
The photosynthetic performance of developing spruce (Picea abies L. Karst.) needles was investigated.
As revealed by previous reports, the biosynthesis of chlorophylls and carotenoids was not following the
characteristic chloroplast ultrastructure building up during needle elongation process. The aim of our
study was to investigate photosynthetic capability (evaluated by oxygen evolution and chlorophyll a flu-
orescence kinetics measurements), the dynamics of chloroplast pigments biosynthesis and the expression
of major photosynthetic proteins as well as to find out possible correlation between components of issue.
Low amounts of chlorophylls and carotenoids, LHC II and Rubisco LSU were detected in the embryon-
ic shoot of vegetative buds. Although PS II was functional, oxygen production was not sufficient to com-
pensate for respiration in the same developmental stage. The light compensation point of respiration was
successively lowered during the needle elongation. Nevertheless the significant increase in photosyn-
thetic pigments as well as the high level of expression of LHC II and Rubisco LSU proteins was observed
in the later stages of needle development. Our results suggest that, besides light, some other environ-
mental factors could be critical for producing fully functional chloroplasts in rapidly growing young
needles.
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INTRODUCTION

The photosystem II is one of the major regulatory complexes in the electron trans-
port chain in plants. It is functioning as the water-plastoquinone oxidoreductase
which is built up from about 25 polypeptide subunits and localised in the grana thy-
lakoids of chloroplasts. The proteins of the reaction center of PS II are encoded by
chloroplast DNA, while those of antenna complex (LHC II) and oxygen-evolving
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complex are encoded by nuclear DNA and post-translationally imported into the
chloroplasts [2]. The structure and supramolecular organisation of LHC II was com-
prehensively investigated [5, 6, 22]. The major antenna (LHC II) was shown to have
a trimeric organisation, while two monomers of each minor antenna proteins (CP29,
CP26 and CP24) were positioned in a way to connect the major antenna with the
reaction center. Although the majority of the photosynthetic pigments were coordi-
nated with the LHC II, it was suggested that the minor antenna proteins could be
involved in the excess energy dissipation since the most xanthophylls cycle pigments
were bound to the CP29, CP26 and CP24 monomers [38]. The assembly of photo-
synthetically active thylakoid membranes during the chloroplast differentiation is
supposed to be preceded by synchronized biosynthesis of the chloroplast pigments
and the proteins of photosynthetic apparatus [31]. The light was shown to have a key
role in triggering those processes in angiosperm plants. For example, Muraja
Ljubičić et al. [28] reported simultaneous expression of LHC II with the increase of
photosynthetic pigment content during the greening of potato tubers. On the other
hand, gymnosperms were shown to have the capability for chlorophyll biosynthesis
as well as the biogenesis of photosynthetically active chloroplasts in the dark [3, 7,
14, 40].

The investigations of structure and physiology of spruce vegetative buds [4, 8, 19,
27] revealed that comprehensive changes are taking place before the bud bursting.
Also, development of young needles was thoroughly investigated concerning the
phenolics amount and diversity [21, 35], seasonal accumulation of ultraviolet-B
screening pigments [13], epicuticular wax production [17], starch metabolism [12,
18], protein synthesis [9], biochemistry of lignification [16, 30] as well as the ultra-
structure of outer epidermal wall [36]. Our previous investigation on the chloroplasts
ultrastructure in vegetative buds of spruce during the period of dormancy [24]
revealed weakly developed thylakoid system and the presence of starch grains. It has
also been shown that preprotein receptors of chloroplast outer envelope differential-
ly accumulate during needle maturation [15].

Prevailing characteristic of developing conifer needles is their substantial elonga-
tion after the bud burst. We revealed previously [25] that the increase in chlorophyll
content during needle elongation was not rapid as expected. Rather, developing nee-
dles needed a longer period of time (May to August) to reach the chlorophyll level
that can be attributed to mature needles. On the other hand, Senser et al. [34] showed
well-developed thylakoid system in elongating needles that were about 50% long in
respect to fully developed needles. We hypothesised that in spite of the arrest of pho-
tosynthetic pigments biosynthesis during early development of young needles,
changes in chloroplast ultrastructure must be accompanied with increase in their pho-
tosynthetic capability. So, our aim in the present study was to correlate the photo-
synthetic capability with chloroplast pigments biosynthesis as well as with the
expression of light-harvesting antenna and Rubisco LSU, during the needle elonga-
tion process. In this manner, we distinguished several developmental stages regard-
ing to the needle length, in order to simplify their mutual comparison. There is also
a physiological background of such concept. As we reported previously [15] the con-



tinuous increase in chloroplast number was noticed during the needle elongation.
Also, the changes in protein translocation complexes abundance and composition
was shown in elongating needles, indicating that built up of fully functional chloro-
plasts might be developmentally regulated in rapidly growing young needles.

MATERIAL AND METHODS

Plant material and sampling

Material for study was collected from the middle crown of three 15–20 years old
Norway spruce (Picea abies L. Karst.) trees grown in the Botanical garden of the
Botanical Institute (University of Kiel, Germany). Sampling was done in the period
from mid-April to mid-June. Needles formed in previous season, vegetative buds and
later on young needles (Fig. 1) were collected. Embryonic shoots were isolated from
vegetative buds after the cataphylls were removed. Four developmental stages of
young needles were distinguished regarding to the needle length: 7 (stage 1), 11
(stage 2), 15 (stage 3) and 19 mm (stage 4), respectively. Previous season needles
were about 19 mm long. Needles used for analysis were taken from several shoots
(3–5) of the same tree. Plant material used for each analysis originated from differ-
ent pool.
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Fig. 1. Different developmental stages of Norway spruce (P. abies L. Karst.) needles; A – shoot with veg-
etative buds and previous-year (mature) needles; B – shoot bearing previous-year needles and young
shoot with needles 7 mm long; C – shoot bearing the previous-year needles and young shoot with nee-
dles 11 mm long; D – shoot bearing previous-year needles and young shoot with needles 15 mm long;

E – young shoot with needles 19 mm long
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Measurements of oxygen evolution and dark respiration

Oxygen evolution was measured using the gas-phase Clark-type oxygen electrode
(Hansatech). Previously weighted plant material was placed in the chamber and the
light response curves were made by increasing the amount of the applied light (30,
100, 200, 650 and 1100 μmolPHOTONS m–2 s–1, respectively). The selected light inten-
sities were limited by performances of laboratory equipment. The duration of each
step was 20–30 minutes. Respiration in dark was measured before and after illumi-
nation for each step of applied light. To assure uniformed experimental conditions for
all measurements, the room temperature (20 °C) inside the chamber was maintained.
In order to prevent tissue dehydration during the measurement, the whole needles
were used, without any cutting. Also, to avoid self-shading of the plant tissue, nee-
dles were arranged in one row. The same principle was applied during chlorophyll
fluorescence measurements, too.

According to Webb et al. [39] a nonlinear regression using the method of least
squares was fitted to each original data set. Mathematical model was expressed by
equation: P = Pmax*(1 – e(–I/Ik)), where Pmax is oxygen evolution rate at saturation light
intensities and Ik is theoretical light saturation irradiance. From this equation, if
P = R, than I = Ic, thus Ic = Ik*(–ln(1 – R/Pmax)), where Ic is light compensation irra-
diance and R is respiration.

In vivo chlorophyll a fluorescence measurements

Chlorophyll a fluorescence measurement was performed using the “Pulse Amplitude
Modulated” fluorometer (PAM100, Walz). Plant material was dark-adapted for about
30 minutes before measurement. Chlorophyll a fluorescence parameters were mea-
sured in conditions of step by step increased amounts of applied light (18, 36, 98, 195
and 750 μmolPHOTONS m–2 s–1, respectively), what was limited by technical perfor-
mances of laboratory equipment. The irradiance was maintained until both ground
fluorescence (Ft) and maximal fluorescence (F’m) were stable. The maximum quan-
tum yield of the photosystem II (Fv/Fm) as well as the effective quantum yield of the
photosystem II (ΔF/F’m), the relative electron transport rate (rel. ETR), photochem-
ical quenching (qP) and nonphotochemical quenching (qN) were calculated accord-
ing to Schreiber et al. [32].

Chlorophylls and total carotenoids determination

Photosynthetic pigments were extracted with 80% acetone and determined spec-
trophotometrically according to Lichtenthaler [26]. Dry weight was determined by
drying tissue samples at 105 °C for 24 hours. Quantitative data obtained by pigment
measurements were statistically evaluated using t-test modified for small samples.
Data for all parameters were compared between the vegetative buds and certain
developmental stage.



Detection of LHCII and LSU by SDS-PAGE and immunoblotting

For protein analysis buds as well as corresponding developmental stages of needles
from all three trees were combined. Plant material was powdered in liquid nitrogen
and extracted with hot (80 °C) buffer containing 0.13 M Tris/HCl (pH 6.8), 16%
(v/v) glycerol, 4.6% (w/v) SDS and 0.59% (v/v) DTT. For SDS–PAGE, equal
amount of total protein (20 μg) of each sample was loaded onto the gel. Separated
proteins were blotted onto the nitrocellulose membrane (ROTH) according to manu-
facturer’s instructions. The immunodetection was performed using the appropriate
antibodies raised against the LHC II and the Rubisco LSU from Pisum sativum. As
the secondary antibody the anti-rabbit IgG linked with horse radish peroxidase was
used. The visualization was done by chemiluminescence using the luminol as sub-
strate.

RESULTS

The quantity of light needed for compensation of dark respiration
is successively lowered during needle development

The results of oxygen measurements are shown in Fig. 2. The highest mean respira-
tion value was recorded in the vegetative buds (3.87 ± 0.58 μmol O2 g–1 DW min–1).
Respiration was decreasing during needle development (3.47 ± 0.35, 3.29 ± 0.20,
2.87 ± 0.44 and 2.19 ± 0.37 μmol O2 g–1 DW min–1 for developmental stages 1, 2, 3
and 4, respectively), while the lowest respiration was measured in previous-year nee-
dles (1.27 ± 0.31 μmol O2 g–1 DW min–1). Mean oxygen production values in vege-
tative buds were very low concerning any amount of the applied light, ranging from
0.65 ± 0.28 (at 30 μmolPHOTONS m–2 s–1) to 1.96 ± 0.46 μmol O2 g–1 DW min–1 (at 1100
μmolPHOTONS m–2 s–1). The highest oxygen production in buds compensated only
50.65% of dark respiration. The first developmental stage of young needles
revealed the compensation of dark respiration close to 650 μmolPHOTONS m–2 s–1,
with the mean oxygen-production values ranging from 0.80 ± 0.31 (at 30
μmolPHOTONS m–2 s–1) to 4.61 ± 0.59 μmol O2 g–1 DW min–1 (at 1100
μmolPHOTONS m–2 s–1). In 11 mm long young needles (stage 2), the respiration was
compensated at 200 μmolPHOTONS m–2 s–1. The mean oxygen-production values in
that stage of development were ranging from 1.20 ± 0.70 (at 30 μmolPHOTONS m–2 s–1)
to 6.05 ± 1.51 μmol O2 g–1 DW min–1 (at 1100 μmolPHOTONS m–2 s–1). The compensa-
tion of respiration in the third developmental stage of young needles (15 mm long)
was observed already at 100 μmolPHOTONS m–2 s–1, with the mean oxygen-production
values ranging from 2.87 ± 0.44 (at 30 μmolPHOTONS m–2 s–1) to 7.99 ± 1.62 μmol O2

g–1 DW min–1 (at 1100 μmolPHOTONS m–2 s–1). The most advanced developing stage
of young needles (stage 4) as well as the previous-year needles revealed the
compensation of respiration at the lowest intensity of applied light (30
μmolPHOTONS m–2 s–1). The mean oxygen-production values for the developing stage
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4 of young needles were ranging form 2.48 ± 0.55 (at 30 μmolPHOTONS m–2 s–1) to
10.01 ± 2.27 μmol O2 g–1 DW min–1 (at 1100 μmolPHOTONS m–2 s–1) and for the previ-
ous-year needles from 1.48 ± 0.31 (at 30 μmolPHOTONS m–2 s–1) to 9.28 ± 2.47 μmol
O2 g–1 DW min–1 (at 1100 μmolPHOTONS m–2 s–1).

The fit of the mathematical model to the experimental data has given the predic-
tion of respiration (Rest) rate, light irradiation needed for saturation (Ik) and the
amount of light irradiation when oxygen evolution should compensate the respiration
(Ic), thus net photosynthesis should be zero. Obtained data (Fig. 3) are showing that
light intensity has to increase to be sufficient for saturation during the needle devel-
opment. Furthermore, it has been shown that vegetative buds are unable to compen-

Fig. 2. The rates of oxygen evolution (black bars) and respiration (white bars) of different developmen-
tal stages on Norway spruce (P. abies L. Karst.) needles at varying amount of applied light (PPFD);
MN – mature needles, VB – vegetative buds, YN1 – stage 1 of young needles, YN2 – stage 2 of young

needles, YN3 – stage 3 of young needles, YN4 – stage 4 of young needles



sate the respiration as Ik was lower than Ic (Fig. 3, table) while, depending on devel-
opmental stages, relatively low light irradiance might be enough to compensate cal-
culated respiration rate in needles.

Chlorophyll a fluorescence kinetics revealed irregular pattern during
needle development

In vivo chlorophyll a fluorescence measurement was used to assess the PSII effi-
ciency and the function of electron transport chain as well as the photochemical and
nonphotochemical quenching in the vegetative buds and developing spruce needles.
The mean values for maximum (Fv/Fm) and effective (ΔF/F’m) yields of PS II are
shown in Fig. 4. The highest mean Fv/Fm value was recorded in previous-year nee-
dles (0.81 ± 0.02), while in the vegetative buds it was 0.75 ± 0.01. The increase of
Fv/Fm during the needle development was not regular. The mean values were
0.73 ± 0.04, 0.72 ± 0.05, 0.73 ± 0.02 and 0.78 ± 0.04 in developmental stages 1, 2, 3
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Fig. 3. The fit of the mathematical model to the experimental data and values for oxygen evolution rate
saturation light intensities (Pmax), theoretical saturation light irradiance (Ik), measured respiration rate
(R), theoretical respiration rate (Rest) and the amount of light irradiation when oxygen evolution should
compensate the respiration (Ic); MN – mature needles, VB – vegetative buds (�), YN1 – stage 1
of young needles (�), YN2 – stage 2 of young needles (�), YN3 – stage 3 of young needles (�),

YN4 – stage 4 of young needles (�)
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and 4, respectively (Fig. 4, small chart). The ΔF/F’m values decreased with increas-
ing the amount of applied light (Fig. 4A). Although the values for young needles
were ranging between those for vegetative buds and mature needles, the irregulari-
ties were observed in the case of developmental stages 1, 2 and 3. The mean values
of ΔF/F’m in developmental stage 4 were increased in comparison to the previous
three stages of developing needles, approaching those characteristic for mature pre-
vious-year needles. The light response curves for the electron transport rate (rel.
ETR) are shown in Fig. 4B. The lowest values were recorded in vegetative buds and
the highest in previous-year needles. The increase of rel. ETR was observed in young
needles compared with vegetative buds. However, stages 1, 2 and 3 did not reveal
regular increase of rel. ETR. The stage 4 of young needles was shown to have high-
er rel. ETR, when compared with stages 1, 2 and 3, approaching to the values char-
acteristic for previous-year needles. Changes of photochemical (qP) and nonphoto-
chemical (qN) quenching coefficients during the exposure of vegetative buds and dif-
ferent developmental stages of spruce needles to varying amounts of light are shown
in Fig. 5. The qP values were much lower for vegetative buds than in mature needles.
Stages 1 and 2 showed the intermediary values, while stages 3 and 4 had almost the
same qP values as the mature needles. The qN values were quite similar for all inves-
tigated developmental stages.

The increase of photosynthetic pigments content was not triggered
immediately after bud proliferation

The results of photosynthetic pigment measurements are given in Table 1. The high-
est content of total chlorophylls was present in previous-year needles. Total chloro-
phylls content in the embryonic shoots of vegetative buds was 3 times lower com-
pared to the previous-year needles. The significant increase of total chlorophylls con-
tent was recorded in the stage 4 of young needles, while in the stages 1, 2 and 3 we
did not observe any significant increase in comparison to vegetative buds.
Chlorophyll a content showed the same dynamics as the total chlorophyll. In con-
trast, the significant increase of chlorophyll b was recorded slightly earlier than
chlorophyll a, in the stage 3 of developing needles. The ratio of chlorophyll a to
chlorophyll b appeared not to be significantly different in any developmental stage
compared to buds. Total carotenoids content was significantly higher in stage 4 of
young needles and mature needles, while in stages 1, 2 and 3 there was no signifi-
cance in comparison to the vegetative buds. Total chlorophylls to total carotenoids
ratio revealed the significance only for the third developmental stage of young nee-
dles as well as for the mature needles when compared with buds.
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Fig. 4. The PSII efficiency (ΔF/Fm’) (A) and the relative electron transport rate (rel. ETR) (B) in differ-
ent developmental stages of Norway spruce (P. abies L. Karst.) needles at varying amount of applied
light (PPFD); mature needles (�), vegetative buds (�), stage 1 of young needles (�), stage 2 of young

needles (�), stage 3 of young needles (�), stage 4 of young needles (�)
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Fig. 5. The photochemical quenching (qP) and nonphotochemical quenching (qN) in different develop-
mental stages of Norway spruce (P. abies L. Karst.) needles at varying amount of applied light (PPFD);
mature needles (�), vegetative buds (�), stage 1 of young needles (�), stage 2 of young needles (�),

stage 3 of young needles (�), stage 4 of young needles (�)



The accumulation of light-harvesting antenna and LSU proteins

The expression of light-harvesting antenna proteins and Rubisco LSU is shown in
Fig. 6. The highest levels of both, the LSU and LHC II were found in fully devel-
oped previous-year needles. Although the presence of both proteins was detected in
vegetative buds and each developmental stage of young needles, some kinetics
appeared. The expression of LSU in vegetative buds as well as in first three stages of
young needles was very low. The increase in LSU protein amount was observed in
the fourth developmental stage of young needles. In addition to LHC II, another
immunoreactive band of apparent molecular mass of 29 kDa was detected in vegeta-
tive buds as well as in the stages 1 and 2 of young needles. This protein band most
likely represents CP29 antenna. The expression level of both proteins was kept low.
In the stage 3, the CP29 isoform disappeared, while the expression level of the LHC
II was unchanged. The fourth developmental stage of young needles revealed
increased amount of LHC II.
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Table 1
The mean values of photosynthetic pigments content (mgg–1 dry weight) in different developmental

stages of Norway spruce (P. abies L. Karst.) needles

Vegetative
Young needles

MatureParameter
buds needlesstage 1 stage 2 stage 3 stage 4

Chl a 0.84±0.09 0.89±0.02NS 0.92±0.11NS 1.01±0.13NS 1.56±0.22* 2.47±0.37**

Chl b 0.28±0.04 0.32±0.05NS 0.35±0.04NS 0.41±0.03** 0.58±0.10** 0.97±0.13***

Chl a + b 1.12±0.12 1.21±0.07NS 1.27±0.13NS 1.77±0.49NS 2.13±0.34** 3.37±0.36***

Chl a/Chl b 3.05±0.27 2.86±0.46NS 2.60±0.29NS 2.67±0.18NS 2.70±0.08NS 2.52±0.60NS

Car 0.44±0.05 0.52±0.04NS 0.53±0.06NS 0.64±0.09NS 0.88±0.17* 1.11±0.16**

Chl a + b/Car 2.52±0.05 2.31±0.14NS 2.39±0.07NS 2.23±0.10* 2.24±0.20NS 3.05±0.11***

Chl a – chlorophyll a, Chl b – chlorophyll b, Chl a + b – total chlorophyll, Chl a/Chl b – chlorophyll
a to chlorophyll b ratio, Car – total carotenoids, Chl a + b/Car – total chlorophyll to total carotenoids
ratio. The statistical evaluation was done in a way that every developmental stage was compared with the
vegetative buds; * – P(t) < 5%, ** – P(t) < 1%, *** – P(t) < 0.1%, NS – not significant.

Fig. 6. The expression of light-harvesting protein complex of PS II (LHC II) and Rubisco large subunit
(LSU) in different developmental stages of Norway spruce (P. abies L. Karst.) needles; detected
by Western blotting; MN – mature needles, VB – vegetative buds, YN1 – stage 1 of young needles,

YN2 – stage 2 of young needles, YN3 – stage 3 of young needles, YN4 – stage 4 of young needles
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DISCUSSION

Development of young needles comprises different processes as the cell division and
elongation [8, 19], different metabolic changes concerning the biosynthesis of pro-
teins [9], carbohydrates [12, 18, 27] and secondary metabolites [21, 35]. All of them
are highly energy consuming processes. High respiration rates in proliferating buds
and developing young needles observed in our investigation (Fig. 2) are in accor-
dance with described structural and physiological changes of those organs.

The photosynthetic capability of investigated plant material was monitored by
measurement of oxygen production (Fig. 2). Full compensation of respiration rate
was not observed in vegetative buds. In young needles, the compensation occurred
earlier upon the exposure to higher amounts of light. Besides the previous-year nee-
dles, exposure to low amounts of light provoked full compensation of respiration rate
only in the stage 4 of developing needles. The data presenting the oxygen production
showed that the capacity of photosystem II is higher in dependence with needle mat-
uration, as is the level of competence in compensation of respiration rate upon the
intensity of irradiance during the running process. The data in particular case of
mature needles indicate their probable capability to sustain functional PSII at higher
amounts of applied light in comparison to the developing needles. 

Applied mathematical model predicted that vegetative buds should be incapable
for oxygen production sufficient to compensate respiration rate regardless to the light
irradiance. Also, results of the fitting predicted higher light irradiance needed for sat-
uration in mature needles in comparison to developing ones (Fig. 3).

The results of oxygen measurement (Fig. 2) are in accordance with the results of
chlorophyll content (Table 1) and the expression of the LHC II in the same develop-
mental stages. The exception was the value for chlorophyll b content in the third
developmental stage of young needles. Statistical evaluation showed that significant
increase of chlorophyll b already happened in the third stage of development.
According to Plumely and Schmidt [31], the chlorophyll b was shown to be of major
importance for stabilisation and assembly of the light-harvesting complexes. Increase
of both the content of chlorophyll a (Table 1) and the level of LHC II in stage 4 of
young needles (Fig. 6), should reflect the capability of young needles to capture
enough light for the compensation of the respiration rate, even at the lowest amounts
of applied light (30 PPFD). Our results concerning the chlorophyll content and the
LHC II expression in vegetative buds and stages 1, 2 and 3 of young needles cor-
roborates with those given by Jilani et al. [23]. They detected a week expression of
Hordeum vulgare (L.) LHC II in the presence of small amounts of chlorophyll, that
caused the increase of Fv/Fm value.

In situ chlorophyll fluorescence measurement (Fig. 4) indicated that functional PS
II was present in previous-year needles and vegetative buds as well as in the young
developing needles. The light response curves of the quantum efficiency of PSII
showed much lower values for PSII efficiency in vegetative buds than in mature nee-
dles (Fig. 4). The maximal electron transport rate (rel. ETR) showed the same
dynamics (Fig. 4). Lower rel. ETR values in vegetative buds could be attributed to



the much lower photochemical quenching (qP) in comparison to the mature needles
(Fig. 5). Low expression level of Rubisco LSU (Fig. 6) could be the main reason for
lower rel. ETR in vegetative buds and stages 1, 2 and 3 of young needles. The
increase of PS II efficiency as well as rel. ETR in stage 4 of young needles was well
coordinated with the higher level of Rubisco LSU. The relationship between PSII
activity and rel. ETR on one side and CO2 fixation on the other side is well estab-
lished [20]. As reported by Tenberge [36] young developing spruce needles lack a
fully developed cuticle, what could be the reason for increased water admission and
consequently, water stress susceptibility. Eastman and Camm [11] showed that pho-
tochemical activity of PS II as well as the oxygen evolution in needles of Picea glau-
ca (Moench) decreased when water stress was induced. Taking together that could
explain obtained irregularities concerning the PS II quantum efficiency and rel. ETR
observed in developing needles (Fig. 4) if they could be attributed to the influence of
changes in weather conditions during the sampling period. Small differences in non-
photochemical quenching (Fig. 5) observed between all investigated developmental
stages of spruce needles indicate that photoprotective mechanisms against the excess
light were functional. The carotenoids of xanthophyll cycle were shown to have the
major role in dissipation of excess light energy as heat [10, 33]. A certain amount of
total carotenoids in the vegetative buds and young needles (Table 1) was enough to
prevent destruction of the photosynthetic apparatus after the bud bursting. Our pre-
vious investigation [25] revealed that the total carotenoids reached the values char-
acteristic for mature needles faster than chlorophylls.

As shown in our study, the delay of photosynthetic apparatus biogenesis during
early development of spruce needles comprised not only the biosynthesis of the pho-
tosynthetic pigments, but also the expression of light-harvesting antenna and Rubisco
LSU, key proteins for the photosynthetic activity. The interesting observation of our
study is the differential accumulation of light-harvesting antenna proteins during nee-
dle development as two LHC II isoforms in the embryonic shoot of vegetative bud
as well as in the stages 1 and 2 of young needles were present (Fig. 6). It is possible
that adjustments of the levels of minor light-harvesting complexes during early
stages of needle expansion may serve as insurance for efficient photosynthesis of the
developing photosynthetic reaction centres. In Chlamydomonas renhardtii, it has
been shown that the expression of genes encoding minor light-harvesting antenna is
co-ordinately repressed when the energy input through the antenna system exceeds
the requirement for CO2 assimilation [37]. Also, elevated levels of CP29 might be
necessary for the efficient assembly of PS II.

As summarized by Akoyunoglou and Argyroudi-Akoyunoglou [1], light affects
the expression of both nuclear and chloroplast encoded proteins, including the LHC
II and Rubisco LSU. On the other hand, it has been reported that some other envi-
ronmental factors could also affect the assembly of photosynthetically active thy-
lakoid membranes during the chloroplast biogenesis. Limited chlorophyll supply at
low temperatures was reported as the main reason for restricted accumulation of
light-harvesting Chl a/b – binding apoproteins of PS II in dark-grown Pine cotyle-
dons [29]. The expression of Rubisco LSU and SSU in their investigation was not
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influenced by low temperatures. So, it could be concluded that some environmental
factors, besides light, could be critical for the development of a fully active photo-
synthetic apparatus in young spruce needles.
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