
The intensity of the incident light defines many mor-

phological and functional properties of plants, first of all,

properties of their photosynthetic apparatus [1-3]. It is

established that the size of the light-harvesting antenna

decreases in high light [2]. It is believed that this decrease

helps to avoid photodestruction, one cause of which in

high light is the increase in charge recombination fre-

quency of ion-radical pair P680+ Pheo–, and appearance

of triplet chlorophyll molecules that may react with triplet

oxygen to produce highly reactive singlet oxygen.

Light-harvesting antenna of PSII includes proteins

of the core-complex CP47 and CP43, immediately adja-

cent to core-complex the monomeric antenna proteins

Lhcb4 (CP29), Lhcb5 (CP26) and Lhcb6 (CP24), and

homo- and heterotrimeric complexes of Lhcb1-3 proteins

linked to the last ones with a varying degree of strength

[4]. These trimers are usually denoted as light harvesting

complex II (LHCII). Different pigment–protein com-

plexes of the photosynthetic apparatus have characteristic

pigment compositions. Core-complex contains only

chlorophyll a, whereas peripheral pigment–protein com-

plexes of the antenna contain both chlorophylls a and b in

different ratio; it is noteworthy that the chlorophyll a/b

ratio in the LHCII complex is close to 1.

The decrease in antenna size in arabidopsis plants

under increase in illumination during growth may be the

result of a decrease in the amount of almost any of the

proteins of peripheral pigment–protein complexes [3, 5].

However, it was unknown until now at which stage,

namely, transcription or translation, the biosynthesis of

proteins of these complexes is regulated in response to

illumination intensity changes. Data obtained in a recent

study with barley mutant viridis zb63 lacking PSI [6]

implied that during adaptation to increased illumination

the biosynthesis of proteins of LHCII is suppressed at the

stage of translation. In the present study, we found that in
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observed in “shade-adapted” plants in low light. During the same period, the size of the antenna decreased, correlating with

a decrease in the amounts of proteins of peripheral pigment–protein complexes. It was found that the decrease in the

amounts of these proteins occurred due to suppression of transcription of their genes.
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the course of adaptation during 5 days after transition

from low- to high-light conditions, the decrease in the

amounts of proteins of the peripheral light-harvesting

antenna is caused by suppression of transcription of their

genes. We also show that the quantum yield of photosyn-

thesis, being decreased initially after the transition, is

restored.

MATERIALS AND METHODS

Arabidopsis thaliana plants (ecotype Columbia) were

grown in a climate chamber for 28 days at 19°C, light

intensity 70 µmol photons·m–2·s–1 PAR, and 8-h light day.

Afterwards some plants were transferred at the same light

intensity with 16-h day. After 10 days, some of these

plants were transferred to the high light conditions,

360 µmol photons·m–2·s–1 PAR with 16-h day. Chloro-

phyll (Chl) a fluorescence in leaves was measured using

PAM-fluorometers PAM-101 and MiniPAM (Walz,

Germany). Quantum yield (Y) and the coefficient of

non-photochemical quenching of Chl fluorescence (qN)

were calculated using the conventional formulas: Y =

(F′m – Fs)/F′m and qN = (Fm – F′m)/(Fm – F0), where Fm is

the maximum fluorescence yield in the dark-adapted

leaves in response to a saturating pulse, Fs the steady-state

fluorescence yield in the actinic light, F′m is the maximum

fluorescence yield in response to a saturating pulse during

steady-state illumination with the actinic light, and F0 is

the fluorescence yield in leaves adapted during 20 min in

the dark prior to illumination. Relative extent of plasto-

quinone pool reduction in leaves under illumination was

assessed as 1 – (F′m – Fs)/(F′m – F′0) [7], where F′0 is the

minimum yield of Chl fluorescence promptly after cessa-

tion of illumination. Gene expression levels were meas-

ured using qRT-PCR on the 5th day of plant growth

under different light conditions. RNA was extracted using

the BioRad Aurum total RNA Mini Kit and a standard

protocol, and then 400 ng of each RNA sample was used

in the reverse transcription procedure using the BioRad

iScript Reverse Transcription Supermix reagents. The

cDNA and specific primers [8] for gene At2g05070,

encoding Lhcb2.2 (one form of Lhcb2), and genes

At5g54270 and At1g15820, encoding Lhcb3 and Lhcb6,

were used in qRT-PCR with a iQ5 real-time thermal

cycler (BioRad) and reagents by Evrogen. Primers for the

actin 7 gene, At5g09810 (forward 5′-GAAGGCTG-

GTTTTGCTGGTGAT-3′ and reverse 5′-CCATGT-

CATCCCAGTTACTTACAATACC-3′), were used as a

positive control. Thylakoids were isolated as described

earlier [9]. Denaturing electrophoresis was performed in

gradient (12-18%) polyacrylamide gel using Tris-Tricine

buffers [10]. Proteins were visualized by staining of gels

with Coomassie. Chlorophyll content was determined in

95% ethanol extracts [11]. PAR was measured in the 400-

700 nm range using an LI-190SA Quantum Sensor.

RESULTS AND DISCUSSION

The extent of plastoquinone pool reduction in plants

grown under low light (“shade-adapted” plants) was sub-

stantially higher under illumination with higher light than

under illumination with light applied during growth (Fig.

1A, b vs. a). The increased extent of plastoquinone pool

reduction can occur if the electron carriers following this

pool in the “shade-adapted” PETC, as well as the

“shade-adapted” carbon metabolism, have not enough

capacities to provide in higher light the free transfer of all

electrons entering the PETC from PSII equipped with

“shade-adapted” light-harvesting antenna. After 5 days of

adaptation to higher illumination, the relative extent of

the plastoquinone pool reduction in this high light was

much lower (Fig. 1A, c).

During the first day after the plants were transferred

from the low-light to the high-light conditions, the quan-

tum yield of PSII under steady-state illumination (an

effective quantum yield of photosynthetic electron trans-

port) was substantially lower in high light than in low light

(Fig. 1B, b vs. a). For the same transfer, non-photochem-

ical quenching of chlorophyll fluorescence became

appreciably higher (Fig. 1C), indicating an increase in

thermal dissipation of light energy; that provides protec-

tion from photoinhibition at increased light intensity.

After 5 days under high light, the light energy came to be

used more effectively, as it was evident from both the

higher quantum yield and the lower non-photochemical

quenching (Figs. 1B (c) and 1C (c)). A similar trend in

the change in the functional properties of the PETC

under the change of illumination level was observed by

Walters et al. [12].

In plants kept in the dark for 20 min prior to meas-

urements, the quantum yield of PSII was 0.80 ± 0.01 in

the plants before their transfer to the high illumination

intensity, 0.79 ± 0.01 promptly after this transfer, and

0.81 ± 0.01 after 5 days of growth at the higher light

intensity. This meant that the sharp decrease in the PSII

quantum yield in high light, which was observed early

after transfer of “shade-adapted” plants to this light, and

its subsequent increase in the same light after 5 days

growth under illumination with this light were not caused

by the change in the capability of PSII reaction centers

for charge separation. Rather, a change occurring during

the adaptation to high illumination conditions of the

characteristics of electron transfer in other segments of

the PETC were responsible for the changes in both the

quantum yield of PSII and the extent of plastoquinone

pool reduction (Figs. 1A and 1B).

Lindahl et al. [13] showed that the size of light har-

vesting antenna of PSII in spinach leaves decreased after

3 days under increased illumination. In the present study,

in 3-4 days after a transfer of arabidopsis plants to the

high light, the Chl a/Chl b ratio increased on average

from 2.0 to 2.4, indicating a decrease in the number of
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peripheral light harvesting complexes that contain Chl b,

in other words, a reduction of the antenna size. To esti-

mate the amount of peripheral antenna proteins, we con-

ducted denaturing electrophoresis of thylakoid extracts.

Densitometric analysis of the gels (Fig. 2) revealed that

the density of bands corresponding to the sum of Lhcb1

and Lhcb2 proteins, and to Lhcb6 protein, in the plants

grown for 5 days under 360 µmol photons·m–2·s–1 was

15% lower than in the plants that continued to grow

under 70 µmol photons·m–2·s–1. This evidenced a

decrease in the amount of the antenna protein during the

adaptation to the high-light conditions, and it was in

accordance with recently published data [5].

In 5 days after a transfer of arabidopsis plants to the

higher illumination, a decrease in expression of genes

At2g05070, At5g54270, and At1g15820 that encode anten-

na proteins Lhcb2.2, Lhcb3, and Lhcb6, respectively, was

observed (Fig. 3). Accordingly, the decrease in the

amount of these proteins under increase in illumination

intensity is caused by lower inflow of newly synthesized

molecules when spent molecules are disintegrated via a

natural way. Thus, the regulation of the light-harvesting

antenna size occurs at the stage of gene transcription of

antenna proteins rather than at the stage of translation, as

was earlier supposed [6].

It has been assumed that the signal to change the size

of antenna is the redox state of the plastoquinone pool

[14, 15]. In the presented experiments, the extent of plas-

toquinone pool reduction increased considerably after

transfer of plants to high illumination intensity (Fig. 1A),

matching this assumption. To explain how the redox state

of the plastoquinone pool situated within the thylakoid

membranes can affect the protein biosynthesis system in

cytoplasm (translation stage) or in nucleus, where the

antenna proteins are encoded (transcription stage), we

assumed earlier that the signal molecules are those H2O2

molecules that form in the thylakoid membrane in the

reaction of plastohydroquinone with superoxide radicals

generated in the PETC [16].

Processes initiated by the signal from the plasto-

quinone pool under high-light conditions led to antenna

size decrease owing to decreased biosynthesis of antenna

proteins, and accordingly to the lower incident light ener-

gy share feeding the reaction center of PSII. The resulting

rate of charge separation together with increased amounts

of both the electron carriers and Rubisco being synthe-

Fig. 1. Relative extent of plastoquinone pool reduction (A), quantum yield of PSII (B), and coefficient of non-photochemical quenching of

Chl a fluorescence (C) in leaves of A. thaliana in the course of adaptation to a change in illumination intensity: a) plants grown under 70 µmol

photons·m–2·s–1 PAR and parameters were measured at the same light intensity; b) plants grown under 70 µmol photons·m–2·s–1 PAR and

parameters were measured at 360 µmol photons·m–2·s–1 PAR; c) plants transferred from low light to 360 µmol photons·m–2·s–1 PAR where

they grew for 5 days, and parameters were measured at the same high-light intensity.
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Fig. 2. Denaturing electrophoresis of proteins of thylakoids (8 µg

Chl/ml) from leaves of 4-week-old A. thaliana plants grown for 5

days under different illumination intensity and at 16-h day. a, b) 70

and 360 µmol photons·m–2·s–1 PAR, respectively. Right-hand

track, marker proteins.
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sized under increased illumination intensity [17, 18]

enabled relatively higher number of electrons to be trans-

ferred from PSII to other PETC segments; this was

reflected in higher effective quantum yield of electron

transfer (Fig. 1B, c).

Results of this work indicate that regulation of the

size of the antenna, being a vital part of the mechanism of

adaptation to high illumination intensity, which provides

coordination of successive steps of electron transfer in the

PETC and, thus more efficient use of light energy in pho-

tosynthesis, takes place at the stage of transcription of

genes of peripheral antenna proteins.
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Fig. 3. Expression level of genes At2g05070 (a), At5g54270 (b), and

At1g115820 (c) encoding Lhcb2.2, Lhcb3, and Lhcb6, respective-

ly, in leaves of A. thaliana plants grown under different illumina-

tion intensities. Hatched bars, 8-h day and 70 µmol

photons·m–2·s–1; gray bars, 5 days after transfer to 16-h day and

360 µmol photons·m–2·s–1.
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