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Abstract 
Photosynthesis is one of the most important biological processes on earth, producing 

carbohydrates and oxygen. The light is captured with the aid of light harvesting proteins. 

Light harvesting complex proteins in PSII are important both in light absorption and dynamic 

regulation. This study aims to confirm the individual role of Lhcb1 and Lhcb2 in the 

regulation of photosynthesis based on the KO lines: koLhcb3, koLhcb5 and koLhcb3koLhcb5. 

By the tool of western blot, phosphorylation analysis, state transition and non-photochemical 

quenching, the results indicated that the knock-out of Lhcb3, Lhcb5 or both of them did not 

cause additional effect on amiLhcb1 and amiLhcb2 single mutants, and then the role of Lhcb1 

and Lhcb2 has been complement and confirmed. 

 

Abbreviations 
amiLhcb1, artificial micro RNA construct amiLhcb1;  

amiLhcb2, artificial micro RNA construct amiLhcb2;  

amiLhcb1kob3, amiLhcb1koLhcb3 double mutant;  

amiLhcb1kob5, amiLhcb1koLhcb5 double mutant; 

 amiLhcb1b3b5, amiLhcb1koLhcb3koLhcb5 triple mutant;  

amiLhcb2kob3, amiLhcb2koLhcb3 double mutant;  

amiLhcb2kob5, amiLhcb2koLhcb5 double mutant;  

amiLhcb2b3b5, amiLhcb2koLhcb3koLhcb5 triple mutant;  

L, loosely bounding trimeric LHCII;  

LHCs, light harvesting antenna complexes; 

LHCI, light harvesting complex I;  

LHCII, light harvesting complex II;  

M, moderately bound trimeric LHCII;  

S, strongly bound trimeric LHCII; 

PSI,  photosystem I; 

PSII, Photosystem II; 
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1 Background 
 
1.1 Importance of photosynthesis 
 
There are two strategies for organisms to survive. One is photosynthesis for photoautotropic 

organisms like green plants, algae and cyanobacteria. For such photoautotropic lifestyle, the 

energy from sun is trapped and used for metabolism. The other strategy is chemoheterotropic 

for which the organism, like humans, require intake of energy-rich and organic substances to 

survive. Since energy-rich organic substances almost exclusively originate from 

photosynthesis, all life on earth is powered by energy from the sun through photosynthesis. 
 
Oxygenic photosynthesis is driven by PSII and PSI, which are pigment-protein complex 

embedded in the thylakoid membrane.  PSII is organized within the stacked grana regions of 

the thylakoids membranes while PSI is mainly confined to non-appressed stromal lamellae 

regions (Hankamer et al. 1997). LHCs binding 70% of total chloroplast pigment, absorb 

sunlight and transfer the exitation energy to the reaction center of PSII and PSI to drive the 

photosynthetic electron transport (Peter & Thornber 1991b). LHCI associated with PSI, while 

LHCII is associated with PSII. LHCI has a chlorophyll a/b ratio of about 4/1, while LHCII 

has a chlorophyll a/b ratio as about 6/5 and contains most of the chlorophyll b and the 

xanthophyll. To efficiently harvest solar energy, LHCII were formed and supplemented PSII 

in photosynthetic organisms. 
 
1.2 Composition of PSII-LHCII supercomplexes 
 
In higher plants, the PSII core dimer (C2) is mainly composed of the D1/D2/CP43/CP47 

subunits and each of the subunits has a copy in the dimeric core (Fig.1). To enhance the 

ability of light absorption, C2 was surrounded by the light harvesting antennae proteins (Peter 

& Thornber 1991a), which were divided into the major complex LHCII and LHC minor 

proteins, to form the so called PSII-LHCII supercomplex. The major trimeric complex is 

made up by homo- and hererotrimers of Lhcb1-3 gene product. The Lhcb1, Lhcb2 and Lhcb3 

usually occur in a ratio of about 8:3:1 (Peter & Thornber 1991b; Jansson 1999). The PSII is 

connected to LHCII via three minor proteins CP29, CP26, CP24 encoded by Lhcb4, Lhcb5 

and Lhcb6 which are found in monomers (Fig.1) (de Bianchi et al. 2008).  
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Figure1. Structure of PSII-LHCII supercomoplex in Arabidopsis. Modified picture from Schmid et al (2008)  

 

Three different types of LHC II trimers can be distinguished, named S, M, and L, depending 

on how strongly are they bound to PSII (Fig.1) (Schmid 2008; Galka et al. 2012). The size 

and composition of PSII antenna varies with the growth conditions and properties of species 

(Ballottari et al. 2007). Under high light, the major PS II found is in the form of C2S2, where 

two CP29 and CP26 are mediating the binding of two S-type LHCII to C2. Under low or 

moderate light, more C2S2M2 are formed which contains two M-type LHC II trimers bound to 

the core through two CP24 and CP29 which enhance the capacity of light harvesting. M-

trimers are more abundant in Arabidopsis than spinach (Spinacia oleracea). Although the 

positions of S and M-type trimers are well defined, the position of L trimer is still debated. 

For example, in Arabidopsis, the LHC II-M and LHC II-S has been found but no LHCII-L has 

been found bound to PSII (Dekker & Boekema 2005; Galka et al. 2012). One L trimer has 

been suggested for PSII from spinach, though it is only occasionally occupied (Boekema et al. 

1999a). A recent study showed that the mobile LHC II which loosely bound to PSII in state 1 

are strongly bound to PSI in state 2 (Galka et al. 2012). 
 
1.3 Dynamic regulation of photosynthetic membranes in higher plants 
 
The dynamic regulation of the photosynthetic antenna can be studied by comparing plants 

grown in full sunlight with plants grown in the shade.  The most striking difference is the high 

proportion of LHCII and high chlorophyll b are found in shade leaves than sun plants, while, 

the plants in sunlight have less LHCII. Plants need to keep balance of photosynthetic light 

reaction and redox state of electron transfer chain to grow well in varying fluctuating 
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conditions. LHCII phosphorylation-dependent state transition (also named the qT type) and 

the PsbS protein-dependent qE type of non-photochemical quenching (NPQ) are two 

primarily mechanisms for redox balance in chloroplasts under changing environment 

conditions (Tikkanen et al.). The state transition is of utmost importance under low light 

conditions where qE does not operate. However, the dissipation of the excess energy as heat 

though qE is the main factor to keep the oxidization state of plastoquinone (PQH2) pool under 

high light when state transition do not contribute (Finazzi et al. 2004; Tikkanen et al.). 
 
1.3.1 State transition (qT) 
 
State transition takes the major role in the dynamic regulation under low light condition. 

Under nature white light conditions, the STN7 LHCII kinase is activated in relatively low 

light (LL) conditions whereas increasing light intensity will inhibits the LHCII kinase 

(Tikkanen et al. 2011). The induction of LHCII protein phosphorylation guarantees equal 

distribution of energy between PSII and PSI by enhancing the light-harvesting capacity of PSI. 

The kinase is found as the thylakoid kinase STT7 in Chlamydomonas and its homologue STN7 

in Arabidopsis (Depège et al. 2003; Bellafiore et al. 2005), while the dephosphorylation of 

LHCII is mediated by PPH1/TAP38, a phosphatase of Arabidopsis (Pribil et al. 2010; 

Shapiguzov et al. 2010). In the stn7 mutant impaired in phosphorylation, lacking the capacity 

for equal distribution of excitation energy to PSII and PSI, will cause relative over-excitation 

of PSII, leading to disturbed maintenance of fluent electron flow under fluctuating light 

intensities (Tikkanen et al. 2010). It is worth noting that, in the lab, red light and far red light 

are used to preferentially excite the PSII and PSI respectively to mimic the state transition. 

For example, the red light preferentially excites PSII, leading the linear electron flow between 

PSI and PSII becomes unbalanced, causing an over-reduction of the PQH2 pool and the 

cytochrome b6f complex. Then the activation of STN7 will phosphorylate Lhcb1 and Lhcb2. 

Then phosphorylated LHCII will associate with PSI to transfer the over-excited energy 

absorbed by PSII to PSI and then redistributed the energy between the two photosystem. 

However, the process of the association between LHCII and PSI is still controversial. The 

classical model one is: the phosphorylation leading to the conformation change of the LHCII. 

Then P-LHCII move from PSII located in grana to PSI in the stroma thylakoids (Allen 1992). 

A new model emphasizes the movement of PSI complexes from stroma lamellae to grana 

margin where the PSI subsequently cooperated with the P-LHCII antenna, and then the 

energy absorbed by PSII could flow to PSI (Tikkanen et al. 2008). It is the grana margins 

instead of stroma lamellae that have the flexibility to regulate the relative excitation of PSI 
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and PSII, and it is the PSI that moves towards P-LHCII instead of P-LHCII moves towards 

PSI. However, the physical migration of any complex is very limited. It could be also possible 

that upon phosphorylation, the LHCII conformation changes and just “turn around” to where 

the PSI is. Whatever the mechanism is formation of P-LHCII-PSI results in the spillover 

between PSII and PSI. 
 
1.3.2 Feedback de-excitation or the energy-dependent (qE) type of NPQ 
 
By the increasing the light intensity, the activity of LHCII kinase STN7 will be inhibited 

(Tikkanen et al. 2011). The function of LHCII changed from a collector of light energy and 

redistributing the energy between two photosystems to an efficient dissipater of absorbed 

solar energy. Under high light condition, PsbS dependent-NPQ becomes very important in 

keeping the redox state of electron transfer chain and oxidization of PQ pool, while the state 

transition didn’t operate (Finazzi et al. 2004; Tikkanen et al. 2011). The increased electron 

transport will cause the acidification of the thylakoid lumen as the dark reaction cannot keep 

up with consumption of ATP to match with its production by the light reaction (Muller et al. 

2001; Nixon & Mullineaux 2001; Finazzi et al. 2004; Porcar-Castell et al. 2006; Tikkanen et 

al. 2011)). This acidification results in the deepoxidation of violaxathin to form zeaxanthin 

and cause the protonation of PsbS which is a protein associated with the PSII antennae 

(Muller et al. 2001; Baker 2008). Protonation of PsbS and binding of zeaxanthin to PSII 

leading to the LHCII dissociation from PSII and their aggregation results in increase of qE 

(Johnson et al. 2011). While if light intensity decreases and lumenal pH is increasing, PsbS is 

deprotonated and zeaxantin is converted back to violaxathin, which decrease qE. This is so-

called xanthophyll-cycle which is localized at minor LHCs, like CP24, CP26 and CP29 

(Gilmore et al. 1995). It is also become increasingly evident that qE can be formed 

independent of PsbS, although at a much slower speed (Johnson & Ruban 2010). 
 
Actually, NPQ consists of three components: qE, qT but also photoinhibitory quenching qI. 

Under most conditions, qE is the major component (Baker 2008). Fundamentally, the capacity 

and dynamic regulation of photosynthetic are dependent on different proteins and pigment as 

mentioned above. So the role of each unique light harvesting protein has continuously been 

studied.       
 
1.4 Role of individual LHC II components in the regulation of light harvesting 
 
Lhcb1 and Lhcb2 have been studied by construction of Lhcb2 antisense lines (Andersson et al. 

2003). These plants lack both Lhcb1 and Lhcb2, as the genes that code for them are so similar 
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that both will be silenced by the anti-sense construct. AsLhcb2 plants have impaired 

regulation of light harvesting. They cannot complete state transition and have reduced 

capacity for NPQ. More notably, when compared with wild type in the field, the decrease in 

seed production of antisense lines by 30% is evident (Andersson et al. 2003). It is also 

proposed that non-phosphorylated Lhcb1 and Lhcb2 mainly functions as antenna for PSII, but 

the phosphorylated Lhcb1 and Lhcb2 can act as antenna for PSI (Tikkanen et al. 2011). 

However, why do plants need both Lhcb1 and Lhcb2 which is highly identical differing only 

by 14 diagnostic amino acids? The individual role of Lhcb1 and Lhcb2, in structure and 

function are still unknown but see Leoni et al. (2013) and (Pietrzykowska et al. 2013) as 

below. 
 
Very recently, tools have been generated that allow for studying the specific functions of 

Lhcb1 and Lhcb2. Antibodies specific for the phosphorylated forms of Lhcb1 and Lhcb2 have 

been generated, and used to draw many important conclusions (Leoni et al. 2013) as 

following. Lhcb1 and Lhcb2 differs substantially in the kinetics of STN7-dependent 

phosphorylation where the phosphorylation of Lhcb2 is much faster than that of Lhcb1. P-

Lhcb2 was enriched in the PSI-LHCII complex that appears rapidly after a shift to state 2 

light, suggesting that Lhcb2 may have a major role in the initial stage of state transitions.  
 
In addition, to study the specific functions of individual Lhcb1and Lhcb2, partially or totally 

silenced amiLhcb1 and amiLhcb2 mutants have been generated using artificial microRNA. 

These results are yet not published, but in short, the major findings as below. First, both 

Lhcb1 and Lhcb2 are essential in state transition and the trimers engaged in state transition are 

Lhcb1/Lhcb2 heterotrimers. In amiLhcb1 though Lhcb2 can be phosphorylated the plants still 

could not perform state transition; while in amiLhcb2 plants even the Lhcb1 can be strongly 

phosphorylated by the activated STN7 caused by the sustained over-reduced PQ pool, the 

plants could not form typical state transition specific complex and perform no state transition 

either. Second, Lhcb1 and Lhcb2 have complementary functions. Lhcb1 functioned as 

building up the bulk of the light harvesting antenna, and Lhcb1 phosphorylation in the same 

or adjacent trimers may enhance the function of phosphorylated Lhcb2; while Lhcb2 as the 

target of STN7 and trigger more phosphorylation as a response to unequal excitation pressure 

(Pietrzykowska et al. 2013). 
 
Lhcb3 is less abundant than either Lhcb1 or Lhcb2, and its role in the organization of PS II is 

less clear (Standfuss & Kühlbrandt 2004). Despite similar pigment organization of the LHC-II 

isoforms, Lhcb3 has diverged more than Lhcb1 and Lhcb2. While Lhcb1/2 is strongly 
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accumulated strongly under low light conditions and decreased under high light,  Lhcb3 is 

less affected by the light conditions (Damkjaer et al. 2009). Unlike Lhcb1/2, the N-terminus 

of Lhcb3 cannot be phosphorylated (Standfuss & Kühlbrandt 2004). Lhcb3 forms the 

heterotrimeric LHCII which can transfer the excitation energy from the main LHCII trimer, 

composed by Lhcb1 and Lhcb2, to the PS II reaction center (Standfuss & Kühlbrandt 2004). It 

is known that the main function of Lhcb3 is to limit the rate of state transitions as 

demonstrated by enhanced rate of state transtition in koLhcb3. Also LHCII trimers are more 

phosphorylated in the koLhcb3 mutants under state 1 and state 2 light conditions. Moreover 

these mutants have altered structure of PSII supercomplex (Damkjaer et al. 2009), what 

confirms that Lhcb3 is a subunit of the M-trimer of the PS II, since it is present in C2S2M1-2 

complex but absent from the C2S2 complex (Boekema et al. 1999b) (Hankamer et al. 1997). 

 

Among the three minoric antennae, Lhcb4 (CP29) is the only one that can be frequently 

phosporylated  similar as Lhcb1 and Lhcb2 (Fristedt & Vener 2011). In Arabidopsis thaliana, 

Lhcb4 has three isoform: Lhcb4.1, Lhcb4.2, and Lhcb4.3. In comparison to Lhcb4.1 and 

Lhcb4.2 which have no significant difference in expression level, Lhcb4.3 expression is 20-

fold lower. This isoform also lacks a large part of C-terminal domain (Jansson 1999). CP29 

has been characterized by studies of anti-sense lines (Andersson et al. 2001) or knockout lines 

for each of the isoform (de Bianchi et al. 2011). Increased sensitivity of kolhcb4 to HL stress, 

suggested that Lhcb4 has a specific function in protecting PS II from photoinhibition. By 

binding LHC II trimers to CP47, CP29 is important for protection of PS II reaction center 

from ROS produced by overexcited antenna or neighbor damage of PS II complex (Krieger-

Liszkay et al. 2008; de Bianchi et al. 2011). Hence the CP29 is important for efficient light 

harvesting, PSII macro-organization and photo-protection.  

 

Lhcb5 (CP26) takes part in non-photochemical quenching (NPQ) and also functions as a 

light-harvesting antenna for PS II. It has also been studied using antisense (Anderson et al. 

2001) and knock out lines (de Bianchi et al. 2008), in which koCP26 has shown an obvious 

reduction of qI, but having normal levels of qE. It is suggested that the CP26 is largely 

responsible for qI but independent from qE (de Bianchi et al. 2008). This confirms the 

proposal that non-photochemical energy dissipation under high light is independent from 

PsbS, and is based on the conformation change to a low fluorescence yield state induced on 

CP26 (Dall'Osto et al. 2005). Actually, CP26 is a component of the PS II antenna in the most 

ancient green algae species where photo-protection is mainly performed through Zea 
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synthesis independent from qE (Ledford et al. 2007). CP26 also works as a light harvesting 

antenna. Interestingly, Lhcb5 is the only gene that clusters with the Lhcb1-3 genes, of all the 

other Lhcb genes. It shares even as much 40% similarity with Lhcb1 and Lhcb2 (Jansson 

1999). Notably, in the asLhcb2 mutant, the normally monomeric CP26 accumulates in larger 

amounts and assemble itself into and mimic the LHC II trimer to form the C2S2M2 

supercomplexes in Arabidopsis (Ruban et al. 2003; Damkjaer et al. 2009).  

 
Lhcb6 (CP24) functions as a linker for association of the M-trimer into the PS II 

supercomplex. In Arabidopsis, almost all the C2S2 supercomplexes have two CP26 attached, 

while a number of complexes in spinach lack CP26 subunit (Boekema et al. 1999b). Thus, 

although CP24 is not a substrate of the thylakoid protein kinase, the CP24-deplete plants 

showed an increased rate and extent of state transitions. Moreover, the absence of CP24 is 

associated with a loss of the M-trimers from the PSII complex. This disruption of the PSII 

macrostructure is accompanied by a reduced level of qE.  In higher plants, a more dramatic 

reduction in NPQ happens upon removal of CP24 than the one observed in CP29 or CP26-

depleted plants (Kovacs et al. 2006).  It is suggested that CP24 provides the site of interaction 

with PsbS and zeaxanthin. Therefore, CP24 is essential in determining the structure and 

function of the PS II light harvesting antenna, and necessary for photo-protective dissipation 

of excess excitation energy.   
 
The compensatory effect is shown in the studies of the PS II antennae composition, where 

loss of one subunit is accompanied by an increase in another subunit. In the asLhcb2, the lack 

of Lhcb1 and Lhcb2 was compensated by the increased levels of Lhcb3 and Lhcb5 which 

helps plants to keep the native PS II macro-structure (Andersson et al. 2003), while the 

knock-out of Lhcb3 was followed by increased Lhcb1 and Lhcb2 (Damkjaer et al. 2009). 

Similarly, the lack of CP26 was accompanied by the increase in CP29 and CP24 levels (de 

Bianchi et al. 2008), while the lack of CP24 increased CP29 and CP26 amount(de Bianchi et 

al. 2008). 
 
 
2 The aim of this work     
Will the characters of amiLhcb1 and amiLhcb2 single mutant be changed, if one or more other 

LHCs protein deleted? 

The LHCII proteins are known to be important in absorption of light and dynamic regulation 

of photosynthesis to help plant survival in fluctuating light conditions. However, these 

processes could not be well understood without detailed knowledge of the function of the 
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single component of LHCII. Among them, Lhcb1 and Lhcb2 are the most important 

components which are the only two proteins could be phosphorylated and taken part in state 

transition (Dekker & Boekema 2005). The recent characterization of the Arabidopsis 

amiLhcb1 and amiLhcb2 lines has given new insight into the specific functions of Lhcb1 and 

Lhcb2, but also poses new questions (Pietrzykowska et al. 2013). One obvious is: will the 

phenotypes observed in amiLhcb1 and amiLhcb2 be modified if more additional LHC 

proteins are deleted? To address this, the artificial micro RNA amiLhcb1 and amiLhcb2 

constructs have been transformed into T-DNA insertion KO lines: koLhcb3 (Damkjær et al. 

2009), koLhcb5 (de Bianchi et al. 2008), and koLhcb3koLhcb5 to produce my studied 

materials: amiLhcb1 double/triple mutant (amiLhcb1koLhcb3, amiLhcb1koLhcb5, 

amiLhcb1kob3kob5) and amiLhcb2 double/triple mutant (amiLhcb2koLhcb3, 

amiLhcb2koLhcb5, amiLhcb2koLhcb3koLhcb5). The aim of this work was to characterize 

these double or triple mutants. What’s interest are the traits that might be modified in the 

amiLhcb1 and amiLhcb2 lines, such as changes in PSII protein composition, the rate of 

phosphorylation, state transitions and qE type NPQ. The results will be important to 

complement the data obtained for the amiLhcb1 and amiLhcb2 lines and confirm the function 

of Lhcb1 and Lhcb2 in dynamic regulation of photosynthesis. 
 
3 Methods 
 
3.1 Plant material 
 
Arabidopsis thaliana, ecotype Columbia (Col-0) and mutants, amiLhcb1koLhcb3, 

amiLhcb1koLhcb5, amiLhcb2koLhcb3, amiLhcb2koLhcb5, amiLhcb1koLhcb3koLhcb5 and 

amiLhcb2koLhcb3koLhcb5 were grown under an 8/16 hours photoperiod with an irradiance of 

200 µ mol photons m−2 sec−1, 80% humidity  and day/night temperature of 23/18°C. 
 
The thylakoid proteins of koLhcb3Lhcb5 double mutants and the matured plants of amiLhcb1 

and amiLhcb2 single mutants used as control in this study were provided by Pietrzykowska. 

The double and triple mutants were obtained by transforming the single mutant kolhcb3 and 

koLhcb5, and the double koLhcb3koLhcb5 mutant with amiLhcb1 and amiLhcb2 constructs. 

Transformants were selected using BASTA treatment and identified by immunoblot analysis. 

Individual mutants containing lowest levels of Lhcb1 or Lhcb2 were left to self-pollinate and 

the seeds were collected to perform functional analysis of T1 plants.  

 
3.2 Thylakoid membranes isolation and analysis 
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Unstacked thylakoids were isolated from leaves as in Jarvi et al. (2011). To maintain 

maximum deepoxidation state in isolated membranes, unstacked thylakoids were rapidly 

isolated by grinding leaves in P1 buffer (50 mM HEPES pH 7.5, 5 mM MgCl2, 330 mM 

sorbitol, 10 mM NaF, 0.1% BSA and 5 mM ascorbic acid) at 4 oC. Homogenized material 

was filtered through Miracloth (Calbiotech) and centrifuged for 10 min at 7,000 g, 4oC, then 

the pellet was resuspended in a P2 buffer (50 mM Hepes PH 7.5, 5 mM MgCl2, 10 mM NaF ), 

and spun down at 4oC, 7,000 g for 5 min. The supernatant was discarded carefully and the 

pellet was re-suspended into a small volume (150-500 ul) of P3 buffer (50mM Hepes pH 7.5, 

10mM MgCl2, 100mM sorbital and 10mM NaF). All buffers contained 10mM NaF to inhibit 

phosphatase activity and maintain the in vivo phosphorylation state. All steps of the 

preparation were performed on ice or in a cold room (4oC) under a green light. The 

chlorophyll content has been estimated according to Porra et al. 1989(Porra et al. 1989). 

 
Thylakoid proteins were prepared for immunoblot analysis by addition of 3X loading buffer 

(6 M urea, 12% SDS, 30% glycerol, 100 mM DTT, 150 mM Tris pH7.0, 0.8% Coomassie G-

250) buffer and denatured at 65oC for 10 min followed by 2 min centrifugation at 10,000g. 

The samples were normalized for their chlorophyll content and 1 ug of total chlorophyll was 

loaded into each electrophoretic lane. The proteins were separated on 16% denaturing SDS-

PAGE gel using the Bio-Rad Mini Protean III system. The proteins were blotted on 

nitrocellulose membranes (Bio-Rad; 0.40 mm), using transfer buffer (25mM TRIS, 192mM 

Glycine, 20%EtOH, 0.03%SDS and pH 8.3), and run at 30 V overnight in a cold room, or at 

100 V for 130min at RT. After transfer, the nitrocellulose membranes were blocked using 5% 

blocking buffer, 5 g milk powder in 100 ml wash buffer (150 mM NaCl, 100 mM Tris pH 7.6, 

0.1% Tween-100) for 2 h. Then the membranes were incubated using anti-rabbit primary 

antibodies raised against Lhcb1, Lhcb2, Lhcb3, CP29 (Lhcb4), CP26 (Lhcb5), CP24 (Lhcb6), 

PsbD for 2.5h. The membranes were washed three times for 5 min in wash buffer and 

incubated with horseradish conjugated secondary antibody for 1 h. For immunodetection, 

membranes were incubated around 5 min in ECL. Chemiluminescence was then detected 

using a LAS-3000 cooled CCD camera. Images were recorded using the ImageReader 

software with 30s incremental recording and high sensitivity (Fujifilm Medical Systems). 

Image processing and quantification were performed in the Multi Gauge application (Fujifilm 

Medical Systems).  
 
3.3 LHCII phosphorylation analysis 
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To study the phosphorylation kinetics of Lhcb1 and Lhcb2, all the plants measured were first 

treated with red light (15% intensity) and far red light (100% intensity) together for 60 min to 

dephosphorylate LHCII. Then the far red light was turned off to induce phosphorylation, so 

that only the red light works all the time. The samples were collected after full 

dephosphorylation (0 s), and then 30 s, 10 min and 60 min after the far red light has been 

switched off.  The sample were immediately frozen in liquid nitrogen and stored at -80oC 

before thylakoids were isolate. Then thylakoids were isolated as described above (Jarvi et al. 

2011).  Phosphrylated form of Lhcb1 and Lhcb2 were detected by using phosphorylation 

specific antibodies, P-Lhcb1 and P-Lhcb2 respectively (Leoni et al. 2013). 
 
3.4 Room Temperature Fluorescence Measurements   
 
Chlorophyll fluorescence was measured with a Dual PAM (pulse amplitude modulation) 100 

chlorophyll fluorescence photosynthesis analyzer (Heinz Walz). The plants were adapted in 

the dark for 30 min prior to measurement. Actinic light was illuminating on the intact leaf. Fo 

(the fluorescence level with PSII reaction centers open) was measured in the presence of a 9 

umol photons m-2 s-1measuring beam. The maximum fluorescence levels in the dark adapted 

state (Fm) were determined by using a 600 ms saturating light pulse (3000 umol photons m-2 

s-1). After this first saturating light pulse, the actinic light (660 umol photon m-2 s-1) is 

switched on. Then saturate pulse is turned on repeatedly which induce the Fm’ (fluorescence 

maxima at light adapted). However, Fm’ shows a decrease compared to that of Fm value, 

indicating the presence of NPQ (Genty et al. 1989). 

 

3.5 Measurement of the State Transitions 
 
State transitions measurements and calculations were performed according to (Ruban & 

Johnson 2009). Preferential PSII excitation was provided by illumination with red light with 

an intensity of (7 umol photons m-2 s-1). Excitation of PSI was achieved using an external far-

red light source with an external of (14 umol photons m-2 s-1). Leaves were dark adapted for 

60 min and first preilluminated with both red light and far red light for 10 min. When a leaf is 

kept in the dark, all the primary electron acceptors (QA) becomes maximally oxidized, hence 

all PS II reaction centre (RC) are open and the fluorescence level after appliance of measuring 

light is estimated as Fo. Before applying spectrally defined light, a saturating light pulse is 

used to measure the level of maximum fluorescence Fm that corresponds to the maximall 

reduction of QA when all RC are closed. Since the plants have been dark adapted, the first 
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illumination cycle with both red and far-red light on is applied in order to induce transient 

related to the activation of the electron transport. After the induction phase, far red light was 

switch off for 15 min to induce a state 1 to state 2 transitions. This treatment was followed by 

a 15 min illumination with both red and far-red light to recover state 1. Before and after each 

light treatment, a 600 ms saturating light pulse (3000 umol photons m-2 s-1) was applied to 

determine the maximum fluorescence level (Fm), in order to assess the state of photosystem II 

reaction center. The extent of the state transition was calculated, using both the steady state 

fluorescence (Fs) and Fm, according to (Haldrup et al. 2001). The state transition parameter 

which indicates the electron transport balance, the relative changes in fluorescence (qS) was 

calculated as [(FsI´- FsI)-( FsII -FsII´)]/( FsI´- FsI), where FsI and FsI´ are the fluorescence 

levels in state 1 with and without far red light on, respectively. FsII and FsII´ are the 

fluorescence levels in state 2 with and without far red light on. qT is a reduction in Fm level 

as a result of the transition to state II, which was calculated as (Fm1- Fm2)/Fm1, the difference 

in maximal fluorescence in PSI and PSII light. State transitions can be expressed either as qT 

or as qS.  
 
4 Results 
 
4.1 Confirmation of the KO phenotype of double mutant koLhcb3koLhcb5  
 
First, it was necessary to confirm that the double KO line where both Lhcb3 and Lhcb5 have 

been knocked out actually has the expected phenotype. The single mutant koLhcb3 and 

koLhcb5 has been studied by Pietrzykowska. In this study, the antennae composition of 

koLhcb3koLhcb5 was studied by western blot, with antibodies against all LHC proteins 

(Fig.1). As a part of the PS II core complex, PsbD is always used as an internal reference to 

determine whether the loading is equal, so that the antenna proteins measured and used by 

densitometry can be guaranteed. 
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Figure 2. PSII antennae composition of wild type and koLhcb3koLhcb5 control mutants; Immunoblotting was performed 

with monospecific antibodies against Lhcb1, Lhcb2, Lhcb3, Lhcb4 (CP29), Lhcb5 (CP26), Lhcb6 (CP24), PsbD. 1 ug of total 

chlorophyll was loaded into each lane. (A) Protein composition of wild type and koLhcb3koLhcb5 control mutants. (B) 

Quantification of western blot. Standard deviation was added, n=4. 
 
As it is shown in the figure 1A, the Lhcb3 and Lhcb5 were totally lost in koLhcb5koLhcb3 

mutants. Except that the amount of other antenna proteins did not changed significantly 

compared with WT (Fig. 2).  
 
4.2 Comparison of the visible phenotypes of the lines 
 
The previous work has shown that the single amiLhcb1 mutants did not grow so well as 

compared with wild type and the leaves are paler green caused by lower chlorophyll a/b 

amount than the wild type; while the growth and pigment level of amiLhcb2 mutants is 

similar to wild type plants (Pietrzykowska et al. 2013).  
 
Here, all the amiLhcb1 lines, amiLhcb2 lines and wild type were grown for six weeks under 

controlled conditions (8-h photoperiod, 200 µmol photons m−2 sec−1, 80% humidity and 

day/night temperature of 23/18°C) (Fig. 3).  
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Figure 3. Appearance of wild-type and mutant plant grown under controlled conditions. (A)  Knock-out lines: koLhcb3, 

koLhcb5, koLhcb3koLhcb5 transformed with amiLhcb1 construct compared with WT (B)  Knock-out lines: koLhcb3, 

koLhcb5, koLhcb3koLhcb5 transformed with amiLhcb2 compared with WT. 
 
All the mutants can sustain photosynthesis as WT did, and after 6 weeks all of them are 

matured enough for the following studies. Especially the amiLhcb2 lines, there are no obvious 

phenotype differences between the amiLhcb2 lines (amiLhcb2kob3, amiLhcb2kob5 and 

amiLhcb2kob3kob5) and the WT both in growth and chlorophyll content. However, the leaves 

of amiLhcb1 double and triple mutant show paler green leaves compared with wild type. And 

during the process of growth, the amiLhcb1 lines grew much slower than the WT. The results 

are summarized in Table 3 and Table 4. 
 
4.3 The level of Lhcb1 inhibition varied between the lines containing the amiLhcb1 

construct 
 
Pietrzykowska’s work has shown that the Lhcb1 was not fully silenced in the amiLhcb1 single 

mutants (Pietrzykowska et al. 2013). The amiLhcb1 plants had significantly increased level of 

Lhcb2 and insignificant increased Lhcb3, 5, 6. In this study, the alterations in antennae 

proteins of amiLhcb1 lines were verified by hybridizing with specific antibodies against the 

LHC proteins (Fig.4). 
 

 
 

Figure 4. PSII antennae composition of wild type and mutants. (A) Protein composition of wild type and lines transformed 

with amiLhcb1 construct. (B) Quantificatation of Western blots. Standard deviation was added, n=3. 
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As expected, the mutants transformed with amiLhcb1 have significantly less Lhcb1 amount 

than the wild type (Fig.4A) as 20%, 56% and 51% in  amiLhcb1koLhcb3, amiLhcb1koLhcb5 

and amiLhcb1koLhcb3koLhcb5 seperately. And the amount of Lhcb2 have significantly 

increased as 61%, 53% and 46%.  The Lhcb4 might be significantly increased as 30%, 23% 

and 30%. The Lhcb6 have increased as 24%, 30% and 12%. Lhcb3 protein was missed in 

Lhcb3 defficient lines (amiLhcb1kob3 and amiLhcb1kob3kob5), while slightly increased in 

the amiLhcb1kob5. Similarly, Lhcb5 protein was lost in amiLhcb1kob5 and amiLhcb1b3b5, 

but increased amount of Lhcb5 existed in amiLhcb1kob3. The amount of PsbD keeps similar 

in all amiLhcb1lines. The mutants showed phenotypes as expected that the Lhcb3 and Lhcb5 

is missing in relevant mutants, the amount of Lhcb1 was reducing and Lhcb2 was increased as 

a compensatory. 
 
4.4 Inhibition of Lhcb2 was complete in the lines carrying the amiLhcb2 construct 
 
Pietrzykowska’s work has shown that the Lhcb2 was totally absent in the amiLhcb2 single 

mutants (Pietrzykowska et al. 2013). Except that, the LHC composition of amiLhcb2 mutants 

is very similar to WT. In this study, the composition of antennae proteins in the amiLhcb2 

lines was verified by hybridizing with specific antibodies against the LHC proteins (Fig.4). 
 

 
 

Figure 5. PSII antennae composition of wild type and mutants. (A) Protein composition of wild type and lines transformed 

with amiLhcb2 construct. (B) Quantificatation of Western blots. Standard deviation was added, n=3. 
 
It is shown that, the Lhcb2 in all the mutants with amiLhcb2 background were missing. The 

amount of Lhcb1, Lhcb4 did not change too much. The amount of Lhcb6 might have 

significantly changes as 25%, 32% and 16%. Lhcb3 was missing in amiLhcb2kob3 and 

amiLhcb2kob3kob5, with a little bit increased in the amiLhcb2kob5. Lhcb5 was defficient in 

amiLhcb2kob5 and amiLhcb2kob3b5, while slightly increased in amiLhcb2kob3. The amount 
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of PsbD keep similar in all amiLhcb2 lines. The lines showed expect phenotype that, Lhcb3, 

Lhcb5 and Lhcb2 was gone in the relevant mutants and was useful for the futher study. 
 
4.5 Lhcb2 phosphorylation was slower in all lines lacking Lhcb1 
 
The previous work has shown that Lhcb2 phosphorylation kinetics in amiLhcb1 single mutant 

was decreased as compared to WT (Leoni et al. 2013). In order to study whether in 

combination of KO of Lhcb3 and Lhcb5 in amiLhcb1 lines has any further effect on the 

phosphorylation of LHC II, specific P-Lhcb2 antibodies was used to distinguish 

phosphorylated forms of Lhcb2. 
 
 

    
Figure 6. LHC II Phosphorylation in wild-type and amiLhcb1 background mutants. (A) Immunoblot detection of thylakoid 

protein phosphorylation. Lanes contains wild type (WT), amiLhcb1kob3 (I), amiLhcb1kob5 (II), amiLhcb1b3b5 (III); (B) 

Lhcb2 phosporylation kinetics for amiLhcb1 background mutants. Results are normalized to wild-type phosphorylation level. 

 

As initially treated for 60min with red light and far red light, the plants were in state 1 at the 

beginning of sampling. Then after far red light has been switched off sampling has been done 

for different interval, representing transition to state2. The quantification was normalized to 

the phosphorytion level of WT in state 2. As shown in the Figure 6, the phosphorylation level 

of amiLhcb1kob3 is lowest which also have the lowest amount of Lhcb1. Similarly to 

amiLhcb1 single mutants, the phosphorylation level of Lhcb2 in all the amiLhcb1 lines 

decreased compared with WT. Obviously, the lack of Lhcb3 and Lhcb5 or both didn’t cause 

any changes in the phosphorylation rate of Lhcb2 in lines lacking Lhcb1. 
 
4.6 Lhcb1 phosphorylation was increased in amiLhcb2 lines 
 
Pietrzykowska’s work has been shown that Lhcb1 phosphorlation level in amiLhcb2 single 

mutant was highly increased as compared to WT (Leoni et al. 2013). In this study, 

phosphrylation of Lhcb1in amiLhcb2 double or triple mutants were analyzed. Specific P-

Lhcb1 antibodies were used to distinguishing phosphorylated forms of Lhcb1 which 

composed the LHCII homotrimer in amiLhcb2 lines (Fig.7). 
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Figure 7. LHC II Phosphorylation in wild-type and amiLhcb2 background mutants. (A) Immunoblot detection of thylakoid 

protein phosphorylation. Lanes contains wild type (WT), amiLhcb2kob3, amiLhcb2kob5 and amiLhcb2b3b5; (B) Lhcb1 

phosporylation kinetics for amiLhcb2 background mutants. Results are normalized to wild-type phosphorylation level; 
 
Very similar as amiLhcb2 single mutants, all of the amiLhcb2 lines shows higher 

phosphorylation level compared with WT. Therefore, lack of Lhcb3 and Lhcb5 or both didn’t 

cause any additional effect in phosphorylation on amiLhcb2 lines. 
     
4.7 State transition in amiLhcb1 lines 
 
State transition is a process which balances energy and adjusts the relative rates of excitation 

of PSI and PS II.  The previous work has shown that the amiLhcb1 single mutants did not 

show any typical state transitions measured by pulse-amplitude modulate (PAM) chlorophyll 

fluorescence (Pietrzykowska et al. 2013). When far red light was turned off there was no 

increase and when far red light was turned on there is no drop at all, in contrast to WT. To 

study this process further we analyzed amiLhcb1koLhcb3, amiLhcb1koLhcb5 and 

amiLhcb1koLhcb3koLhcb5 lines for their ability to perform state transition (Fig.8 and Table1). 
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Figure.8  Fluorescence traces during state transitions in wild type and amiLhcb1 lines. The plants were dark 

adapted and then illuminated with red and far-red light. Light saturation light pulses (3000 µmol m-2s-1, 600 ms) 

were given to determine values of Fm, Fm1 and Fm2.  The upper graph shows a 10 minutes initial illumination 

and two cycles of state transitions (state 1-state 2 and state2 - state1); the graph below is a detail fluorescence 

traces in half cycle (state1-state2) during about 15 min.  

 

When the fluorescence traces of wt and amiLhcb1 lines were compared, it was observed that 

after the FR light was turned off a sudden rise of fluorescence (FsI-FsI´) typical for a wt was 

lost by all the amiLhcb1 double or triple mutants; while after the far red light off there is no 
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decrease at all (FsII’-FsII) as the wt showed. These plants did not response to a change in the 

light spectrum (Fig.8). Even though the amplitude of amiLhcb1kob5 is higher than 

amiLhcb1kob5 and amiLhcb1b3b5, it is the slope of the traces matters here not the amplitude. 
 
Differences were also quantified by state transition parameters (Table 1). qS is a state 

transition parameter indicating efficiency of rebalancing of the electron transport chain after 

change in the light spectrum) and qT which is not a true fluorescence quenching but reflects 

the decrease in the LHC II antenna size and photosystem II cross section changes in mutants 

decreased when compared with wild-type. However, to calculate these derived fluorescence 

parameters in a reliable way, the fluorescence behaviour of the plants should be “relatively 

normal”. In mutants that more or less lack the ability to perform state transitions, the results 

from these calculations are hard to correctly evaluate. Even though the amiLhcb1 double and 

triple mutant showed no state transition, some of the parameters might not be meaningful 

(Fig.8), the calculations were still performed. 
 
Table 1 State Transition Parameters in wt and mutants plants (the numbers are mean values, n=3) 

 

Fm1 Fm2 qT FsⅠ FsⅠ' FsⅡ FsⅡ' qS 

wild type 0.615 0.573 0.068 0.142 0.205 0.133 0.138 0.910 

amiLhcb1kob3 0.471 0.491 -0.042 0.120 0.121 0.115 0.116 0.167 

amiLhcb1kob5 0.519 0.537 -0.035 0.137 0.138 0.134 0.135 0.101 

amiLhcb1b3b5 0.511 0.530 -0.037 0.131 0.132 0.130 0.130 0.159 

 

As it is shown in the Table1, all the amiLhcb1 lines have lower Fm1 than Fm2, which is 

abnormal. The qT is normally variable from 0 to 0.25 but the qT of all the amiLhcb1 are 

negative which makes no sense of this parameter. qS varies between 0 and 1, where 1 

indicates 100% efficiency in the rebalancing of the electron transport rate after the changes in 

the spectral quality of light. Here the wild-type value (0.91) is close to the maximal efficiency. 

The qS of all the mutants are much lower than wild-type. So, consistent with the amiLhcb1 

single mutant, the amiLhchb1 lines could not make any changes in PSII fluorescence in the 

face of any changes in light quality (Fig.8). The results are also summarized in Table 3. 
 
4.8 State transition in amiLhcb2 lines 
 
It has been shown that the amiLhcb2 single mutant does not perform typical state transition 

either. Turing off the far red light is causing a sudden rise of PSII fluorescence but the 

exponential decline with relatively rapid kinetics (half-life in the order of a few minutes) due 

to state transition was absent. Instead, fluorescence decreased slowly (with a half-life of over 
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30 minutes) and turning on the far red light did not cause decrease of fluorescence as in WT 

(Pietrzykowska et al. 2013).  To study whether state transition in amiLhcb2 single mutant was 

affected by the combination of knock out Lhcb3 and Lhcb5 minor antennae proteins, 

amiLhcb2koLhcb3, amiLhcb2koLhcb5 and amiLhcb2koLhcb3Lhckob5 lines were analyzed for 

their ability to redistribute their energy between the photosystems using PAM fluorometry 

(Fig.9 and Table 2). 
 

 

 
 
Figure.9 Fluorescence changes during state transitions in wild type and amiLhcb1 lines. The plants were dark 

adapted and then illuminated with red and far-red light. Light saturation light pulses (3000 µmol m-2s-1, 600 ms) 

were given to determine values of Fm, Fm1 and Fm2. The upper graph shows a 10 minutes initial illumination 
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and two cycles of state transitions (state 1-state 2 and state2 - state1); the graph below is a detail fluorescence 

traces in half cycle (state1-state2) during about 15 min. 
 
The fluorescence traces of the amiLhcb2 lines (Fig.9) revealed that after exclusion of the FR 

light mutants perceive imbalance in the light quality by increasing the fluorescence similar as 

amiLhcb2 single mutants; while subtle different from amiLhcb2 single lines, there is a slight 

decrease in fluorescence (FsII’-FsII) after turning on the far red light in the amiLhcb2 double 

and triple mutants. As due to time constraints, this experiment has only been performed on 

one batch of plants, so it is hard to evaluate if the change is insignificant or not.  
 
Differences were also quantified by calculating the state transition parameters, qT and qS 

(Table 2).  
 
Table 2 State Transition Parameters in wt and mutants plants (the numbers are mean values, n=3) 

 

Fm1 Fm2 qT FsⅠ FsⅠ' FsⅡ FsⅡ' qS 

wild type 0.615 0.573 0.068 0.142 0.205 0.133 0.138 0.910 

amiLhcb2kob3 0.451 0.435 0.036 0.105 0.106 0.113 0.114 0.282 

amiLhcb2kob5 0.571 0.558 0.023 0.142 0.143 0.144 0.144 0.351 

amiLhcb2b3b5 0.554 0.551 0.005 0.140 0.141 0.138 0.139 0.111 

 

As it is shown in Table 2, the qT of amiLhcb2 lines was positive but lower than wild type. 

While the wild-type value (0.91) is close to the maximal efficiency, the qS of all the 

amiLhcb2 lines are much lower than WT. Similar as amiLhcb2 single mutant the state 

transition is impaired in amiLhcb2 lines (Table 2). The knockout of Lhcb3 and Lhcb5 seems 

to cause only a little additional effect on state transition in amiLhcb2 lines compared with 

amiLhcb2 single mutant (Fig.9 and Table 4). But the differences are significant or not need 

more experiment and repetitions to confirm.  
 
4.9 NPQ of chlorophyll fluorescence 
 
The previous work has shown that amiLhcb2 plants displayed feedback de-excitation (qE type 

of NPQ) like WT, while amiLhcb1 plants had decreased qE.  In this study, we evaluated 

whether the KO of Lhcb3 and Lhcb5 will affect the capacity of amiLhcb1 and amiLhcb2 

mutants to activate the NPQ (Fig.10). 
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Figure 10. NPQ analysis in wt and mutants. Kinetics of NPQ induction and relaxation were recorded with a pulse-amplitude 

modulated (PAM) fluorometer. Chlorophyll fluorescence was measured on intact, dark-adapted leaves, during 25 min of 

illumination with actinic light, 660 µmol m-2 s-1 followed by 30 min of dark relaxation (mean±SD, n=4). (A) NPQ induction 

and relaxation calculated from the data of chlorophyll fluorescence traces recored for wt and amiLhcb1 lines. (B) NPQ 

obtained for the amiLhcb2 lines. 

 

Similar as amiLhcb1 control, all the lines in amiLhcb1 background have decreased NPQ 

formation, especially the amiLhcb1koLhcb3 which also have the lowest amount of Lhcb1 

detected. Also same as amiLhcb2 mutant, the ability of mutants in amiLhcb2 background to 

perform qE was unaffected as compared to WT. The lack of Lhcb3 and Lhcb5 did not make 

additional change to amiLhcb1 and amiLhcb2 in NPQ (Table 3 and Table 4).  
Table 3 Changes in amiLhcb1 double or triple mutants; 

 
amiLhcb1 amiLhcb1kob3 amiLhcb1kob5 amiLhcb1b3b5 

Appearance smaller than WT; paler green leaves; same same same 
PSII composition Lhcb1 left; significantly increasing Lhcb2; same same same 
state transition no response by changing quality of light same same same 
NPQ decreased capacity same same same 

 

Table 4 Changes of amiLhcb2 double or triple mutants (fr=far red light); 

 
amiLhcb2 amiLhcb2kob3 amiLhcb2kob5 amiLhcb2b3b5 

Appearance same as WT same same same 
PSII composition Lhcb2 totally lost same same same 
state transition no decrease when turn off fr  a little decrease a little decrease a little decrease 
NPQ similar as WT same same same 

 
 
5 Discussion 
 
Light harvesting proteins are well known important in dynamic regulation of photosynthesis 

to keep balance of redox state in chloroplast in higher plant. The previous study has given 

new insight of individual role of Lhcb1 and Lhcb2 in light harvesting regulation (Leoni et al. 
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2013; Pietrzykowska et al. 2013). In this work we exploited amiLhcb1koLhcb3, 

amiLhcb1koLhcb5, amiLhcb2koLhcb3, amiLhcb2koLhcb5, amiLhcb1koLhcb3koLhcb5 and 

amiLhcb2koLhcb3koLhcb5 mutants. This work was performed to confirm and complement 

the individual role of Lhcb1 and Lhcb2 in the regulation of photosynthesis, and to evaluate if 

lack the other antennae proteins like Lhcb3 and Lhcb5 will affect amiLhcb1 and amiLhcb2 

behaves in terms of growth, antenna composition, LHCII phosphorylation, state transition and 

NPQ. The double knockout phenotype of Lhcb3 and Lhcb5 was firstly confirmed by western 

blot of the double mutant koLhcb3koLhcb5 (Fig.2). 
  
5.1 KO of Lhcb3 and Lhcb5 caused no further growth difference 
 
During the plant growth the amiLhcb1 lines (amiLhcb1kob3, amiLhcb1kob5 and 

amiLhcb1b3b5) seemed to grow slower, like amiLhcb1 single mutants, and had paler green 

leaves than the wild type. In comparison, both amiLhcb2 control and amiLhcb2 lines had 

similar pigment level and growth as WT (change consistently to WT) (Fig.3). This is not very 

surprising since mutants lacking only minor antennae proteins seem to grow well; The loss of 

Lhcb3 didn’t reveal any differences in the growth of mutant (Damkjaer et al. 2009) and no 

altered growth phenotype was observed as a result of the lack of CP26 (de Bianchi et al. 

2008). So KO of Lhcb3 and Lhcb5 didn’t make any additional changes on amiLhcb1 and 

amiLhcb2. It has, however, to be pointed out that growth was only measured by visual 

inspection of the plants, detailed growth measurements would be necessary to find out if loss 

of Lhcb3 and Lhcb5 would only have had a minor effect on growth.  
 
It has been shown before that the plants lacking both Lhcb1 and Lhcb2 are able to sustain 

photosynthesis as wild type under standard light conditions (Andersson et al. 2003). It might 

be caused by the plasticity in the design of the PSII light-harvesting antenna, considering the 

PSII macrostructure was not significantly affected by the absence of some of the Lhcb 

proteins (Ruban et al. 2003; Ruban et al. 2006; Damkjaer et al. 2009). Especially under the 

laboratory green house condition, all the temperature, nutrient and water availability, light 

intensity, day-length are stable and optimized, so that balance between two photosystem and 

growth of the mutants will not be much affected. However, it could not exclude the possibility 

that, under some other growth conditions, like field condition, high light and low light 

conditions, the obvious changed phenotype will be revealed as Andersson (2003) shows. 
 
5.2 No additional changes in the pigment protein composition 
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The amiLhcb1 construct has been shown to not be able to fully silence Lhcb1 expression 

(Pietrzykowska et al. 2013) and the same was observed here, there was some Lhcb1 left in all 

lines (Fig. 4, Table 3). It is possible that the construct does not have an optimal design, but it 

is also possible that silencing of Lhcb1 which is a very abundant protein is harder to obtain.  

The composition of PSII antenna protein subunits in the amiLhcb1 background mutants, 

amiLhcb1kob3, amiLhcb1kob5 and amiLhcb1b3b5, shows similar results as amiLhcb1 single 

mutants, except that Lhcb3 and/or Lhcb5 were also missing. There were like in the single 

amiLhcb1 mutants, significantly increasing levels of Lhcb2 amount (Fig.4), which may 

approximately correspond to the amounts needed to compensate for a lack of Lhcb1.  
 
For the amiLhcb2 lines, just like in amiLhcb2 single mutants, Lhcb2 is totally silenced and the 

content of other antennae was not significantly affected, except that the amount of Lhcb6 may 

be increased (Fig.5, Table 4). This should be followed up by making more biological 

replicates. The Lhcb5 were perhaps somewhat increased in both the amiLhcb1xkob3and 

amiLhcb2xkob3 mutants that lacked Lhcb3 protein but the difference was not significant, this 

may be also followed up by doing more replications. Similarly, Lhcb3 tended to accumulate 

in the amiLhcb2xkob5 mutants (Fig.5) that lack the Lhcb5 protein. Otherwise, the KO of 

Lhcb3 and Lhcb5 didn’t affect the antennae composition in amiLhcb1 and amiLhcb2. 
  
The increased amount of Lhcb2 in amiLhcb1 lines and retained Lhcb1 in amiLhcb2 lines can 

help plant to form LHCII homotrimers to keep the structure of PSII-LHCII supercomplex. A 

compensatory response may also occur in other LHC proteins, indicated by the slightly 

increased Lhcb4 in amiLhcb1 lines and Lhcb6 in amiLhcb2 lines. Such compensatory 

response doesn’t only represent in the content but also in the organization and function PSII. 

In the asLhcb2 antisense plants, which have lost both Lhcb1 and Lhcb 2, LHCII homotrimers 

of Lhcb5 and heterotrimers of Lhcb3 and Lhcb5 can be formed in compensation and allowing 

the native PSII macrostructure to be maintained (Ruban et al. 2003; Ruban et al. 2006). These 

responses might be the evidence of the plasticity in the design of the PSII light-harvesting 

antenna, where the loss of one subunit causes an accumulation in another subunit (Andersson 

et al. 2003; de Bianchi et al. 2008; Damkjaer et al. 2009). Although there is some 

compensatory effect between the Lhcb proteins, each of them has specific character, and 

could not totally be substituted. 
 
5.3 No additional change in phosphorylation and state transitions 
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Normally, the fluorescence will be largely increased when the far red light turn off as the WT 

showed (Fig.8 and Fig.9) which indicates that LHCII starts to dissociate from PSII to PSI. 

However, the fluorescence of amiLhcb1 single mutant (Pietrzykowska et al. 2013) and all the 

amiLhcb1 lines (Fig.8) did not increase at all during this treatment. While the fluorescence of 

amiLhcb2 single, double and triple lines showed a response in this respect (Fig. 9). This 

shows that amiLhcb1 single, double and triple lines did not experience a light quality 

dependent change in relative excitation pressure of PSI and PSII and reduction of the PQH2, 

pool, leading to state transitions. In contrast, the amiLhcb2 single, double and triple lines 

absorbed the light and induced a fluorescence change in this phase, similar as wild type.  
 
Removal of far-red light triggers the gradual decrease of fluorescence level which manifests 

the transition from state 1 to state 2 lasting about 15 min in wild type plants, as the LHCII 

dissociated from PSII resulting from LHCII phosphorylation. As shown the phosphorylation 

of Lhcb2 is less efficient in amiLhcb1 single mutant than WT (Pietrzykowska et al. 2013), in 

this study the phosphorylation level in all amiLhcb1 lines showed a decreased kinetics 

compared with WT. More detailed, amiLhcb1kob3 show much slower kinetics than 

amiLhcb1kob5 and amiLhcb1b3b5 (Fig.6), which is probably caused by the differences in 

inhibition of Lhcb1 that existed among the lines, the less of this protein plants retained (Fig. 4) 

the lower LHCII in this mutant could be phosphorylated. The Lhcb1 phosphorylation levels of 

all amiLhcb2 lines (Fig.7) were higher than WT as similar as amiLhcb2 single mutant (Leoni 

et al. 2013). Hence, the removal of Lhcb3 and/or Lhcb5 minor protein didn’t cause any 

additional effect on LHCII phosphorylation in either the amiLhcb1 lines or the amiLhcb2 lines 

(Table 3 and Table 4). So far, both the result of phosphorylation analysis and state transition 

trace confirms the assumptions of (Pietrzykowska et al. 2013) about the individual function of 

Lhcb1 or Lhcb2. In the LHCII trimers, the Lhcb1 and Lhcb2 have complementary function. 

Lhcb1 functioned as building up the bulk of the light harvesting antenna and Lhcb2 as the 

target of STN7 and trigger more phosphorylation as a response to unequal excitation pressure. 

Accordingly, in amiLhcb1 lines PQ pool could not be as much reduced resulting from the 

relativel smaller light absorption by the very small antennae consisting of the reduced amount 

of Lhcb1 in addition Lhcb2. So the phosphorylation of LHCII in amiLhcb1 lines is greatly 

decreased. But the retained Lhcb1 in amiLhcb2 single, double and triple lines can absorbe 

light normally and Lhcb1 got strongly phosphorylated catalyzed by the activated STN7 

induced by the keeping over-reduced PQ pool. The enhanced amount of phosphorylation 

could be explained with the fact that the desired regulatory change (the movement of LHCII 
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from PSII to PSI) was not achieved and therefore the imbalance persisted in all amiLhcb2 

lines, resulting in sustained activation of STN7.  
 
Like in the amiLhcb1 single mutant, the amiLhcb1 double and triple mutants showed no 

(FsII´-FsII) decline at all (Fig.8). Considering no increasing fluorescence level at all when the 

far red light turns off as described above, it could be concluded that all the amiLhcb1 lines 

and control amiLhcb1 had lost the ability to perform state transitions. Even though low level 

of Lhcb1 is still present and increased amount of Lhcb2 in amiLhcb1 lines (Fig. 4), the 

amount of Lhcb1 is still too low to fulfill state transitions. It is believed that only 15% of the 

LHCII trimers are engaged in state transitions (Allen 1992) while those are heterotrimers with 

two Lhcb1 and one Lhcb2 (Pietrzykowska et al. 2013). It is possible that the low level of 

Lhcb1 would first fill the S trimer sites on PSII where only Lhcb1 homotrimers fit there. Then 

the amount of M-LHCII may be even much lower, where the M-LHCII may be mainly 

composed by Lhcb2 homotrimers that perhaps cound not take part in state transitions.  
 
However, the amiLhcb2 lines showed a slightly reduced of fluorescence after the far red light 

on (Fig.9) compared with control amiLhcb2 single mutant where PQH2 could not be oxidized 

and relax back like wild type. The slightly decrease of fluorescence of amiLhcb2kob3, 

amiLhcb2kob5 and amiLhcb2b3b5 could be explained by more phorsphorylation sites in 

homo-LHCII trimer (consists of only Lhcb1) in amiLhcb2kob3 than amiLhcb2 control lines. 

As it is described before, Lhcb3 has a function in locking the M trimer to PS II (Damkjaer et 

al. 2009) since koLhcb3 mutant has a slightly increased rate of state transitions in comparison 

to the wild type. Absence of Lhcb3 which could be bound to PS I also supports this 

assumption (Galka et al. 2012). Similarly, the lack of Lhcb5 (CP26) and Lhcb6 (CP24) also 

increases the state transition rates by decreasing the amount of M trimers connected to PS II 

(Kovacs et al. 2006; de Bianchi et al. 2008). In these amiLhcb2 double and triple lines, the 

presence of more loosely bound trimers (since M less stably associated to the core) makes 

these trimers mobile, thus increasing the pool of phosphorylate LHCII engaged in state 

transitions. This assumption is consistent with the result of phorsphorylation kinetics where 

there seem to be an increased phorsphorylation in amiLhcb2 double and triple lines than 

amiLhcb2 control (Fig.7). However, this should be followed up with additional comparisons 

and experiment to give a strong conclusion. 

 
State transition parameters, calculated from the PSII fluorescence traces, are another way to 

estimate state transition in addition to the fluorescence trace. qS of both the amiLhcb1 lines 
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and amiLhcb2 lines are significantly lower than wild type, which could indicate the largely 

decreasing efficiency in rebalancing of the electron transport rate after the changing quality of 

light. So it also confirms that both the Lhcb1 and Lhcb2 are essential for state transition and 

the loss of anyone of them will affect state transition. The qT of amiLhcb2 lines decreased 

compared with wild type, which reflects the much more decreased the LHCII antenna size 

(Table 2). However, all the Fm2 of amiLhcb1 is higher than Fm1 and the qT of amiLhcb1 lines 

turns a negative value which makes no sense here (Table 1). As it is a relative measurements, 

when measure on a much disrupted system it is quite possible that the qT do not behave as 

expected. One solution to obtain more “realistic” values of the parameters could be to prolong 

the initial illumination cycle for activation of electron transport from 10min to 30min with 

very low light treatment (≤10 umol photons m-2 s-1). 10min illumination might be not enough 

for activation of electron transport and some plants are still in dark adapted state, which will 

produce odd results as the underestimated Fm1 of amiLhcb1lines here. The low light could 

make plants either not photo adapted or not go into the night adaptation.  
 
To conclude, the lack of Lhcb3 and/or Lhcb5 minor protein didn’t cause any significant effect 

on the either LHCII phosphorylation or state transitions in amiLhcb1 lines and amiLhcb2 lines. 
 
5.4 Depletion of Lhcb3 and Lhcb5 resulted in no changes in NPQ 
 
It is well known that, if a leaf is transferred from darkness into light, PSII reaction centres are 

progressively closing, giving rise (already during the first second or so of illumination) to an 

increase in the yield of chlorophyll fluorescence. Afterwards the fluorescence level typically 

starts to fall again, over a time scale of a seconds to a minutes through photochemical-

quenching and NPQ ( qE, qI and qT ), qE accounts for the major part (Baker 2008). It has 

been suggested that the LHCII provide the site for association of PsbS and violaxathin or 

zeaxanthin (Gilmore et al. 1995; Li et al. 2004). Liu et al (2004) presented that each LHCII 

trimer has three potential binding sites for pigments participating in xanthophylls cycle. The 

photosynthetic electron transport is not altered and there are no large changes in the qE in the 

absence of Lhcb1/2 or Lhcb3 (Andersson et al. 2003; Damkjaer et al. 2009). Neither the 

decrease in the level of Lhcb1 in amiLhcb1 mutants nor the absence of Lhcb2 in amiLhcb2 

lines (Pietrzykowska et al. 2013), has much effect on NPQ (Fig. 10), with the exception of 

amiLhcb1 line which has decreased capacity to perform NPQ most likely due to elimination 

of the majority of LHCII which has been suggested to be involved in quenching through 

aggregation of LHCII trimers (Johnson et al. 2011). The lines amiLhcb1koLhcb3, 

amiLhcb1koLhcb5 and amiLhcb1koLhcb3koLhcb5 showed similar NPQ to that of amiLhcb1 
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(Fig. 10). This study shows reduced NPQ in amiLhcb1koLhcb5 but to a lesser extent than this 

of amiLhcb1koLhcb3 and amiLhcb1koLhcb3koLhcb5 which is caused by depletion in Lhcb1. 

The more of this protein the plants retains, the less their capacity to perform NPQ is affected 

(Fig. 4). NPQ in all amiLhcb2 mutant lines are unaffected. Obtained results are in agreement 

with data presented for the single amiLhcb1 and amiLhcb2 mutants (Pietrzykowska et al. 

2013).  
 
5.5 Summary  
 
This study has investigated the influence of Lhcb3 and Lhcb5 on photosynthesis of plants 

lacking Lhcb1 and Lhcb2. There are five parts of results (Table 3 and Table 4). First, all the 

mature mutant lines perform similar as amiLhcb1 and amiLhcb2 single mutants under green 

house condition. Second, it is shown that Lhcb3 are really knocked out in amiLhcb1kob3, 

amiLhcb1b3b5, amiLhcb2kob3 and amiLhcb2b3b5, and the Lhcb5 proteins are totally lost in 

amiLhcb1kob5, amiLhcb1b3b5, amiLhcb2kob5 and amiLhcb2b3b5. Otherwise there are no 

obvious secondary changes in the PSII polypeptide composition compared with the amiLhcb1 

and amiLhcb2 single mutants. Third, phosphorylation analysis also shows that the lack of 

Lhcb3 and Lhcb5 did not cause any obvious changes as compared with amiLhcb1 and 

amiLhcb2. Fourth, the fluorescence traces of amiLhcb1 lines confirm the proposal of the 

previous work (Pietrzykowska et al. 2013), that all the amiLhcb1 lines could not perform state 

transition even though the residual of Lhcb2 could be phosphoryalted. Even though the traces 

of amiLhcb2 lines showed a slightly decreased fluorescence level when the far red light turns 

on in state 2 which is missed in the amiLhcb2 control mutant, the decreasing is insignificant 

and hard to explain. Anyway, neither of amiLhcb1 lines and amiLhcb2 lines could perform 

state transition. The KO of minor protein Lhcb3 and Lhcb5 didn’t significantly affect the state 

transition of amiLhcb1 and amiLhcb2 single mutants. Hence, only the Lhcb1 and Lhcb2 

directly take part in the state transition. At last, the results of NPQ confirm the previous work 

that the NPQ in all amiLhcb2 lines are not affected, while the amiLhcb1 lines have decreased 

capacity to perform NPQ. The next steps will be to make more replication with different 

individuals of the same mutant to confirm the results and perhaps also increase the 

illumination time in low light to make the electron chains normally works before the first 

cycle of state transition to further look at the state transition characteristics of the plants. 
 
Overall, these results strongly confirm the specific functions of Lhcb1 and Lhcb2 that recently 

has been suggested in the works by Leoni et al (2013) and Pietrzykowska et al (2013). 

Elucidating the functions of the most important components of LHCII will be essential to 
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understand how LHCII take part in light absorption and how they are participated in dynamic 

regulation of photosynthesis under different light conditions. 
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