscript). A nomenclature change gave rise to Lhcb8 (formerly 

known as Lhcb4.3) after it became apparent that neither the amino acid sequence nor the 

expression pattern of this gene fit with its designated relative, Lhcb4 (Klimmek el al. 

submitted manuscript). Little is known about the divergence of this family in other species, 

but investigation of the two other published higher plant genomes (Rice (International rice 

genome project, 2005), poplar http://genome.jgi-psf.org/Poptr1/Poptr1.home.html) reveal that 

the family has slightly more members in poplar with 39 genes (Klimmek et al. submitted 

manuscript), and in rice, only 25 genes.  Most of the additional poplar LHCs are close 

relatives to those present in Arabidopsis. The lower number of genes encoding for members 

of the LHC family in rice is due to fewer copies of some genes (e.g. Lhcb1 and Lhcb2) 

compared to Arabidopsis or poplar  (Klimmek et al. submitted manuscript).  
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3. Photosynthetic pigmentation 
Photosynthetic bacteria and algae are commonly grouped by their pigmentation. Higher plants 

usually employ chlorophyll a (chla) as the primary photosynthetic pigment and use 

chlorophyll b (chlb), lutein (lut), β-carotene (β-car), violaxanthin (vio), antheraxanthin (anth), 

zeaxanthinas (zea) and neoxanthin (neo) as auxiliary pigments. Green algae and higher plants 

are grouped close together and one of the reasons for that is that their pigmentation is very 

similar. Together with the Prasinophyta and Euglenophyta the green algae and higher plants 

are collectively referred to as the Chlorophytes (reviewed by: Green and Durnford, 1996). In 

contrast, Chromophytes have Chla and Chlc, with only one exception (Eustigmatophyta, 

which have only Chla) and their auxiliary pigmentation is normally composed of one to three 

different carotenoids. The library of observed Chromophytic carotenoids includes 

fucoxanthin, zea, anth, diadinoxanthin, dinoxanthin, vaucheriaxanthin, heteroxanthin and 

alloxanthin (Green and Durnford, 1996). Rhodophytes have only chla and employ the 

carotenoids lut, neo and zea. The Dinoflagellates can be divided into two subgroups, one that 

has chla and chlc, and the other that has chla only. Both dinoflagellate subgroups use the 

carotenoid peridinin (Table 1). Cyanobacteria also employ chla as their primary 

photosynthetic pigment, but increase their light harvesting capacity using the carotenoid-free 

phycobilisomes, which bind several different phycobilins. The anoxygenic photosynthetic 

bacteria use Bchla, Bchlb, Bchlc, Bchld, Bchle, and Bchlg, as well as a few carotenoids (eg 

neurosperene or spirilloxanthin) (Table 1). 

 

4. Photosynthetic storage compounds 
Most photosynthetic organisms store the energy absorbed from the sun in chemical form in 

compounds that can release the energy later when needed. The most common such storage 

compound is starch, a β-1,4-glucan, though some higher plants also store their energy in the 

form of fructans, polymers made of fructose molecules. Many algae also store the solar 

energy in the form of starch, but algae are also known to use storage molecules such as 

chrysolaminarin, laminarin, chrysolaminarin, crysomanitol and florideenstarch (Rhodophytes 

only) (Table 1). 

 

5. Chloroplast envelopes 
It is widely believed that the origin of the chloroplast was an endosymbiosis event: a 

eukaryotic organism engulfed a cyanobacteria-like organism (Gray, 1989), resulting in a 
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“close relationship”. Over time, lateral gene transfer led to the eukaryote host receiving most 

of the cyanobacterial genes into its genome, allowing the host eukaryote to highly control the 

expression of genes in both the chloroplast and nucleus (Millen et al., 2001). According to 

this model of chloroplast evolution, we expect to find two different envelope membranes, one, 

the outer, originating from the host eukaryote and the other, inner, originating from the 

prokaryotic endosymbiont plasma membrane. This is currently the situation in green algae, 

red algae and all higher plants. By comparing the lipid composition of the two different 

membranes we can find a high 

similarity between the inner 

chloroplast envelope and the 

cyanobacterial plasma membrane, the 

outer envelope is similar to the 

eukaryote membranes. Secondary 

endosymbiosis led to organisms with 

four chloroplast membranes, such as 

the chromophytes. The four envelope 

membranes from the inside to the 

outside are: 1. old chloroplast inner 

envelope (prokaryote); 2. old 

chloroplast outer envelope 

(eukaryote); 3. plasma membrane of 

the eukaryotic symbiont; 4. 

phagocytotic membrance from the 

eukaryotic host. It is not certain, 

whether there was one or several 

secondary endosmbiosis events leading to the different Chromophyte taxa. Several taxa 

subsequently lost one envelope membrane: Dinoflagellates went from 4 to 3 chloroplast 

membranes, the Glaucophytes went from 2 membranes to 1. Interestingly, some taxa still 

contain a second nucleus called the nucleomorph between their chloroplastic membranes, 

indicating a rather recent secondary endosymbiotic event and incomplete gene transfer from 

the endosymbiont to the host genome (for example: Durnford et al., 1999). Examples for these 

interesting groups are the Cryptomonads and the Chlorarachniophytes.  

Figure 1: Relation of photosynthetic organisms. A simplified 
tree is shown, giving the relationships between organisms, 
which are photosynthetic active. The relations were determined 
by analysis of photosystem structure, amino acid sequence 
comparison, pigmentation, storage compounds, chloroplast 
envelopes and thylakoid structure. 
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6. Thylakoid membrane structure 
The structure of the membrane that contains the photosynthetic apparatus also differs between 

the different photosynthetic taxa. The simplest form that can be found is the chlorosome 

membrane of green sulfur bacteria, where antenna protein-containing vesicles sit on the 

cytoplasmic membrane in association with the reaction center (Blankenship et al., 1995; 

Olson, 1998). The purple non-sulfur bacteria have a similar structure, where the vesicle is 

continuous  with  the cytoplasmic  membrane (vesicle thylakoids) (Drews and Golecki, 1995).  

Purple non-sulfur bacteria can also have other forms of thylakoids: in the species 

Rhodomicrobium vanielii, a structure that has many layers of membranes on top of each other, 

similar to an onion, contains the photosynthetic reaction centers, while in Rhodospirillum 

mollischianum and Rhodopseudomonas viridis, the centers are embedded in short grana-like 

stacks of membranes. The purple sulfur bacteria have a more complicated structure consisting 

of tubule thylakoids (Drews and Golecki, 1995). In the different algal taxa, structures vary, 

from higher plant chloroplast-like grana stacks mixed with stroma exposed thylakoids (in 

green algae), to simple membranes, which are only stroma exposed (in red algae) (Green et 

al., 2003). Brown algae have a thylakoid structure similar to that of the green algae and higher 

plants, Cryptophyta have pairs of thylakoid membranes, Dinoflagellates triplets and 

Table 1. photosynthetic organization of photosynthetic organisms 
Group Phyllum PS Chl Carotenoids Storage comp. Envelopes Thyl. struct. 
Eubacteria Chloroflexaceae PSII like Bchlc  - 1 ? 
 Chlorobiaceae PSI like Bchlc, Bchld, 

Bchle 
 - 1 chlorosome

s 
 Heliobacteria PSI like Bchlg neurosperene - 1 ? 
 Purple bacteria PSII like Bchla, Bchlb spirilloxanthin. - 1 many 

different  
 Cyanobacteria PSII, PSI a, b zea cyanophycen 

starch 
1 two or three 

Dinoflagelates a PSII, PSI a peridinin starch 3 triplets 
 a/c PSII, PSI a, c2 peridinin starch 3 triplets 
Chromophytes Cryptophyta PSII, PSI a, c2 allo starch 4 pairs  
 Eustigmatophyta PSII, PSI a vio, vau starch 4 grana stacks 
 Haptophyta PSII, PSI a, c1, c2 fuco chrysolaminarin 4 threes 
 Xanthophyta PSII, PSI a, c dia, vau, het starch 4 ? 
 Raphidophyta PSII, PSI a, c1, c2 fuco dia, dino starch? 4 ? 
 Chrysophyta PSII, PSI a, c fuco, zea, anth laminarin 

chrysolaminarin 
4 ? 

 Bacilliarophyta PSII, PSI a, c1, c2 fuco starch 4 ? 
 Pheophyta PSII, PSI a, c1, c2 fuco crysomanitol 4 grana stacks 
Rhodophytes Rhodophyta PSII, PSI a lut, neo, zea florideenstarch 2 single  
Chlorophytes Prasinophyta PSII, PSI a, b, MgDVP lut, neo, zea, 

anth, pras 
starch 2 grana stacks 

 Euglenophyta PSII, PSI a, b dia, dit, neo paramylon 3 grana stacks 
 Chlorophyta PSII, PSI a, b lut, neo, zea, vio starch 2 grana stacks 
 Bryophyta PSII, PSI a, b lut, neo, zea, vio starch 2 grana stacks 
 Pteridophyta PSII, PSI a, b lut, neo, zea, vio starch 2 grana stacks 
 Gymnosperm PSII, PSI a, b lut, neo, zea, vio starch 2 grana stacks 
 Angiosperms PSII, PSI a, b lut, neo, zea, vio starch 2 grana stacks 
PS, Photosystem structure; Chl, chlorophyll; Thyl. struct, thylakoid structure; MgDVP, divinylprotochlorophyllide; zea, zeaxanthin; allo, 
alloxanthin; vio, violaxanthin; vau, vaucheriaxanthin; fuco, fucoxanthin; het, heteroxanthin; dia, diadinoxanthin; dino, dinoxanthin; anth, 
antheraxanthin; lut, lutein; neo, neoxanthin; pras, prasinoxanthin; dit, diatoxanthin 
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Haptophyta three thylakoid membranes stacked together (Table 1) (reviewed in: Green et al., 

2003). 

 

In summary, by comparing pigmentation, chloroplast structure, thylakoid membrane structure 

and composition of photosystems a simple understanding of the evolution of photosynthetic 

organisms can be composed (Figure 1). Photosynthetic bacteria can be grouped by their 

reaction centre structure and their pigmentation, algae can be grouped by pigmentation, 

chloroplast envelope and thylakoid membrane structure and higher plants can be grouped by 

their photosynthetic protein composition and amino acid sequence of conserved proteins. A 

simplified summary of the photosynthetic composition of most photosynthetic organisms is 

given in Table 1. Together Table 1 and Figure 1 give an overview of the previously described 

methods for determining relationships between different taxae. 

 

Evolution of light harvesting and photoprotection in higher plants 
The ability to increase light harvesting should make an evolutionary advantage to a 

photosynthetic organism, especially in an aquatic environment where photosynthesis 

originally evolved. One of the evolutionary earliest steps to increase light harvesting was that 

the reaction centre proteins of Heliobacteria and Chlorobiaceae increased the number of Bchl 

molecules bound to the reaction centre proteins (Hauska et al., 2001). A similar event could 

have happened in cyanobacteria with the RCII dimer, however the protein split into two later 

on, to form two 5 helix proteins (D1 and D2) and two 6 helix proteins (PsbB and PsbC) 

(Schubert et al., 1998; Barber et al., 2000). Today the higher plant inner antenna proteins of 

PSII, CP43 and CP47 testify to this origin. They only bind chla and are plastid-encoded 

(Green and Durnford, 1996). Phycobilisomes, the extrinsic water-soluble proteins found in 

Cyanobacteria, red algae and Glaucophytes, do not bind chls.  Instead, they bind the linear 

tetrapyrrole pigments phycocyanin, phycoerythrin and allophycocyanin (Gantt, 1995; 

MacColl, 1998). The phycobilisomes are evolutionary not related to either the reaction center 

proteins or chlorophyll-carotenoid antenna proteins - the last group of light harvesting 

proteins discussed here. Chlorophyll-carotenoid antenna proteins likely evolved from a 

cyanobacterial ancestor the so-called High-Light-Inducible-Proteins (HLIPs) or Small-CAB-

like-Proteins (SCPs) or One-Helix-Proteins (OHPs). As indicated by their nomenclature,  

these proteins are high light inducible (Dolganov et al., 1995), are related to the Light 

harvesting complex proteins (LHC of higher plants) (Jansson, 1999) and have only one 
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membrane spanning helix (MSH) (as compared to three in most LHC proteins). The fact that 

they are high light inducible prompted further experiments which subsequently demonstrated 

the role of these proteins in high light protection as opposed to light harvesting (Dolganov et 

al., 1995; Funk and Vermaas, 1999; He et al., 2001; Xu et al., 2004). From this it has been 

assumed that the original function of this protein family was photoprotection rather than light 

harvesting (Jansson, 2005). The evolution of this small protein must have predated the 

primary  

 

endosymbiotic event, leading to the first photosyntheticly active eukaryote, since OHP 

relatives are found in all eukaryotic photosynthetic organisms. This small protein first gained 

a second, unrelated helix, leading to a two helix protein, which then went through a gene 

duplication (four helix protein) and finaly lost the last membrane-spanning helix to produce 

the modern three membrane-spanning helix light-harvesting protein of higher plants (Figure 

2). All of these protein helice variants (with 1, 2, 4 and 3 helices) can be found in higher 

plants today (Table 2). In all of these proteins the first and third MSH show high similarity 

and in the case of the only four MSH protein, PsbS, the fourth helix resembles the second 

helix. 

 

Photosynthesis and light-harvesting in higher plants 

Though tiny eukaryotic algae and prokaryotic bacteria make up the majority of photosynthetic 

organisms on earth, higher plants are more prominent and important from a human 

perspective, which is why most research focuses on them. Here I want to give an overview of 

the photosynthetic process in green algae and higher plants (which is very similar). 

Photosynthesis consists of a linear electron transfer from the primary electron donor water to 

Figure 2 Evolution of Light-harvesting proteins. A one-helix protein like the cyanobacterial Hlip gained a 
second unrelated helix to form a two-helix protein, like the higher plant SEPs. The corresponding gene went 
through a internal gene duplication resulting in a four-helix protein, like the higher plants PsbS and 
subsequently lost the fourth helix to make a three-helix protein, like the higher plants LHCs or ELIPs. Many 
LHCs still have a small α-helix, which is not membrane spanning. 
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the reaction center of PS II, via plastoquinone to the cytochrome b6f complex and via 

plastocyanin to the reaction center of photosystem I (PSI) and finally to NADP+ (Govindjee 

and Rabinowitch, 1960) (Figure 3). 

Table 2. The members of the LHC super-gene family of Arabidopsis thaliana 
Protein Gene TAIR mRNA Size aa 

(precursor) 
Size aa 
(mature) 

MSH Ref. 

Lhca1 Lhca1 At3g54890 15 241 197 3 1 
Lhca2 Lhca2.1 At3g61470 15 271 213 3 2 
 Lhca2.2 At5g28450 ? ? ? 3 3 
Lhca3 Lhca3 At1g61520 30 273 232 3 4 
Lhca4 Lhca4 At3g47470 15 252 199 3 5 
Lhca5 Lhca5 At1g45474 1 255 211 ? 2 
Lhca6 Lhca6 At1g19150 1 277 220 ? 5 
Lhcb1 Lhcb1.1 At1g29920 5 267 232 3 6 
 Lhcb1.2 At1g29910 5 267 232 3 6 
 Lhcb1.3 At1g29930 80 267 232 3 6 
 Lhcb1.4 At2g34430 25 267 231 3 7 
 Lhcb1.5 At2g34420 40 266 232 3 7 
Lhcb2 Lhcb2.1 At2g05100 6 265 228 3 2 
 Lhcb2.2 At2g05070 8 265 228 3 2 
 Lhcb2.3 At3g27690 1 265 228 3 2 
Lhcb3 Lhcb3 At5g54270 10 265 223 3 2 
CP29 Lhcb4.1 At5g01530 20 290 258 3 8 
 Lhcb4.2 At3g08940 15 288 256 3 2 
CP26 Lhcb5 At4g10340 30 280 243 3 2 
CP24 Lhcb6 At1g15820 20 258 211 3 2 
Lhcb7 Lhcb7 At1g76570 1 327 257 (285?) 3 (4?) 3 
Lhcb8 Lhcb8 At2g40100 1 276 244 3 2 
PsbS PsbS At1g44575 15 265 205 4 2 
ELIP1 Lil1.1 At3g22840 4 195 149 3 2 
ELIP2 Lil1.2 At4g14690 1 193 151 3 2 
OHP Lil2 At5g02120 1 110 69 1 2 
Lil3 Lil3.1 At4g17600 2 262 ? ? 2 
 Lil3.2 At5g47110 1 ? ? ? 2 
SEP1 Lil4 At4g34190 1 146 ? 2 9 
SEP2 Lil5 At2g21970 1 202 ? 2 9 
OHP2 Lil6 At1g34000 1 172 130 1 10 
1. Jensen et al., 1992; 2. Jansson 1999; 3. Klimmek et al., submitted; 4. Wang et al., 1994; 5. Zhang et al., 
1991; 6. Leutwiller et al., 1986; 7. McGrath et al., 1992; 8. Green and Piechersky, 1993; 9. Heddad and 
Adamska, 2000; 10. Andersson et al., 2003 

 

During this process of linear electron transfer, protons are pumped from the stromal side into 

the luminal side of the thylakoid membrane. This proton motive force is used to drive a  

chloroplastic ATPase (CF0/CF1) resulting in the production of ATP, which together with the 

NADPH is used to fix carbon dioxide to ribulose-1,5-bisphosphate in the so called Calvin-

Benson cycle (Benson and Calvin, 1947; Govindjee and Rabinowitch, 1960). The ATP and 

NADPH produced are not only used for carbon fixation but also for many other metabolic 

reactions within the chloroplast. For example, the last step of the nitrogen assimilation (nitrite 

reduction) happens inside the chloroplast and is highly co-regulated to photosynthesis (Kaiser 

and Spill, 1991). Biosynthesis of several amino acids, such as glutamate, glutamine, 
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phenylalanine, tryptophan and tyrosine (Lam et al., 1996), and the metabolism of hormones 

such as Jasmonic acid biosynthesis also occurs in the chloroplast (Bell et al., 1995). During 

photosynthesis light is needed at two different places: the reaction centers of PSII (RCII) and 

PSI (RCI) (Govindjee and Rabinowitch, 1960). In PSII a special pair of chlorophyll named 

P680 is involved for the charge separation. One electron is taken away from the chlorophyll 

pair and moved first to a primary acceptor (Pheophytin a), then to the more stable 

intermediates plastoquinones QA and QB. These electron transfers result in the formation of 

different kinds of radical pairs such as P680+ and Pheo-, or P680+ and QA
- (Osmond and 

Grace, 1995). P680+ is reduced using an electron from the manganese cluster via the tyrosine 

z residue on the D1 protein of PSII. This cluster is located close to an extrinsic loop of the D1 

Figure 3. The photosynthetic electron transport chain. Photosystem II is excited by light (hυ) which causes 
the first charge separation. The special chlorophyll pair P680 is oxidized (P680+) and gives one electron to 
pheophytin (Pheo-), which then transfers the electron to QA and then it is transferred further to QB (QB

-), a 
more stable intermediate. P680+ is reduced from the manganese cluster oxidizes water after four excitations. 
This splits 2 water into O2 and 4 H+. After two excitations QB

- receives a second electron, two protons are 
bound to form plastoquinol (PQH2), which then diffuses in the thylakoid membrane. PQH2 is oxidized at the 
Cytb6f-complex and the electrons are transferred to plastocyanin (PC). PC diffuses in the thylakoid lumen 
until reaching a photosystem I reaction center. There, PC serves as electron donor after charge separation 
between the special chlorophyll pair P700 and A0, the primary electron acceptor (P700+, A0

-). For this charge 
separation another photon (hυ) is needed. In photosystem I the electron is transferred to A1, FX, FA and FB and 
finally to the soluble Fe-S protein ferredoxin (Fdx). At the Fdx-NADP+ reductase (FNR) the electrons are 
transferred from Fdx to NADP+, forming NADPH. During this linear electron transport a proton driving force 
was build up between the stroma and the lumen. This is used to drive the chloroplastic phosporylase CF0/CF1, 
which uses ADP and inorganic phosphorus to produce ATP. Together ATP and NADPH are used in the 
Calvin-Benson cycle to assimilate CO2.  
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protein and needs stabilization from the water-soluble extrinsic 33 kDa protein (PsbO). The 

Mn cluster consists of 4 Mn atoms and one Ca atom (which probably has a stabilizing 

function). After the cluster has been reduced four times, it oxidizes two water molecules to 

produce one molecule of oxygen and 4 protons (which accumulate in the lumen and help run 

the ATPase) (Limburg et al., 1999). The 

whole reaction proceeds VERY rapidly.  

Each PSII can perform a charge 

separation every ≈300 - 500 µs, where 

the limiting steps are the water oxidation 

with 1000 µs and the release of 

plastoquinone into the thylakoid 

membrane with 1000 µs (Malkin and 

Niyogi, 2000) (Figure 4), both of which 

do not happen with every charge 

separation but with every fourth and 

second charge separation, respectively. 

This means that each reaction center can 

cycle 2000 times per second, oxidizing 

up to 500 water molecules per second. 

After plastoquinol has received two 

electrons (and two protons) it is released from the reaction center of PSII and diffuses freely 

in the thylakoid membrane until reaching a cytchrome b6f complex where the electrons are 

transferred to a water-soluble plastocyanin. Plastocyanin then diffuses in the lumen until it 

reaches RCI (Gaffron and Fager, 1951). There, upon excitation of the special chlorophyll pair 

P700, a second charge separation occurs with plastocyanin as primary electron donor and 

chlorophyll A0 as primary acceptor. The electron then moves quickly to A1, a phylloquinone 

and then through several FeS clusters Fx, FA and FB to finally reduce Ferredoxin, a soluble 

iron-sulfur protein (Ben-Shem et al., 2003). This reduced Ferredoxin then binds to the 

Ferredoxin-NADP+ reductase to reduce NAPD+. The product of this reduction, NADPH, is a 

stable compound capable of storing the reduction equivalent for some time (Krause and Weis, 

1991). Beside the reduction equivalent NADPH, the other molecule needed for carbon 

fixation is ATP. During linear electron transfer, protons accumulate in the thylakoid lumen, 

and this proton motive force is used by the chloroplastic ATPase CF0/CF1 to produce ATP 

from ADP and inorganic phosphorus. The thylakoid membrane is organized in stacked grana 

Figure 4. Electron transfer around PSII. The kinetics 
of the electron transfer around PSII are shown. Donation 
of electrons from water and release of PQH2 are the 
slowest steps, but do not occur with every charge 
separation. Kinetcs within the photosystem are very fast 
and not limiting. 
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regions and unstacked stroma-exposed regions (reviewed by: Dekker and Boekema, 2005) 

(Figure 5).  

Due to steric limitations, the 

ATPase and PSI are 

predominantly localized in the 

unstacked regions and PSII is 

mostly found in the stacked 

grana regions. Cytochrome b6f 

is found in all regions of the 

thylakoid membrane. Both 

photosystems have their own 

array of antenna proteins, 

which carry the majority of the 

chlorophyll in the chloroplast. 

In its active conformation PSII 

is found as a dimer, and its 

inner antenna consists of the 

chloroplast-encoded proteins CP43 and CP47 which can only bind chla (Bassi et al., 1993). 

On two sides of that the light-harvesting proteins CP24, CP26 and CP29 bind to the inner 

antenna (Bassi et al., 1997). This whole complex is surrounded by 2 – 6 trimers of light 

harvesting complex II (LHCII), composed of the genes products from Lhcb1, Lhcb2 and 

Lhcb3 (Hankamer et al., 1997; Dekker and Boekema, 2005) (Figure 6). The LHCII trimers 

designated with an S in Figure 6 are solidly bound LHCII trimers. These S-trimers are always 

found on PSII supercomplexes and are made of heterotrimers containing Lhcb1, Lhcb2 and 

Lhcb3 proteins (Dekker and Boekema, 2005). In contrast, M-trimers (Figure 6) are 

moderately bound, meaning that not all PSII – LHCII supercomplexes have them. The M-

trimers are composed of Lhcb1 and Lhcb2. The loosely-bound LHCII trimer forms (named 

“L”) have so far only been found in spinach preparation (Dekker and Boekema, 2005). Likely, 

the L-trimers can also be phoshorylated and contain only Lhcb1 and Lhcb2. After 

phosphorylation, LHCII M- and L-trimers are no longer bound to the PSII supercomplex, but 

instead migrate freely through the thylakoid membrane to PSI and where they can bind and 

harvest light for PSI instead (Allen, 1992). This process is called state-transition and will be 

discussed further in the following section. Even though high-resolution electron microscope 

Figure 5. The chloroplast. A. schematic drawing (left), thylakoid 
structure (right), B. Transmission electron micrograph showing the 
whole chloroplast (left) and a section with enlarged grana thylakoid 
section (right).  
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images of PS II dimers exist, as well as x-ray images of crystallized photosystems, many 

subunits of PSII have not been localized thusfar.  

The PSI antenna is composed of the 4 

proteins encoded by the genes Lhca1 – 

Lhca4 (Croce et al., 2002) (plus the 

proteins encoded by the genes Lhca5 and 

Lhca6 in sub-stoichiometric amounts 

(Ganeteg et al., 2004)) and is named light 

harvesting complex I (LHCI). These 

proteins form heterodimers: Lhca1 pairs 

with Lhca4 and Lhca2 pairs with Lhca3. It 

has been observed that without Lhca4, 

Lhca1 becomes unstable and cannot bind 

to PSI.  The same is true of Lhca2 and 

Lhca3.  These experimental observations 

have contributed to a model where Lhca4 

and Lhca2 are sandwiched between the 

PSI core and the other two dimer proteins, 

Lhca1 and Lhca3, respectively (Klimmek 

et al., 2005b). Ben-Shem et al. suggest 

that the docking site for LHCII trimers is 

between the subunits PsaK and PsaL 

(Ben-Shem et al., 2003) (Figure 7). In 

cyanobacteria PSI forms trimers in vivo 

(for example: Bibby et al., 2001), but this 

is not the case in higher plants. Ben-Shem 

et al. superimposed the structure of three 

PSI complexes and found an overlap of 

the subunit PsaH preventing the formation 

of PSI trimers in higher plants (Ben-Shem 

et al., 2003) (Figure 7). This subunit is not 

present in cyanobacteria. 

 

Figure 6. Photosystem II supercomplex. This 
composed image shows the structure of a PSII super-
complex. In the center 2 reaction centers with their inner 
antenna proteins CP43 and CP47 are visible. Around 
that is an array of 6 minor LHC proteins and 6 LHCII 
trimers as observed in spinach. (Boekema et al. 1999; 
printed with permission.) 

Figure 7. Structure of photosystem I. A structural 
model of PSI is shown, drawn from the chrystal 
structure released by Ben-Shem et al. 2003). 
Hypothetical docking site for LHCII is included 
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Regulation of light harvesting 

Light harvesting has to be optimized at all times during the day (Horton et al., 1996). A 

typical day with a lot of light variation is shown in the following figure (Figure 8). This light 

curve was recorded during the summer in Umeå. The light intensity reaches approximately 

2000 µE at noon and varies 

by approximately four-fold 

when clouds are passing 

through. These kinds of 

changes occur on a short-

term basis in sub-minute 

time scales. Other sources of 

variation in light quantity 

and quality come from 

shading by nearby 

vegetation, animals which 

are walking by, and of course the angle of the sun. Plants have to adapt quickly to each 

change of light quality and quantity. Both a flatter angle of the sun and shading from other 

plants increase the amount of red in the light, while other kinds of shading only reduce light 

quantity. Plants have evolved a multitude of mechanisms to neither overexcite the 

photosystems by letting too much light into the reaction center of PSII (which can have 

negative side-effects on photosynthesis) (Allen, 1992; Barber and Andersson, 1992; Oquist et 

al., 1992; Foyer et al., 1994; Demmig-Adams and Adams, 1996), nor undersupply them by 

harvesting too little light, since this could decrease overall photosynthesis, growth and fitness 

of the plant (Bailey et al., 2001). Whenever the incident light intensity on the chloroplast 

increases over a certain threshold, more protons are pumped into the lumen than can be 

utilized by the ATPase and an acidification of the lumen and an over-reduction of the 

plastoquinol pool result (Demmig-Adams and Adams III, 1992). These physiological events 

serve as signals to begin compensating measures (Rintamaki et al., 2000). The acidic residues 

of lumenally-exposed proteins can be protonated, leading to conformational changes in these 

proteins and activation or inactivation of their enzymatic properties (if present), as in the case 

of the PsbS protein (Li et al., 2004). Two examples for enzymes which are activated upon 

acidification of the lumen or over-reduction of the plastoquinol pool are the violaxanthin de-

epoxidase (VDE) (Hager and Holocher, 1994) and a protein kinase (Vener et al., 1997), STN7 

(Bellafiore et al., 2005). Active VDE will convert the xanthophyll species violaxanthin to 

Figure 8. Variation in daylight intensity. The intensity of the sunlight 
was recorded from 4.30 to 20.30 during one representative day in the 
summer of 2000. The light varies typically 4-fold due to shading by 
clouds or vegetation. 
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zeaxanthin, via antheraxanthin in the so-called xanthophyll cycle (Demmig-Adams, 1990) 

(Figure 9). Zeaxanthin has at least two functions: one is to protect the lipid bilayer from 

oxidation (Havaux, 1998) and the other is to participate in feedback de-excitation (FDE, see 

section Non-photochemical quenching), a way of dissipating excess energy from PSII in the 

form of harmless heat (Niyogi et al., 1998; Niyogi, 1999).  

The activated protein kinase STN7 

phosphorylates the mobile LHCII trimer 

forms (Bellafiore et al., 2005) (LHCII M and 

LHCII L according to the Boekema model), 

which will then move away from the PSII 

dimers during state transitions (Horton et al., 

1996). State transitions are needed to balance 

the distribution of excitation between the two 

photosystems. If, for example, PSII is 

running quicker than PSI, the plastoquinone 

pool will become over-reduced and free 

oxidized plastoquinone will become limiting 

to PSII. When plastiquinone is limited, there 

are not sufficient quantities of electron 

acceptor at PSII to meet the demand, leading 

to dangerous side reactions where reactive 

oxygen species (ROS) are produced near 

PSII, harming both the reaction center itself 

and also the surrounding lipid bilayer through 

oxidation (Noctor and Foyer, 1998). Feedback de-excitation uses both zeaxanthin and the 

PSII subunit PsbS o safeguard the PSII reaction centers against over-excitation (Li et al., 

2000).  

 

Psbs – a controverse discussion 
The PsbS protein was first identified by Ljungberg et al. in 1984 (Ljungberg et al., 1984). At 

that time PsbS was thought to be associated with the oxygen evolving complex of PSII 

(Ljungberg et al., 1984; Ljungberg et al., 1986) however this theory was already weakened in 

1987, when Merrit et al. found that PsbP and PsbQ, two proteins of the oxygen evolving 

Figure 9. The xanthophyll cycle. The xanthophyll 
pool is synthesized from β-carotene. During high light 
conditions violaxanthin de-epoxidase (VDE) will 
convert violaxanthin (vio) to zeaxanthin (zea). During 
low light conditions zeaxanthin epoxidase (ZE) 
converts zea into vio. Two mutants lacking either of 
the two enzymes have been characterized (npq1 and 
npq2). Another compound synthesized out of this pool 
is Abscisic acid, which is absent in the npq2 mutant, 
which has also been characterized as aba1. 
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complex, could bind to PSII in the absence of PsbS (Merrit et al., 1987). In the year 1993 

Mishra and Ghanotakis published their findings of thylakoid membranes lacking PsbS, but 

with functional oxygen evolving complexes (Mishra and Ghanotakis, 1993). A second 

proposed function for PsbS came from the groups of Åkerlund and Rögner, who suggested 

that PsbS could stabilize the primary acceptor of PSII, QA (Henrysson et al., 1987; Dekker et 

al., 1988), but this theory found not much acceptation, even though a very recent publication 

by Peterson discusses the topic again (Peterson, 2005). In 1992 two groups published the 

amino acid sequence of PsbS, revealing the high similarity to the LHC family (Kim et al., 

1992; Wedel et al., 1992), leading to the new hypothesis of PsbS being involved in 

photosynthetic light harvesting. The structural prediction for PsbS was however different 

from the LHC proteins: PsbS was predicted to have 4 MSH (Kim et al., 1994), whereas all 

other LHC have only three (Kuhlbrandt, 1994). As all LHCs bind pigments, this feature was 

also suggested for PsbS (Funk et al., 1994; Funk et al., 1995b), which stayed an issue of 

discussion until today (see following section). The – so far – final proposed function for PsbS 

is a participation in the qE-type of non-photochemical quenching (Li et al., 2000), also called 

feedback de-excitation (FDE). 

 

The function of the PsbS 

protein has continued to 

be a topic of some 

controversy during the 

past 5 years and many 

questions about it remain 

unanswered. It has been 

shown that two acidic 

amino acids in its luminal 

loops are necessary for 

sensing the change in 

luminal pH (Li et al., 

2002b; Li et al., 2004). 

Likely, both of these 

amino acids are protonated during a decrease in luminal pH, which also leads to a change in 

the absorption band at 535 nm, which is interpreted as a conformational change of the PsbS 

protein (Aspinall-O' Dea et al., 2002; Li et al., 2004). It has been shown that PsbS can bind at 

Figure 10. Structural map of PsbS. The amino acid sequence of PsbS 
and the four membrane spanning helices are shown. Some alleles of npq4 
are also indicated. Glutamates 122 and 262 are both needed for sensing the 
ΔpH between the stroma and the lumen.  
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least one pigment species: zeaxanthin (Aspinall-O' Dea et al., 2002) and mild separation of 

proteins on blue native gels shows a green band where antibodies detect PsbS indicating that 

PsbS may also bind chlorophylls (Funk et al., 1994; Funk et al., 1995b; Thidholm et al., 

2002). One interpretation of the fact that attempts to reconstitute PsbS with chlorophyll in 

vitro have thusfar failed (Dominici et al., 2002) is that the binding of chlorophyll by PsbS is 

more loose than that of the other light-harvesting proteins. Further evidence for just loose 

binding of chlorophyll is the fact that PsbS is stable without chlorophyll (Funk et al., 1995a), 

while the other LHCs are not. Many mild preparation methods show that PsbS is lost as one 

of the last proteins when preparing PSII reaction centers - just before CP43 is washed of the 

RC of PSII - indicating a position between the inner and outer antenna of PSII (Funk et al., 

1994; Nield et al., 2000; Thidholm et al., 2002). Others could not find the PsbS protein on the 

inside of LHCII and assume that it is located together with LHCII aggregates on the interface 

between PSII supercomplexes and LHCII aggregates (Nield et al., 2000). When Boekema et 

al. studied a mutant lacking PsbS from Arabidopsis thaliana (npq4) with electron microscopy 

(TEM) they could not detect any missing PSII subunits within the supercomplexes (Dekker 

and Boekema, 2005). This was interpreted as evidence that PsbS is not found within the PSII 

supercomplexes, but rather in the periphery of the complexes, in the LHCII-only regions of 

the grana membranes. This is not contradictable to the proposed function of excess energy 

dissipation, since these LHCII-only regions still participate in light harvesting and PsbS could 

quench excess energy from these trimers. It is so far not known whether PsbS is the actual 

quenching protein or if it senses the ΔpH between Lumen and Stroma via binding of protons 

and a conformational change. Recent studies by the groups of Peter Horton and Roberto Bassi 

found evidence that the PsbS is not the quenching protein, but rather the sensor and that it 

changes the conformation of one or several minor LHC proteins, which then become the 

quenching proteins (Dall'Osto et al., 2005; Pascal et al., 2005). Further arguments are that 

PsbS cannot quench as much excitation energy as necessary or as observed by fluorescence 

measurements (Horton, personal communication).  

 

Acclimation to the light environment 
Plants growing in the full sun, for example desert plants such as the North American saguaro 

cactus (Cereus giganteus), or the Mohave desert star (Monoptilon bellioides) are exposed to 

full sunlight for most days of their life. Such environments demand different preventive  

measures than those required by an environment where the light conditions vary from day to 
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day and even hour to hour. On these timescales, plants may acclimate to prevent over-

excitation by reducing gene expression for light-harvesting genes (Lhc), eventually resulting 

in a decreased effective antenna size for both photosystems (Anderson, 1986; Bailey et al., 

2001). Plants growing in a generally sunny environment will have a smaller outer antenna of 

LHCII trimers, which can easily be measured through the ratio of chla / chlb. Because the 

inner antenna only possesses chla, plants with a small outer antenna will have a higher ratio of 

chla / chlb (Murchie and Horton, 1997). Another method used by plants to acclimate to long-

term changes in light conditions is to change the angle of their leaves relative to the sun 

(Koller, 1986). Not all plant species can do this and some only have the ability to either grow 

away from or towards the light. Nonetheless, these changes can be employed to change the 

light intensity experienced by individual chloroplasts (Demmig-Adams and Adams III, 1992). 

The kidney shaped chloroplast also has the ability to move within the cell in such a manner as 

to stack, reducing the incident light, or to spread out in the cell to capture as much light as 

possible. A blue light receptor is necessary for this process, as shown by the cav1 mutants 

(Kagawa et al., 2001), which do not have any chloroplast movement due to a deletion of a 

phototropin homolog. Yet another way of “shading” the chloroplast is the synthesis of 

pigments such as anthocyanins (Krol et al., 1995). This group of pigments is synthesized in 

many plants under stress conditions and accumulates in the vacuoles of the epidermis, shading 

all layers of chloroplast-containing cells below, from blue and UV light (Gamon and Surfus, 

1999). Not all anthocyanins are active in “shading”: many are used to form attractive colors in 

flower organs. One anthocyanin species usually thought to be involved in light protection is 

Kaempherol.  

 

While reducing the incident light on the chloroplast is one way to reduce excitation pressure, 

speeding up the downstream reactions of photosynthesis is another. Excitation pressure builds 

up because of no freely available NADP+ as a final electron acceptor in PSI and lack of 

available ADP and inorganic phosphorus for the chloroplastic ATP synthase. When there is 

no available NADP+, plastocyanin cannot be oxidized by PSI, which means that cytb6f cannot 

oxidize plastoquinone, leading to an over reduced plastoquinone pool (Blubaugh and 

Govindjee, 1988) (which can be “measured” by the cell and is used as a signal). With the 

majority of the plastoquinone reduced, PSII is not able to move the electrons from water to 

plastoquinone. This can be avoided or reduced by increasing the utilization of NADPH and 

ATP in the Calvin-Benson cycle, which assimilates CO2. This can be done by increasing the 
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amounts of enzymes active in the Calvin-Benson cycle and / or by increasing the activation 

state of it (Horton et al., 1996). 

 

Non-photochemical quenching 

Non-photochemical quenching (NPQ) is a term which originates from chlorophyll 

fluorescence measurements and refers to the amount of fluorescence which is quenched by 

methods other than photochemical quenching (Horton and Hague, 1988); the use of  

excitation energy in charge separation (van Grondelle et al., 1994). When a dark acclimated 

leaf is put into very high light intensities for a short time most of the energy will be released 

as fluorescence. In the light acclimated state most of the energy that shines on the leaf is used 

either in photochemical quenching or dissipated in the form of heat (NPQ). The fluorescence, 

which can be measured with a pulse-modulated fluorometer, comes mainly from PSII, 

therefore these measurements give information about the properties of PSII. Three different 

forms of NPQ are thought to exist (Horton et al., 1996): (1) the energy dependant quenching 

qE or FDE, is activated by the delta pH between the lumen and stroma, which increases when 

the light intensity suddenly intensifies. Two components are needed for this type, zea, made 

by the enzyme VDE in the xanthophylls cycle (Niyogi et al., 1998) and the PSII subunit PsbS 

(Li et al., 2000). The qE form of NPQ typically makes 80 % of total NPQ and is quickly 

reversible, meaning that it can relax within a few minutes (Horton et al., 1996). (2) Quenching 

from state transitions (qT) results from a decrease of antenna quenching when the major 

antenna of PSII, LHCII, is phosphorylated. When the antenna protein trimers are 

phosphorylated, the chlorophyll bound to them does not fluoresce anymore (Walters and 

Horton, 1991). As mentioned above, this phosphorylation event requires the kinase STN7. 

STN7 is activated by a reduced plastoquinone pool (Bellafiore et al., 2005). State transition-

dependent quenching makes up between 10 and 20 % of the total NPQ in higher plants and is 

reversible within a short time period (typically 15 minutes). (3) The third form of NPQ, qI, is 

slowly reversible and comes from photoinhibition (Walters and Horton, 1991). When 

damaged, PSII reaction centers are disassembled so that the D1 protein can be exchanged 

(Rintamaki et al., 1995). During this time the disabled PSII do not fluoresce. A recently found 

form of ”qI” is dependant on the presence of Lhcb5 and zea (Dall'Osto et al., 2005). 
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Mechanism of feedback de-excitation 
The mechanism behind FDE is still not fully understood and several models exist in the 

literature. The model with the most experimental support at present comes from the group of 

Peter Horton in Sheffield. According to this model PsbS binds in the LHC-II only regions and 

induces a “quenching state” of the LHCII trimers which dissipate a large proportion of the 

harvested energy. According to their model PsbS alone is not enough to quench as much 

excess energy as needed or can be observed in fluorescence quenching experiments. In this 

model the most important step 

is the conformational change 

of LHCII, induced by a 

conformational change of 

PsbS (Figure 11). An alternate 

model has been proposed by 

the research group of Kris 

Niyogi, where the protein 

PsbS is the actual quenching 

protein and no other antenna 

protein is needed for the 

process. The arguments for 

this model are that 1. other 

PSII antenna proteins are not 

required for the process, 2. the quenching protein needs to bind both chlorophyll and 

zeaxanthin, 3. protonation of the quenching protein is necessary and  4. a linear correlation 

between the amount of quenching protein and quenching (Niyogi et al., 2005). A third model 

from the group of Roberto Bassi supposes that the quenching is done by the minor antenna 

proteins, CP26 and CP29 (Bassi and Caffarri, 2000; Dall'Osto et al., 2005), but work from our 

group has shown that mutant plants lacking these antenna proteins do not have major 

reduction in FDE (Andersson et al., 2001).  

 

Repair mechanisms after reaction centre damage 

What happens if all measures taken by a plant to safeguard against photosystem 

overexcitation fail? If, after trying to reduce the incident light intensity on the chloroplast and 

speeding up the utilization of reduction equivalents, the plastoquinone pool is still over-

Figure 11. Model of feedback de-excitation. According to this 
model by Peter Horton, PsbS binds to a LHC protein and upon 
protonation of PsbS the conformation of both PsbS and the LHC is 
changed. The second factor is the de-eopxidation of violaxanthin (vio) 
into zeaxanthin (zea). This enhances the efficiency of feedback de-
excitation. 
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reduced, then reactive oxygen species will be generated. ROS damage the thylakoid 

membrane and the especially vulnerable D1 protein of PSII (Niyogi, 1999). Although the 

mechanism of the D1 damage is still controversial, two theories exist. According to the first 

theory, ROS damage the D1 protein at the primary acceptor sites QA and QB (Hideg et al., 

1998), while according to the second theory, UV light (and not ROS) is responsible for D1 

damage and the site damaged is the donor site - the manganese cluster (Aro et al., 1993). 

Regardless of which theory is true, the end result is that the D1 protein is damaged and has to 

be replaced. This is done by the D1 repair cycle. After monomerisation of the PSII dimer, 

CP43 is split off, the CP43-less PSII is then transported to, or migrates to the stroma-exposed 

region of the thylakoid membrane where a newly synthesized D1 is inserted to PSII (Zhang et 

al., 2000). Free CP43 in the stroma-exposed region then binds again and the monomer 

migrates back (or is transported back) to the granal stacks, where it dimerizes again (Aro et 

al., 1993; vanWijk et al., 1996; Baena-Gonzales and Aro, 2002). It has been shown that D1 is 

always damaged in light, no matter how low the light intensity, and that the rate of D1 

damage is dose dependant (Tyystjarvi and Aro, 1996). If the rate of damage exceeds the rate 

of repair photoinhibition (PI) occurs.  

 

Reactive oxygen species 

Usually the lifetime of an excited chl is very short and the excited form of chlorophyll (the 

singlet state) quickly relaxes to the ground state either by transferring its energy to a 

neighboring chl, releasing its energy as heat or fluorescence, or using its energy in a charge 

separation. Energy transfer occurs via up to three different mechanisms. The longest distance 

energy transfer is known as the Förster transfer (up to 10 nm) (Förster, 1965), the second 

mechanism of transfer is exciton coupling (<2 nm) (Osuka et al., 1995; Freer et al., 1996) and 

the final mechanism is an electron exchange mechanism also called Dexter mechanism 

(Dexter, 1953) (direct contact). When the energy is dissipated as heat, the excited chl does not 

go back directly to the ground state, but via the triplet excited state, which can, when in 

contact with molecular oxygen, result in singlet excited oxygen, which can then further react 

to form ROS such as superoxide, hydroxyl radicals or hydrogen peroxide (Asada, 1999). 

Several scavenging systems exist in plants to prevent damage from these ROS. As a first line 

of defense, some carotenoids (like zea) can directly quench triplet excited chl, singlet excited 

oxygen and ROS. Further more, an array of enzymes present in the chloroplast can reduce 

ROS into harmless water. This reduction (1) involves the enzymes superoxide dismutase, 

peroxidase and / or catalase.  
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In the Fenton cycle ROS are transformed into harmless molecular oxygen and water with the 

help of ascorbate and glutathione. The Fenton cycle also includes numerous enzymes, 

including ascorbate peroxidase, monodehydroascorbate reductase, dehydroascorbate 

reductase and glutathione reductase. Tocopherols act to directly protect the thylakoid 

membrane lipids from oxidation (Havaux and Kloppstech, 2001). Finally, chaperones, often 

belonging the HSP family, protect photosynthetic proteins from misfolding. 
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Aims 

This work focuses on the mechanism, which dissipates excess excitation energy during 

photosynthesis, which is named feedback de-excitation (FDE). Many groups have, in the last 

decade, tried to understand the mechanism of FDE, so far without complete success. To this 

date two things are known for certain about FDE: two proteins, violaxanthin de-epoxidase and 

PsbS are needed in the process. Mutant lines are available, either with deletions in the 

essential proteins or with over-expressing one of the essential proteins. These mutants are a 

useful tool to understand the function and mechanism of FDE and were employed during my 

research. 

 

This thesis deals mainly with the eco-physiological consequences of FDE. The questions 

asked by us were: what happens in a plant if this mechanism is lacking or if it is increased? Is 

FDE necessary for survival, is it useful to plants and what does a plant do to compensate for 

the loss / increase of FDE? Another aspect coming up from my initial work was the question 

in what way a natural growth environment differs from artificial growth environments, used 

by most researchers in plant research. Can such an environment be imitated in a controlled 

growth environment and what factors are important to plants? 
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Plants and Methods 

 

I would like to describe the plants and some of the methods used during my experiments, 

because not all methods used are typical molecular biology, biochemistry or plant physiology 

methods and therefore possible not familiar to the reader. 

 

Plant species: Arabidopsis thaliana and poplar Populus tremula  

The model plant Arabidopsis is a weed that is very common worldwide and in plant research. 

It has many advantages: a) a very short generation time (down to 6 weeks from seed to seed in 

long day conditions), b) self-pollination, which is good for keeping genotype lines 

homozygous, c) a small genome which is sequenced since the year 2000 (Iniative, 2000), d) it 

is easily transformable by several different methods, e) low growth requirements, as a weed 

Arabidopsis can grow in many environmental conditions, f) high seed output, a single plant 

can produce more than 20000 seeds, in addition the seeds have a very high germination rate 

(typically around 90 %), g) it is small, reducing the requirements for growth space, h) it has 

many different ecotypes which grow in habitats from dry arctic climates over temperate 

climates to semiarid subtropical climates throughout the northern hemisphere and also south 

of the equator in Africa and Australia. This richness in ecotypes will be an important field of 

research in the near future, where adaptation to different environments can be examined 

looking at different ecotypes.  

 

Genotypes used in my experiments: 

The Arabidopsis ecotype I used during all my experiments was Col-0, which is common in 

laboratory work. A lot of information is available about this ecotype (genome sequence, 

microarray databases etc.), which makes it popular to work with. Two out of 13 mutants, 

which were generated and provided by the Lab of Kris Niyogi from the University of 

California at Berkeley, were used in my experiments. The mutants were identified by 

screening approximately 30000 mutagenized Arabidopsis plants with a fluorescence video-

imaging system, similar to a previous screen for Chlamydomonas (Niyogi et al., 1997). This 

screen identified 13 independent mutant lines with defects in the dissipation of excess 

excitation energy. The first mutant I used was named npq1 and has a deletion of the enzyme 

VDE, which converts vio to zea in the so-called xanthophylls cycle (Niyogi et al., 1998). The 

second mutant was named npq4 and has a deletion of the PsbS protein a PSII subunit, which 
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is necessary for FDE (Li et al., 2000). A third genotype used during my studies is over 

expressing the psbs gene. It has been generated by Agrobacterium tumefaciens mediated 

transformation of Arabidopsis (Col-0) plants with the plasmid pXPL7 containing a 3198-bp 

fragment of the BAC clone F9J23 (Li et al., 2002a). Plants of the line 5 have been 

backcrossed for one generation after homozygous lines were identified (T3 generation). These 

plants were also provided by the lab of Kris Niyogi. Furthermore a collection of single LHC 

protein antisense and knock-out lines generated by our Lab was used (asLhcb1/2, asLhcb4, 

asLhcb5, koLhca1, asLhca2 and asLhca3) (Zhang et al., 1997; Andersson et al., 2001; 

Ganeteg et al., 2001; Andersson et al., 2003a). And three more lines lacking proteins of the 

LHCs (koLhca1, asLhca4 and asLhcb6) were characterized during my work (Paper I). 

 

Populus species are used as model tree species much for the same reasons as Arabidopsis is 

used for. Poplar trees are easy to grow and maintain, they grow fast (which is why they are 

used for energy production, making them interesting from an industrial point of view), they 

have a relatively small genome, which sequence has been published in 2005 

(http://genome.jgi-psf.org/Poptr1/Poptr1.home.html). In addition they are easily 

transformable. Some negative aspects of doing research on trees is the fact that their life cycle 

is far more than 6 weeks, Populus reaches matureness after a minimum time of 10 years.  

 

I used a natural occurring tree on the campus of Umeå University (63°50’N, 20°15’E) from 

the species Populus tremula. The tree is free-standing and has been subject to intensive 

studies during the past years in our Department, for example as a natural study object for 

autumn senescence (Bhalerao et al., 2003; Andersson et al., 2004) and provided us with 

material for the UPSC populus EST program (Sterky et al., 2004). 

 

Methods 

Most methods I used (Northern blots, RT-PCR, cDNA micro array, Western blots 

Carbohydrate quantification, pigment quantification, metabolite quantification and 

fluorescence) the readers are familiar with. In addition I used growth environments that are 

uncommon in plant molecular research, which is why I will describe them here in more detail: 
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Figure 12. Field experiments. These photographs show trays with Arabidopsis thaliana growing in our 
Field site “sun”. The different genotypes were color coded and randomized in trays that were partly 
lowered into soil. On the left side 12 trays with each 10 plants of WT, npq1 and npq4, respectively. On 
the right, plants growing under a net, which was used to prevent spreading of transgenic pollen and 
seeds. Plants on the right side are LHC antisense and mutant plants. 

Figure 13. Variable light environment. A. shows a cartoon of the setup of the variable growth 
environment from the side. B. Top view of the variable growth environment. C. Light graphs 
collected at several different locations under the rotating disk. D. Photograph of the variable light 
environment. Light and shade places are visible. 
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The environment a plant grows in is crucial from a scientific point of view. For example, 

plants grown in two different growth chambers, which have different light sources, show 

differences in the photosynthetic properties, such as fluorescence at low temperatures shift in 

their wavelength. During the past decade many transgenic or mutant plants became available, 

lacking a single gene from the photosynthetic apparatus, which showed no visible phenotype 

when grown under laboratory conditions, often leading to the conclusion that the protein in 

question is redundant (Haldrup et al., 1999; Andersson et al., 2001; Varotto et al., 2002). The 

idea of natural selection means that a redundant protein will probably be excluded from a 

genome with time, however most of the photosynthetic genes have been conserved in many 

diverse plant species, which means that they have been there since many millions of years. 

The problem in experiments with plants lacking single photosystem subunits was not the plant 

or the experiment, the growth environment was not right to detect a phenotype. In the 

temperate areas of our planet sun and clouds typically change over time leading to short term 

changes in light quantity from often 4 fold or more (Figure 8). Photosynthesis is highly 

dependant both on light quantity and quality and has to adapt to each change in light quickly, 

so as to not loose too much energy, which is needed for growth and reproduction. Therefore 

we performed a series of field experiments over several years (2000 to 2005) in a field outside 

the KBC building on the Umeå University campus in Umeå, Sweden (63°50’N, 20°15’E), 

where they had to cope with a natural environment (Figure 12). 

 

To simulate the fast changes in light quantity from a natural environment we also built a 

machine which most important part was a wooden disk with two open and two closed sectors, 

that rotated once a minute over the plants giving them light and shade every 15 seconds 

(Figure 13).  

 

These growth conditions were always compared to what I will refer to as “standard 

conditions”, which means controlled conditions in the growth chamber with short day 

conditions (8 hours light, 16 hours darkness), 75 % humidity, 23°/18°C during the day / night 

time and an average light intensity of 180 µmol quanta m-2 s-1, frequent watering and 

fertilisation.  

 

In addition to measuring physiological, biochemical and molecular biological parameters on 

the plants grown in the different environments, we estimated the Darwinian fitness of 

different mutant / transgenic lines. This is possible in Arabidopsis, since it flowers only once 
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in its lifetime and if seed weight and germination frequency do not differ the number of seeds 

produced is equal to the Darwinian fitness. Even small differences as small as 10 % should 

lead to natural extinction after few generations, because Arabidopsis thaliana is self-

pollinating. For statistical reasons many plants are needed per genotype (we used at least 35 

plants per genotype in the field) and with a seed production of up to 20000 seeds per plant the 

amount of seeds to count is very high. Therefore, we took 3 mature, primary siliques from 

each plant, counted the seeds per silique and counted the number of siliques per plant. From 

that we could estimate the number of seeds per plant by multiplying the average number of 

seeds per silique times the number of siliques per plant. Some of the plant genotypes used in 

these field growth experiments were transgenic, for which a special permit by the Swedish 

ministry of agriculture is needed. We obtained this permit (Jordbruksverket, Dnr 22-2151/01 

and following) as the first group in Sweden and probably in Europe to grow transgenic 

Arabidopsis in the field. While all plants in the growth chamber experiments were watered 

and fertilized, the plants in the field were left in as natural conditions as possible. In some 

years watering the plants was necessary to prevent high mortality as well as application of 

pesticides to cope with a large infestation of Diamond back moth (Plutella xylostella).  
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Results and Discussion 

 

The evolutionary significance of regulation of light harvesting 

A gene encoding a protein that plays an important role in an organism’s survival is maintained 

in the genome of that organism through natural selection. We can see this today by the fact 

that many gene families are conserved among very different taxa, and presumably evolved 

prior to their divergence. For example, proteins from the heat-shock protein-90 family can be 

found in taxa as diverse as fungi, plants and animals (Gupta, 1995). One gene family that has 

been around for a long time in plants is the LHC family. The ten major family members 

(Lhca1-4 and Lhcb1-6) have been conserved in plants for at least 350 million years, before the 

evolutionary separation of gymnosperms and angiosperms (Jansson, 1999). This means that 

each one of them is likely necessary for plant long-term survival. Our lab has constructed a 

collection of Arabidopsis plants lacking single proteins from this gene family (Zhang et al., 

1997; Andersson et al., 2001; Ganeteg et al., 2001; Andersson et al., 2003a; Paper I). 

However, when these plants are grown under laboratory conditions, they grow as well as the 

wild type with the only exception being asLhca4.  In the case of the asLhca4 plants, the loss 

of Lhca4 also causes the disappearance of Lhca1 and the reduction of Lhca2 and Lhca3 

levels, reducing the antenna size of LHCI to a large extent in these plants. Since the LHC 

proteins are involved in the fine-tuning of light harvesting, we wanted to examine them under 

natural conditions, when grown in the field. All lines used in these experiments (Paper I) save 

asLhca4 showed no significant growth phenotype but displayed reduced fitness under at least 

one of the two field conditions (full sun and shade). In 2005 Klimmek et al. published 

measurements that show the reduction of the LHCI antenna in the different lines lacking 

Lhca1-4 (Klimmek et al., 2005b). It was therefore interesting to note that there was a good 

correlation between the fitness of the Lhca protein-lacking genotypes and the total LHCI 

antenna size of these plants. The mutant with the smallest antenna size reduction (koLhca1) 

also has the smallest reduction in fitness, while the mutant with the smallest LHCI antenna 

(asLhca4) also has the most severe reduction in fitness. Plants lacking single Lhcb proteins 

from the LHCII antenna, or, in the case of asLhcb2 plants both the Lhcb1 and Lhcb2 proteins, 

showed reduction in fitness in both field sites (full sun and shade). Slightly surprising was the 

fact that the fitness reduction was in general larger in the sun than in the shade, and that plants 

lacking Lhcb1/2 had only a small reduction in fitness. This may be explained by results 

published by Ruban et al., who found that another Lhcb protein (Lhcb5) was able to take over 
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the place of the missing Lhcb1/2 proteins in the antenna complex, reducing the effect of the 

Lhcb1/2 disappearance and demonstrating the plasticity of the light harvesting antenna 

(Ruban et al., 2003). Further experiments will be required to evaluate exactly which 

conditions necessitate individual LHC proteins. It goes without saying that natural variation is 

much more complex than just changes in light quantity and we do not yet fully understand the 

interplay between environment and LHC protein function. In addition to the irregular 

variations in light quantity over the day and from day to day, light quality and other factors 

such as temperature, humidity and wind change over time and may influence the action of the 

light-harvesting antenna. For example, some LHCI proteins have been shown to bind 

chlorophylls that absorb light at wavelengths which should in theory not contribute to the 

photosynthetic reaction in PSI. It had been suggested previously that some of the LHCII 

proteins might be involved in a mechanism that dissipates excess energy which would 

otherwise lead to over-excitation of RCII, leading to PI. However, none of the LHC mutants 

showed increased levels of PI in the field, indicating no significant contribution to this 

function for any of the LHC proteins.  In contrast, plants lacking FDE had higher levels of PI 

in the field during sunny conditions (Paper II). 

 

Plants with altered FDE in the field 

As discussed above, the overall importance of a protein for a plant is often only revealed 

when the plant is examined in a “natural” environment. Therefore, we grew plants with 

altered capacity for FDE (npq1, npq4, WT and oePsbS) in the field, characterizing them with 

physiological, biochemical and eco-physiological methods. Since none of these genotypes 

showed a visible phenotype when grown using lab conditions or even after high light stress 

treatments (Niyogi et al., 1998; Li et al., 2000; Li et al., 2002a), we wanted to examine their 

Darwinian fitness by quantifying their seed production. In two consecutive years, 2000 and 

2001, both genotypes lacking FDE displayed significant fitness reduction (50% and 30%, 

respectively, Paper II). To verify that this effect was a result of the reduced FDE and not an 

artifact from the mutagenesis, we measured the fitness of these plants in a controlled 

“standard” environment. We could not measure any difference in fitness between the plants 

lacking FDE and the WT (Paper II). 

 

In 2002, we grew the plants with increased capacity for FDE in the field to test their fitness 

and calculated a significant fitness increase of 22% for oePsbS vs WT (Paper IV). To verify 

these results we repeated the experiment in 2003 and 2004, but in both years a mixture of 
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meteorological factors and biotic stress prevented us from collecting statistically significant 

data. In 2003, the oePsbS plants produced approximately 6% more seeds than the WT, but 

this difference was not statistically significant. In 2004, one third of all plants failed to 

produce any seeds (most died during the experiment), another third was very small, producing 

between 500 and 2000 seeds, and the remaining third grew large and healthy and produced up 

to 30000 seeds per plant, making statistical analysis impossible. Overall, our results to this 

point show that plants lacking FDE suffer a fitness disadvantage in the field and that plants 

with enhanced FDE may have increased fitness versus the WT in in the field. 

 

Physiological effects on plants grown in the field 
Our results challenged us to discover what the physiological effects of altered FDE are on 

plants growing in the field. For this, we grew a separate set of plants in parallel in the field 

and measured photosynthetic parameters either on dark-adapted intact leaves or on dark-

adapted detached leaves using chlorophyll fluorescence. We found that plants lacking FDE 

had increased levels of PI compared to the WT on sunny days, when even the WT 

experienced PI (Paper II). There are two possible explanations: either the damage of reaction 

center proteins is higher in FDE mutants, or the repair cycle which reintroduces newly 

synthesized D1 protein into PSII is slower or less efficient. The best way of determining 

which of the two is true will be to measure the rate of PI by comparing PI over a high light 

treatment time-course with and without application of 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU). Regardless of why PI is higher in FDE mutants, the result is reduced 

photosynthesis during times of high PI, leading to reduced assimilation of carbohydrates. 

Furthermore, the higher “costs” of repairing more reaction centers also decreases available 

resources for reproduction. The kinetics of PI in the field were complex and could at least 

partly be explained by the light conditions during the day (Paper III). Interestingly, 

estimations for the efficiency of PSII (φPSII) showed no differences between the WT and 

FDE mutants. When, instead, the fraction of open PSII reaction centers (1-qP) was measured, 

the difference became obvious, with many fewer open reaction centers in the mutants (Paper 

III). Smaller open reaction center fractions are often interpreted as indicative of increased 

excitation pressure (Huner et al., 1998). 

 

The primary products of photosynthesis are carbohydrates, most of which are stored during 

the daytime as starch in the chloroplast and then exported to sink tissues overnight in the form 
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of sucrose. Because changes in photosynthesis can lead to changes in carbohydrate 

metabolism, we measured the soluble carbohydrates glucose, fructose and sucrose and the 

storage compound starch from the field grown plants. FDE mutant plants had much less starch 

(approximately 50% less), but more soluble sugars (approximately 35% more) than WT. 

Thus, their ratio of soluble sugars to starch was extremely different (approximately 250% 

higher). This can be interpreted as a sign of general stress (Stitt and Hurry, 2002; Lutts et al., 

2004). Similar results were obtained by quantifying anthocyanins - pigments that accumulate 

in the epidermis and “shade” the chloroplast-containing tissues below (Kubo et al., 1999). 

Anthocyanins were not only higher in FDE mutants, but also started to accumulate earlier 

during plant development (Paper III).   

 

Metabolic reprogramming occurred in the field 

In a new approach, we wanted to use state-of-the-art techniques to quantify a library of  

different metabolites simultaneously  (metabolomics). Since variations between biological 

replicates are typically large using this approach, we pre-grew the plants in standard 

conditions for about 5 weeks and then shifted them outside for five days before harvesting 

leaves for transcriptome and metabolome analysis. The weather conditions during these five 

days were comparable to the conditions in the standard environment with the exception of the 

light intensity. For this approach, plants with no (npq4), medium (WT) and high (oePsbS) 

capacity for FDE were used (Paper IV). 

 

The resulting differences in metabolite levels between the genotypes were large: some 

metabolites varied more that 10 fold between the npq4 and oePsbS plants (Paper IV). More 

than 90% of the metabolites identified as having significant differences between the 

genotypes demonstrated a correlation gradient between capacity for FDE and metabolite 

amount.  In other words, the WT metabolite levels were in the middle of the two extremes 

represented by the npq4 and oePsbS plants. Interestingly the metabolites that changed could 

be categorized into only a few groups. The two largest affected groups were the carbohydrates 

and the amino acids, both closely connected to primary metabolic pathways. Changes in 

carbohydrate metabolism were not unexpected since their primary production source, 

photosynthesis, was altered. There was, for example, less sucrose in npq4 plants and more 

fructose and glucose. Often changes in carbohydrate metabolism go hand in hand with 

changes in amino acid metabolism. This was the case in our experiments, where the changes 
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in amino acids levels were probably a consequence of the changes in plant carbohydrate 

status. We also observed major changes in plant lipids and fatty acids, while the rest of the 

differentially expressed metabolites were from various groups including secondary 

metabolites.  For example, tocopherol and semidihydro ascorbate, both involved in protection 

from reactive oxygen species, had higher metabolite levels in the npq4 mutant versus the WT 

or oePsbS plants (Paper IV). The metabolomes of the same genotypes grown in controlled 

conditions revealed only minor differences between the genotypes. This means that 

differences measured in the field were a genotypic effect influenced by the environmental 

conditions (Paper IV). 

 

Changes in FDE lead to reprogramming the transcriptome 
Not only were metabolic differences between the three genotypes revealed when the plants 

were shifted outside for five days, but also the transcriptomic ones. The changes in gene 

expression were largest when comparing the pair npq4 and oePsbS, but less pronounced 

changes were also present between WT and both altered FDE genotypes. Additionally, WT 

was most often found to have expression levels between the two other genotypes (Paper IV). 

We found that 526 genes were significantly differentially expressed between the npq4 and 

oePsbS plants (P<0,05 between biological and technical replicates; Paper IV). Even though 

the difference in photosynthetic gene expression was not large, it was very consistent. Most of 

the nuclear-encoded photosynthetic genes were down regulated in npq4 plants vs oePsbS. 

Other clear trends to emerge were the changes in transcripts associated with carbohydrate 

metabolism including an upregulation of starch and sucrose degradation genes. We also 

observed transcript changes for proteins involved in amino acid metabolism, the plastid 

transcriptional machinery, secondary metabolism and cell regulation. One of the most 

prominent transcript changes in cell regulation was a strong increase in mRNAs encoding the 

biosynthetic enzymes of the plant hormone Jasmonic acid (JA). JA biosynthesis is initiated at 

the chloroplast envelope (Creelman and Mullet, 1997) and is further discussed in the next 

section. 

 

Correlation between gene expression and metabolites 
The regulatory steps separating the expression of a gene from the production of the metabolite 

its encoded gene product is supposed to affect are many. An increase in gene expression does 

not always lead to an increase in the protein it encodes. Post-transcriptional control can reduce 
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or increase protein levels after transcription, and on another level, the encoded enzyme’s 

activity can be post-translational regulated, as in the case of RUBISCO. Still, we found 

several correlations between metabolite accumulations and gene expression in our study. We 

could, for example, detect lower amounts of sucrose in npq4 than in oePsbS, along with high 

gene expression of genes whose encoded proteins catabolize sucrose, as well as an 

accumulation of the breakdown products glucose and fructose (Paper IV). We found similar 

correlation in a broad range of amino acid metabolic enzymes and metabolites. One very 

convincing example from this study was the JA biosynthesis pathway. The first step in the 

synthesis of JA is the oxygenation of linolenic acid from the inner chloroplast envelope. In 

our experiments, the levels of linolenic acid were largely reduced concurrent with the 

increased expression of the transcript for the lipoxygenase involved in that first reaction in 

npq4. Two more JA biosynthesis genes and the gene responsible for methyl esterification of 

JA were upregulated. Methyl Jasmonate (MeJA) is one of the active forms of JA. Because it 

is a volatile, we could not detect MeJA with our methods, but in 2004 Reymond et al. 

published the Arabidopsis transcriptional response to MeJA application as well as to insect 

feeding (production of MeJA is a response to insect feeding; (Reymond et al., 2004). Of the 

72 genes that were up regulated by MeJA in the experiments of Reymond et al., more than 

70% were also up regulated in our transcriptional analysis, giving good evidence that MeJA 

was indeed present at elevated levels in npq4. This demonstrates a previously undescribed 

overlap between biotic and abiotic stress: a reduction in the ability to dissipate excess 

excitation energy leads to increased production of ROS in the chloroplast, ROS in the 

chloroplast induces JA. Our results also illuminate a phenomenon applicable to WT plants of 

any species grown in different environments: plants grown in a controlled growth 

environment will not produce as many ROS from photosynthesis, and therefore will not 

induce JA, whereas plants grown in the full sun outside will experience photo-oxidative stress 

and the produced ROS will induce JA production. 

 

Simulation of changing environmental conditions in the controlled growth room 

We tried to understand which environmental factors have the most influence on the need for 

FDE. Since the mechanism acts on rather short timescales of changes in light intensity, we 

grew three genotypes (npq1, npq4 and WT) in a controlled growth environment with variable 

light conditions. The light environment was varied between 35 and 580 µmol quanta m-2 s-1. 

In a first experiment using this setup, we let the plants grow until seed set and quantified the 

seeds produced. We found a reduction in fitness similar to that observed in the field 
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(approximately 35% fitness reduction) (Paper II), demonstrating that the main factor for 

fitness reduction in the field was changes in light quantity. In a controlled environment, PI 

was not a factor influencing fitness - we could not find any differences in PI between the 

genotypes (Paper III). Nonetheless, I speculate that the rate of damage was still higher in FDE 

mutants indoors, but 

that with an 

increased rate of 

repair, the level of 

functioning PSII was 

the same in all 

genotypes. If this is 

the case, the higher 

costs for repair of 

reaction centers 

could explain the 

reduced fitness at 

least in part. While 

the estimation for 

open reaction centers 

(1-qP) was similar to 

the results from the field, there was an additional difference in the efficiency of PSII (φPSII), 

with lower values for FDE mutants (Paper III). Similar to the field-grown plants, FDE 

mutants accumulated less starch than the WT indoors, but about the same or even slightly 

higher amounts of soluble sugars, leading to a low ratio of soluble sugars to starch in all 

genotypes. On the other hand, levels of anthocyanins were higher in the mutants than in the 

WT (Paper III). Using this data, we tried to develop a model explaining why fitness is reduced 

in the field and under variable light (Figure 14). In both non-standard environments FDE 

mutants have more damaged reaction centers than the WT. However, in the field the rate of 

damage exceeds the rate of repair and PI occurs, while in the varying light environment, 

where the changes occur on a regular basis, the damaged reaction centers can be repaired at a 

rate that prevents increased PI. Photosynthesis is reduced in both of these environments, due 

to higher levels of PI in the field, and due to lower PSII efficiency under variable light. The 

result, regardless of growth regime, is a reduced accumulation of storage carbohydrates. 

Because no fertilizer was added in the field, I think that nutrients limited vegetative growth in 

Figure 14. Model for fitness reduction. This figure describes the mechanism 
behind the reduction of fitness in FDE less mutants in two different 
environments: variable light and field. Fitness in these mutants is not reduced 
when grown under “standard” growth conditions.   
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all genotypes and therefore no growth phenotype could be observed. In the fertilized varying 

light environment vegetative growth was limited by photosynthesis, leading to small 

differences in growth rate between the WT and the npq mutants. When seed filling begins a 

large “sink” is opened and the need for carbohydrates (versus nitrogen) increases. 

Photosynthesis therefore limits reproductive growth in both environments. Furthermore, the 

higher demand for D1 repair in both environments comes with the higher costs associated 

with the increased turnover. One sign of the increased stress experienced by the damaged 

photosystems is the higher accumulation of anthocyanins in the npq mutants. It was not 

surprising that I could not observe a fitness phenotype in the npq mutants under standard 

conditions, since, theoretically, no changes in the environment occurred during the day. FDE 

is a process that dissipates excess excitation energy and in the standard conditions this process 

should not be needed. 

 

Regulation of the PsbS gene 

A protein as important for regulation of 

light harvesting as PsbS should be tightly 

regulated. Unlike the closely-related 

early light inducible proteins (ELIPs), 

PsbS is expressed all the time in green 

tissue. PsbS transcript levels vary 

approximately 2-fold over the day, 

showing a diurnal expression pattern 

similar to that of the LHC proteins 

(Figure 16). This is not surprising since 

the motif thought to be responsible for 

the diurnal expression of LHCs 

(Piechulla et al., 1998) is also present in 

PsbS (CAANNNNATC). PsbS is, like 

the other light-harvesting-like genes 

(Lil), high light inducible at the transcript 

and protein level (Figure 15). PsbS is 

also induced by cold stress in Arabidopsis (Külheim and Jansson unpublished) although 

another study showed that this was not the case in field-grown pea (Pisum sativum) plants 

(Noren et al., 2003). The fact that the amount of PsbS protein can increase so much shows 

Figure 15. Induction of PsbS after a high light 
treatment. Plant were grown at 150 µE and shifted to 600 
µE for 3 days. Samples were taken after 24, 48 and 72 
hours. A. RNA extracts were quantified with Northern blot 
technique. Probes used were from PsbS, Elip1 and Lhcb1 
(RNA is shown as a control for equal loading). B. Protein 
quantification with a Western blot. Antibodies against 
PsbS protein were used. 
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once more the plasticity of the plant’s chloroplast. Estimations about the stoichiometry of 

proteins per PSII are only of a limited use, since they can and will change in plants with 

changes in light quantity and quality. The turnover of PsbS is generally believed to be 

comparably slow. Plants grown at high light intensities have a smaller antenna size, mostly 

through their reduction in the amount of LHCII trimers, and will increase the number of PsbS 

copies per PSII, possibly from one copy per PSII to two. Similarly, the number of other Lil 

gene products may either increase (if any were present) or a protein already present may bind 

to PSII. Since the function of most of the Lil proteins is still unknown, we can only speculate 

about their function. All of the Lil transcripts accumulate after a high light treatment 

(Adamska, 1997; Heddad and Adamska, 2000; Andersson et al., 2003b), making a role in 

high light protection likely. Besides having a direct role in high light protection such as 

energy dissipation, they could be involved in protection from oxidation, complex 

stabilization, storage or the transport of chlorophyll (for example, during turnover of D1 

protein). 

 

PsbS is mostly induced by conditions from the previous day 
We were interested by the fact that the PsbS transcript accumulates to high amounts after 24 

hours in a high light 

environment, but the 

protein does not change 

(much) until 48 hours later.  

This lead us to examine the 

induction of PsbS 

transcripts further. 

Interestingly, when shifted 

from low to high light in 

the middle of the light 

period, Arabidopsis will 

not induce PsbS until the 

next morning (Figure 16). 

When a plant is given high 

light in the afternoon but not the morning, PsbS is still induced. When given high light only in 

the morning PsbS is induced quickly (Figure 16). This means that a plant that receives high 

Figure 16. Diurnal expression of PsbS. This graph shows the 
expression of the PsbS gene in different conditions. 1. LL during the 
light period plants are in 150 µE (L), the abundance of transcripts goes 
down to just under 50% of the maximum. 2. LH At the beginning of the 
second light period plants are shifted to 600 µE (H). 3. HL plants are 
shifted to 600 µE during the first light period. 4. HH plants are in 600 
µE during both light periods. 
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light from midday on can only start to synthesize PsbS protein the next morning, and 

therefore protein levels do not increase by much in the first 24 hours. 

 

What natural conditions lead to PsbS induction? 
Keeping in mind that PsbS is induced by high light, cold, and probably many other conditions 

that raise the excitation pressure (drought, wind, low humidity), we examined the transcript 

abundance of PsbS in poplar leaves from a free-living tree growing outside the Department on 

the campus grounds during the autumn of 1999. The transcript abundance varied over time 

and initial examination of the data revealed that the highest expression was on a sunny day 

with a cool morning and the lowest expression on a mild foggy day. We collected weather 

parameters from a nearby weather station and used multivariate techniques to correlate 

weather parameters to PsbS gene expression. Surprisingly, the best correlation for gene 

induction was between PsbS and the weather conditions of the previous day - not with the 

weather  conditions the morning the samples were taken. We compared that to the correlation 

between weather and ELIP induction and found that ELIP is induced mostly by weather on 

the morning of sampling. The factors that induced PsbS were, not surprisingly, high light and 

cold temperature on the morning of sampling, but also warm afternoon temperatures on the 

previous day. This may be explained by the fact that the autumn of 1999 was unusually warm 

and dry for northern Sweden (45 and 17 % of the long-term average precipitation in August 

and September, respectively) leading to drought stress and stomatal closure during the 

afternoons, which increased excitation pressure due to lack of CO2 (Paper V).   

 

The significance of feedback de-

excitation 

Having feedback de-excitation is 

an evolutionary advantage for 

Arabidopsis, but probably also for 

all land plants. It is as important to 

dissipate excess energy as it is to 

harvest enough light for optimal 

photosynthetic performance. Many 

readers have probably made the 

observation that plants shifted out 

Figure 17. Bleaching of FDE genotypes after shift to field. The 
bleached percentage of the total leaf area after a shift of 150 µE 
pre-grown plants to the field is shown. Already after 4 hours the 
difference between the genotypes is significant. 
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of a dark winter storage place in the spring have pale green to yellow leaves that rarely 

survive, quickly bleaching in the outdoor sun. We wanted to examine whether capacity for 

FDE plays a role in the 

adaptation of plants to high 

light. Therefore we grew 

Arabidopsis plants (WT, 

npq4 and oePsbS) in the 

growth chamber in different 

light intensities (50, 150 and 

300 µmol quanta m-2 s-1) and 

put them outside into the sun 

for several days. As 

expected, the amount of 

bleaching correlated to the 

genotype, where oePsbS had least and npq4 most bleaching (Figure 17). The rate of survival 

was also similarly correlated, with the highest survival percentages for the oePsbS genotype 

and least for npq4 mutants (Figure 18).  

 

In summary, plants having a high capacity for FDE have an evolutionary advantage. This 

conclusion can be drawn from our fitness experiments with Arabidopsis plants either lacking 

FDE (Paper II) or having increased capacity for FDE (Paper IV). Additionally, FDE is 

important for the protection of plants from bleaching (Figure 17) and can increase the plants’ 

survival after a shift from low to high light intensities (Figure 18).  

 

A model for feedback de-excitation  

Though my experimental results do little to answer the question of how FDE works, I would 

nonetheless like to take time to summarize the current progress in our understanding of this 

aspect of NPQ and contribute my own viewpoints on this subject. First of all, the question of 

the location of PsbS must be addressed since it greatly influences the model of FDE. None of 

my data addresses this question, so I refer here to current literature discussing several 

proposed locations of PsbS. According to Dekker and Boekema, there is no space for a 

protein as large as PsbS within the PSII supercomplex (Dekker and Boekema, 2005) and these 

authors suggest that PsbS is located in the LHCII-only regions of the granal membranes. It 

could however also be possible that PsbS is located on the periphery of PSII megacomplexes 

Figure 18. Survival of FDE genotypes after shift to field. Plant from 
3 different FDE genotypes were pre-grown in 50, 150 and 300 µE and 
shifted to the field after approximately 10 days. After another 10 days 
the percentage of surviving plants was calculated. Number of plants 
used in each experiment was about 100.  
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(dimers of supercomplexes). These units typically contain four PSII, 12 minor LHC proteins 

and 8 LHCII trimers (Dekker and Boekema, 2005). PsbS could bind at the periphery, to either 

the reaction center of one PSII, the minor LHC proteins Lhcb5 or Lhcb6, or the LHCII 

trimers. Recent data by Peter Horton’s group suggest that Lhcb6 is involved in FDE (Peter 

Horton, personal communication), so PsbS may bind to Lhcb6 and induce quenching by 

changing the conformation of Lhcb6. I do, however, also believe that photosystems are highly 

plastic complexes and can imagine that there is more than one docking space for PsbS, 

leading to the induction of quenching from several positions around the outside of the 

megacomplex. Some of my data indicates that the amount of PsbS protein can increase as 

much as 2-fold after a 3-day high light treatment (Figure 15), showing that the stoichiometry 

of PsbS per PSII is quite variable. This can also be observed from different PsbS mutants, 

with either decreased or increased amounts of PsbS (Li et al., 2000; Li et al., 2002a). In all 

cases, there is almost a linear correlation between the amount of PsbS and capacity for FDE. 

This means that PsbS cannot act as a general sensor, changing the whole light-harvesting 

antenna from a state of efficient light-harvesting into a state of energy dissipation. PsbS 

therefore either creates a strong energy sink upon binding zea and undergoing a 

conformational change, or it binds to one or two (because of a high internal symmetry) Lhc 

proteins, changing their conformation in collaboration with zea in such a way that the Lhc 

proteins themselves become the new energy sink instead. 
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Conclusions 

 

• Each light-harvesting protein is necessary to optimize light harvesting. Even though, at 

first glance, their functions might seem redundant, this is not the case. What specific 

function each light-harvesting protein has is still not clear and needs further investigation.  

• The ability to dissipate excess excitation energy is an evolutionary advantage for plants 

growing in a terrestrial habitat. 

• In a natural environment, plants lacking FDE have increased photoinhibition, leading to 

reduced photosynthetic carbon assimilation. This results in the reduced accumulation of 

carbohydrates and reduced production of seeds, which in the case of Arabidopsis is the 

same as Darwinian fitness. 

• PsbS levels influence the metabolome and transcriptome of plants that have been stressed 

in a natural environment. In many cases, the transcript levels of an enzyme could be 

correlated to differences in its associated metabolite levels. 

• Plants with reduced FDE decrease their gene expression of photosynthetic genes. 

• The induction of Jasmonic acid in FDE mutants demonstrates the overlap of plant 

response to biotic and abiotic stress. 

• PsbS is regulated by abiotic factors and can be induced by light and cold. Transcripts of 

PsbS do not accumulate directly after initiation of light stress, but accumulate the next 

morning. This result could also be modeled with the help of multivariate statistics, where 

in a natural environment the largest influence on PsbS transcript levels come from abiotic 

conditions of the previous day. 

• PsbS levels also influence the survival rate of plants shifted from an indoor growth space 

outside. This makes PsbS an essential part of plant defense against abiotic stress. 

• Doing experiments on plants grown in a controlled environment can sometimes be the 

wrong approach. We have to be open-minded, think about what we are working with, and 

reflect on whether the stress treatment we use has the same effect as the natural 

environment would have on the plant. In the case of FDE, short, irregular changes in light 

quantity are necessary to observe the mutant phenotype(s). 
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Future perspectives 

 

More work is necessary to understand the mechanism of FDE. To achieve this, a combination 

of several approaches is needed. Aspects I would be interested in addressing would be: 

 

Investigating the transcriptome / metabolome from different FDE genotypes grown in a 

variable light environment. We have already compared the metabolome from plants grown in 

controlled conditions and from plants after a 5-day natural condition stress, now the changes 

brought to plants just by variable light with no other factors changed would be interesting. 

 

Studies on the protein – protein interaction of PsbS to other proteins would reveal which 

proteins PsbS binds to. This could be done by cross-linking experiments and could show 

which proteins are located close to PsbS. 

 

Investigating which other mechanisms could possibly compensate for a lack of FDE. Clearly 

without these other mechanisms, plants lacking FDE would not perform as well as observed. 

This could be done by measurements of the integral properties of PSII from plants lacking 

FDE.  

 

Assess why plants in nature do not have more PsbS. Our experiments show that plants with 

increased levels of PsbS had higher fitness, why has natural selection not selected plants with 

more PsbS?  

 

Further investigation of the regulation of the PsbS gene would be interesting. Why can’t PsbS 

be induced in the afternoon, instead only responding the next morning ? 

 

Investigating the overlap between Jasmonic acid induction and abiotic stress. Is the 

correlation just in one direction or in both? Mutants in Jasmonic acid biosynthesis could be 

photosyntheticly  characterized. 

 

Comparing the FDE in different ecotypes / plant species from a natural environment. Possibly 

new / different mechanisms would be discovered. QTL techniques could be used to 

investigate Arabidopsis thaliana ecotypes with different capacities for FDE. 
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Reglering av ljusantennen hos fotosystem II 

 

Fotosyntesen är en av de viktigaste kemiska processerna på jorden. Fotosyntetiska organismer 

utgör grunden för allt liv; de producerar en stor del av vår föda, de förser oss med syre, de 

genererar det livsviktiga ozonskiktet som skyddar oss från skadlig UV-strålning och de 

producerar förnyelsebara energikällor som t.ex. ved. För att försöka förstå den komplicerade 

reaktion, som fotosyntesen är, behöver man kombinera en mängd olika tekniker för att kunna 

studera processen från det molekylära planet till en global ekosystemsnivå.  

 

I det inledande skedet av fotosyntesen omvandlar två proteinkomplex, fotosystem II (PSII) 

och fotosystem I (PSI), energin i solljuset till kemisk energi bunden i ATP- och NADPH-

molekyler. Vid PSII sönderdelas vattenmolekyler till syre och protoner. Om klorofyllet i 

fotosystemen absorberar för mycket ljusenergi, kan delar av den absorberade energin 

överföras till syremolekylerna vilket kan ge upphov till farliga sidoreaktioner där bl.a. 

reaktiva syremolekyler (ROS) bildas. ROS är skadliga för proteiner och fettsyror i cellerna. 

Absorptionen av ljusenergi måste regleras noggrant för att förhindra uppkomsten av ROS. Om 

ljusintensiteten är låg, som t.ex. vid molnig väderlek, absorberas ljuset av en mängd 

ljusinsamlingsproteiner, som sedan leder ljuset vidare till fotosystemen. Vid höga 

ljusintensiteter absorberar ljusinsamlingsproteinerna mera ljus än fotosystemen kan hantera 

och då använder växten en s.k. återkopplande de-exciteringsmekanism, som omvandlar det 

överflödiga absorberade ljuset till värme vilket leder till att fotosystemen skyddas från skada. 

 

Målet med mina studier har varit att undersöka vad som händer när växten inte kan reglera 

mängden absorberat ljus. Genetiskt modifierad backtrav (Arabidopsis thaliana) med låga 

nivåer av ett eller flera proteiner som är relevanta för ljusabsorption odlades i fält. För att 

bedöma hur pass framgångsrika de genetiskt modifierade backtravsplantorna var jämfört med 

icke-modifierade plantor, räknades antalet producerade frön. Resultaten visade att de 

genetiskt modifierade plantorna producerade en mindre mängd frön. Vår slutsats är därför att 

vart och ett av proteinerna är nödvändiga för en effektiv reglering av mängden ljusenergi som 

går in i fotosystemen. I ett fall lyckades vi visa att den minskade fröproduktionen orsakades 

av skadade fotosystem och därmed bekräftades vikten av reglering av ljusenergi till 

fotosystemen. Vi har även undersökt förändringar i metaboliter och uttryckta gener hos 



 50 

plantor, som odlats i fält, och kommit fram till att hos de genmanipulerade växterna påverkar 

regleringen av ljusabsorption hela växtens metabolism och genuttryck.   

 

Ett av proteinerna, PsbS, som är involverat i regleringen av mängden absorberad ljusenergi, 

har studerats mera ingående. Uttrycket av PsbS induceras av hög ljusintensitet och kyla. Det 

som gör det här proteinet extra intressant är en fördröjning i uttrycksmönstret; när växten 

utsatts för höga ljusnivåer/kyla uttrycks PsbS först följande morgon. Vi vet för tillfället inte 

de bakomliggande orsakerna till denna fördröjning men en trolig förklaring skulle kunna vara 

att syntesen av proteinet är kopplad till tillgängligheten av klorofyll, vilket produceras på 

morgonen. 
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