
57© Springer Nature Switzerland AG 2020 
A. W. D. Larkum et al. (eds.), Photosynthesis in Algae: Biochemical and Physiological Mechanisms,  
Advances in Photosynthesis and Respiration 45, https://doi.org/10.1007/978-3-030-33397-3_4 

*Author for correspondence, e-mail: Jean-David.Rochaix@unige.ch

Chapter 4

The Dynamics of the Photosynthetic  
Apparatus in Algae

Jean-David Rochaix*
Departments of Molecular Biology and Plant Biology,  
University of Geneva University, Geneva, Switzerland

  I. Introduction .............................................................................................................................. 57
 II. Adaptation to Changes in Light Conditions .............................................................................. 60

 A. State Transitions ................................................................................................................ 60
 B. Non Photochemical Quenching (NPQ) .............................................................................. 65
 C. PSII Repair Cycle .............................................................................................................. 67

 III. Response of the Photosynthetic Apparatus to Micronutrient Depletion ................................... 69
 A. Copper Deficiency ............................................................................................................. 69
 B. Iron Deficiency ................................................................................................................... 69
 C. Sulfur Deprivation and Hydrogen Production ..................................................................... 70
 D. Nitrogen Deprivation .......................................................................................................... 71

 IV. Long Term Response: Changes in Nuclear and Chloroplast Gene Expression....................... 71
 V. Conclusions and Perspectives .................................................................................................  74
 Acknowledgements .......................................................................................................................... 75
 References ...................................................................................................................................... 75

 I. Introduction

Oxygenic photosynthetic organisms are con-
stantly subjected to changes in light quality 
and quantity and have to adapt to this chang-
ing environment. On the one hand they need 
light energy and have to collect it efficiently 
especially when light is limiting, on the 
other, they have to be able to dissipate the 
excess absorbed light energy when the 
capacity of the photosynthetic apparatus is 
exceeded. The primary events of photosyn-
thesis occur in the thylakoids, a complex net-
work of membranes localized within 
chloroplasts. These primary reactions are 

mediated by three major protein-pigment 
complexes, photosystem II (PSII), the cyto-
chrome b6f complex (Cytb6f) and photosys-
tem I (PSI) embedded in the thylakoid 
membrane and which act in series. Both PSII 
and PSI are associated with their light- 
harvesting systems LHCII and LHCI, 
respectively, which collect and transfer the 
light excitation energy to the reaction centers 
of the two photosystems. In both cases a 
chlorophyll dimer is oxidized and a charge 
transfer occurs across the thylakoid mem-
brane. PSII creates thereby a strong oxidant 
capable of splitting water on its donor side 
with concomitant evolution of molecular 
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oxygen and the release of protons in the 
lumen while electrons are transferred along 
the photosynthetic electron transport chain 
through PSII to the plastoquinone pool and 
Cytb6f. This complex pumps protons from 
the stromal to the lumen side of the thylakoid 
membrane while transferring electrons to 
plastocyanin and PSI.  Ultimately the elec-
trons are transferred to ferredoxin and 
NADP(H), the final acceptor. As a result of 
this photosynthetic electron flow, a proton-
motive force is generated across the thyla-
koid membrane consisting of a proton 
gradient and membrane potential. A fourth 
complex, the ATP synthase complex, is func-
tionally linked to the other three by using the 
proton gradient to produce ATP (Fig.  4.1). 
Both ATP and NADPH fuel the Calvin-
Benson-Bassham cycle for CO2 assimilation. 
Besides linear electron flow (LEF), cyclic 
electron flow (CEF) occurs in which elec-

trons are transferred from the PSI acceptor 
ferredoxin to the plastoquinone pool either 
through a typeI/II thylakoid- bound NADH 
dehydrogenase (Burrows et al. 1998) or the 
antimycin- sensitive pathway involving Pgr5 
and Pgrl1 (Munekage et  al. 2002; Hertle 
et  al. 2013). Analysis of a pgr5 mutant of 
Chlamydomonas revealed that the loss of 
Pgr5 leads to a reduced proton gradient 
across the thylakoid membrane and to dimin-
ished CEF activity (Johnson et  al. 2014). 
Pgrl1 has been proposed to act as a ferre-
doxin-plastoquinone reductase (Hertle et al. 
2013). In contrast to linear electron flow 
which generates both reducing power and 
ATP, CEF produces exclusively ATP.  The 
NADPH/ATP ratio can thus be modulated 
through regulation of CEF versus LEF.  It 
should be noted however that pgr5 and pgrl1 
mutants are still able to perform CEF under 
specific conditions such as high light or CO2 

Fig. 4.1. Scheme of the photosynthetic electron transport chain with PSII, Cytb6f, PSI and ATP synthase. Linear 
electron flow (LEF) and cyclic electron flow (CEF) are shown in red and blue, respectively with arrows indicat-
ing the direction of electron flow. The LEF pathway is driven by the two photochemical reactions of PSII and 
PSI: electrons are extracted by PSII from water and transferred subsequently to the PQ pool, Cytb6f, plastocyanin 
(PC), PSI and ferredoxin (Fd). Ferredoxin-NADPH reductase (FNR) catalyzes the formation of NADPH at the 
expense of reduced Fd. The CEF pathway is driven by PSI in the stroma lamellae. In Chlamydomonas reinhardtii 
PSI forms a supercomplex with Cytb6f, FNR, PGRL1, PGR5 and additional factors. Upon reduction of Fd, 
electrons are returned to the PQ pool either through the NADH complex (NdH) or via PGRL1 which acts as a 
Fd-PQ oxidoreductase. Both LEF and CEF are associated with proton pumping into the lumen. The resulting 
proton gradient is used by ATP synthase to produce ATP which together with NADPH drives CO2 assimilation 
by the Calvin-Benson-Bassham cycle (CBB). G, grana; SL, stroma lamellae. Reproduced from (Rochaix 2014) 
with permission
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limitation (Joliot and Johnson 2011; Nandha 
et al. 2007; DalCorso et al. 2008; Kono et al. 
2014). This suggests that PGR5 and PGRL1 
are not essential for CEF but are important 
for its regulation and control.

In addition to LEF and CEF, alternative 
electron transport occurs within the thyla-
koid membrane in which O2 is used as elec-
tron sink. These pseudo-cyclic electron 
transport paths involve the plastoquinone 
terminal oxidase which can oxidize the plas-
toquinone pool and, on the acceptor side of 
PSI, flavodiiron proteins which can reduce 
O2 directly to water (Allahverdiyeva et  al. 
2015; Shikanai and Yamamoto 2017). 
Alternatively reduction of O2 gives rise to 
reactive oxygen species (ROS) which are 
scavenged by superoxide dismutase and 
ascorbate peroxidase to produce water 
through the water-water cycle (see Chap. 8). 
These alternative pathways are important for 
maintaining a proper redox balance of the 
electron transfer chain and, in the case of the 
flavoproteins, for photoprotection of PSII 
and PSI especially under fluctuating light 
(Zhang et al. 2012; Shimakawa et al. 2015). 
Together with CEF they contribute to the 
formation of the proton-motive force and 
hence to ATP synthesis without any net accu-
mulation of NADPH (Allen 2003).

A striking feature of the thylakoid mem-
brane is its lateral heterogeneity with two dis-
tinct domains consisting of appressed 
membranes, called grana, and stromal lamel-
lae which connect the grana regions with each 
other (Andersson and Andersson 1980; 
Albertsson 2001). Whereas PSII is mainly 
localized in the grana regions, PSI and the 
ATP synthase are found in the stromal lamel-
lae and in the margins of the grana (Dekker 
and Boekema 2005). This is because these 
two complexes have large domains protruding 
in the stromal phase which do not fit into the 
narrow membrane space between the grana 
lamellae. The organization of thylakoid mem-
branes in grana and stromal regions is deter-
mined to a large extent by the resident 
photosystem complexes. As an example, 

mutants deficient in PSI contain mostly grana 
with few stroma lamellae (Amann et al. 2004; 
Barneche et al. 2006). In contrast to the pho-
tosystems, the Cytb6f complex is equally dis-
tributed between the grana and stromal 
thylakoid regions. Grana formation appears to 
be mediated by van der Waals attractive forces 
and electrostatic interactions in which LHCII 
plays an important role (Kirchhoff et al. 2008).

The LHCII genes form a large family 
with each member encoding a protein with 
three transmembrane domains and up to 
eight chlorophyll a, six chlorophyll b and 
four xanthophyll molecules. In 
Chlamydomonas there are nine major and 
two minor LHCII and nine LHCI genes 
(Minagawa and Takahashi 2004). The 
LHCII antenna comprises LHCII trimers 
connected to the PSII core through the 
CP26 and CP29 LHCII monomers. The 
LHCII trimers bind PSII at three sites 
named S (strong), M (medium) and L 
(loose). In vivo, PSII assembles as dimers 
associated with two S and M LHCII trimers 
to form the C2S2M2 PSII-LHCII supercom-
plex in land plants (Dekker and Boekema 
2005). Supercomplexes with one to three 
LHCII trimers per monomeric PSII core 
have also been detected in Chlamydomonas 
(Drop et al. 2014; Nield et al. 2000; Tokutsu 
et  al. 2012). In eukaryotic algae the PSI 
complex is monomeric with a core consist-
ing of the PsaA/PsaB heterodimer and addi-
tional subunits as well as up to 10 LHCI 
proteins in Chlamydomonas based on bio-
chemical studies and single-particle elec-
tron microscopy (Ozawa et  al. 2018; 
Steinbeck et al. 2018). It is noticeable that 
in contrast to the conserved core photosyn-
thetic complexes, the antenna systems are 
considerably more diverse with hydropho-
bic membrane- embedded LHCs in plants, 
green and red algae, and extrinsic hydro-
philic phycobilisomes in red algae and cya-
nobacteria. Moreover in most green algae 
thylakoid membranes are not differentiated 
in grana and stroma regions (Gunning and 
Schwartz 1999).
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The aim of this chapter is to provide a 
description of the remarkable dynamics and 
flexibility of the photosynthetic apparatus of 
algae in response to changes in environmen-
tal conditions, and to compare these 
responses with those of land plants. They 
include changes in light quality and quantity 
and in nutrient availability. These responses 
involve a reorganization of some of the pho-
tosynthetic complexes often mediated by 
post-translational modifications of their sub-
units through an extensive signalling net-
work in chloroplasts and between chloroplasts 
and nucleus which modulates nuclear and 
plastid gene expression.

 II.  Adaptation to Changes in Light 
Conditions

A distinctive feature of photosynthetic 
organisms is the presence of light- harvesting 
systems that funnel the absorbed light 
energy to the corresponding reaction centers 
and thereby considerably increase their 
absorption cross-section. Several regulatory 
mechanisms operate on these antenna sys-
tems for controlling the energy flux to the 
reaction centers. This is particularly impor-
tant under changing environmental condi-
tions when the photosynthetic apparatus 
needs to adapt quickly. Under limiting light 
it optimizes its light absorption efficiency by 
adjusting the relative size of its antenna sys-
tems through the reversible allocation of a 
portion of LHCII between PSII and PSI, a 
process referred to as state transitions which 
occurs in algae, plants and cyanobacteria 
(for reviews see (Lemeille and Rochaix 
2010; Wollman 2001)). In contrast when the 
absorbed light energy exceeds the capacity 
of the photosynthetic apparatus, it dissipates 
the excess excitation energy through non-
photochemical quenching as heat thereby 
avoiding photodamage (for reviews see 
(Niyogi 1999; Niyogi and Truong 2013)).

 A. State Transitions

Because the antenna systems of PSII and PSI 
have a different pigment composition, their 
relative light absorption properties change 
when the light quality varies. This is espe-
cially important for aquatic algae because 
the penetration of light in water changes 
depending on its wavelength; in particular, 
red light is more absorbed than blue light. 
Another example is provided by photosyn-
thetic organisms growing under a canopy 
where far red light is enriched. These changes 
in light quality can result in an unequal exci-
tation of PSII and PSI and thereby perturb 
the redox poise of the plastoquinone pool. 
Over-excitation of PSII relative to PSI leads 
to increased reduction of the plastoquinone 
pool and favours thereby docking of plasto-
quinol to the Qo site of the Cytb6f complex 
(Vener et al. 1997; Zito et al. 1999). This pro-
cess leads to activation of the chloroplast 
protein kinase Stt7/STN7 and to the phos-
phorylation of several proteins from LHCII 
(Depège et al. 2003; Bellafiore et al. 2005). 
Although the direct phosphorylation of 
LHCII by the Stt7/STN7 kinase has not yet 
been demonstrated, this kinase is the best 
candidate for the LHCII kinase because it is 
firmly associated with the Cytb6f complex 
and in its absence state transitions do no lon-
ger occur (Lemeille et al. 2009). Furthermore 
it is widely conserved in land plants, mosses 
and algae. As a result of this phosphoryla-
tion, part of the LHCII antenna is detached 
from PSII and moves and binds to PSI 
thereby rebalancing the light excitation of 
PSII and PSI and enhancing photosynthetic 
yield. This process is reversible as overexci-
tation of PSI leads to the inactivation of the 
kinase and to dephosphorylation of LHCII 
by the PPH1/TAP38 protein phosphatase and 
its return to PSII (Pribil et  al. 2010; 
Shapiguzov et al. 2010). Thus two different 
states can be defined, state 1 and state 2 cor-
responding to the association of the mobile 
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LHCII antenna to PSII and PSI, respectively. 
However, a strict causal link between LHCII 
phosphorylation and its migration from PSII 
to PSI has been questioned recently by the 
finding that some phosphorylated LHCII 
remains associated with PSII supercom-
plexes and that LHCII serves as antenna for 
both photosystems under most natural light 
conditions (Drop et al. 2014; Wientjes et al. 
2013a, b). In plants, the LHCII S trimers 
comprise Lhcb1 and Lhcb2 whereas the M 
trimers contain Lhcb1 and Lhcb3 (Galka 
et  al. 2012). Both the S and M trimers are 
most likely not involved in state transitions 
because the PSII-LHCII supercomplex is 
unchanged upon phosphorylation (Wientjes 
et al. 2013a) and PSI does not bind Lhcb3 in 
state 2 (Galka et al. 2012). Thus LHCII phos-
phorylation is not sufficient to dissociate all 
LHCII trimers from PSII.  It has therefore 
been proposed that peripherally bound L tri-
mers associate with PSI in state 2 (Galka 
et al. 2012). Moreover although Lhcb1 and 
Lhcb2 display similar phosphorylation kinet-
ics during a state1 to state 2 transition, only 
phosphorylated Lhcb2 but not Lhcb1 is part 
of the PSI-LHCII supercomplex (Longoni 
et  al. 2015). In this regard, it was shown 
recently by cryo-electron microscopy that 
the first three conserved residues of Lhcb2 
including phosphorylated Thr3, interact with 
specific residues from PsaL, PsaO and PsaH 
(Pan et  al. 2018). A PSI supercomplex has 
been isolated and characterized in 
Chlamydomonas (Steinbeck et al. 2018; Iwai 
et  al. 2010). It consists of PSI, Cyt b6f, 
LHCII, FNR (ferredoxin- NADPH reduc-
tase), PGRL1, a protein involved in CEF 
(Hertle et  al. 2013) and additional factors 
(Fig.  4.1). The correlation between the 
occurrence of state transitions and CEF 
raised the possibility that state transitions 
may act as a switch between LEF and CEF in 
Chlamydomonas (Finazzi et  al. 2002). This 
interpretation is however not compatible 
with recent studies which indicate that CEF 
is activated in the stt7 mutant when the meta-
bolic demand for ATP increases during the 

induction of the carbon concentrating mech-
anism when CO2 is limiting (Lucker and 
Kramer 2013). Also, analysis of the stt7 and 
ptox2 mutants, locked in state 1 and 2, 
respectively, independent of the redox condi-
tions led to similar conclusions (Takahashi 
et al. 2013). The ptox2 mutant is deficient in 
the plastid terminal oxidase which controls 
the redox state of the PQ pool in the dark 
(Houille-Vernes et  al. 2011). Whereas the 
accumulation of reducing power and transi-
tion to state 2 correlated well with the 
enhancement of CEF in the wild type, this 
was not the case for ptox2. In this mutant, 
CEF was not enhanced under aerobic condi-
tions in the dark even though it is locked in 
state 2 with phosphorylated LHCII. Moreover, 
CEF enhancement and formation of the PSI-
Cytb6f supercomplex were still observed in 
the stt7 mutant when the PQ pool was 
reduced. It can be concluded that both of 
these processes occur under reducing condi-
tions with no correlation with state transi-
tions and their associated LHCII 
reorganization and that it is the redox state of 
the photosynthetic electron transport rather 
than state transitions that controls CEF 
(Takahashi et al. 2013).

State transitions do not occur under high 
light because the LHCII kinase is inactivated 
(Schuster et  al. 1986). The current view is 
that inactivation of the kinase is mediated by 
the ferredoxin-thioredoxin system and that a 
disulfide bond in the kinase rather than in the 
substrate may be the target site of thiore-
doxin (Rintamaki et al. 1997, 2000). In this 
respect the N-terminal region of the kinase 
contains indeed two Cys residues which are 
conserved in all species examined (Depège 
et al. 2003; Bellafiore et al. 2005). Both of 
these Cys are essential for the kinase activity 
because changes of either Cys through site-
directed mutagenesis abolishes the kinase 
activity (Lemeille et  al. 2009). It is notice-
able that these Cys are located on the lumen 
side of the thylakoid membrane whereas the 
kinase catalytic domain is on the stromal 
side where the substrate sites of the LHCII 
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proteins are located (Depège et  al. 2003; 
Lemeille et al. 2009) (Fig. 4.2). Although the 
conserved Cys residues in the lumen are on 
the opposite side of the stromal thioredoxin 
according to this model, one possibility is 
that thiol reducing equivalents are trans-
ferred across the thylakoid membrane 
through the CcdA and Hcf164 proteins 
which operate in this way during heme and 
Cyt b6f assembly (Page et al. 2004; Lennartz 
et  al. 2001). Alternatively, transfer of thiol 
reducing equivalents across the thylakoid 
membrane could also be mediated by Lto1 
(Lumen Thiol Oxidoreductase 1) which cata-
lyzes the formation of disulfide bonds in the 
thylakoid lumen and is required for PSII 
assembly (Karamoko et  al. 2011; Du et  al. 
2015) (Fig.  4.2). Its sulfhydryl oxidizing 
activity is linked to the reduction of phyllo-
quinone, a redox component of PSI. It is not 
clear whether phylloquinone is involved in 
other electron transfer processes besides 
those in PSI. Although the two lumenal Cys 
are prime candidates for the redox control of 
the activity of the Stt7/STN7 kinase, high 
light treatment did not change the redox state 
of these Cys (Shapiguzov et  al. 2016). 

Another possibility is that high light affects 
the folding of the kinase in the thylakoid 
membrane, in particular through reactive 
oxygen species generated by the high light 
treatment.

The Stt7/STN7 kinase is associated with 
the Cytb6f complex. This kinase contains a 
transmembrane domain connecting its 
N-terminus on the lumen side with two con-
served Cys residues to the catalytic domain 
on the stromal side of the thylakoid mem-
brane. The major substrates of this kinase are 
the LHCII proteins of the PSII antenna. The 
LHCII kinase is known to be inactivated by 
high light through the Fd/Trx system. This 
system could modulate the redox state of the 
two lumenal Cys through CcdA and Hcf164, 
two proteins known to mediate the transfer 
of thiol reducing equivalents across the thy-
lakoid membrane. Another possibility is that 
this process is catalyzed by Lto1, the lume-
nal thiol oxidoreductase 1.

It is known that the activation of the kinase 
is intimately connected to the docking of 
plastoquinone to the Qo site of the Cyt b6f 
complex (Vener et al. 1997; Zito et al. 1999) 
(Fig.  4.2). Electron transfer from plasto-
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quinol to Cyt f is mediated by the Rieske pro-
tein and involves the movement of this 
protein from the proximal to distal position 
within the Cyt b6f complex (Darrouzet et al. 
2001; Breyton 2000). Recent studies have 
revealed that the two conserved Cys residues 
of the Stt7/STN7 kinase form an intramo-
lecular disulfide bridge which appears to be 
essential for kinase activity (Shapiguzov 
et al. 2016). However no change in the redox 
state of these Cys could be detected during 
state transitions. It is only under prolonged 
anaerobic conditions that this disulfide 
bridge was reduced but at a significantly 
slower pace than transition from state 1 to 
state 2 which occurs under anaerobiosis in 
Chlamydomonas (Bulté et al. 1990). In wild- 
type Arabidopsis plants the STN7 kinase is 
only observed as a monomer both under state 
1 and state 2 conditions although the dimer 
could be detected in plants overexpressing 
STN7 or in mutants with changes in either of 
the two luminal Cys of STN7 (Wunder et al. 
2013). However these results do not exclude 
the possibility of rapid and transient changes 
in the redox state of these two Cys. In fact 
such changes were proposed to occur to 
accommodate all the known features of the 
Stt7/STN7 kinase (Shapiguzov et al. 2016). 
A transient change from an intra- to intermo-
lecular disulfide bond may occur which 
would activate the kinase and be coupled to 
the movement of the Rieske protein during 
electron transfer from plastoquinol to Cyt f. 
Moreover it is interesting to note that an 
interaction site between the kinase and the 
Cytb6f complex has been located close to the 
flexible glycine-rich hinge connecting the 
membrane anchor to the large head of the 
Rieske protein in the lumen (Shapiguzov 
et al. 2016). Given that a single chlorophyll a 
molecule with its phytyl tail close to the Qo 
site exists in Cytb6f (Stroebel et al. 2003), it 
is also possible that the kinase senses PQH2 
binding to the Qo site through this chloro-
phyll a molecule of the Cytb6f complex 
(Stroebel et al. 2003; Kurisu et al. 2003). It 
was proposed that this molecule may play a 

role in the activation of the Stt7/STN7 kinase 
based on site-directed mutagenesis of the 
chlorophyll a binding site (de Lacroix de 
Lavalette et al. 2008). The activation of the 
kinase would be triggered through the tran-
sient formation of a STN7 dimer with two 
intermolecular disulfide bridges which 
would transduce the signal to the catalytic 
domain on the stromal side of the thylakoid 
membrane (Shapiguzov et al. 2016).

Besides the lumenal side of the Cyt b6f 
complex, its stromal side also appears to be 
involved in the activation of the Stt7/STN7 
kinase. Analysis of mutants affected in the 
chloroplast petD gene encoding subunitIV of 
Cyt b6f revealed that several residues of the 
stromal loop connecting helices F and G 
interact directly with the Stt/STN7 kinase 
and are critical for state transitions (Dumas 
et al. 2017).

Another proposal for the mechanism of 
activation of the Stt7/STN7 kinase is that 
hydrogen peroxide may be involved by oxi-
dizing the luminal C1 and C2 to form intra 
and/or intermolecular disulfide bridges. It is 
based on the observation that singlet oxygen 
generated by PSII can oxidize plastoquinol 
with concomitant production of hydrogen 
peroxide in the thylakoid membranes 
(Khorobrykh et al. 2015). However this pro-
posal is difficult to reconcile with the obser-
vation that these Cys exist mostly in the 
oxidized form and the conversion from intra- 
to inter-molecular disulfide bridges appears 
to be only transient (Shapiguzov et al. 2016).

State transitions involve remodeling of 
the antenna system of PSII within the thyla-
koid membranes. This poses a challenging 
problem especially considering the fact that 
amongst biological membranes, the thyla-
koid membrane is very crowded with 70% of 
the surface area of grana membranes occu-
pied by proteins and 30% by lipids (Kirchhoff 
et  al. 2008). Light-induced architectural 
changes in the folding of the thylakoid mem-
brane are induced at least partly by changes 
in phosphorylation of thylakoid proteins cat-
alyzed by the protein kinases Stt7/STN7 and 
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Stl1/STN8 which most likely facilitate 
mobility of proteins in these membranes 
(Fristedt et  al. 2009; Samol et  al. 2012). 
These two kinases appear to play an impor-
tant role in chloroplast signaling in response 
to changing environmental conditions 
(Fig.  4.3). Light irradiance, ambient CO2 
level and the cellular ATP/ADP ratio modu-
late the redox state of the plastoquinone pool 
of the electron transport chain which is 
sensed by the Stt7/STN7 kinase. Together 
with the Stl1/STN8 kinase and the two cor-
responding protein phosphatases PPH1/
TAP38 and PBCP, Stt7/STN7 forms a central 
quartet which orchestrates the phosphoryla-
tion of the LHCII and the PSII core proteins 
(Fig.  4.3). PTK is another chloroplast Ser/
Thr kinase of the casein kinase II family 
which is associated with the plastid RNA 
polymerase and acts as a global regulator of 
chloroplast transcription (Link 2003; 
Ogrzewalla et  al. 2002). The CSK kinase 
shares structural features with cyanobacte-
rial sensor histidine kinases and is conserved 

in all major plant and algal lineages except 
C. reinhardtii (Puthiyaveetil et  al. 2008). 
Upon oxidation of the PQ pool, autophos-
phorylation of CSK occurs, an event which 
correlates with phosphorylation of the chlo-
roplast σ factor Sig1 and the decrease of 
psaAB gene expression. Furthermore, CSK 
interacts with PTK and SIG1  in yeast two 
hybrid assays. Based on these results it was 
proposed that CSK is regulated by the redox 
state of the PQ pool through the STN7 kinase 
(Fig. 4.3) (Puthiyaveetil et al. 2008). However 
how the different kinases are linked within 
this chloroplast signaling network shown in 
Fig. 4.3 is still unclear.

The redox state of the PQ pool is modu-
lated by the light irradiance, ATP/ADP ratio 
and ambient CO2 level. The protein kinases 
Stl1/STN8, Stt7/STN7, CSK, PTK and 
TAK1 (Snyders and Kohorn 1999, 2001) are 
shown with their targets indicated by arrows. 
Broken arrows indicate putative targets. LTR 
long term response involving retrograde sig-
naling is mediated through Stt7/STN7. 
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Reproduced from (Rochaix 2013) with 
permission.

 B. Non Photochemical Quenching (NPQ)

While state transitions are mainly involved 
in low light responses through an extensive 
reorganization of the antenna systems, other 
mechanisms for the regulation of light-har-
vesting operate when oxygenic photosyn-
thetic organisms are suddenly exposed to 
large and sudden changes in light intensity in 
their natural habitat. In the case of aquatic 
algae even moderate water mixing can bring 
algae from full darkness to high light within 
minutes (MacIntyre et  al. 2000; Schubert 
and Forster 1997). Under these conditions 
increased electron flow along the electron 
transport chain generates a large proton gra-
dient. The resulting acidification of the thyla-
koid lumen leads to the de-excitation of 
singlet excited light-harvesting pigments 
and is measured as non-photochemical 
quenching of chlorophyll fluorescence 
(NPQ). NPQ comprises several components; 
the major one is the high energy state quench-
ing qE which leads to the harmless heat dis-
sipation of the absorbed excess light energy 
(Niyogi and Truong 2013; Ruban et al. 2012; 
Chap. 12). The other components which also 
contribute to fluorescence quenching are the 
photoinhibitory quenching qI and state tran-
sitions qT although qT is not associated with 
thermal dissipation of excitation energy. The 
qE mechanism occurs in all major algal taxa 
and land plants. However the underlying 
molecular mechanisms of heat dissipation of 
excess excitation energy differ. The qE pro-
cess involves both the xanthophyll cycle and 
the PsbS protein in plants. Another protein, 
LhcsR, has been shown to mediate qE in 
algae (Niyogi 1999; Peers et  al. 2009; 
Chaps. 3 & 12).

The proton gradient acts as a sensor of the 
state of the photosynthetic electron transport 
chain. The magnitude of this gradient is low 
under low light illumination and high under 
illumination with high light especially when 

it exceeds the capacity of the photosynthetic 
apparatus. The resulting acidification of the 
thylakoid lumen activates the xanthophyll 
cycle in which violaxanthin is de-epoxdized 
to zeaxanthin, a reaction catalyzed by violax-
anthin de-epoxidase (VDE) which has an 
acidic pH optimum (Demmig-Adams and 
Adams 1992). The reverse reaction is cata-
lyzed by zeaxanthin epoxidase with a broad 
pH optimum and which in contrast to VDE is 
active both in the dark and in the light. 
Because the turnover of this enzyme is con-
siderably lower than that of VDE, zeaxanthin 
accumulates rapidly during high light illumi-
nation. The zeaxanthin-dependent NPQ 
depends greatly on the grana structure as 
unstacking of the membranes abolishes qE. It 
was proposed that the organization of LHCII 
in an aggregated state within the stacked 
grana region is essential for efficient qE 
(Horton et al. 2008). Both high proton con-
centration in the lumen and accumulation of 
zeaxanthin promote not only aggregation of 
LHCII but also that of the minor PSII antenna 
proteins CP29, CP26 and CP24 (Phillip et al. 
1996; Wentworth et  al. 2001). In plants qE 
occurs in the LHC proteins at multiple sites 
of the antenna system (Holwarth et al. 2009). 
These proteins have the ability to switch from 
an efficient light-harvesting mode to a light 
energy dissipating state (Kruger et al. 2012). 
Several mechanisms have been proposed 
including excitonic coupling, charge transfer 
and energy transfer between carotenoids and 
chlorophylls as well as chlorophyll-chloro-
phyll charge transfer states (for review see 
(Niyogi and Truong 2013)).

Another important player involved in 
NPQ is PsbS, a four-helix member of the 
LHC protein family (Li et al. 2000; Chaps. 3 
& 10). However this protein does not bind 
pigments although a chlorophyll molecule 
was detected at the dimer interface in the 
PsbS crystals (Fan et al. 2015). This protein 
appears to act as a sensor of the lumen pH 
most likely through protonation of its acidic 
lumen residues which in turn induces a rear-
rangement of the light-harvesting system 
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required for induction of NPQ (Li et  al. 
2004; Betterle et al. 2009; Goral et al. 2012). 
In this sense PsbS would act as an antenna 
organizer, a view which is further supported 
by the fact that it is mobile in the thylakoid 
membrane (Teardo et al. 2007), and it is able 
to associate with both the PSII core complex 
and LHCII (Bergantino et  al. 2003). 
Moreover, qE can be switched on without 
PsbS protein if the lumen pH is very low 
(Johnson and Ruban 2011). It thus appears 
that protonated PsbS allows for a fast and 
efficient rearrangement of the PSII antenna 
which is still possible in its absence but 
requires a longer time.

In Chlamydomonas reinhardtii and 
Phaeodactylum tricornatum, two representa-
tives of green algae and diatoms, respectively, 
qE is mediated by Lhcsr, another three helix 
member of the LHC protein family (Peers 
et  al. 2009; Chaps. 3 & 16). In high light, 
most Lhcsr genes are up-regulated in contrast 
to the light-harvesting genes which are down-
regulated. Recent studies reveal that Lhcsr 
binds chlorophylls and xanthophylls in vitro 
and that it has a basal quenching activity 
associated with chlorophyll- xanthophyll 
charge transfer (Bonente et  al. 2011). Its 
chlorophyll fluorescence lifetime is remark-
ably short and even shorter at low pH sug-
gesting that this protein has some quenching 
activity even in low light which is enhanced 
at low pH. It was proposed that these proper-
ties could explain the low expression of Lhcsr 
under low light when constitutive quenching 
would be wasteful (Niyogi and Truong 2013). 
The Chlamydomonas Lhcsr is bound to PSII 
where it may interact with the LHC proteins, 
especially Lhcbm1 which is known to be 
involved in thermal dissipation (Allorent 
et al. 2013; Elrad et al. 2002; Ferrante et al. 
2012). Interestingly, as several other LHC 
proteins, Lhcsr is phosphorylated by the Stt7 
kinase and moves from PSII to PSI during a 
state 1 to state 2 transition (Allorent et  al. 
2013). This observation is particularly inter-
esting with regard to chlorophyll fluorescence 
lifetime measurements which reveal two dif-

ferent kinetic components suggesting the 
existence of two underlying mechanisms 
(Amarnath et al. 2012).

It is noteworthy that although PsbS is also 
present in green algae, there is no evidence that 
it is involved in qE in these organisms under 
increased illumination. This is in contrast to the 
moss Physcomitrella patens that has both 
Lhcsr- and PsbS- dependent NPQ which oper-
ate independently and additively (Alboresi 
et al. 2010; Gerotto et al. 2012). The mainte-
nance of these two mechanisms in mosses may 
be linked to a greater need for inducible NPQ 
in these organisms (Gerotto et al. 2011).

Two PsbS genes are present in the nuclear 
genome of the green alga Chlamydomonas 
reinhardtii that are expressed under specific 
conditions such as nitrogen deprivation 
(Miller et  al. 2010), during a dark to light 
shift (Zones et al. 2015) and upon light stress 
(Correa-Galvis et  al. 2016). PsbS is also 
strongly induced by UV-B light together with 
Lhcsr1 both of which contribute to qE under 
these conditions. UV irradiation leads to the 
monomerization of the cytoplasmic dimeric 
UVR8 receptor which then interacts with the 
E3 ubiquitin ligase COP1 (Constitutively 
Photomorphogenic 1), moves to the nucleus 
and induces changes in gene expression 
(Rizzini et  al. 2011; Christie et  al. 2012; 
Favory et  al. 2009; Kaiserli and Jenkins 
2007). Amongst the proteins upregulated in 
this response, PsbS and Lhcsr1 are promi-
nent (Tilbrook et al. 2016) and they provide 
a direct mechanistic link between UVR8 
receptor signaling and acclimation and pho-
toprotection of the photosynthetic machin-
ery of Chlamydomonas (Allorent et al. 2016; 
Allorent and Petroutsos 2017).

NPQ has also been investigated in dia-
toms, an ubiquitous group of unicellular 
marine algae which make an important con-
tribution to the global carbon assimilation 
(Geider et al. 2001). Diatoms acquired their 
chloroplast through secondary endosymbio-
sis from a red algal ancestor (Keeling 2013). 
In these organisms, similar to plants and 
green algae, qE relies on three interacting 
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components, the light-induced proton gradi-
ent across the thylakoid membrane, the con-
version of the xanthophyll diadinoxanthin 
(Dd) to diatoxanthin (Dt) catalyzed by the 
enzyme Dd-de-epoxidase which depends on 
a trans-thylakoid proton gradient and the 
Lhcx antenna proteins (for review see (Goss 
and Lepetit 2015). Amongst these, Lhcx1 
appears to play a major role in qE as changes 
in its level are directly related to the quench-
ing of light energy (Bailleul et  al. 2010). 
Lhcx1 also plays an important general role in 
light responses in diatoms as it accumulates 
in different amounts in ecotypes originating 
from different latitudes. In contrast to land 
plants the proton gradient is unable to induce 
NPQ on its own in diatoms. It is only required 
to activate the de-epoxidation of Dd. The qE 
process represents an important photopro-
tective mechanism and involves a reorgani-
zation of the antenna complexes of diatoms 
(Goss and Lepetit 2015). However the 
quenching sites within the antenna systems 
of these organisms have not yet been pre-
cisely determined.

Another original feature of diatoms is the 
way they adjust the ATP/NADPH ratio which 
is important for proper carbon assimilation 
by the Calvin-Benson-Bassam cycle and for 
optimal growth. In plants and green algae 
this ratio is mainly set by the relative contri-
butions of LEF and CEF and by the water-to-
water cycles (Allen 2003) whereas in diatoms 
this ratio relies principally on energetic 
exchanges between plastids and mitochon-
dria (Bailleul et  al. 2015). These bidirec-
tional organellar interactions involve the 
re-routing of reducing power generated by 
photosynthesis in the plastids to mitochon-
dria and the import of ATP produced in the 
mitochondria to the plastids.

An additional remarkable feature of 
microalgae is the presence of flavodiiron 
(Flv) proteins which are involved in light- 
dependent electron flow. They catalyze O2 
reduction and thereby prevent oxidative 
damage when the photosynthetic electron 
transport chain is over-reduced. These pro-

teins are also found in cyanobacteria and 
mosses but not in angiosperms. Analysis of 
Chlamydomonas mutants with deficiencies 
in Flv proteins by chlorophyll fluorescence 
and oxygen exchange measurement using 
[18O]-labeled O2 and mass spectrometry 
revealed that these proteins indeed partici-
pate in the photoreduction of oxygen during 
the induction phase of photosynthesis fol-
lowing a transition from the dark to the light 
when the Calvin-Benson- Bassham cycle is 
not yet activated (Chaux et al. 2017).

 C. PSII Repair Cycle

Water splitting by PSII is one of the stron-
gest oxidizing reactions which occurs in 
living organisms. As a result, photodamage 
to PSII is unavoidable. A remarkable fea-
ture of this system is that it is efficiently 
repaired (Nixon et al. 2010). PSII exists as 
a dimer in which each monomer consists of 
28 subunits generally associated with two 
LHCII trimers in a supercomplex (Dekker 
and Boekema 2005). The PSII core consists 
of the two reaction center polypeptides D1 
and D2 which form a central heterodimer 
which acts as ligand for the chlorophyll 
dimer P680 and the other redox compo-
nents including the quinones QA and QB, 
the primary and secondary electron accep-
tors. Amongst all PSII subunits, D1 is the 
major target of photodamage and needs to 
be specifically replaced. This process, 
called PSII repair cycle, involves the par-
tial disassembly of the PSII supercomplex, 
the removal and degradation of the dam-
aged D1 protein, its replacement by a newly 
synthesized copy and the reassembly of the 
PSII complex (Fig. 4.4) (Aro et al. 1993). 
An important feature of this repair cycle is 
that it is compartmentalized within the 
crowded thylakoid membrane (Puthiyaveetil 
et al. 2014). Whereas damage of D1 occurs 
in the stacked grana region where most of 
PSII is located, the replacement of this pro-
tein takes place in the stroma lamellae. 
Although the exact role of phosphorylation 
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is not fully understood, the current view is 
that the PSII repair cycle starts with phos-
phorylation of the PSII core subunits D1, 
D2, CP43 and PsbH mediated by the STN8 
kinase (Vainonen et al. 2005; Bonardi et al. 
2005) which leads to the disassembly of the 
PSII-LHCII supercomplex thereby allow-
ing PSII to move to the grana margins and 
stroma lamellae (Tikkanen et  al. 2008; 
Herbstova et al. 2012). Dephosphorylation 
by the PSII core phosphatase Pbcp (Samol 
et  al. 2012) and by other unknown phos-
phatases is followed by the degradation of 
D1 by the FtsH and Deg proteases and a 
newly synthesized D1 is co-translationally 
inserted into the PSII complex (Nixon et al. 
2005). Finally the reassembled PSII com-
plex moves back to the grana and reforms a 
supercomplex with LHCII.  To make this 
cycle efficient, it is essential that the 
enzymes involved are confined to distinct 
thylakoid membrane subcompartments. 
Thus, the protein degradation occurs on the 
grana margins and protein synthesis on the 
stroma lamellae. In addition partial conver-
sion of grana stacks to grana margins 
allows the proteases to access PSII 
(Puthiyaveetil et al. 2014).

High light illumination leads to photo- 
oxidative damage of the PSII reaction center, 
especially the D1 protein. The PSII core pro-
teins are phosphorylated and the damaged 

complex migrates from the grana (G) to the 
stromal lamellae (SL). The D1 protein is 
degraded by the FtsH and Deg proteases and 
upon its removal from the PSII reaction cen-
ter a newly synthesized D1 protein is inserted 
co-translationally into the complex which 
moves back to the grana and thereby com-
pletes the repair cycle. Reproduced from 
(Rochaix 2014) with permission.

D1 degradation is significantly retarded in 
stn8 and stn7 stn8 mutants of Arabidopsis in 
which the thylakoid membrane architecture 
is affected (Fristedt et  al. 2009). In the 
absence of STN8, grana diameter is increased 
and there are fewer grana stacks. This obser-
vation is particularly intriguing as it suggests 
that PSII core phosphorylation is important 
for maintaining grana size, a parameter 
which is highly conserved in land plants and 
algae (Kirchhoff et al. 2008). Loss of STN8 
also affects partitioning of FtsH between 
grana and stromal membranes and limits its 
access to the grana, and migration of D1 
from the grana to the stroma lamellae is 
slowed down during the PSII repair cycle 
(Fristedt et al. 2009). These observations are 
thus compatible with the view that PSII core 
phosphorylation has a strong impact on thy-
lakoid membrane folding and architecture 
mediated most likely by electrostatic repul-
sion between membrane layers as proposed 
earlier (Barber 1982).

SL
G

PSII

PSII

PSII

FtsH Deg

Stn8 DI

DI*

Fig. 4.4. PSII repair cycle
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Chlamydomonas is able to acclimate spe-
cifically to singlet oxygen stress which 
occurs inevitably as a result of PSII activity. 
Genetic analysis identified a key regulator of 
the gene expression response of this accli-
mation process (Wakao et  al. 2014). This 
protein, Sak1 (singlet oxygen acclimation 
knocked-out 1) encodes an protein of 
unknown function with a domain conserved 
in some bZIP transcription factors of chloro-
phytes. It is located in the cytosol, and 
induced and phosphorylated after exposure 
to singlet oxygen. It could thus represent an 
important intermediate component of the 
retrograde signal transduction pathway 
underlying singlet oxygen acclimation.

 III.  Response of the Photosynthetic 
Apparatus to Micronutrient 
Depletion

The photosynthetic machinery comprises 
several protein-pigment complexes with spe-
cific cofactors including iron, copper, man-
ganese and iron-sulfur centers. Under 
conditions of limitation of one of these 
micronutrients, the photosynthetic machin-
ery displays a remarkable plasticity and abil-
ity to adapt to its new environment.

 A. Copper Deficiency

When Chlamydomonas cells face copper 
deficiency, the copper-binding protein plas-
tocyanin which acts as an essential electron 
carrier between the Cytb6f complex and PSI, 
is degraded and replaced with Cyt c6 
(Merchant and Bogorad 1987). In this way 
the cells can maintain photosynthetic elec-
tron flow. Besides Cyt c6, Cpx (copropor-
phyrinogen oxidase) is also induced by 
copper deficiency at the transcriptional level 
(Moseley et al. 2002). The increase of Cpx1 
expression may meet the demand for heme, 
the cofactor of Cyt c6. Crd1, another target 
besides Cyt c6 and Cpx1 of this signal trans-
duction pathway responsive to copper deple-

tion, was identified through a genetic screen 
for a copper- conditional phenotype. Crd1 is 
a thylakoid diiron membrane protein which 
is required for the maintenance of PSI and 
LHCI in copper- deficient cells. It has an iso-
form, Cth1, which accumulates in copper- 
sufficient oxygenated cells whereas Crd1 
accumulates in a reciprocal manner in cop-
per- deficient cells or under anaerobiosis 
(Moseley et al. 2002). Crd1 and Cth1 are two 
isoforms of a subunit of the aerobic cyclase 
in chlorophyll biosynthesis with overlapping 
functions in the biosynthesis of Chl proteins 
(Tottey et al. 2003).

 B. Iron Deficiency

Iron deficiency occurs often in nature and 
poses a challenge for photosynthetic organ-
isms because of the abundance and impor-
tance of iron in the primary photosynthetic 
reactions. With its three 4Fe-4S centers PSI 
is a prime target under these conditions. 
Under conditions of iron limitation the level 
of PSI decreases when Chlamydomonas cells 
are gown in the presence of a carbon source 
such as acetate. Eventually, these Fe-deficient 
cells become chlorotic because of 
proteolytically- induced loss of both photo-
systems and Cyt b6f (Moseley et  al. 2000). 
Before chlorosis occurs, a graded response is 
induced in which the LHCI antenna is dis-
sociated from PSI. This dissociation appears 
to be caused by the decrease of the amount of 
the peripheral chlorophyll-binding PsaK 
subunit of PSI which is required for the func-
tional connection of LHCI to 
PSI.  Interestingly loss of Crd1, the 
Fe-requiring aerobic oxidative cyclase in 
copper-sufficient cells, also leads to a lower 
accumulation of PsaK and to uncoupling of 
LHCI from PSI.  It was proposed that a 
change in plastid iron content is sensed by 
the diiron enzyme Crd1 through the occu-
pancy of its Fe-containing active site which 
determines its activity (Moseley et al. 2000). 
In turn this would affect the flux through the 
chlorophyll biosynthetic pathway and PsaK 

4 The Dynamics of the Photosynthetic Apparatus in Algae



70

stability. This response to Fe deficiency and 
also to light quantity and quality further 
involves a remodeling of the antenna com-
plexes with the degradation of specific sub-
units and the synthesis of new ones leading 
to a new state of the photosynthetic appara-
tus which allows for optimal photosynthetic 
function and minimal photooxidative dam-
age. The protective value of this antenna 
remodelling is further confirmed by the 
observation that the light sensitivity of a 
PsaF-deficient mutant (Farah et al. 1995) is 
alleviated in a psaF-crd1 double mutant 
(Moseley et al. 2002). The proposed mecha-
nism can be placed within a general frame-
work for explaining the causal link between 
chlorosis induced by iron deficiency and loss 
of photosynthetic function.

Marine organisms can face iron limitation 
in the oceans. A deep-sea/low light strain of 
the marine green alga Ostreococcus has 
lower photosynthetic activity due to the lim-
ited accumulation of PSI (Cardol et al. 2008). 
Interestingly in this strain electron flow from 
PSII is shuttled to a plastid plastoquinol ter-
minal oxidase thereby bypassing electron 
transfer through the Cytb6f complex. This 
water-to-water cycle allows for the pumping 
of additional protons to the lumen thylakoid 
space and thus facilitates ATP production 
and enhances qE in the case of absorption of 
excess light excitation energy.

Micronutrient limitation can also act at 
the level of the biosynthesis of the photosyn-
thetic apparatus which is mediated by the 
concerted action of the nuclear and chloro-
plast genetic systems. It is well established 
that subunits of the photosynthetic com-
plexes originate from these two systems. In 
addition a large number of nucleus-encoded 
factors are required for chloroplast gene 
expression that act at various plastid post-
transcriptional steps comprising RNA pro-
cessing and stability, translation and 
assembly of the photosynthetic complexes. 
Many of these factors have unique gene tar-
gets in the plastid and often interact directly 
or indirectly with specific 5′-untranslated 

RNA sequences (Eberhard et al. 2008). One 
of these factors, Taa1 is specifically required 
for the translation of the PsaA PSI reaction 
center subunit in C. reinhardtii (Lefebvre-
Legendre et al. 2015). Under iron limitation, 
this protein is down-regulated through a 
post- transcriptional process and it re- 
accumulates upon restoration of iron. 
Another recently identified factor is Mac1 
which is necessary for stabilization of the 
psaC mRNA (Douchi et  al. 2016). Under 
iron limitation both Mac1 protein and psaC 
mRNA are reduced two-fold and PsaC and 
PSI are destabilized. Thus PSI abundance 
appears to be regulated by iron availability 
through at least two of these nucleus- encoded 
plastid factors specifically involved in PSI 
biosynthesis. Another intriguing observation 
is that Mac1 is differentially phosphorylated 
in response to changes in the redox state of 
the electron transport chain raising questions 
to what extent post-translational protein 
changes modulate the assembly of photosyn-
thetic complexes.

Similar findings have been reported for 
Mca1 and Tca1, two nucleus-encoded pro-
teins that are required for the stability and 
translation of the petA mRNA encoding the 
Cyt f subunit in C. reinhardtii. Nitrogen 
deprivation leads to the proteolytic degrada-
tion of these factors and in turn to the loss of 
the Cyt b6f complex (Boulouis et  al. 2011; 
Raynaud et al. 2007). The response to nitro-
gen starvation also involves other factors 
required for the assembly of the Cyt b6f com-
plex and its hemes (Wei et al. 2014).

 C.  Sulfur Deprivation 
and Hydrogen Production

Many soil-dwelling algae like Chlamy-
domonas experience anoxic conditions espe-
cially during the night and are able to rapidly 
acclimate to anaerobiosis by shifting from 
aerobic to fermentative metabolism and can 
thus sustain energy production in the absence 
of photosynthesis (Gfeller and Gibbs 1984, 
1985; Grossman et al. 2010). These anaero-
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bic conditions lead to the expression of the 
oxygen- sensitive hydrogenase which cata-
lyzes the production of hydrogen from pro-
tons and electrons derived from the 
photosynthetic electron transport chain. 
Sulfur deprivation of Chlamydomonas cells 
leads to a significant decline in photosyn-
thetic activity within 24 h although there is 
no proportional concomitant decline in the 
levels of the major photosynthetic complexes 
(Yildiz et al. 1994; Davies et al. 1994). This 
decline in electron transport activity is due to 
the conversion of PSII centers from the QB-
reducing to a QB non-reducing center 
(Wykoff et al. 1998). This system has been 
used for improving hydrogen production in 
Chlamydomonas cells (Melis et  al. 2000). 
These cells as well other microalgal species 
possess a chloroplast (FeFe)-hydrogenase 
which acts as an additional sink when the 
photosynthetic electron transport chain is 
over-reduced under anaerobic conditions. 
Upon sulfur deprivation photosynthetic oxy-
gen evolution decreases whereas respiration 
is maintained resulting in an anaerobic envi-
ronment in a closed culture system. Although 
the exact physiological role of algal hydrog-
enases is not known, they are likely to play a 
significant role in redox poise, photoprotec-
tion and fermentative energy production 
(Grossman et al. 2010).

 D. Nitrogen Deprivation

In contrast to sulphur deprivation which 
results in PSII deficiency in Chlamydomonas 
(Wykoff et  al. 1998), nitrogen deprivation 
under heterotrophic growth conditions leads 
to the specific depletion of Rubisco and the 
Cytb6f complex due to active proteolysis of 
this complexes by the Clp and FtsH prote-
ases (Bulte and Wollman 1992; Majeran 
et al. 2000). These conditions lead to a sig-
nificant increase in photorespiratory enzymes 
and to the conversion of thylakoid mem-
branes into a matrix for oxidative catabolism 
of reductants. Besides Cytb6f several factors 
involved in its biogenesis are also degraded 

under nitrogen deprivation. These protein 
degradations were proposed to be triggered 
by the intracellular production of nitric oxide 
(NO) generated by rerouting of nitrite during 
nitrogen starvation (Wei et al. 2014). Indeed, 
addition of NO donors or of nitrite, the most 
likely donor of NO, during nitrogen starva-
tion enhanced Cytb6f degradation whereas 
NO scavengers had the opposite effect (Wei 
et al. 2014). These proteolytic processes only 
occur in the presence of a reduced carbon 
source such as acetate, but not when respira-
tion is impaired or under phototrophic 
growth conditions which require a functional 
photosynthetic apparatus. An important 
future task will be to elucidate the underly-
ing signalling pathway especially as the 
overall process has implications for biofuel 
production in microalgae.

 IV.  Long Term Response: Changes 
in Nuclear and Chloroplast  
Gene Expression

While short term responses of the photosyn-
thetic apparatus involve mostly post- 
translational mechanisms such as 
phosphorylation or changes in pH and ion 
levels, long term responses are mediated 
through changes in the expression of specific 
chloroplast and nuclear genes and their prod-
ucts. Environmental changes such as changes 
in light quantity and quality lead to changes 
in the state of the chloroplast which are per-
ceived by the nucleus through a signalling 
chain referred to as retrograde signalling. 
The components of this signalling chain are 
still largely unknown although a few poten-
tial retrograde signals have been identified 
(Woodson and Chory 2012). Amongst these, 
tetrapyrroles appear to play a significant role. 
These compounds are involved in the chloro-
phyll biosynthetic pathway which needs to 
be tightly regulated to avoid photo-oxidative 
damage. Mg-protoporphyrin IX (Mg-Proto) 
was first shown to be involved in the repres-
sion of the LHCII genes in retrograde signal-
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ling in Chlamydomonas (Johanningmeier 
and Howell 1984). However such a role for 
this tetrapyrrole in land plants gave rise to 
contradictory results and has been ques-
tioned (Strand et al. 2003; Mochizuki et al. 
2008; Moulin et al. 2008). In contrast feed-
ing experiments with Mg-Proto and hemin in 
Chlamydomonas induce expression of the 
gene of HemA (glutamyl-tRNA reductase) 
and of the heat shock proteins Hsp70A, 
Hsp70B and Hsp70E (Kropat et  al. 1997, 
2000; von Gromoff et al. 2008). In this alga 
both Mg-Proto and hemin are exclusively 
synthesized in the chloroplast. Genome- 
wide transcriptional profiling revealed that 
their exogenous addition to Chlamydomonas 
cells elicit transient changes in the expres-
sion of almost 1000 genes (Voss et al. 2011). 
They include only few genes of photosyn-
thetic proteins but several genes of enzymes 
of the tricarboxylic acid cycle, heme- bind-
ing proteins, stress-responsive proteins and 
proteins involved in protein folding and deg-
radation. Because these tetrapyrroles are not 
present in the natural environment of the 
algae, it is likely that these two tetrapyrroles 
act as secondary messengers for adaptive 
responses affecting not only organellar pro-
teins but the entire cell. It is noticeable that 
these large changes in mRNA levels are not 
matched by similar changes in protein 
amount (Voss et al. 2011).

The synthesis of tetrapyrroles needs to be 
tightly controlled because some of these 
chlorophyll or heme precursors are very pho-
todynamic and can cause serious photo-oxi-
dative damage. In land plants the conversion 
of protochlorophyllide (PChlide) to chloro-
phyllide (Chlide) is light- dependent. In the 
dark, overaccumulation of PChlide is pre-
vented through a negative feedback medi-
ated by the Flu protein which inhibits 
glutamyl-tRNA reductase at an early step of 
the tetrapyrrole pathway (Fig.  4.5) 
(Meskauskiene et  al. 2001). Although 
Chlamydomonas is able to synthesize chlo-
rophyll in the dark, it also contains a Flu-like 
gene called Flp which gives rise to two tran-

scripts by alternative splicing (Falciatore 
et  al. 2005). The relative levels of the two 
corresponding Flp proteins correlates with 
the accumulation of specific porphyrin inter-
mediates some of which have been impli-
cated in a signalling chain from the 
chloroplast to the nucleus. Moreover, 
decreased levels of the Flp proteins lead to 
the accumulation of several porphyrin inter-
mediates and to photobleaching when 
Chlamydomonas cells are transferred from 
the dark to the light. These Flp proteins 
therefore appear to act as regulators of chlo-
rophyll synthesis and their expression is con-
trolled both by light and plastid signals.

The heme and chlorophyll biosynthetic 
pathway branch at protoporphyrin IX (Prot 
IX). GTR, glutamyl tRNA reductase, is sub-
jected to feedback inhibition by heme and 
FLU.  In most land plants conversion of 
PChlide (protochlorophyllide) to Chlide is 
light-dependent (in Chlamydomonas this 
conversion also occurs in the dark (D)). 
Through its negative feedback on GTR, FLU 
prevents overaccumulation of PChlide in the 
dark. The steps affected by the gun and hy 
mutations which affect retrograde signaling, 
are indicated. GSA, glutamate 1-semialde-
hyde; ALA, 5-aminolevulinic acid; Chl, chlo-
rophyll; FC, ferrochelatase, HMOX1, heme 
oxygenase; BV, biliverdin; PCY, bilin reduc-
tase; PCB, phytocyanobilin. Reproduced 
from (Rochaix 2013) with permission.

Additional evidence for the involvement 
of the tetrapyrrole biosynthetic pathway in 
retrograde signalling comes from the identi-
fication of a functional bilin biosynthesis 
pathway in Chlamydomonas (Duanmu et al. 
2013). In this pathway protoporphyrin IX is 
converted to protoheme and Mg-Proto by Fe- 
and Mg-chelatase, respectively. While heme 
is used as prosthetic group for many hemo-
proteins, a portion of heme is converted to 
bilverdin IXa by heme oxygenase (Hmox1) 
and in the next step by a ferredoxin-depen-
dent phytochromobilin synthase (PcyA) to 
phytochromobilin, which serves as chromo-
phore of phytochromes (Fig. 4.5). However, 
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since Chlamydomonas as well as other chlo-
rophytes do not produce phytochromes, the 
question arises about the role of this pathway 
in these algae. Some clues came from the 
analysis of a mutant of Chlamydomonas 
deficient in Hmox1 whose phototrophic 
growth is compromised and photoacclimates 
poorly upon a dark to light transition 
(Duanmu et  al. 2013). Comparative tran-
scriptomic studies of wild-type and hmox1 
cells revealed a set of nuclear genes that are 
up-regulated by bilins and that comprise 
members of the SOUL heme binding protein 
family and stress-activated genes, but not 
genes involved in the biosynthesis of the 
photosynthetic system or of tetrapyrroles. 
Further analysis revealed that the poor pho-
toacclimation of the hmox1 mutant is due to 
the decreased light- dependent accumulation 
of PSI reaction center and of the light-har-
vesting antennae of PSII and PSI (Wittkopp 

et  al. 2017). Moreover the hmox1 mutant 
could be rescued by exogenous biliverdin 
IXa, the bilin generated by Hmox1 through a 
blue light- dependent process that is indepen-
dent of photosynthesis (Wittkopp et  al. 
2017). These results point to the existence of 
a bilin-based blue light-sensing system 
including a still unknown regulatory chro-
moprotein that operates together with a ret-
rograde signaling pathway. This system 
appears to have evolved in chlorophytes for 
the detoxification of reactive oxygen species 
and conveys robustness to the photosynthetic 
apparatus during photoacclimation. It 
remains to be seen whether bilins assume 
additional roles in chlorophytes besides 
ensuring smooth daily transitions from dark 
to light with minimal photo-oxidative 
damage.

A further striking example of the action of 
tetrapyrroles as mediators for plastid-to- 

Fig. 4.5. Tetrapyrrole pathway
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nucleus-communication is the identification 
of a tetrapyrrole-regulated ubiquitin ligase 
for cell cycle coordination from organelle to 
nuclear DNA replication in the red alga 
Cyanidioschyzoan merolae (Kobayashi et al. 
2011, 2009; Tanaka and Hanaoka 2012).

Redox changes within the photosynthetic 
electron transport chain occur upon changes 
in light quality and quantity, CO2 levels, 
nutrient availability and elevated tempera-
ture. As a result of unequal excitation of PSI 
and PSII or of insufficient electron acceptor 
capacity on the PSI acceptor side, the redox 
state of the plastoquinone pool is altered. In 
this case chloroplast gene expression is 
affected in land plants (Pfannschmidt et  al. 
1999) although the evidence is less convinc-
ing in algae. However in these organisms 
there is unambiguous evidence that nuclear 
gene expression is affected (Escoubas et al. 
1995). A possible candidate for sensing the 
redox state of the plastoquinone pool is the 
chloroplast protein kinase Stt7/STN7 which 
is known to be activated when plastoquinol 
occupies the Qo site of the Cytb6f complex 
(Vener et al. 1997; Zito et al. 1999). During 
experiments in which plants were shifted 
from light preferentially absorbed by PSI to 
light preferentially absorbed by PSII, the 
expression levels of 937 genes changed sig-
nificantly in Arabidopsis (Brautigam et  al. 
2009). 800 of these changes were dependent 
on Stn7 indicating that most of these genes 
are under redox control.

In all situations in which the redox poise 
of the plastoquinone pool is affected, the rel-
ative sizes of the PSII and PSI antennae play 
an important role. Several factors involved in 
antenna size were identified through a 
genetic screen in Chlamydomonas (Mitra 
et al. 2012). One of these factors Tla1 func-
tions as a regulator of chlorophyll content 
and antenna size and is localized in the chlo-
roplast envelope. In the tla1 mutant, thyla-
koid membranes were disorganized, 
appressed grana membranes were lost and 
accumulation of the PSII core proteins was 
reduced (Mitra et al. 2012). The second iden-

tified factor Tla2 corresponds to FtsY 
required for insertion of proteins into thyla-
koid membranes (Kirst et al. 2012) and the 
third, Tla3 corresponds to SRP43, a compo-
nent of chloroplast SRP, known to be essen-
tial for the integration of LHCII proteins into 
the thylakoid membrane (Mitra et al. 2012).

Another protein regulating antenna size in 
Chlamydomonas is Nab1, a cytoplasmic 
repressor of translation of specific Lcbm iso-
forms (Wobbe et al. 2009). By binding selec-
tively to the mRNAs of these proteins with 
Lhcm6 mRNA as its principal target, it 
sequesters the RNA in translationally silent 
nucleoprotein complexes. The activity of 
Nab1 is regulated through a cysteine- based 
redox control and also by arginine methyla-
tion (Wobbe et  al. 2009; Blifernez et  al. 
2011). This protein apparently senses the 
increased or decreased demand for LHCII 
protein synthesis through changes in the 
cytosolic redox state although the underlying 
molecular mechanisms are still unknown.

 V. Conclusions and Perspectives

The photosynthetic apparatus is a complex 
machinery consisting of several large protein- 
pigment complexes whose components are 
encoded by both nuclear and chloroplast 
genes. Thus, the biosynthesis of this system 
involves two distinct genetic systems which 
act in a coordinate manner. In nature photo-
synthetic organisms are subjected to continu-
ous environmental changes and need to adapt 
so as to maintain optimal photosynthetic activ-
ity and to protect themselves from photo-oxi-
dative damage. These processes can be 
grouped in short term and long-term responses. 
The first occur in the second to minute range 
and involve light-induced protein conforma-
tional changes, post-translational protein mod-
ifications, cell compartment-specific pH 
changes and ion fluxes across the chloroplast 
and thylakoid membranes. The second occur 
in the minute to hour range and involve 
changes in gene expression and protein accu-
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mulation which depend on an intricate bilat-
eral communication system between 
chloroplasts and nucleus. Many nuclear genes 
encoding chloroplast proteins have been iden-
tified which are required for chloroplast gene 
expression and act mainly at post-transcrip-
tional steps. Some of these factors appear to 
act constitutively while others assume a regu-
latory role because they have short half-lifes 
and their level varies greatly upon changes in 
environmental cues including light, tempera-
ture and nutrient availability. However the 
molecular mechanisms underlying the inter-
compartmental communication between chlo-
roplast, mitochondria and nucleus are still 
largely unknown although several retrograde 
signals have been identified. They involve spe-
cific compounds such as tetrapyrroles and iso-
prenoids as well as plastid protein synthesis, 
the redox state of the photosynthetic electron 
transport chain and ROS generated under spe-
cific stress conditions. Moreover, a complex 
signalling network is operating within chloro-
plasts comprising several protein kinases and 
phosphatases, ion channels, and specific 
metabolites which act as signals and for the 
communication between chloroplast and 
nucleus. However the signalling chains con-
necting these different components are still 
largely unknown and their identification 
remains an important challenge for future 
research.

The flexibility of the thylakoid membrane 
is truly remarkable. Although it is crowded 
with proteins, it still allows for efficient 
remodeling of the photosynthetic complexes 
especially in response to changes in the qual-
ity and quantity of light. Among these 
responses state transitions and non-photo-
chemical quenching have been studied 
extensively and some of the underlying 
molecular mechanisms have been elucidated. 
However many questions remain open. We 
still do not fully understand how the Stt7/
STN7 kinase which plays a central role in 
state transitions and chloroplast signaling is 
activated and inactivated as a result of per-

turbations of the chloroplast redox poise. 
From an evolutionary point of view, it is par-
ticularly interesting to compare these adap-
tive responses in different photosynthetic 
organisms such as plants, fresh water and 
marine algae and cyanobacteria. In this 
respect NPQ, the dissipation of excess exci-
tation energy as heat in the ligt-harvesting 
systems of the photosystems is of great 
importance and it is widely used in the plant 
kingdom. Recent studies on NPQ in different 
photosynthetic organisms raise several ques-
tions regarding the evolution of this essential 
photoprotective mechanism. For example it 
is not clear why the Lhcsr proteins were lost 
during the transition from aquatic to land 
plants. Moreover the qE process in most 
algae derived by secondary endosymbiosis 
from a red algal ancestor differs from that in 
extant red algae. All of these derived algae 
possess a xanthophyll cycle and Lhcsr-
related proteins which are apparently absent 
in red algae (Goss and Lepetit 2015) and 
which have been suggested to be derived 
from green algae (Frommolt et  al. 2008; 
Moustafa et  al. 2009). It will clearly be 
important and challenging to elucidate these 
evolutionary puzzles.
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