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Summary

We performed a systematic investigation of the quantitative relationship between genome copy number,
transcription, transcript abundance and synthesis of photosynthetic proteins in the chloroplast of the
green algae Chlamydomonas reinhardtii grown either in mixotrophic or phototrophic conditions. The
chloroplast gene copy number is lower in the latter condition and the half-life and accumulation levels of
most chloroplast transcripts are significantly reduced, although the relative rates of protein synthesis
remain similar. Our study shows that, in most instances, chloroplast protein synthesis is poorly sensitive
to changes in gene copy number or transcript abundance in the chloroplast. Treatment with 5-fluoro-2’-
deoxyuridine, that inhibits chloroplast DNA replication and decreases extensively the number of copies
of the chloroplast genome, had limited effects on the abundance of most chloroplast transcripts and
little if any effect on the rates of protein synthesis. When using rifampicin, that selectively inhibits
chloroplast transcription, we found no direct correlation between the level of transcripts remaining in
the chloroplast and the rates of chloroplast protein synthesis. For two chloroplast genes, a 90% decrease
in the amount of transcript did not cause a drop in the rate of synthesis of the corresponding protein
product. Overall, our results demonstrate that there is no gene dosage effect in the chloroplast and that

transcript abundance is not limiting in the expression of chloroplast-encoded protein.
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Introduction

Transcriptional regulation of gene expression is widespread
in the prokaryote kingdom, mainly because translation
essentially occurs co-transcriptionally. As chloroplasts
derive from ancestral cyanobacteria, but have evolved as
endosymbiotic organelles, it is of interest to investigate the
different regulatory mechanisms that underlie the expres-
sion of the chloroplast genome. In higher plants, it has been
shown that regulation of chloroplast transcription is import-
ant with respect to the response of chloroplast gene
expression to light changes and in the various developmen-
tal phases leading from proplastids to differentiated
chloroplasts (Allison, 2000; Kuhlemeier, 1992; Mullet, 1993;
Stern etal., 1997). In C. reinhardltii, transcriptional activity of
chloroplast genes is modulated by a circadian rhythm, and
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may to some extent be under nuclear control (Kawazoe
etal., 2000; Leu etal., 1990). However, there is now over-
whelming evidence for the predominance of post-transcrip-
tional control in chloroplast gene expression that
encompasses transcript maturation, stabilization and/or
translational activation, these steps being controlled by
general — as well as by target-specific — nucleus-encoded
factors (for recent reviews see Barkan and Goldschmidt-
Clermont, 2000; Hauser et al., 1998; Rochaix, 2001; Stern and
Drager, 1998; Wollman etal., 1999; Zerges, 2000). Taken
together, the studies on chloroplast gene expression have
not yet defined the extent to which rates of transcription and
transcript abundance actually control protein synthesis in
the chloroplast. Furthermore, the possible influence of
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Figure 1. Panel a: chloroplast genome content (assayed by southern-blot
experiments).

Q = relative chloroplast genome content in the indicated growth
conditions. Signals were normalized to the signal obtained with the
nuclear probe Cplp2.

Panel b: overall mRNA accumulation levels (assayed by northern-blot
experiments) in cells grown either in mixotrophic (left panel) or
phototrophic (right panel) conditions.

R = ratio of the mRNA accumulation levels in phototrophic conditions to
the levels obtained in mixotrophic conditions. Note that the lane
corresponding to phototrophic conditions is overloaded as shown by the
signal obtained for CSlp2.

carbon metabolism on the expression of the chloroplast
genome has not yet been systematically investigated.

The organelle genome is highly polyploid. When the
unicellular green alga C. reinhardtii is grown heterotrophi-
cally, the unique chloroplast contains about 80 copies of a
circular chromosome (Lau etal.,, 2000; Rochaix, 1995),
whereas in higher plants, a single plastid contains from 20
to 300 genome copies (Mullet, 1993; for a review see
Sugiura, 1995). In addition, a single plant cell can accom-
modate up to 100 plastids. Thus, there is an important
unbalance in gene copy number between the highly
polyploid chloroplasts and the nucleus of a plant cell.
This raises intriguing questions about gene dosage for
protein expression in the chloroplast, given the compos-
ition of the major chloroplast protein complexes, whose
nuclear and chloroplast-encoded subunits are present, in
most cases, in a 1-1 stoichiometry. In this study we
examined the relation between chloroplast genome copy
number, transcription, transcript abundance and protein

synthesis rates in the chloroplast of the green algae
C. reinhardtii. To this end we combined approaches simi-
lar to those of Goodenough (1971) and Hosler et al. (1989)
who attempted either to inhibit transcription or to modify
chloroplast gene copy number. We show that despite
contrasted effects of changes in gene copy number on the
accumulation of some chloroplast transcripts, chloroplast
protein synthesis is mostly insensitive to a decrease in
gene copy number and that there is no close correlation
between transcript abundance and translation rate. Based
on recent studies (Heifetz etal., 2000), we also wished to
take into account a possible influence of carbon metabol-
ism on the pattern of chloroplast gene expression.
Therefore, both sets of experiments were undertaken
with algae grown either in mixotrophic or in phototrophic
conditions. These differential growth conditions reflect (i)
ideal growth conditions commonly used for photosyn-
thetic mutants, i.e. acetate containing medium and low-
light (4 uE m~2 sec™) and (ii) truly phototrophic conditions
for strains that are not impaired in photosynthesis, i.e.
minimum medium with bubbling of 5% CO,(g) under
higher light intensity (20 uE m™ sec™).

Results

Chloroplast gene copy number and transcript
accumulation levels for cells grown under mixotrophic or
phototrophic conditions

To assess the contribution of gene copy number and
transcript abundance to the expression level of chloroplast
proteins, we first compared these figures in the two
growth conditions widely used for C. reinhardtii cells, i.e.
in strictly phototrophic and in mixotrophic conditions.
DNA was extracted from the two types of cell cultures and
analysed by DNA-filter hybridization experiments. The
results obtained for the atpB gene, taken as a marker of
the content in chloroplast DNA, were quantified and
normalized to the signal obtained for the nuclear gene
CBIp2 (Figure 1a). Cells grown under mixotrophic condi-
tions displayed a chloroplast genome content twice as
high as that of cells grown in phototrophic growth
conditions, in agreement with the report of Lau etal.
(2000). Transcript accumulation levels were monitored by
RNA-filter hybridization experiments and are shown in
Figure 1b. The signals obtained for various chloroplast
transcripts were quantified and normalized to the signal
for the nuclear CSlp2transcript. For psbD, petA, petD, psaA
and psaB, mRNA accumulation levels were reduced about
three times in cells grown in phototrophic growth condi-
tions when compared to cells grown in mixotrophic
growth conditions. The atpA and atpB transcripts were
more affected, their accumulation levels being about 10
times lower in phototrophic conditions. In contrast, psbA
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Figure 2. Panel a: Reduction in chloroplast genome copy number after
FdUrd treatment for cells grown mixotrophically (left panel) or
phototrophically (right panel). The DNA-filter hybridizations show the
signals obtained for the chloroplast atpB and the nuclear rbcS genes,
after 24 h or 48 h of treatment with 0.5 mm FdUrd.

Panel b: Transcript accumulation levels after FdUrd treatment. The RNA-
filter hybridizations show the overall transcript accumulation levels after
24 h or 48 h of 0.5 mm FdUrd treatment for various transcripts, from cells
grown either mixotrophically (left) or phototrophically (right). The nuclear
transcript rbcS serves as a loading control.

transcripts still accumulated in phototrophic conditions to
about 50% of their level in mixotrophic conditions.

Changes in transcript abundance upon a FdUrd
treatment

The thymidine analog 5-fluoro-2’-deoxyuridine (FdUrd) is
known to inhibit specifically the chloroplast thymidilate
synthase reducing further accumulation of thymidine in
the chloroplast (Wurtz etal, 1977). Incubation of
C. reinhardtii cells with 1 mm FdUrd for a week or longer
induces mutations in the chloroplast genome (Wurtz etal.,
1979). However, treatment of cells at lower FdUrd concen-
trations (0,5 mm) and for shorter time periods (48 h) has
limited mutagenic effects while it still inhibits chloroplast
DNA replication. Cells thus display a drop in the number of
copies of the chloroplast chromosome after several rounds
of mitotic divisions (Hosler etal., 1989; Lau etal., 2000;
Matagne and Hermesse, 1981; Wurtz etal., 1977). Here, we
monitored the reduction in chloroplast genome copy
number after 24 h and 48 h of FdUrd treatment by DNA-

© Blackwell Science Ltd, The Plant Journal, (2002), 31, 149-160

Transcript/translation relationships in the chloroplast 151

(a) 0 48h FdUrd (b)
chloro. ==-— aip4
nucl. ===« Cfip2 48h FdUrd
% T 5% §3
§§ &< Y RS
-
.h'- —

Figure 3. Panel a: Reduction of the chloroplast gene copy number upon
FdUrd treatment assayed by DNA filter-hybridization. atpA: chloroplast
gene; CBIp2: nuclear gene. Reduction of the chloroplast genome copy
number was close to three in this experiment.

Panel b: RNA-pulse-labelling experiment in FdUrd treated cells. Cells
grown for 48 h in the presence (right) or absence (left) of 0.5 mm FdUrd
were pulse-labelled using thaw/freeze permeabilized cells according to
Gagne and Guertin (1992) with o-3P-UTP for 15 min in order to detect
transcription of chloroplast genes. The autoradiogram of labelled
neotranscripts hybridized to DNA restriction fragments fixed on a nylon
membrane is shown. An overall drop in transcription yield upon FdUrd
treatment is observed. Similar results were obtained with another RNA
pulse-labelling method using toluene-permeabilized cells as described in
Guertin and Bellemare (1979) (not shown).

filter hybridization experiments (Figure 2a). Taking the
atpB gene as a marker of the chloroplast genome, we
observed the expected drop in genome copy number upon
FdUrd treatment. As a control, we used a probe against the
rbcS and/or CBIp2 (not shown) genes whose abundances
are insensitive to FdUrd, because of their nuclear origin.
We observed variations in the extent of reduction in
chloroplast gene copy number in independent experi-
ments relative to one growth condition, probably because
of the non-irreversible but competitive mode of inhibition
of FdUrd on chloroplast replication (Hosler etal., 1989)
and/or changes in the chloroplast content for thymidine,
that should be affected by the metabolic state of the cell.
Furthermore, reduction of chloroplast gene copy number
appeared to be more pronounced when cells were grown
mixotrophically. The decrease in chloroplast genome copy
number for cells grown phototrophically showed an
average reduction factor of 2 that is close to previous
reports by Matagne and Hermesse (1981) and Hosler etal.
(1989), whereas for cells grown mixotrophically, the
decrease in genome copy number was consistantly larger,
reaching as much as 20 in one experiment (close to the
report by Lau etal., 2000).

The rate of chloroplast transcription before and after a
48-h FdUrd treatment was then assayed by RNA-pulse
labelling experiments. To this end we used either freeze-
thaw-permeabilized (Gagne and Guertin, 1992) or toluene-
permeabilized cells (Guertin and Bellemare, 1979). Both
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Table 1. Chloroplast transcript accumulation after FdUrd or rifampicin treatment The table gives the mean value of the ratio of mRNA
accumulation levels after 48 h of treatment with FdUr or 6 h of treatment with rifampicin to the accumulation levels in the untreated
control. Northern blots were performed from one to five times, depending on the experiment. Signals obtained for the different
chloroplast transcripts were normalized to the accumulation levels of the unaffected CBIp2 and/or rbcS transcripts, of nuclear origin
Standard deviations to the mean value of several experiments are indicated in brackets for the rifampicin experiment. As the ratio of
reduction in chloroplast gene copy number fluctuated between independent experiments (see text), accumulation levels shown for the
FdUrd treatment are relative to the described experiment only, and thus no standard deviation is indicated

48h FdUrd 6h rifampicin
Transcript Mixo. Photo. Mixo. Photo.

psbA 05 0.5 0.51(+/-0.01) 0.59(+/-0.08)

psbD 0.8 1.2 0.24(+/-0.13) 0.5(+/-0.13)
petA 0.9 0.4 0.30(+/-0.07) 0.02(+/-0.01)
petD 0.6 1 0.42(+/-0.06) 0.10(+/-0.01)
psaA 0.25 0.7 0.32(+/-0.03) 0.07(+/-0.01)
psaB 0.5 0.6 0.22(+/-0.01) 0.09(+/-0.01)
atpA 0.18 0.4 0.12(+/-0.08) 0.02(+/-0.01)
atpB 0.9 0.9 0.66(+/-0.14) 0.07(+/-0.02)
rbeL 1 0.9 0.38(+/-0.03) 0.24(+/-0.01)
FdUrd FdUrd particular experiment (Figure 3a). It was accompanied by a

0 24h 48h 0 24h 48h parallel decrease in the transcription rate of the four genes

ciad that we assayed, atpA, atpB, petA and rbcL (Figure 3b).
’_4 Lis h oy This observation suggests that most if not all, copies of the

EE: wE E"‘“‘- E; chloroplast chromosome are transcriptionally active in
i ™~ apo-CP4T—_ Chlamydomonas. We then assayed the consequences of
Qapo-cmi_,/ the decreased rate of chloroplast transcription, due to the
cytf reduction in genome copy number, on the abundance of

- —— 02 —— SRS various chloroplast transcripts (Figure 2b and Table 1).
al RNA-filter hybridization signals obtained for nine chlor-
oplast transcripts, representative of the mRNAs for sub-

units of the five major photosynthetic complexes, PSII, PSI,

Cytbef, ATP-synthase and RubisCo, were quantified and
normalized to the signal obtained for the nuclear transcript

— SulvV — rbcS. Given the fact that the extent of reduction in
chloroplast genome content was different in independent

Mixotrophic Phototrophic experiments (see above), only one experiment by growth

Figure 4. Chloroplast protein synthesis after FdUrd treatment.

Cells were pulse-labelled in presence of cycloheximide (inhibitor of
cytoplasmic translation) with '“C-acetate for 5 min after 24 h or 48 h of
0.5 mm FdUrd treatment for cells grown either mixotrophically (left
panel) or phototrophically (right panel). An equal amount of cells was
loaded onto each lane. Correspondence between genes and proteins are
as follows: PSIl complex: psbC (apo-CP43), psbB (apo-CP47), psbD (D2)
and psbA (D1). The bgf complex: petA (cyt f) and petD (SulV). The PSI
complex: psaB (psaB). The ATP synthase complex: atpA (o) and atpB (B).
RubisCo: rbcL (LS, large subunit). The pulse-labelling experiments were
carried out on the same samples that were used for RNA extraction and
analysis.

methods gave the same qualitative information that is
illustrated in Figure 3 in the case of thaw/freeze permea-
bilized cells. The extent of FdUrd-induced reduction in
chloroplast gene copy number was approximately 3 in this

condition is shown, and therefore no standard deviations
are indicated for the transcript accumulation levels.
However, the same qualitative variations of the various
transcript accumulation levels were reproducibly observed
in independent experiments. Under mixotrophic growth
conditions (Figure 2b, left panel), four transcripts, psbD,
petA, atpB and rbcL, showed little if any changes after 48 h
of FdUrd treatment. Three transcripts, psaB, psbA and
petD, showed a significant but limited decrease reaching
about 50% of their initial level after 48 h of treatment. Last,
two transcripts, atpA and psaA, decreased extensively
after 48 h of treatment, reaching about 20% of their initial
accumulation level. Most of the chloroplast transcripts
tested behaved similarly when the FdUrd treatment was
applied to algae grown in phototrophic conditions. For
instance the levels of psbD, atpB and rbcl transcripts

© Blackwell Science Ltd, The Plant Journal, (2002), 31, 149-160



rifampicin

m A E Y A - | E g
& & 2 o ] o
§§¥% K€ FERRE

2

'_[: e

=%

g - L]

=]

é‘ o

Phototrophic

Figure 5. Inhibition of chloroplast transcription by rifampicin.

Rifampicin was added for 6 h at 350 ug ml™ to cells grown either
mixotrophically (upper panel) or phototrophically (lower panel), before
the labelling of neosynthesized mRNAs with 32P-g-UTP for 15 min using
toluene-permeabilized cells. The autoradiogram of labelled neotranscripts
hybridized to DNA restriction fragments fixed on a nylon membrane is
shown.

remained poorly sensitive to the FdUrd treatment whereas
the atpA transcript decreased most in both conditions
(Figure 2b, right panel and Table 1). However, the psaA
transcript became less sensitive to FdUrd in phototrophic
conditions while the petA transcript showed an opposite
behaviour.

Rates of chloroplast protein synthesis in FdUrd treated
cells

The contrasted behaviour of distinct sets of chloroplast
transcripts upon reduction of chloroplast genome copy
number, raised the possibility that the pattern of protein
expression in the chloroplast would be extensively modi-
fied after FdUrd treatment. In particular, the rates of
synthesis of the atpA and petA products, the o subunit of
CF1 of the ATP synthase complex and the cyt f of the bgf
complex, could be altered after FdUrd treatment in
mixotrophic and phototrophic conditions, respectively.
The C-acetate-pulse labelling experiments of chloroplast
translates, performed with FdUrd treated cells, are shown
in Figure 4. In mixotrophic conditions (Figure 4, left panel),
although some limited decrease in protein labelling
occurred, we observed no major changes in the relative
rates of chloroplast polypeptide synthesis. In particular,
the moderate drop in labelling of the o subunit of the ATP
synthase after 48 h of FdUrd treatment did not match the
drastic drop in the accumulation of atpA transcripts. In
phototrophic conditions (Figure 4, right panel), only did

© Blackwell Science Ltd, The Plant Journal, (2002), 31, 149-160
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the large subunit of RubisCo (LS) show a significant
decrease in synthesis rates after 24 h of FdUrd treatment.

The accumulation of chloroplast-encoded proteins was
not altered by the FdUrd treatment in either growth
condition, as revealed by gel electrophoresis and conven-
tional immunodetection experiments using specific anti-
bodies (not shown). Furthermore, the accumulation of the
whole set of proteins in thylakoid membranes was not
altered by the FdUrd treatment in either growth conditions
as monitored by membrane purification and Coomassie or
silver staining of thylakoid proteins separated by gel
electrophoresis (not shown).

Changes in transcript abundance upon inhibition of
chloroplast transcription by rifampicin

Rifampicin selectively and irreversibly binds to the B
subunit of the E. coli RNA-polymerase, inhibiting further
transcription initiation (Campbell etal., 2001; McClure and
Cech, 1978; for a review see Richardson and Greenblatt,
1996). The same mode of action of rifampicin has been
described on the chloroplast-encoded, bacterial-like, RNA-
polymerase (Surzycki, 1969). Full inhibition of chloroplast
transcription can be obtained by treating cells for 1 h with
350 ug ml™" rifampicin (Goodenough, 1971; Miller and
McMahon, 1974; Surzycki and Rochaix, 1971; Surzycki,
1969; and Guertin and Bellemare, 1979). We thus chose to
further investigate the transcript/translate relationship in
the chloroplast, using cells grown for 3 and 6 h in the
presence of 350 pug mi~" rifampicin in either mixotrophic or
phototrophic conditions. A longer treatment with rifampi-
cin, up to 20 h, was lethal for the cells.

We first assayed the efficiency of rifampicin in inhibiting
chloroplast transcription by RNA-pulse-labelling experi-
ments. In vivo transcription of five chloroplast genes was
readily detected in the untreated controls using toluene
permeabilized cells (Guertin and Bellemare, 1979),
whereas no signal was obtained for atpA, petA, psbA
and rbcL when cells were treated with rifampicin for 6 h
(Figure 5). Therefore, chloroplast transcription of these
genes was fully inhibited in our experimental conditions,
which indicates that they are transcribed by a rifampicin-
sensitive RNA-polymerase of bacterial origin (PEP, or
Plastid Encoded Polymerase). Only did the atpB gene
show some residual transcription under mixotrophic
growth conditions (Figure 5, upper panel): a faint band
could still be observed for atpB after 6 h of rifampicin
treatment (< 1% of the control). This could be indicative of
the presence of a rifampicin-insensitive nuclear-encoded
polymerase (NEP) similar to the one which has been
described in studies with higher plant chloroplasts
(Hajdukiewicz etal., 1997; Hedtke etal.,, 1997). However,
this signal was not detected when the RNA pulse-labelling
experiment was performed on cells grown under photo-
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Figure 6. Transcript accumulation levels after rifampicin treatment.

Cells were grown either under mixotrophic (left) or phototrophic (right)
conditions in the presence of 350 ug ml™" of rifampicin for 3-6 h, and
transcript accumulation analysed by RNA-filter hybridizations. The
nuclear transcript Cf Ip2 served as a loading control.

trophic conditions (Figure 5, lower panel). The experimen-
tal procedure used to assay in vivo transcription of
chloroplast genes has previously been assumed to allow
detection of chloroplast, but not nuclear, transcription
(Guertin and Bellemare, 1979; Kawazoe etal., 2000). In
agreement with this view, our attempts to detect tran-
scription of the nuclear genes rbcS and Cflp2 did not give
rise to any signal with this method (not shown).

We then addressed the stability of the transcripts in the
chloroplast by performing RNA-filter hybridization experi-
ments (Figure 6). Given that the generation time of
C. reinhardtii in these asynchronous cultures is 5h in
phototrophic conditions and 12 h in mixotrophic condi-
tions, cells should divide at most once or twice during the
duration of the rifampicin treatment. Therefore, assuming
that rifampicin completely blocks transcription soon after
addition, the level of the most long-lived transcripts should
decrease by a factor of 2 (for mixotrophic conditions) and 4
(for phototrophic conditions), due to their dilution during
the experiment. Transcript accumulation levels of various
chloroplast gene were analysed by RNA-filter hybridization
experiments, quantified and normalized to the signal
obtained for CBlp2 or rbcS (not shown), two transcripts
that are unaffected by the rifampicin treatment because of
their nuclear origin. One must note that, on Figure 6,
accumulation levels can not be compared between the two
growth conditions, because experiments were realised on
different days using different transfers of RNA to nylon
membranes and differently labelled probes. When grown
in mixotrophic conditions (Figure 6, left panel) a majority
of chloroplast transcripts from rifampicin-treated algae
behaved in the same way. Their accumulation level was

(a) rifampicin rifampicin
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Figure 7. Chloroplast protein synthesis after rifampicin treatment.

Upon addition of 350 ug ml~" rifampicin for 3-6 h, cells were subjected to
a 5 min "C-acetate protein pulse-labelling experiment in the presence of
cycloheximide. Labelled neosynthesized proteins were separated by gel
electrophoresis and proteins transferred to a PVDF membrane.
Radioactivity was revealed using a Phosphorlmager (panel A). Loading
was controlled by directly blotting the PVDF membrane with an antibody
against CGE1, a nucleus-encoded protein (panel B). Correspondence
between genes and proteins are as indicated for Figure 5. The pulse-
labelling experiments were performed on the same samples that were
used for RNA extraction and analysis.

about 30% to 40% of that in untreated cells (Table 1). Two
transcripts showed contrasting behaviours: the atpA tran-
script decreased more severely, reaching about 10% of its
original level, whereas the atpB transcript was poorly
sensitive to rifampicin, still showing 70% of its original
accumulation level after 6 h of treatment (Table 1).

As a general rule, cells treated with rifampicin in
phototrophic conditions displayed a more drastic decrease
in their chloroplast mRNA content than their mixotrophic
counterparts. The majority of the transcripts dropped
below 10% of their original level after 6 h of rifampicin
treatment, with atpA and petA being the most affected
(Figure 6, right panel and Table 1). Noticeably, the atpB
transcript, whose accumulation level was poorly sensitive
to the rifampicin treatment in mixotrophic growth condi-
tions, was highly affected in phototrophic conditions. In
contrast, the psbA, psbD and rbcL transcripts showed a
comparable behaviour in both growth conditions
(Table 1).

© Blackwell Science Ltd, The Plant Journal, (2002), 31, 149-160



Chloroplast protein synthesis in cells treated with
rifampicin

Under mixotrophic conditions, the rates of synthesis of
most chloroplast-encoded proteins did not decrease even
after 6 h of treatment with rifampicin, despite the signifi-
cant changes in transcript abundance that we observed in
several instances (Figure 7a, left panel). Here again, the
rate of synthesis of the o subunit of the chloroplast
ATPsynthase showed no significant changes whereas the
corresponding atpA transcript dropped dramatically after
rifampicin treatment. The synthesis of cytochrome f even
seemed to increase slightly, whereas the accumulation
level of the corresponding petA transcript was much
reduced after 6 h of rifampicin treatment. We noted that
the synthesis of the PSIl subunit D1, but not of D2 (another
subunit of PSII) decreased whereas the transcripts levels of
the two subunits were similarly affected. For cells grown
under phototrophic conditions, the dramatic drop in the
level of most chloroplast transcripts was not accompanied
by reduced rates of synthesis for most of the chloroplast
proteins. However, the pattern of protein labelling varied
markedly with the time of rifampicin treatment (Figure 7a,
right panel). LS showed a continuous and marked
decrease in its rate of synthesis after rifampicin treatment.
The synthesis of many polypeptides, among which the
ATP-synthase subunits o and B, cyt f and sulV from the
cytochrome bgf complex, appeared to be transiently up-
regulated (compare the 0 and 3 h lanes on the right panel
of Figure 7), then returning to either the initial level as for
the o subunit and cytochrome f, or even severely decreas-
ing as for the B subunit. Figure 7(b) shows direct
immunoblotting of the membrane with an antibody
against the nucleus-encoded Chloroplast GrpE homologue
1 (CGE1) protein (Schroda etal., 2001) that was used as a
loading control. The result shows that the 3 and 6 h lanes
are slightly overloaded, when compared to the untreated
control, but this can not on its own account for the up-
regulation of synthesis of most chloroplast translates at
the 3 h point. Furthermore, the up-regulation of synthesis
after 3 h of rifampicin treatment in phototrophic condi-
tions was reproducibly observed in three independent
experiments. The major PSIl subunits, apoCP47/apoCP43/
D2 and particularly D1 showed a marked and continuous
increase in synthesis after 6 h of rifampicin treatment.

These changes in the rates of synthesis of the chloro-
plast-encoded products were not accompanied by any
significant changes in their accumulation levels, as
checked by immunoblotting with specific antibodies (not
shown). Also, accumulation of thylakoid membrane
proteins was not altered by rifampicin treatment in either
growth conditions as monitored by membrane purification
and Coomassie or silver staining of thylakoid proteins
separated by gel electrophoresis (not shown).

© Blackwell Science Ltd, The Plant Journal, (2002), 31, 149-160
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Discussion

A common feature of bacteria is that transcription rate and
mRNA abundance most often control the rates of protein
synthesis. Since chloroplasts derive from ancestral cyano-
bacteria, our aim was to provide a better view of the pre-
translational contributions to the expression of chloro-
plast-encoded proteins. The use of FdUrd and rifampicin in
two distinct growth conditions allowed us to demonstrate
that extensive changes in genome copy number, in
transcription rates and in the steady-state level of chloro-
plast transcripts are not directly correlated to changes in
the rate of synthesis of most chloroplast-encoded proteins.

Transcription of chloroplast genes

Using FdUrd as an inhibitor of chloroplast DNA replication,
we observed a parallel decrease in genome copy number
and transcription rates in the chloroplast. This supports
the view that most copies of the chloroplast chromosome
are transcriptionally active and that the RNA polymerases
are not present in limiting concentration. In most instances
however, the decreased rates of transcription due to lower
chloroplast ploidy, were not accompanied by significant
changes in the abundance of the vast majority of the
chloroplast transcripts tested. Among the exceptions were
the decreased accumulation of psaA transcripts for algae
grown in mixotrophic conditions, of petA transcripts for
algae grown phototrophically and atpA transcripts in
either growth condition. The poor sensitivity of the post-
transcriptional step to FdUrd treatment can be readily
explained by the presence of limiting amounts of nucleus-
encoded factors that select a subset of neosynthesized
transcripts in the chloroplast, protecting them from
nucleolytic degradation after transcription. Therefore, the
concentration of these factors (and neither the genome
copy number nor the actual transcription rate) would
determine the abundance of transcripts in the chloroplast.
Nuclear factors that protect chloroplast mRNAs from
nucleolytic degradation by acting on their 5UTR have
been described for most of the chloroplast transcripts that
we tested but not for atpA (see Barkan and Goldschmidt-
Clermont, 2000; Nickelsen, 1998; Stern and Drager, 1998;
Wollman etal., 1999; Monde et al., 2000). If such a factor is
missing for atpA, its accumulation would be predicted to
follow the fraction of transcriptionally active chloroplast
chromosomes contrarily to the other transcripts that can
accumulate in the chloroplast in proportion to the concen-
tration of their nuclear-encoded stabilizing factors. An
additional prediction of this proposal is that the atpA
mRNAs should decline more severely than all other
chloroplast transcripts when transcription is blocked, a
behaviour that we indeed observed after treatment of the
algae with rifampicin.



166 Stephan Eberhard et al.

Relation between transcript accumulation levels and
rates of translation

A correlation between transcript accumulation levels and
protein synthesis rates has been established in some
instances in higher plants (Mullet, 1993; Pfannschmidt
etal., 1999; Rapp etal., 1992). However, other develop-
mental studies have shown that transcriptional activity is
not necessarily tightly linked to rates of chloroplast protein
synthesis, pointing to an extensive post-transcriptional
control of chloroplast gene expression (Mullet, 1988). The
analysis of several translation-defective strains of
C. reinhardtii has shown that the level of the non-trans-
lated transcript either increased, as for atpA (Drapier etal.,
1992), or decreased, as for psbA (Girard-Bascou etal.,
1992) or petA (Wostrikoff etal., 2001). Thus, as discussed
by Nickelsen (1998), there is no general rule linking
translation and mRNA stability in the chloroplast of
C. reinhardltii.

In the present study we found only in one instance, atpB,
some correlation between transcript abundance and trans-
lation rates. In the experiments where the accumulation of
atpB transcripts was mostly unaffected (namely after
FdUrd treatment performed in either growth condition or
rifampicin treatment of algae grown in mixotrophic con-
ditions) the rates of synthesis of the B subunit was not
affected. However, in the single experiment where the
accumulation level of the atpB transcript was dramatically
reduced (rifampicin treatment of algae grown in photo-
trophic conditions), the rate of synthesis of the p subunit
displayed a significant decrease. In all other cases, our
study provides extensive experimental support to the lack
of a direct relationship between translation rates and
transcript abundance in C. reinhardtii chloroplasts. The
atpA and petA transcripts that decreased severely after
FdUrd or rifampicin treatment still allowed rates of protein
synthesis that were comparable to those observed in the
untreated control. For instance, in rifampicin-treated cells
grown phototrophically, as little as 2% of atpA and petA
transcripts were sufficient to provide near wild-type syn-
thesis of the corresponding proteins. The fact that severely
reduced amounts of those transcripts still permits near
wild-type synthesis of the corresponding proteins may be
explained by either of two ways: (i) a smaller amount of
transcripts is more intensively translated or (ii) in the
regular growth conditions with no drug added, only a
subset of those transcripts is actually loaded onto poly-
somes for translation. That the concentration of chloro-
plast transcripts is not rate-limiting for translation is
consistent with a previous report by Hosler etal. (1989)
that a reduction in chloroplast genome copy number in
C. reinhardtii cells grown phototrophically produced a
decrease in the accumulation levels of the chloroplast
atpA, rpl2 and rbcl transcripts, whereas synthesis of the

corresponding proteins, the o subunit of ATP-synthase,
the r-protein L1 and LS remained largely unaffected
(however, the behaviour of LS reported by Hosler etal.
(1989) is in contrast with our data: we observed a reduction
in synthesis rate of LS for the FdUrd treatment performed
in phototrophic conditions). Overall, it appears that trans-
lation must be controlled by rate-limiting nucleus-encoded
factors imported in the chloroplast (for reviews see Hauser
etal., 1998 and Zerges, 2000), as has been documented for
petd94p (Steele etal., 1996) or pet111p (Green-Willms
etal., 2001), which are nuclear-encoded translational
activators of the COX3 and COX2 mRNA in yeast
mitochondria, respectively. Thus, as pointed out by
Hosler etal. (1989), there may be two distinct pools of
mRNA in the chloroplast, a pool of non-translatable
mRNAs and a pool of mRNAs that are activated for
translation by nucleus-encoded factors.

A remarkable illustration of the prominent role of
translational regulation can be found in our study of the
expression of the psbA and rbcL genes, which encode,
respectively, the PSll subunit D1 and LS: a similar decrease
in psbA transcripts in mixotrophically grown and photo-
trophically grown algae (for both the FdUrd and rifampicin
experiments) was accompanied in one case by a down
regulation in the synthesis of the D1 protein, whereas
it was up-regulated in the other case. This behaviour
reflects the complex translational regulation for this
PSIl  subunit that encompasses ribosome pausing
(Kim etal., 1991; Zhang etal., 2000) and is the most
sensitive to photoinduced damage (Danon and Mayfield,
1994a, 1994b; Kim and Mayfield, 1997; Trebitsch etal.,
2000). Up-regulation of the synthesis of the D1 subunit
in high light without significant changes in psbA transcript
accumulation levels has also been reported by Shapira
etal. (1997). For rbcL, comparable accumulation levels
of the transcript in cells treated with FdUrd in either
growth conditions, led to a decrease in the synthesis rate
of the corresponding LS protein for cells grown photo-
trophically, whereas it remained constant for cells grown
mixotrophically.

Effect of growth conditions

Under standard conditions, our results are in agreement
with those published by Lau etal. (2000), i.e. that
C. reinhardtii cells grown mixotrophically contain about
twice as much chloroplast DNA as cells grown photo-
trophically. A likely explanation, given the shorter gener-
ation time of cells grown in phototrophic conditions (5 h)
than in mixotrophic growth conditions (12 h), is that
higher number of mitotic cell divisions per time unit lead
to an increased partitioning of non-replicated chloroplast
genomes, as is the case for bacteria. The lower decrease in
chloroplast genome copy number upon FdUrd treatment
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of cells grown phototrophically may also originate from
their lower polyploidy, if one assumes that there is a lower
limit for the number of chloroplast chromosomes required
for cell viability.

Photosynthetic activity and light quality are also known
to participate in the regulation of chloroplast genome
expression. At the transcriptional level, it has been shown
that psbD, psbC and petG genes are under the control of a
blue-light activated promoter in higher plant chloroplasts
(Christopher etal., 1992; for a review see Stern etal., 1997).
In C. reinhardtii, variations in chloroplast transcription
rates were observed in a circadian way, with a peak of
transcription at the onset of the light period (Leu etal.,
1990). These results have been extended to a general light-
dependent variation in chloroplast mRNA levels, that are
due to both transcriptional and post-transcriptional regu-
lations, the degradation of chloroplast transcripts being up
to five times higher in the light period when compared to
the dark period of synchronously grown cultures (Salvador
etal., 1993). We observed a similar change in chloroplast
mRNA stability when comparing the rifampicin-treated
algae grown under mixotrophic or phototrophic condi-
tions. Only did the rbcL transcripts show limited destabi-
lization in phototrophic conditions and the two PSII
transcripts tested (psbA and psbD) remained as stable as
in mixotrophic conditions. All the other mRNAs tested
displayed a severe drop in transcript stability, their
degradation being four to five times higher in phototrophic
conditions. The higher stability of the psbA transcript
correlates well with the limited changes in its abundance
when changing growth conditions (Figure 1b). The com-
parable stability of the rbcL transcript in both conditions is
in good agreement with a report by Shiina etal. (1998)
showing that in tobacco, accumulation levels of rbclL
transcripts are independent of light, although in their
case modification of transcription rate and mRNA stability
appeared to play a role. On the other hand, this signifi-
cantly lower life-time of most chloroplast transcripts for
cells grown phototrophically fully accounts for their lower
steady-state mRNA levels, when compared to cells grown
mixotrophically, non-regarding the limited difference in
gene copy number (by only a factor of 2). Particularly, the
very short half-life of atpA and atpB transcripts in
phototrophic growth conditions (Figure 6, right panel)
may explain on its own the 10 times drop in their steady
state accumulation levels when compared to cells grown
mixotrophically (Figure 1b).

The decreased half-life of atpB and psaB in phototrophic
conditions may be due to the same degradation process
that is triggered by DTT for these two transcripts (Salvador
and Klein, 1999), suggesting a role of thioredoxin medi-
ated regulations of chloroplast transcript stability. Further
support for a regulatory role of thioredoxins in photo-
trophic conditions comes from the examination of the
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pattern of synthesis of chloroplast-encoded proteins in
phototrophically grown algae treated with rifampicin for
6 h (Figure 7, right panel): it became enriched in its PSII
components. Several reports suggest that translation of
the psbA transcript is strongly enhanced under photo-
trophic growth conditions due to a translational activation
complex that preferentially binds the psbA messenger in
the light through a thioredoxin-controlled mechanism
(Danon and Mayfield, 1994a, >1994b; Fong etal., 2000;
Trebitsch etal., 2000). It thus appears that photosynthetic
activity has a major impact on chloroplast gene expres-
sion, most likely through the action of redox activated
regulatory factors.

Overall, the fact that chloroplast protein synthesis rates
are mostly insensitive to mRNA accumulation levels
allows the algae to respond to physiological changes in
chloroplast genome copy number and transcript accumu-
lation levels that naturally take place, when the growth
conditions vary with naturally occurring changes in avail-
ability in carbon sources. Post-transcriptional regulatory
mechanisms therefore offer a good preservation of
photosynthetic competence in changing environmental
conditions, although gene copy number and mRNA levels
in the chloroplast would be affected.

The lack of correlation between gene copy number,
transcript abundance and protein translation in the chloro-
plast illustrate the deep evolution in gene expression that
has developed with the engulfment of a prokaryote in a host
cell. The control of chloroplast protein expression by
nuclear-encoded factors provides the framework for our
current understanding of these specific traits of organellar
gene expression. How these nuclear-encoded factors are
delivered to their targets in the organelle therefore stands
as a key issue for further studies of chloroplast biogenesis.

Experimental procedures

Strains and growth conditions

The C. reinhardtii wild-type (A1, mt-) strain, a derivative of the
137c strain presented in Harris (1989) was used for all the
described experiments. For mixotrophic growth conditions, cells
were grown in a liquid Tris-Acetate-Phosphate (TAP) medium
(pH 7.2), as described in Harris (1989), under continuous low light
(4 uE m™ s7") at 25°C and agitation. For phototrophic growth
conditions, cells were grown in a minimum medium (pH 7.2)
(comparable to the HS medium described in Harris (1989)) under
an illumination of 20 uE m™ s™' and with the addition of 5%
bubbled CO,(g) at 25°C and agitation.

Treatment with drugs: FdUrd treatment

Cells were incubated for up to 48 h with 0.5 mm of 5-fluoro-2’-
deoxyuridine (Sigma), a treatment known to reduce chloroplast
genome copy number (Wurtz etal., 1977).
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Table 2. Intragenic DNA fragments from chloroplast or nucleus origin, used for hybridization of Northern or Southern blots.

Gene Origin Size Reference

psbA entire R14 fragment of the chloroplast DNA 2.3 kB Rochaix (1978)

psbD entire R3 fragment of the chloroplast DNA 2.7 kB Rochaix (1978)

petA Hindlll fragment of the chloroplast R26 fragment 3.5 kB Biischlen etal. (1991)
petD Hindlll fragment of the chloroplast R26 fragment 1.1 kB Biischlen etal. (1991)
psaA Hindlll-EcoRI fragment of the chloroplast R11 fragment 2.2 kB Choquet etal. (1988)
psaB Bam01 fragment of the chloroplast DNA 580 bp Rochaix (1978)

atpA EcoRI-Pstl fragment of the chloroplast R7 fragment 947 bp Rochaix (1978)

atpB EcoRI-Kpnl fragment of the chloroplast Bab fragment 2.9 kB Rochaix (1978)

rbeL Hindlll fragment of the chloroplast R15 fragment 890 bp Rochaix (1978)

rbcS AIwNI-Sstll fragment of the coding region of rbcS2 370 bp Schroda etal. (1999)
CBlp2 entire cDNA of the nuclear CBIp2 gene 1kB Schroda et al. (2001)

Rifampicin treatment

Cells were incubated for up to 6 h with 350 ug ml™" of rifampicin
(Sigma) to inhibit transcription of chloroplast but not nuclear
genes (Surzycki, 1969).

RNA analysis

Total RNA was extracted and analysed by Northern blots as in
Drapier etal. (1998). The bands shown in Figures 1,2 and 6
correspond only to the mature mRNAs of the corresponding
genes (in some cases, maturation intermediaries were observed,
but were discarded for quantifications and not included in the
figures). Radiolabelled gene-specific probes were derived from
intragenic DNA fragments of nuclear or chloroplast origin
(Table 2). Labelling was performed for each probe using the
Nonaprimer Labelling Kit (Quantum, Appligene) with 5 ng of DNA
and 25 uCi of a-*3P- dATP.

In vivo RNA-pulse labelling

Cells were assayed for de novo chloroplast RNA synthesis using
toluene permeabilized cells as described in Guertin and Bellemare
(1979) with the following modifications: cells were solubilized
with 1% toluene and pulse-radiolabelled with 165 uCi ml™" of
0-32P-UTP (400 Ci mmol™", Amersham) for 15 min RNA, extracted
as described in Drapier etal. (1998), was then hybridized with
unlabelled DNA restriction fragments of chloroplast or nuclear
origin separated by gel electrophoresis and transferred to a nylon
membrane. RNA pulse-labelling experiments were also per-
formed using thaw/freeze permeabilized cells according to
Gagne and Guertin (1992) with the modifications described in
Sakamoto etal. (1993).

DNA-filter hybridizations

Total DNA was prepared as described in Rochaix (1980), separ-
ated by gel electrophoresis, transferred to nylon membranes and
probed with radiolabelled intragenic DNA fragments from
chloroplast or nuclear origin.

Protein analysis

Pulse-labelling experiments were carried out as described in
Drapier etal. (1992) with 5 uCi mI™" of "*C-acetate (50 mCi mmol™",
Amersham) in the presence of an inhibitor of cytoplasmic

translation (6,6 ug ml™" cycloheximide, Sigma). Proteins of
solubilized cells were separated in urea/SDS-polyacrylamide
gels as described in Piccioni etal. (1981) and transferred to a
PVDF membrane which was then exposed in a Phosphorimager
to detect radiolabelled proteins. Loading of the gels was con-
trolled by immunoblotting of the PVDF membrane with anti-
bodies directed against nucleus-encoded proteins (CGE1
(Schroda etal., 2001), OEE2 and/or OEE3).

Acknowledgements

The authors wish to thank Michael Schroda, Julien Fey and Yves
Choquet for stimulating discussions and/or critical reading of the
manuscript. The authors also gratefully acknowledge technical
assistance of Laetitia Martin for some of the experiments
described. Stephan Eberhard is a recipient of a fellowship from
the Ministére de I'Education Nationale. This work was supported
by the UPR1261 of the Centre National de la Recherche
Scientifique.

References

Allison, L.A. (2000) The role of sigma factors in plastid
transcription. Biochimie 82, 537-548.

Barkan, A. and Goldschmidt-Clermont, M. (2000) Participation of
nuclear genes in chloroplast gene expression. Biochimie 82,
559-572.

Biischlen, S., Choquet, Y., Kuras, R. and Wollman, F.A. (1991)
Nucleotide sequences of the continous and separated petA,
petB and petD chloroplast genes in Chlamydomonas
reinhardtii. FEBS 284, 257-262.

Campbell, E.A., Korzheva, N., Mustaev, A., Murakami, K., Nair, S.,
Goldfarb, A. and Darst, S.A. (2001) Structural mechanism for
rifampicin inhibition of bacterial RNA polymerase. Cell 140,
901-912.

Choquet, Y., Goldschmidt-Clermont, M., Girard-Bascou, J., Kiick,
U., Bennoun, P. and Rochaix, J.D. (1988) Mutant phenotypes
support a Trans-splicing mechanism for the expression of the
tripartite psaA gene in the C. reinhardtii chloroplast. Cell 52,
903-913.

Christopher, D.A., Kim, M. and Mullet, J.E. (1992) A novel light-
regulated promoter is conserved in cereal and dicot
chloroplasts. Plant Cell 4, 785-798.

Danon, A. and Mayfield, S.P. (1994a) Light-regulated translation
of chloroplast mRNAs through redox potential. Science 266,
1717-1719.

Danon, A. and Mayfield, S.P. (1994b) ADP-dependent

© Blackwell Science Ltd, The Plant Journal, (2002), 31, 149-160



phosphorylation regulates RNA-binding in vitro: implications in
light-modulated translation. EMBO J. 13, 2227-2235.

Drapier, D., Girard-Bascou, J. and Wollman, F.A. (1992) Evidence
for nuclear control of the expression of the atpA and atpB
chloroplast genes in Chlamydomonas. Plant Cell 4, 283-295.

Drapier, D., Suzuki, H., Levy, H., Rimbault, B., Kindle, K.L., Stern,
D.B. and Wollman, F.A. (1998) The chloroplast atpA gene
cluster in Chlamydomonas reinhardtii. Plant Physiol. 117, 629-
641.

Fong, C.L., Lentz, A. and Mayfield, S.P. (2000) Disulfide bond
formation between RNA binding domains is used to regulate
mRNA binding activity of the chloroplast Poly(A)-binding
protein. J. Biol. Chem. 275, 8275-8278.

Gagne, G. and Guertin, M. (1992) The early genetic response to
light in the green unicellular algae Chlamydomonas eugametos
grown under light/dark cycles involves genes that represent
direct responses to light and photosynthesis. Plant Mol. Biol.
18, 429-445.

Girard-Bascou, J., Pierre, Y. and Drapier, D. (1992) A nuclear
mutation affects the synthesis of the chloroplast psbA product
in Chlamydomonas reinhardtii. Curr. Genet, 22, 47-52.

Goodenough, U.W. (1971) The effects of inhibitors of RNA and
protein synthesis on chloroplast structure and function in wild-
type Chlamydomonas reinhardtii. J. Cell Biol. 50, 35-49.

Green-Willms, N., Butler, C.A., Dunstan, H.M. and Fox, T.D. (2001)
Pet111p, an inner membrane-bound translational activator that
limits expression of the Saccharomyces cerevisiae
mitochondrial gene COX2. J. Biol. Chem. 276, 6392-6397.

Guertin, M. and Bellemare, G. (1979) Synthesis of chloroplast
ribonucleic acid in Chlamydomonas reinhardtii toluene-treated
cells. Eur J. Biochem. 96, 125-129.

Hajdukiewicz, P.T., Allison, L.A. and Maliga, P. (1997) The two
RNA polymerases encoded by the nuclear and the plastid
compartments transcribe distinct groups of genes in tobacco
plastids. EMBO J. 1, 4041-4048.

Harris, E. (1989) The Chlamydomonas Sourcebook. A
Comprehensive Guide to the Biology and Laboratory Use.
San Diego: Academic Press, pp. 1-780.

Hauser, C.R., Gillham, N.W. and Boynton, J.E. (1998) Regulation
of chloroplast translation. In: The Molecular Biology of
Chloroplasts and Mitochondria in Chlamydomonas (Rochaix,
J.D., Goldschmidt-Clermont, M. and Merchant, S., eds).
Dordrecht, Boston, London: Kluwer Academic Publishers, pp.
197-217.

Hedtke, B., Borner, T. and Weihe, A. (1997) Mitochondrial and
chloroplast phage-type RNA polymerases in Arabidopsis.
Science 8, 809-811.

Heifetz, P.B., Forster, B., Osmond, C.B., Giles, L.J. and Boynton,
J.E. (2000) Effects of acetate on facultative autotrophy in
Chlamydomonas reinhardtii assessed by photosynthetic
measurements and stable isotope analyses. Plant Physiol.
122, 1439-1445.

Hosler, J.P., Wurtz, E.A., Harris, E.H., Gillham, N.W. and Boynton,
J.E. (1989) Relationship between gene dosage and gene
expression in the chloroplast of Chlamydomonas reinhardtii.
Plant Physiol. 91, 648-655.

Kawazoe, R., Hwang, S. and Herrin, D.L. (2000) Requirement for
cytoplasmic protein synthesis during circadian peaks of
transcription of chloroplast-encoded genes in
Chlamydomonas. Plant Mol. Biol. 44, 699-709.

Kim, J., Klein, P.G. and Mullet, J.E. (1991) Ribosomes pause at
specific sites during synthesis of membrane-bound chloroplast
reaction center protein D1. J. Biol. Chem. 266, 14931-14938.

Kim, J. and Mayfield, S.P. (1997) Protein disulfide isomerase as a

© Blackwell Science Ltd, The Plant Journal, (2002), 31, 149-160

Transcript/translation relationships in the chloroplast 159

regulator of chloroplast translational activation. Science 278,
1954-1957.

Kuhlemeier, C. (1992) Transcriptional and post-transcriptional
regulation of gene expression in plants. Plant Mol. Biol. 19, 1-
14.

Lau, K.W.K., Jianping, R. and Wu, M. (2000) Redox modulation of
chloroplast DNA replication in Chlamydomonas reinhardtii.
Antioxid. Redox Signal. 2, 529-535.

Leu, S., White, D. and Michaels, A. (1990) Cell cycle-dependent
transcriptional and  post-transcriptional  regulation  of
chloroplast gene expression in Chlamydomonas reinhardtii.
Biochim. Biophys. Acta 1049, 311-317.

Matagne, R.F. and Hermesse, M.P. (1981) Modification of
chloroplast gene transmission in somatic fusion products and
vegetative zygotes of Chlamydomonas reinhardtii by 5-
fluorodeoxyuridine. Genetics 99, 371-381.

McClure, W.R. and Cech, C.L. (1978) On the mechanism of
rifampicin inhibition of RNA synthesis. J. Biol. Chem. 253,
8949-8956.

Miller, M.J. and McMahon, D. (1974) Synthesis and maturation of
chloroplast and  cytoplasmic  ribosomal RNA in
Chlamydomonas reinhardtii. Biochim. Biophys. Acta 366, 35—
44.

Monde, R.A., Schuster, G. and Stern, D. (2000) Processing and
degradation of chloroplast mRNA. Biochimie 82, 573-582.

Mullet, J.E. (1988) Chloroplast development and gene expression.
Ann. Rev. Plant Physiol. Plant Mol. Biol. 39, 475-502.

Mullet, J.E. (1993) Dynamic regulation of chloroplast
transcription. Plant Physiol. 103, 309-313.

Nickelsen, J. (1998) Chloroplast RNA Stability. In: The Molecular
Biology of Chloroplasts and Mitochondria in Chlamydomonas
(Rochaix, J.D., Goldschmidt-Clermont, M. and Merchant, S.,
eds). Dordrecht, Boston, London: Kluwer Academic Publishers,
pp. 151-163.

Pfannschmidt, T., Nilsson, A. and Allen, J.F. (1999) Photosynthetic
control of chloroplast gene expression. Nature 397, 625-628.
Piccioni, R.G., Bennoun, P. and Chua, N.H. (1981) A nuclear
mutant of Chlamydomonas reinhardtii  defective in
photosynthetic photophosphorylation. Characterization of the

algal coupling factor ATPase. Eur. J. Biochem. 117, 93-102.

Rapp, J.C., Baumgartner, B.J. and Mullet, J. (1992) Quantitative
analysis of transcription and RNA levels of 15 barley chloroplast
genes. Transcription rates and mRNA levels vary over 300-fold;
predicted mRNA stabilities vary 30-fold. J. Biol. Chem. 267,
21404-21411.

Richardson, J.P. and Greenblatt, J. (1996) Escherichia coli and
Salmonella: Cellular and Molecular Biology (Neidhardt, F.C.
Curtis, R. lll, Ingraham, J.L., Lin, E.C.C., Low, K.B., Magasanik,
B., Reznikoff, W.S., Riley, M., Schaechter, M. and Umbarger,
H.E., eds), Washington, DC: American Society for Microbiology,
pp. 822-848.

Rochaix, J.D. (1978) Restriction endonuclease map of the
chloroplast DNA of Chlamydomonas reinhardtii. J. Mol. Biol.
126 (4), 597-617.

Rochaix, J.D. (1980) Retsriction fragments from Chlamydomonas
chloroplast DNA. Methods Enzymol. 65 (1), 785-795.

Rochaix, J.D. (1995) Chlamydomonas reinhardtii as the
photosynthetic yeast. Annu. Rev. Genet. 29, 209-230.

Rochaix, J.D. (2001) Posttranscriptional control of chloroplast
gene expression. From RNA to photosynthetic complex. Plant.
Physiol. 125, 142-144.

Sakamoto, W., Kindle, K.L. and Stern, D.B. (1993) In vivo analysis
of Chlamydomonas chloroplast petD gene expression using



160 Stephan Eberhard et al.

stable transformation of b-glucuronidase translational fusions.
Proc. Natl Acad. Sci. USA 90, 497-501.

Salvador, M.L. and Klein, U. (1999) The redox state regulates RNA
degradation in the chloroplast of Chlamydomonas reinhardtii.
Plant Physiol. 121, 1367-1374.

Salvador, M.L., Klein, U. and Bogorad, L. (1993) Light-regulated
and endogenous fluctuations of chloroplast transcript levels in
Chlamydomonas. Regulation by transcription and RNA
degradation. Plant J. 3, 213-219.

Schroda, M., Vallon, O., Whitelegge, J.P., Beck, C.F. and
Wollman, F.A. (2001) The chloroplastic GrpE homolog of
Chlamydomonas: two isoforms generated by differential
splicing. Plant Cell 13, 2823-2839.

Schroda, M., Vallon, O., Wollman, F.A. and Beck, C.F. (1999) A
chloroplast-targeted heat shock protein 70 (HSP70) contributes
to the photoprotection and repair of photosystem Il during and
after photoinhibition. Plant Cell 11, 1165-1178.

Shapira, M., Lers, A., Heifetz, P.B., Irihimovitz, V., Osmond, C.B.,
Gilham, N.W. and Boynton, J.E. (1997) Differential regulation of
chloroplast gene expression in Chlamydomonas reinhardtii
during photoacclimation: light stress transiently suppresses
synthesis of the Rubisco LSU protein while enhancing
synthesis of the PSIl D1 protein. Plant Mol. Biol. 33, 1001-1011.

Shiina, T., Allison, L. and Maliga, P. (1998) rbcL transcript levels in
tobacco plastids are independent of light: reduced dark
transcription rate is compensated by increased mRNA
stability. Plant Cell 10, 1713-1722.

Steele, D.F., Butler, C.A. and Fox, T.D. (1996) Expression of a
recoded nuclear gene inserted into yeast mitochondria DNA is
limited by mRNA-specific translational activation. Proc. Natl
Acad. Sci. USA 93, 5253-5257.

Stern, D.B. and Drager, R.G. (1998) Chloroplast RNA synthesis and
processing. In: The Molecular Biology of Chloroplasts and
Mitochondria in Chlamydomonas (Rochaix, J.D., Goldschmidt-
Clermont, M. and Merchant, S., eds). Dordrecht, Boston,
London: Kluwer Academic Publishers, pp. 165-183.

Stern, D.B., Higgs, D.C. and Yang, J. (1997) Transcription and
translation on chloroplasts. Trends Plant Sci. 2, 308-315.

Sugiura, M. (1995) The chloroplast genome. Essays. Biochem. 30,
49-57.

Surzycki, S.J. (1969) Genetic functions of the chloroplast of
Chlamydomonas reinhardtii: effect of rifampicin on chloroplast
DNA-dependent RNA polymerase. Proc. Natl Acad. Sci. USA 63,
1327-1334.

Surzycki, S.J. and Rochaix, J.D. (1971) Transcriptional mapping of
ribosomal RNA genes of the chloroplast and nucleus of
Chlamydomonas reinhardtii. J. Mol. Biol. 62, 89-109.

Trebitsch, T., Levitan, A., Sofer, A. and Danon, A. (2000)
Translation of chloroplast psbA mRNA is modulated in the
light by counteracting oxidizing and reducing activities. Mol.
Cell. Biol. 20, 1116-1123.

Wollman, F.A., Minai, L. and Nechushtai, R. (1999) The biogenesis
and assembly of photosynthetic proteins in thylakoid
membranes. Biochim. Biophys. Acta 1411, 21-85.

Wostrikoff, K., Choquet, Y., Wollman, F.A. and Girard-Bascou, J.
(2001) TCA1, a single nuclear-encoded translational activator
specific for petA mRNA in Chlamydomonas reinhardtii
chloroplasts. Genetics 159, 119-132.

Waurtz, E.A., Boynton, J.E. and Gillham, N.W. (1977) Perturbation
of chloroplast DNA amounts and chloroplast gene transmission
in Chlamydomonas reinhardtii by 5-fluorodeoxyuridine. Proc.
Natl Acad. Sci. USA 74, 4552-4556.

Waurtz, E.A., Sears, B.B., Rabert, D.K., Shepherd, H.S., Gillham,
N.W. and Boynton, J.E. (1979) A specific increase in chloroplast
gene mutations following growth of Chlamydomonas. 5-
fluorodeoxyuridine. Mol General Genet. 170, 235-242.

Zerges, W. (2000) Translation in chloroplasts. Biochimie 82, 583-
601.

Zhang, L., Paakkarinen, V., van Wijk, K.J. and Aro, E.M. (2000)
Biogenesis of the chloroplast-encoded D1 protein: regulation of
translation elongation, insertion and assembly into
photosystem Il. Plant Cell 12, 1769-1782.

© Blackwell Science Ltd, The Plant Journal, (2002), 31, 149-160



