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Introduction

Darkness can affect the senescence progres-
sion in plants by modulating the photosynthetic 
effi ciency, the generation of reactive oxygen spe-
cies, as well as by activation of different signalling 
cascades (Lers, 2007). One of the earliest targets 
of dark-induced senescence is the chloroplast 
where a number of ultrastructural and functional 
alterations cause a rapid drop in the photosyn-
thetic activity (Nooden et al., 1997; Krupinska and 
Humbeck, 2004). Chloroplast senescence includes 
intensive degradation of pigments, membrane li-
pids, nucleic acids, and stroma-localized proteins 

such as ribulose-1,5-bisphosphate carboxylase/
oxy genase (Rubisco). The degradation of thyla-
koid proteins from photosystem II (PSII), photo-
system I (PSI), and the light-harvesting complex-
es (LHCs) of both photosystems is accelerated at 
later stages of leaf senescence compared to the 
stromal proteins (Humbeck and Krupinska, 2003).

It has been shown that darkness can induce two 
opposite senescence-related responses depending 
on the level at which it is perceived (whole plant or 
individual leaf organ) as revealed by experiments 
with Arabidopsis thaliana rosette leaves (Weaver 
and Amasino, 2001). One response represents the 
locally induced promotion of senescence when 
dark treatment is applied to individual leaves. 
In these leaves, a rapid decline in photosynthetic 
activity has been found while high mitochondri-
al respiration is maintained associated with the 
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rapid degradation of cellular components and 
consequent nutrient remobilization (Keech et al., 
2007). On the other hand, senescence is repressed 
when darkness is applied at the whole-plant level 
due to preserved photosynthetic capacity as well 
as retention in leaf development including an in-
hibition of the senescence-specifi c degradation of 
total protein and chlorophyll (Weaver and Ama-
sino, 2001; Keech et al., 2007). Thus, the metabo-
lism in the leaves of whole darkened plants enters 
a “stand-by-mode”, which may be a strategy to 
maintain the chloroplast intactness and the pho-
tosynthetic machinery, thus allowing the leaf to 
resume photosynthesis upon reillumination.

Concerning the regulation of the photosyn-
thetic activity in the course of natural senescence, 
organ-specifi c differences between cotyledons 
and true leaves have been reported (La Rocca 
et al., 1996). However, much less is known about 
the response of cotyledons to darkness. It has 
been suggested that in contrast to differentiated 
leaves, cotyledons of whole darkened Arabidopsis 
plants exhibit typical senescence symptoms, and 
in this case senescence is not reversed upon reil-
lumination, but rather accelerated (Weaver and 
Amasino, 2001). In our recent investigations with 
zucchini cotyledons, we found a lack of signifi cant 
changes in the pigment content and the activities 
of PSII and PSI after two-day dark treatment of 
whole plants, as well as delayed chloroplast se-
nescence in the subsequent recovery period upon 
reillumination (Mishev et al., 2009). Our results 
suggested also higher resistance of zucchini coty-
ledons to the applied dark stress as compared to 
the primary leaves with respect to the photosyn-
thetic parameters. In the present study, we extend 
our previous investigations on dark-induced coty-
ledon senescence, focusing on the changes in the 
expression of photosynthetic genes encoded in the 
chloroplast (psbA, psaB, and rbcL) and the role 
of the plastid RNA polymerase machinery which 
have not been characterized in cotyledons so far.

Material and Methods

Growth conditions and treatments

Seeds of Cucurbita pepo L. (zucchini) were 
germinated on moistened fi lter paper in the dark 
at 28 °C for 96 h. The 4-day-old etiolated seed-
lings were grown further on a nutrient solution 
in a growth chamber at a photon fl ux density of 
100 μmol m–2 s–1, (26  2) °C, and a 12 h/12 h day/

night cycle. The experimental scheme is presented 
in Fig. 1. Dark treatment was applied for 2 d at 
the age of 14 d either to individual intact cotyle-
dons (a single or both cotyledons from the pair) 
using paper mittens or at the whole-plant level. 
At the end of the dark treatment (in the morn-
ing of day 16 after seed germination) plants or 
individually treated cotyledons were returned to 
normal light regime.

RNA extraction and blotting

Total RNA was extracted from about 100 mg 
fresh cotyledons using TRIzol reagent (Invit-
rogen, Darmstadt, Germany) according to the 
manufacturer’s protocol. The RNA concentration 
was determined spectrophotometrically using 
NanoDrop ND-1000 (Thermo Fisher Scientifi c, 
Wilmington, USA).

The RNA samples (10 μg each) were elec-
trophoretically fractionated on 1% (w/v) form-
aldehyde-agarose gels and transferred onto 
Hybond™-N+ membranes (Amersham Pharma-
cia Biotech, Little Chalfont, Buckinghamshire, 
UK). Hybridization DNA probes were 32P-la-
belled by random priming using Random Primed 
DNA Labeling Kit (Boehringer Mannheim 
GmbH, Mannheim, Germany) in the presence of 
50 μCi [α-32P]dCTP (3000 Ci mmol–1; Izotop, Bu-
dapest, Hungary). Membrane hybridization with 
the 32P-labelled DNA probes was carried out ac-
cording to Sambrook and Russell (2001). Mem-
branes were subsequently exposed to an X-ray 
fi lm (Hyperfi lm™ MP; Amersham Biosciences, 
Little Chalfont, Buckinghamshire, UK) for hy-
bridization signal visualization. Signal intensities 
were quantifi ed using the ImageJ software (http://
rsb.info.nih.gov/ij/), and the results from three in-
dependent experiments were averaged.

Fig. 1. Experimental scheme. Dark treatment was ap-
plied for 2 days (days 14 – 16 from the onset of germina-
tion) to either whole zucchini plants or individual intact 
cotyledons (a single or both cotyledons from the pair). 
On day 16, the darkened plants or individual cotyledons 
were returned to a 12 h/12 h day/night photoperiod for 
studying their capacity to recover from the applied dark 
stress.
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For preparation of the hybridization probes zuc-
chini plastid DNA fragments representing four chlo-
roplast-encoded genes (rbcL, psbA, psaB, and rrn16) 
were amplifi ed by PCR and cloned into pGEM-T 
plasmid vectors (pGEM-T Vector System I; Prome-
ga, Madison, WI, USA). The primer sequences used 
for PCR were as follows: for the rbcL gene, forward 
5-GGATACTGATATCTTGGCAGCATT-3 and 
reverse 5-TGAGGTGGTC CTTGGAAAGT-3; 
for the psbA gene,  forward 5-GAGAATTTGT-
GCGCTTGGAG-3 and reverse 5-CATAA-
GGACCGCCGTTGTAT-3; for the psaB gene, for-
ward 5-CGGACCATCGCAAGGAAAACTA-3 
and reverse 5-CGATTGGGGCGTGGGCAT-
AA-3; for the rrn16 gene, forward 5-CGTCT-
GATTAGCTAGTTGGTGA-3 and reverse 5-AG-
GACGGGTTTTTGGAGTTAG-3. The cloned 
zucchini DNA fragments were subsequently se-
quenced using the BigDye® Terminator v1.1 Cy-
cler Sequencing Kit (Applied Biosystems, Forster 
City, CA, USA) with an ABI Prism™ 370 auto-
matic DNA sequencer (Applied Biosystems), and 
analysed using Lasergene expert sequence analysis 
software (DNASTAR Inc., Madison, WI, USA).

Nuclei isolation, nuclear run-on transcription 
assays, and α-amanitin inhibition

The isolation of nuclei from zucchini cotyledons 
was performed as previously described (Ananiev 
et al., 1987). The DNA content in the nuclei sus-
pensions was determined according to Burton 
(1956). The run-on transcription assays were car-
ried out at 24 °C for 10 min in the presence of 5 
μCi [α-32P]UTP (3000 Ci mmol–1; Izotop) accord-
ing to Ananiev et al. (1987). The reaction was 
stopped by spotting aliquots onto Whatman DE-
81 fi lters premoistened with 0.5 M EDTA which 
were then processed according to Hallick et al. 
(1976). Total [32P]UMP incorporation into nucle-
ar RNA was measured in a Beckman (Fuller ton, 
CA, USA) liquid scintillation counter.

RNA polymerase I activity was estimated in the 
presence of high doses of α-amanitin (100 μg ml–1) 
(Axxora LLC, San Diego, CA, USA) in order to 
inhibit the activities of RNA polymerase II and 
RNA polymerase III (Gaudino and Pikaard, 1997).

Plastid isolation, chloroplast run-on transcription 
assays, and inhibition

Intact plastids were isolated from zucchini 
cotyledons using a discontinuous Percoll gradient 

(40 – 80%) according to the protocol of Deng and 
Gruissem (1995). Chloroplast intactness was veri-
fi ed by phase contrast microscopy, and the plastid 
number per μl suspension was determined using 
a hemocytometer (Lilley et al., 1975; Mishev et 
al., 2006). The rate of total chloroplast transcrip-
tion was measured according to Mullet and Klein 
(1987). All reactions were performed at 24 °C for 
10 min with 11·106÷15·106 plastids in the presence 
of 10 μCi [α-32P]UTP (3000 Ci mmol–1). Unincor-
porated nucleotides were eliminated according 
to the protocol of Hallick et al. (1976). The [32P]-
UMP incorporation into plastid RNA was meas-
ured in a Beckman liquid scintillation counter.

The relative share of plastid-encoded RNA 
polymerase (PEP) in the total chloroplast RNA 
polymerase activity was estimated using the phy-
totoxin tagetitoxin (Tagetin™ RNA Polymerase 
Inhibitor; Epicentre Biotechnologies, Madison, 
WI, USA). The plastid suspension was preincu-
bated with 50 U of tagetitoxin (fi nal concentration 
200 μM) for 3 min on ice and additional 2.5 min 
at 24 °C before being added to the reaction mix-
ture. The run-on transcription assay was carried 
out with 15·106 plastids as described above, the 
fi nal concentration of the inhibitor in the reaction 
mixture being 20 μM.

Blotting of chloroplast genes and hybridization 
with in organello synthesized plastid RNA

For estimation of the transcription rates of 
individual plastid genes, run-on transcription as-
says were carried out with 108 chloroplasts in the 
presence of 100 μCi [α-32P]UTP (3000 Ci mmol–1) 
according to the protocol of Deng and Gruissem 
(1995). In vitro synthesized RNA was deprotein-
ized, precipitated with isopropanol, and resus-
pended in diethylpyrocarbonate-treated water.

Dot-blot hybridization assays were performed 
with the same zucchini chloroplast DNA frag-
ments as used as probes for Northern blot 
analysis. The recombinant plasmid DNA clones 
containing the plastid gene fragments were dena-
tured and dotted onto Hybond™-N+ membranes 
in decreasing series of 400 and 100 ng DNA for 
each gene with the help of a Bio-Dot microfi l-
tration apparatus (Bio-Rad, Munich, Germany). 
Membrane hybridization with 32P-labelled plastid 
RNA probes was carried out according to Deng 
and Gruissem (1995). Membranes were exposed 
to an X-ray fi lm (Hyperfi lm™ MP) for 10 d. Sig-
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nal intensities were quantifi ed using the ImageJ 
software, and the results from two independent 
experiments were averaged.

Results

Dark-induced changes in the overall 
chloroplast transcription rate

It is well known that transcription rate and 
mRNA stability in plants are highly dynamic in 
the course of natural and stress-induced senes-
cence (Krupinska and Humbeck, 2004; Baginsky 
et al., 2007). In order to assess the changes in 
chloroplast transcription after dark stress, we car-
ried out in organello run-on transcription, thus 
eliminating the infl uence of mRNA stability on 
transcript content. Our results showed that dark-
ening of whole plants (DP) for two days led to 
a decrease of the total chloroplast RNA poly-
merase activity in the cotyledons by 45%, while 

the decrease in the fi rst true leaf was much more 
pronounced and reached almost 80% (Fig. 2A). 
Individual darkening of the cotyledon pair (indi-
vidually darkened cotyledons, IDC) resulted in a 
stronger decrease (by 70%) in the overall plastid 
transcription rate when compared to DP coty-
ledons, thus demonstrating the role of the light 
status of the rest of the plant in the dark stress 
response. Furthermore, we studied the differen-
tial effect of darkness on the activity of the two 
main plastid RNA polymerases, nuclear-encoded 
(NEP) and plastid-encoded (PEP), using tageti-
toxin. Tagetitoxin is a powerful inhibitor of all 
prokaryotic RNA polymerases including PEP, 
but does not affect the three plant nuclear RNA 
polymerases and the NEP (Mathews and Durbin, 
1990). Our previous results with tagetitoxin had 
shown an inhibition of the overall plastid tran-
scription by about 87% in chloroplasts isolated 
from juvenile 8-day-old cotyledons which refl ect-
ed the portion of the PEP-initiated transcription 
(Mishev et al., 2006). Two-days dark treatment of 
whole plants caused a 53% decrease in the PEP 
activity (Fig. 3B) in comparison with the PEP ac-
tivity in control cotyledons (Fig. 3A). However, 
the activity of NEP remained unchanged when 
compared to control cotyledons.

In contrast to senescing control cotyledons 
which showed a sharp decline in total plastid 
RNA polymerase activity, a 3-fold higher chloro-

Fig. 2. (A) Chloroplast transcription rates in cotyledons 
(DPC) and primary leaves (DPL) of 2-days dark-treated 
16-day-old zucchini plants as well as in individually 
darkened cotyledon pairs (IDC). (B) Chloroplast RNA 
synthesis in recovering DP cotyledons 11 days after re-
turning the plants to a normal photoperiod. The results 
represent the mean values of three different physiologi-
cal experiments with three replicates each  SE.
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Fig. 3. Inhibition of plastid transcription by tagetitoxin 
in zucchini cotyledons. (A) Cotyledons of 16-day-old 
control plants. (B) Cotyledons of 16-day-old plants 
darkened for 2 days (days 14 – 16). (C) Cotyledons of 
27-day-old plants recovered for 11 days from the dark 
treatment. PEP activity was calculated by the difference 
between the overall chloroplast RNA polymerase activ-
ity and the activity of the tagetitoxin-insensitive NEP. 
The results represent the mean values of two different 
physiological experiments with three replicates each.
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plast transcription rate was observed in the reil-
luminated DP cotyledons (Fig. 2B). Besides, the 
analysis of tagetitoxin inhibition revealed that the 
PEP activity in cotyledons of 27-day-old plants 
after an 11-days recovery period stayed close to 
the values measured in 16-day-old DP cotyledons 
(Fig. 3C).

Effect of darkness on the nuclear transcription rate

Our experiments with isolated nuclei showed 
that, compared to chloroplast transcription, short-
term dark treatment of intact zucchini cotyle-
dons did not affect signifi cantly the overall nu-
clear RNA polymerase activity. While nuclear 
RNA synthesis in IDC was slightly decreased 
(by about 20%), it remained almost unaffected 
in DP cotyledons (Fig. 4). To further character-
ize the differential effect of darkness on nuclear 
RNA polymerases, run-on transcription assays in 
the presence of α-amanitin were carried out, thus 
allowing direct estimation of the activity of the 
drug-resistant RNA polymerase I. Two-days dark 
treatment did not reduce the RNA polymerase I 
activity in both IDC and DP cotyledons (Fig. 4). 
By contrast, the α-amanitin-sensitive RNA poly-
merase II activity was strongly decreased, the re-
duction reaching 60% and 80% in DP cotyledons 
and IDC, respectively.

Differential regulation of the photosynthetic gene 
expression in dark-stressed cotyledons

Next, we studied the changes in the rate of 
transcription and the mRNA content of some key 
photosynthetic plastid-encoded genes. Generally, 
an increase in the mRNA level could result from 
its enhanced synthesis or retarded breakdown, and 
vice versa a decline in the mRNA level could be 
due to suppression of its synthesis or breakdown 
acceleration. In particular, we were interested in 
the expression of psbA (coding for the D1 protein 
of the PSII reaction centre), psaB (coding for the 
PSI apoprotein PsaB), rbcL (coding for the large 
subunit of Rubisco which is a stroma-localized 
protein), and rrn16 (coding for 16S rRNA which 
is a typical housekeeping gene). The hybridization 
assays were performed using DNA fragments de-
rived from the plastome of Cucurbita pepo which 
has not been sequenced so far. The alignment of 
the amplifi ed zucchini DNA fragments showed 
high levels of homology (97% for psbA, 98% for 
psaB and rbcL, 100% for rrn16, data not shown) 
to the corresponding regions of the Cucumis sati-
vus plastid genome which was recently published 
(Kim et al., 2006).

Northern blot analysis of the studied chloro-
plast genes in dark-stressed cotyledons revealed 
signifi cant differences in the transcript levels of 
psbA and psaB. The mRNA content of psbA was 
slightly decreased in IDC and remained almost 
unaffected in DP cotyledons (Fig. 5). On the oth-
er hand, the psaB transcript levels substantially 

Fig. 4. Nuclear RNA polymerase activities in cotyledons 
of control (C) and 2-days darkened (days 14 – 16) zuc-
chini plants (DP) as well as in individually darkened 
cotyledon pairs (IDC). RNA polymerase II activity was 
calculated by the difference between the overall nu-
clear RNA polymerase activity and the activity of the 
α-amanitin-insensitive RNA polymerase I. The results 
represent the mean values of three different physiologi-
cal experiments with three replicates each  SE.
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Fig. 5. Northern blot analysis of the steady-state mRNA 
levels of the chloroplast-encoded genes psbA, psaB, 
rbcL, and rrn16 in cotyledons of 16-day-old Cucurbita 
pepo (zucchini) plants. Samples from the following vari-
ants were analysed: C, control cotyledons; DP, cotyle-
dons of 2-days darkened plants (days 14 – 16 from the 
onset of germination); IDC(2) and IDC(1), individually 
darkened cotyledons (either both or a single one). 25S 
rRNA served as a loading control (bottom panel).
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declined in the dark, especially in IDC where the 
reduction reached about 70% based on the den-
sitometric analysis (data not shown). In addition, 
a substantial decrease (about 5-fold) in the rbcL 
gene expression was found compared to cotyle-
dons of 16-day-old control plants. As expected, 
the high levels of chloroplast 16S rRNA remained 
unaffected by the applied stress, regardless of the 
type of darkening (Fig. 5).

The transcriptional regulation of chloroplast 
gene expression was studied by dot-blot hy-
bridization of zucchini plastid DNA probes with 
de novo synthesized plastid RNA. Our results 
showed that the transcription of psaB and rbcL 
was strongly inhibited by the dark treatment 
(Fig. 6). The decline in the transcription rates of 
these two genes was very similar in IDC and DP 
cotyledons and reached about 50% of the con-
trol (densitometric data). In contrast to psaB and 
rbcL, the psbA gene transcription was decreased 
to a lesser extent (by 35%) in IDC and almost 
unaffected in DP cotyledons (Fig. 6). Concerning 
the rrn16 gene, the rate of transcription was lower 
compared to the photosynthetic genes not only in 
the darkened cotyledons, but also in the controls.

Discussion

While chloroplast gene expression in dark-
treated differentiated leaves has been extensively 
studied, the changes in cotyledon chloroplast 
transcription are still poorly analysed. It is well 
known that chloroplast RNA synthesis is regulat-
ed mainly at the level of plastid RNA polymer-

ases, the activities of which change depending on 
the developmental stage and growth conditions 
(Mache and Lerbs-Mache, 2001). One possible 
impact of short-term dark stress on the chloro-
plast transcription could be due to the unequal 
sensitivity of the two classes of plastid RNA poly-
merases, NEP and PEP, to darkness. Changes in 
the ratio between the NEP and PEP activities in 
the dark were reported for barley foliage leaves 
(Krause et al., 1998), but the role of the two chlo-
roplast RNA polymerases in cotyledons remained 
unclear. In the present study, we found a decrease 
in the PEP activity in zucchini cotyledons after 
2-days dark treatment of whole plants, while the 
NEP activity remained unchanged (Fig. 3). Con-
cerning the overall chloroplast RNA polymerase 
activity, we observed for the fi rst time higher sen-
sitivity in IDC in comparison with DP cotyledons 
(Fig. 2A). Moreover, the comparative analysis of 
the overall transcription rate in nuclei and plas-
tids revealed a lesser impact of darkness on the 
nuclear RNA polymerase activity affecting main-
ly RNA polymerase II (Fig. 4). Therefore, dark-
ness affects primarily the expression of nuclear 
protein-coding genes and does not substantially 
affect rRNA gene transcription. Besides, simi-
lar to the activities of PSI and PSII (Mishev et 
al., 2009), the plastid transcription rate in DP 
cotyledons recovering under photoperiod was 
apparently higher than that in naturally senesc-
ing cotyledons (Fig. 2B). This fi nding defi nitively 
indicates delayed chloroplast senescence in DP 
cotyledons upon reillumination. Previous results 
with Arabidopsis have shown delayed senescence 
only in rosette leaves, but not in cotyledons which 
did not recover from the applied dark treatment 
(Weaver and Amasino, 2001). The different ca-
pacity of coty ledons of Arabidopsis and C. pepo 
to recover after the applied dark stress could be 
attributed to the different mechanisms of senes-
cence in these two plant species. The senescence 
of individual leaves in Arabidopsis depends on 
plant longevity (Lim et al., 2007), whereas in other 
monocarpic plants, including C. pepo, senescence 
progression is controlled by the appearance of the 
generative organs. Besides, our results indicated 
that zucchini cotyledons were more resistant to 
the applied dark stress compared to true leaves 
(Fig. 2A). This organ-specifi c response could be 
due to the dual function of cotyledons, being re-
serve storage organs during the early period of 

Fig. 6. Dot-blot analysis of 32P-labelled run-on tran-
scripts from cotyledons of control plants (C), cotyle-
dons of whole darkened plants (DP), and individually 
darkened both (IDC(2)) or single (IDC(1)) cotyledons. 
Dark treatment was applied for 2 days (days 14 – 16 
after the start of germination). Recombinant plasmid 
DNA clones with specifi c zucchini chloroplast DNA 
fragments representing psbA, psaB, rbcL, and rrn16 
were dotted onto nylon membranes in decreasing series 
of 400 and 100 ng DNA for each gene.
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germination and photosynthesizing organs at lat-
er stages of ontogenesis (La Rocca et al., 1996).

It has been recently suggested that chloroplasts 
possess a complex enzymatic machinery for light-
dependent regulation of the plastid mRNA sta-
bility (Baginsky and Gruissem, 2002; Baginsky et 
al., 2007). Proteomic analysis has revealed that 
the dark-induced RNA degradation pathway in-
volves enzymatic activities differing from those 
that direct RNA processing and stabilization in 
the light (Baginsky et al., 2007). The degradation 
of mRNA coding for proteins involved in photo-
synthesis which are not needed in conditions of 
light deprivation is likely to fi ll up the nucleotide 
pool for ensuring other chloroplast metabolic ac-
tivities. In our study, we analysed the expression 
of four key plastid-encoded genes in dark-treated 
cotyledons by comparing the changes in the rate 
of their transcription and the levels of mRNA ac-
cumulation which allows distinguishing the role 
of mRNA stability as an essential factor in the 
post-transcriptional regulation (Rapp et al., 1992). 
Among the most intensively transcribed chloro-
plast genes is rbcL which, similar to psbA, can be 
transcribed only from PEP promoters (Courtois 
et al., 2007). Darkness led to a drastic decrease 
in the rate of transcription and the mRNA levels 
of the rbcL gene in cotyledons (Figs. 5 and 6). 
Therefore, the decline in the rbcL mRNA con-
tent after two days in the dark is at least in part 
due to delayed transcription. A similar inhibition 
of the rbcL gene expression has been observed 
in primary foliage leaves of barley plants dark-
ened for two days (Krause et al., 1998). How-
ever, experiments with tobacco plants revealed a 
dark-induced reduction in the rate of rbcL gene 
transcription without any changes in the steady-
state mRNA levels, thus suggesting an increased 
mRNA stability due to stabilization of the mRNA 
molecule via its 5-UTR (Shiina et al., 1998). Simi-
lar to rbcL, the substantial decrease in the mRNA 
levels of psaB in dark-treated zucchini cotyledons 
(Figs. 5 and 6) was at least partially due to a re-

duced rate of transcription, thus demonstrating 
the signifi cance of the light-mediated regulation 
of psaB expression.

In dark-stressed cotyledons, neither the tran-
scription rate, nor the mRNA levels of the gene 
encoding the D1 protein, psbA, were consider-
ably affected, in contrast to the above two genes 
(Figs. 5 and 6). Recently, it has been found that 
psbA transcription is very stable and remains un-
changed even after strong stimulation of plastid 
RNA synthesis in detached barley leaves after 
cytokinin treatment (Zubo et al., 2008). In nor-
mally illuminated plants, the regulation of the 
psbA gene expression mainly occurs at the post-
transcriptional level, since chloroplasts possess a 
stable pool of psbA mRNA molecules (Kettunen 
et al., 1997). During leaf development psbA and 
psbD transcript levels are differentially elevated 
in mature chloroplasts relative to other plas-
tid mRNAs which is consistent with maintain-
ing a high capacity to synthesize the D1 and 
D2 proteins (Baumgartner et al., 1993). Among 
the chloroplast proteins, the D1 protein has the 
highest turnover rate in order to ensure rapid 
replacement of D2 copies damaged as a conse-
quence of PSII photochemistry (Kettunen et al., 
1997). Moreover, the transcription of psbA in 
mature plastids of 16-day-old zucchini cotyledons 
was much more intensive than that of the rrn16 
housekeeping gene which contrasted with the ob-
served substantial accumulation of 16S rRNA at 
this growth stage (Figs. 5 and 6). The latter fi nding 
refl ects the high stability and long half life of the 
16S rRNA molecules as components of the stable 
chloroplast ribosomes (Rapp et al., 1992).

In conclusion, we report for the fi rst time that 
short-term dark stress of cotyledons causes a 
strong reduction of chloroplast transcription due 
to decreased PEP activity, while the overall nu-
clear transcription was found to be less sensitive. 
In addition, in contrast to previously reported 
data, the senescence of darkened cotyledons was 
delayed after reillumination.
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