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DNA supercoiling in the chloroplast of the unicellular green alga Chlamydomonas reinhardtii was found to
change with a diurnal rhythm in cells growing in alternating 12-h dark–12-h light periods. Highest and lowest
DNA superhelicities occurred at the beginning and towards the end of the 12-h light periods, respectively. The
fluctuations in DNA supercoiling occurred concurrently and in the same direction in two separate parts of the
chloroplast genome, one containing the genes psaB, rbcL, and atpA and the other containing the atpB gene.
Fluctuations were not confined to transcribed DNA regions, indicating simultaneous changes in DNA confor-
mation all over the chloroplast genome. Because the diurnal fluctuations persisted in cells kept in continuous
light, DNA supercoiling is judged to be under endogenous control. The endogenous fluctuations in chloroplast
DNA topology correlated tightly with the endogenous fluctuations of overall chloroplast gene transcription and
with those of the pool sizes of most chloroplast transcripts analyzed. This result suggests that DNA super-
helical changes have a role in the regulation of chloroplast gene expression in Chlamydomonas.

Recurrent diurnal fluctuations of molecular, biochemical,
and physiological processes are common in organisms living in
daily light-dark regimens (6). In many cases these fluctuations
persist, at least for a few cycles, under constant conditions,
suggesting that they are under the control of an endogenous
circadian timing mechanism. The nature of the circadian pace-
maker remains elusive, despite considerable progress in recent
years in pinpointing the components of rhythmicity at the mo-
lecular level in eukaryotic and prokaryotic organisms (11).

Various analyses of a number of plant and algal circadian
systems indicate that regulation of transcription can account,
at least in part, for endogenous fluctuations of transcript levels
(13, 27, 29, 30, 39). For example, a strong correlation has been
found between variations in pool sizes of individual RNAs and
variations in transcription rates, measured by run-on transcrip-
tional assays or by in vivo labeling techniques (16, 34). 59 se-
quences of genes, whose expression is known to be circadian
regulated, imposed circadian fluctuations on levels of reporter
gene transcripts (12, 19, 22, 27–29), and cis-acting sequences
have been delineated upstream of the wheat and Arabidopsis
cab-1 and cab-2 genes that conferred circadian rhythmicity
onto levels of transcripts of chloramphenicol acetyltransferase
(CAT) and b-glucuronidase (GUS) reporter genes in trans-
genic tobacco (12, 27, 29).

In cells of the unicellular green alga Chlamydomonas rein-
hardtii growing in 12-h light–12-h dark cycles, the abundance of
a number of nuclear and chloroplast transcripts has been found
to fluctuate diurnally, including transcripts of the nuclear cab-2
gene, which encodes a member of the family of chlorophyll a/b
binding proteins (17), and transcripts of the chloroplast genes
psaB, atpB, atpA, and tufA, encoding a photosystem I reaction
center protein, the a and b subunits of the chloroplast ATPase
complex, and elongation factor Tu, respectively (16, 23, 34).
Expression of the cab, atpA, atpB, and tufA genes followed an

endogenous rhythm, whereas levels of psaB gene transcripts
were found to be regulated primarily by light (17, 34). A de-
tailed analysis of tufA gene expression showed that levels of
tufA transcripts exhibit robust circadian oscillations in Chlamy-
domonas cells grown in daily light-dark cycles (16).

The molecular mechanisms involved in controlling endoge-
nous fluctuations of chloroplast transcript levels are not known.
Because changes in DNA conformation have been shown to
play a role in the control of bacterial gene expression (4, 26, 31,
33) and in transcription by maize chloroplast RNA polymerase
in vitro (20, 37), we monitored relative DNA supercoiling in
the chloroplast of Chlamydomonas cells grown in light-dark
cycles in order to evaluate its importance for endogenous reg-
ulation of chloroplast transcript levels. We found fluctuations
of DNA superhelicity in two separate regions of the chloro-
plast chromosome in cells growing in 12-h dark–12-h light
cycles and 12-h dark–24-h light cycles. The superhelical
changes correlated with changes in rates of chloroplast gene
transcription, suggesting a contribution of DNA conformation
to the control of chloroplast gene expression in Chlamydomo-
nas.

MATERIALS AND METHODS

Growth of algae. C. reinhardtii, atpB-defective mutant strain CC-373 (ac-uc-2-
21), obtained from the Chlamydomonas Genetics Center at Duke University,
Durham, N.C., and photosynthetic transformants of that mutant were grown on
high-salt (HS) minimal medium (38) or HS minimal medium supplemented with
2.5 g of potassium acetate per liter (for the mutant) as described previously (21).
Wild-type and transformant cells were grown in 12-h dark–12-h light cycles
(followed in some experiments by a 12-h dark–24-h light cycle) (light intensity,
500 W/m2), with daily dilutions to approximately 2 3 106 cells/ml at the begin-
ning of each light period. Cell density was monitored by counting with a hemo-
cytometer.

Cross-linking assay. Changes in relative superhelicity in the atpB, psaB, rbcL,
and atpA gene regions of the Chlamydomonas chloroplast chromosome were
measured by in vivo cross-linking of the two strands of the DNA helix with
49-hydroxymethyl-4,59,8-trimethylpsoralen (HMT; HRI Associates, Berkeley,
Calif.) or 4,59,8-trimethylpsoralen (trioxsalen; Sigma) essentially as described
previously (42). Cross-linking was done for 90 s in 20 ml of HS minimal medium
with 2 3 107 cells/ml at an HMT or trioxsalen concentration of 6 mg/ml with
black UV-A-emitting (366 nm) lightbulbs. The number of cells per milliliter, the
concentration of the psoralen reagent, and the UV-A dose were adjusted so that
cross-linking efficiency was approximately 50 to 90% (as seen by the Southern
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analysis described below) in the atpB 59 region in cells harvested at the end of the
dark period. After cross-linking, DNA was isolated as described previously (2).
For determining the relative degree of cross-linking in different DNA sequences,
1.5 mg of the isolated DNA was digested with 15 U each of the restriction
enzymes BamHI and PstI (for the atpB gene 59 region), SpeI and PvuI (for the
psaB gene 59 region), PstI (for the rbcL gene region), AccI (for the atpA gene
region), and BamHI (for the GUS reporter gene sequence), and after sodium
acetate precipitation and alkali denaturation, the DNA sequences were sepa-
rated in a neutral 1% agarose gel at 75 V. DNA was transferred from the gel onto
a nylon membrane (Zetaprobe; Bio-Rad) by alkaline transfer according to the
manufacturer’s instructions. The approximately 700-bp EcoRI-HpaI restriction
fragment from the Chlamydomonas chloroplast atpB structural gene (atpB gene
probe [2]), the approximately 1.1-kb BamHI 16 fragment from the Chlamydo-
monas chloroplast genome (psaB gene probe), the approximately 890-bp HindIII
restriction fragment from the rbcL structural gene (rbcL probe [2]), the approx-
imately 740-bp EcoRI-AccI restriction fragment from the 59 region of the atpA
gene (atpA probe [2]), and the approximately 1.9-kb BamHI-SacI restriction
fragment from pBI221 (GUS probe [2]), were labeled with 32P-labeled random
primer and hybridized to the DNA blots for 24 h at 65°C (8). Membranes were
washed as described previously (8) and exposed to X-ray film with an intensifying
screen at 280°C for 24 h.

Chloroplast transformation. The chloroplast of the nonphotosynthetic mutant
CC-373 was stably transformed by bombarding cells spread on agar plates with
tungsten particles that were coated with chimeric DNA constructs essentially as
described previously (1, 5). Photosynthetic transformants were selected for their
ability to grow on HS minimal medium under high-light conditions (5). Trans-
genic cell lines were maintained on agar plates and, when needed for analysis,
grown in liquid HS minimal medium. Transformants were screened repeatedly
for the presence of the introduced reporter gene constructs.

RNA isolation and RNA gel blot analyses. Total RNA was isolated from about
1.2 3 108 cells by sodium dodecyl sulfate-phenol extractions and LiCl purifica-
tion (2). RNA gel blots were prepared as described previously (34). Blots were
hybridized at 65°C to specific random primer 32P-radiolabeled DNA probes for
24 h and washed following the protocol of Church and Gilbert (8). The approx-
imately 700-bp EcoRI-HpaI restriction fragment from the Chlamydomonas chlo-
roplast atpB structural gene (2), the approximately 1.9-kb BamHI-SacI restric-
tion fragment from plasmid pBI221, containing the complete GUS coding region
(18), and the 1.1-kb BamHI 16 restriction fragment from Chlamydomonas chlo-
roplast DNA were used as probes to detect atpB, GUS, and psaB gene tran-
scripts, respectively. The washed membranes were exposed overnight at 280°C
to X-ray film with an intensifying screen.

Plasmids. The basic transformation vector into which all chimeric GUS re-
porter genes were cloned for stable introduction into the chloroplast genome of
mutant CC-373 consisted of the 5.3-kb EcoRI-BamHI Chlamydomonas chloro-
plast DNA restriction fragment, originally isolated from the chloroplast BamHI
10 restriction fragment (47), ligated into pUC8 as described previously (2, 21).
The algal fragment contains the atpB gene and extends to within the inverted
repeat; DNA intended for insertion into the chloroplast genome was inserted
into the first KpnI site beyond the terminus of the endogenous atpB gene (2) (see
Fig. 2 for location of the chimeric GUS gene on the chloroplast chromosomes).

Plasmid pCrc34, containing the GUS structural gene under transcriptional
control of the Chlamydomonas chloroplast atpB gene promoter region (224 bp)
and terminated by 39-flanking sequences from the Chlamydomonas chloroplast
rbcL gene, was the starting plasmid for making deletions from both ends into the
atpB promoter region. The construction of pCrc34 has been described previously
(2). All chimeric atpB promoter:GUS deletion constructs used in this study were
derived from pCrc34 as described earlier (2, 21).

Plasmid rbcL/S promoter:GUS, containing the putative promoter sequence
of the plastidic rbcL/S gene of the brown alga Ectocarpus siliculosus fused to
the coding region of the GUS gene, was constructed by first cloning the
580-bp BstBI-EcoRV restriction fragment from the Ectocarpus rbcL/S gene
into the ClaI/EcoRV sites of pBluescript SK1 (Stratagene) followed by
insertion of the XhoI-EcoRV fragment from the new plasmid into XhoI/SmaI-
cut pCrc32 (3).

To construct plasmid psaB:GUS, containing the putative promoter of the
Chlamydomonas chloroplast psaB gene fused to the GUS structural gene and
terminated by the 39 region of the Chlamydomonas chloroplast rbcL gene, a
618-bp DNA sequence from the 59 region of the psaB gene was amplified from
the Chlamydomonas chloroplast BamHI 8 fragment by the PCR with the 59 and
39 primers 59-TCGCAGGTTCGAATCCTTC-39 and 59-TATCTTTCGAAGGG
TGTTG-39, respectively, both containing a BstBI restriction enzyme site. The
PCR fragment was digested with BstBI and cloned into the ClaI site of pBlue-
script SK1 such that the 59 end of the fragment was adjacent to the HindIII site
of the Bluescript polylinker. A 351-bp psaB fragment was released by cutting the
construct with NdeI (this site was filled in with the Klenow fragment of DNA
polymerase) and XhoI and subcloned into EcoRV/XhoI-cut pBluescript SK1.
After being cut with XhoI (the site was filled in with DNA polymerase) and
EcoRI, the resulting fragment was inserted into EcoRI/SmaI-cut pCrc44 (2).

RESULTS

Chloroplast DNA conformation changes diurnally in
Chlamydomonas cells growing in light-dark cycles. It had been
determined previously (42) that the DNA conformation in at
least three different regions of the Chlamydomonas chloroplast
chromosome is more relaxed in cells growing in light than in
cells growing in darkness. To find out whether the topology of
Chlamydomonas chloroplast DNA actually fluctuates in cells
growing in 12-h light–12-h dark cycles, we determined the
relative degree of DNA supercoiling in different regions of the
chloroplast genome at different time points in a 12-h dark–12-h
light cycle (Fig. 1). The four DNA sequences studied were
located in two different regions of the chloroplast chromosome
separated by about 40 kb of DNA (Fig. 1A); one region con-
tains the genes psaB, rbcL, and atpA, and the other region
contains the atpB gene. Relative superhelicity was measured by
the cross-linking assay developed by Vos and Hanawalt (44), as
modified for Chlamydomonas by Thompson and Mosig (42). In
this assay, the relative degree of superhelicity in a DNA se-
quence is probed by cross-linking the two strands of the DNA
helix with psoralen in the presence of UV-A light. Cross-
linking efficiency is proportional to the degree of supercoiling
(36) and is visualized on Southern blots by the ratio of DNA in
double- to single-stranded bands (the higher the ratio, the
higher the superhelicity).

Relative superhelicity within a 4-kb sequence in the 59 re-
gion of the atpB gene, as visualized by the ratio of double- to
single-stranded DNA bands on Southern blots (Fig. 1B), was
highest at time point 0.25 h (double strand/single strand ratio,
about 2.3) near the beginning of the light period and lowest at
time point 6.5 h (double strand/single strand ratio, about 0.25)
in the middle of the light period. Similarly, in the region of the
Chlamydomonas chloroplast chromosome in which the psaB,
rbcL, and atpA genes are located, relative superhelicities
changed from more supercoiling at the beginning of the light
period to less supercoiling in the middle of the light period.
Superhelicities decreased about 4.6-fold, 8-fold, and 10-fold in
the psaB, rbcL, and atpA gene regions, respectively. Although
the magnitude of the conformational changes was different in
the four DNA sequences, which can be explained by different
cross-linking efficiencies (see Discussion), the results of these
analyses show that diurnal alterations in chloroplast DNA to-
pology are not confined to specific regions of the chloroplast
chromosome but occur in the same direction at widely separate
DNA loci. The diurnal alterations do not seem to be causally
linked to the replication of chloroplast DNA in the course of
daily cell division because, under our growth conditions, chlo-
roplast DNA replication is synchronized and takes place in a
relatively small 2- to 3-h time window at the end of the light
period. Thus, it does not correlate in time with the changes
found in DNA supercoiling.

Diurnal changes in chloroplast DNA topology are indepen-
dent of transcription. In bacteria, supercoiling of the circular
chromosome is under the control of several topoisomerases
that cooperate to maintain the DNA conformation at the op-
timum conformation for processes like transcription and DNA
replication (35). Chloroplasts contain topoisomerases (40),
which presumably have the same function as those in bacteria.
Because transcription is one of the processes that perturbs
DNA supercoiling (movement of RNA polymerase along the
DNA duplex relaxes the torsional tension in front of and cre-
ates negative supercoils behind the transcription complex [24,
31, 46]), the diurnal changes in superhelicity measured by the
cross-linking assay (Fig. 1) could be due to diurnal variations of
transcriptional activities along the chloroplast genome instead
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of to independent control. To be able to assess directly a
potential influence of transcription on the fluctuations in chlo-
roplast DNA conformation found in Chlamydomonas grown in
the light-dark regimen, we determined the relative superhelici-
ties in untranscribed regions of the chloroplast genome in cells
growing in 12-h dark–12-h light cycles (Fig. 2). Two transgenic
cell lines harboring GUS reporter genes fused to nonfunctional
promoter sequences were used in these analyses (Fig. 2A and
B). In one chimeric gene construct (designated rbcL/S promot-
er:GUS), the GUS coding region was fused to 580 bp of the 59
region (including the putative promoter) of the plastid rbcL/S
gene from the brown alga E. siliculosus (Fig. 2A). The other
construct (designated pCrc46 [2]) contained extensive 59 dele-
tions of promoter sequences of the Chlamydomonas chloro-
plast atpB gene linked to the GUS coding region (Fig. 2B).
Both constructs were inserted into the chloroplast chromo-
some near the 39 end of the endogenous atpB gene (2) (Fig. 2A
and B). No GUS transcripts could be detected by Northern

analysis in transgenic Chlamydomonas cells harboring these
constructs, showing that the two GUS sequences are not tran-
scribed.

In chloroplast transformants growing in 12-h dark–12-h light
cycles, the superhelicity within a 4.9-kb BamHI fragment con-
taining the 2.5-kb rbcL/S promoter:GUS construct (Fig. 2A)
and within a 1.9-kb BamHI fragment, the latter containing only
GUS gene coding sequences (Fig. 2B), decreased in the light
period (Fig. 2C), analogous to the decreases in superhelicity
measured in the atpB, psaB, rbcL, and atpA sequences of the
chloroplast chromosome (Fig. 1). Although the extent of the
superhelical changes varied among the DNA sequences exam-
ined, the results show that endogenous changes of DNA to-
pology in the Chlamydomonas chloroplast chromosome occur
in the same direction and concurrently in transcribed and non-
transcribed sequences. Thus, DNA supercoiling seems to be
controlled independently of, but is not necessarily unaffected
by, transcriptional activities along the DNA double helix.

FIG. 1. Changes in DNA superhelicity around Chlamydomonas chloroplast genes atpB, psaB, rbcL, and atpA in cells growing in a 12-h dark–12-h light regimen, as
determined by the cross-linking assay. (A) Map of the DNA regions and location of the restriction fragments that were examined for relative changes of superhelicity
with the cross-linking assay (for details of the cross-linking procedure, see Materials and Methods and reference 42). Genes are shown as shaded boxes. Arrows within
the boxes indicate the direction of transcription. Restriction sites used in digestion of genomic DNA for the DNA gel (Southern) blots shown in panel B are indicated
above the gene map, and the approximate sizes and locations of the probes used are indicated below the gene map. (B) DNA gel blot (Southern) analyses of cross-linked
DNA to detect conformational changes in the DNA regions around the chloroplast atpB, psaB, rbcL, and atpA genes. Algae grown in light-dark cycles were harvested
at the time points indicated below the autoradiograms. DNA was cross-linked in vivo and, after isolation, digested with BamHI/PstI (atpB), PvuI/SpeI (psaB), PstI (rbcL),
and AccI (atpA), alkali denatured, and separated in a 1% agarose gel as described in Materials and Methods. Blots were hybridized to double-stranded random primer
32P-labeled DNA probes from the coding regions of the Chlamydomonas chloroplast genes (see Materials and Methods) as indicated in panel A. D, dark period (also
indicated by a filled bar); L, light period (also indicated by an open bar); C, control DNA isolated at time point 6.5 h of the light period from algae that were not treated
with psoralen; DS and SS, double-stranded and single-stranded restriction fragments, respectively. Fragment sizes are given in kilobase pairs (kb) for double-stranded
DNA and in kilobases (kb) for single-stranded DNA. Ratios of double-stranded to single-stranded bands at time points 0.25 and 6.5 h in the light period, as calculated
from laser densitometric readings of autoradiograms, respectively, are as follows: for atpB, 2.3 and 0.25; for psaB, 21.7 and 4.7; for rbcL, 1.6 and 0.2; for atpA, 0.6
and 0.06. The higher the ratio of DNA in double-stranded to single-stranded bands on the autoradiograms, the higher the degree of DNA supercoiling.
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Superhelicity of Chlamydomonas chloroplast DNA changes
endogenously. To find out whether the diurnal changes in
chloroplast DNA topology are controlled by the light-dark
regimen or regulated endogenously, the relative degrees of
supercoiling in the 59 regions of the atpB and psaB genes were
determined in cells that were first grown in 12-h dark–12-h
light cycles, followed by one 12-h dark–24-h light cycle. Sam-
ples were taken at time point 10 h dark and points 0.25, 7, 9, 16,
and 19 h light of the latter dark-light cycle (Fig. 3). Time points
16 and 19 h light correspond to 4 and 7 h darkness in the
subjective dark period of the 12-h dark–12-h light cycles. Over

FIG. 2. Changes in DNA superhelicities in untranscribed regions of the
Chlamydomonas chloroplast genome. (A) Location of the chimeric rbcL/S pro-
moter:GUS gene on the chromosome of transgenic Chlamydomonas. The gene is
not transcribed, because the rbcL/S promoter from Ectocarpus does not function
in Chlamydomonas. The ;4.9-kb BamHI fragment, containing a portion of the
inverted repeat (IR), the 580-bp rbcL/S sequence, and the coding region of the
GUS gene (shaded dark gray), were examined for changes in superhelicity
(shown in panel C). E, EcoRI; B, BamHI. (B) Location of the chimeric atpB
promoter:GUS gene (pCrc46) with a deletion of the nonfunctional atpB pro-
moter sequence (2) on the chloroplast chromosome of transgenic Chlamydomo-
nas. Relative superhelicity was determined in the ;1.9-kb BamHI fragment
comprising the entire GUS coding region (shaded dark gray). Abbreviations are
as defined for panel A. (C) DNA gel blot analyses of cross-linked DNA isolated
from transgenic cells carrying the rbcL/S promoter:GUS gene construct (left) or
the atpB promoter:GUS construct (right). Cells growing in 12-h light–12-h dark
cycles were harvested at time points 22 h (dark), 0.25 h (light), and 7 h (light) and
treated with trimethylpsoralen as described in Materials and Methods. Isolated
cross-linked DNA was digested with BamHI and, after separation onto a 1%
agarose gel, was transferred onto a nylon membrane. Both blots were hybridized
to the ;1.9-kb random primer 32P-labeled sequence of the GUS coding region.
The double- and single-stranded DNA bands were visualized by autoradiogra-
phy. Abbreviations are as defined in the legend to Fig. 1.

FIG. 3. Endogenous changes of DNA conformation in the 59 regions of the
Chlamydomonas chloroplast atpB and psaB genes in cells grown in a 12-h dark–
24-h light cycle, as determined by the cross-linking assay. (A and B) Cells were
first grown in several 12-h dark–12-h light (D/L) cycles before being shifted to the
12-h dark–24-h light (D/LL) regimen. Samples were taken at the time points
indicated below the autoradiograms, treated with psoralen, and processed as
described in Materials and Methods. (A) Gel blot of DNA digested with BamHI/
PstI. The DNA blot was hybridized to a probe specific for the atpB gene (see Fig.
1A for the locations of the probe and restriction fragment). (B) Gel blot of DNA
digested with PvuI/SpeI and probed with the 1.1-kb BamHI 16 fragment of the
Chlamydomonas chloroplast chromosome (see Fig. 1A for the locations of the
probe and restriction fragment). All steps of sample preparation were identical
to those described in the legend to Fig. 1. Abbreviations are as defined in the
legend to Fig. 1. (C) Graphic representation of the changes in superhelicity
within the 59 regions of the Chlamydomonas chloroplast atpB and psaB genes.
Autoradiograms of the DNA gel blots of panels A and B were scanned, and
relative band intensities were determined with an image-analyzing computer
program (NIH image). Ratios of double- to single-stranded band intensities are
plotted as percent fractions of total DNA. To better visualize the changes in
superhelicity measured during the time course of the experiments, a line is drawn
that connects the single-stranded portions of the figure bars. For comparison, the
dashed and shaded lines in the atpB panel show the corresponding changes in
levels of atpB transcripts and in rates of atpB gene transcription, respectively,
drawn with the data in Fig. 4 (transcript levels) and in Hwang et al. (16)
(transcription rates). Abbreviations are as defined for panels A and B.
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the 24 h of continuous illumination, the DNA conformation in
4 kb of sequences in the 59 regions of the atpB and psaB regions
fluctuated (Fig. 3); after being more supercoiled near the be-
ginning of the light period than after 9 h of illumination, it
reverted to a higher degree of supercoiling at 16 and 19 h in
continuous light, i.e., in the middle of the subjective dark
period, suggesting an endogenous control of chloroplast DNA
topology, at least during the 12 h of extended illumination.
Although the cross-linking assay indicated a relatively high
degree of DNA supercoiling in the psaB 59 region at all times
of the light-dark cycle, there is clearly a decrease at time points
7 and 9 h light (Fig. 3B and C), showing that changes in DNA
topology are qualitatively similar in the atpB and psaB regions
of the chloroplast chromosome.

Endogenous changes of DNA superhelicity correlate with
changes in chloroplast gene transcription and changes in
transcript pool sizes. Because the degree of DNA supercoiling
has been shown to be an important factor in transcription
initiation in bacteria (4) and in chloroplasts (37, 41), we tried
to assess the contribution of the endogenous fluctuations in
DNA topology to the endogenous and circadian fluctuations
found previously (16, 34) in chloroplast gene transcription and
chloroplast transcript pool sizes in Chlamydomonas. There is a
strong correlation between fluctuations of transcript levels and
transcription rates, reported earlier (16, 34), and changes in
DNA conformation found in the present study (Fig. 3). In all
cases studied, transcription rates were highest at the beginning
of the light period and lowest near the end of the 12-h light
period, when DNA supercoiling is highest and lowest, respec-
tively.

To evaluate the importance of promoter and cis-acting DNA
sequences for fluctuations of transcript levels (Fig. 4), we an-
alyzed the expression of chimeric atpB promoter:GUS con-
structs that had deletions in the 59 region in the 59339 and
39359 directions down to the basic promoter sequence (see
Materials and Methods). The starting construct for these anal-
yses consisted of a 224-bp DNA fragment from the 59 region of
the Chlamydomonas chloroplast atpB gene (including the pro-
moter) fused 59 to the coding region of the bacterial uidA
(GUS) gene. As were all other GUS constructs described in
this report (see also Fig. 2), the construct was inserted into the
Chlamydomonas chloroplast genome adjacent to the 39 end of
the atpB gene as described previously (2). The DNA confor-
mation in this region alters in the same manner as in the other
regions of the chloroplast genome we analyzed in cells grown
in dark-light cycles (Fig. 2). Levels of GUS transcripts, mea-

sured in transgenic Chlamydomonas cells grown in light-dark
cycles, by RNA gel blot (Northern) analysis, fluctuated in light-
dark cycles with a pattern similar to that of transcripts from the
endogenous atpB gene (Fig. 4A). Fluctuations of GUS tran-
script levels persisted in continuous light (Fig. 4B), as did
fluctuations of transcript levels of the endogenous atpB gene,
and occurred concurrently with changes in DNA conformation
in the atpB gene region (Fig. 3A), suggesting a causal link

FIG. 4. RNA gel blot analyses to determine the abundance of atpB and atpB-GUS gene transcripts in a Chlamydomonas chloroplast transformant growing in 12-h
light–12-h dark cycles (A) and in continuous light following growth in light-dark cycles (B). Total RNA was isolated at the indicated time points (time point 0 5 onset
of light 5 end of dark period) from a chloroplast transformant (designated 5/3 [21]; see Fig. 5 and Materials and Methods) carrying a chimeric atpB promoter:GUS:rbcL
39-end gene. Four micrograms of total RNA was separated in a 1.3% agarose–formaldehyde gel, transferred onto a nylon membrane (Zetaprobe; Bio-Rad), and
hybridized to gene-specific probes for the endogenous Chlamydomonas chloroplast atpB gene or the GUS gene (see Materials and Methods). Membranes were exposed
for 24 h at 280°C to X-ray film with an intensifying screen. Light (L) and dark (D) periods are indicated by open and filled bars, respectively, above the autoradiograms.

FIG. 5. Abundance of GUS transcripts in Chlamydomonas chloroplast trans-
formants grown in light-dark cycles carrying chimeric atpB promoter:GUS:rbcL
39-end genes with 59339- and 39359-deleted atpB promoter sequences. (A)
Schematic drawings of the constructs used in these analyses. Numbers below the
construct drawings denote the end points of the atpB 59 sequence deletions
relative to the transcription start site (21). Arrows in the shaded atpB 59 se-
quences indicate the start site and the direction of transcription. (B) RNA gel
blot analyses of total RNA isolated during a 12-h light–12-h dark cycle at the
time points (in hours of the 24-h cycle) indicated below the autoradiograms.
Blots were made as described in the legend to Fig. 4 and in Materials and
Methods.
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between changes in DNA topology and changes in transcript
levels.

Deletions into the atpB promoter region (59339 and 39359)
leaving a promoter fragment as short as 77 bp, extending from
positions 222 to 155 relative to the start site of transcription,
did not alter the pattern of GUS transcript fluctuations in
light-dark cycles (Fig. 5), despite a 95% reduction in the rate of
GUS gene transcription from this deleted atpB promoter:GUS
construct (21). The results show that all elements required for
transcript-level fluctuations lie within the basic atpB promoter
sequence. Levels of transcripts of most other Chlamydomonas
chloroplast genes were found to fluctuate with the same pat-
tern as transcripts of the atpB gene (16, 34), and it is likely that
in those cases only the basic promoter sequences are sufficient
to direct endogenous fluctuations of transcript levels.

A default pattern of chloroplast gene expression in Chlamy-
domonas? To substantiate the conclusion that basic promoter
sequences alone are sufficient for typical diurnal fluctuations of
chloroplast transcript levels in Chlamydomonas, we examined
in more detail the expression of the psaB gene. DNA super-
coiling in the 59 region of the psaB gene changes in cells grown
in light-dark cycles with the same endogenous pattern as does
DNA supercoiling in the 59 region of the atpB gene (Fig. 3),
and changes in DNA supercoiling correlate strongly with
changes in rates of psaB gene transcription determined earlier
(34). However, unlike levels of transcripts of most other
Chlamydomonas chloroplast genes, which peak in the begin-
ning of the light period (16, 34), psaB transcript levels peak in
the middle of the light period (34). Because the accumulation
pattern of psaB gene transcripts in cells growing in light-dark
cycles does not follow the changes in psaB gene transcription,
psaB transcript accumulation appears to be controlled post-
transcriptionally, most likely mediated by sequence elements in
the mRNA outside of the basic psaB promoter sequences.
Thus, transcripts of a chimeric gene construct consisting only
of basic psaB promoter sequences fused to the GUS reporter
gene would be expected to accumulate with a default pattern
typical for the majority of chloroplast transcripts in cells grow-
ing in light-dark cycles. To test this notion, a 336-bp NdeI-BstI
DNA fragment from the 59 region of the psaB gene (see Ma-
terials and Methods), containing the putative psaB gene pro-
moter, was fused to the GUS coding sequence and stably

inserted into the Chlamydomonas chloroplast genome by bi-
olistic particle transformation. Total RNA was isolated from a
chloroplast transformant at time points 23 h dark and 7 h light,
and GUS transcript levels were compared to levels of tran-
scripts of the endogenous psaB gene on RNA gel blots (Fig. 6).
Unlike psaB gene transcripts, which accumulate to relatively
high levels in the middle of the light period (Fig. 6 [34]), levels
of psaB promoter:GUS transcripts decreased during the light
period (Fig. 6), as has been found for levels of most other
chloroplast transcripts (16, 34). This result supports the idea
that endogenous fluctuations of transcription and transcript
accumulation in the Chlamydomonas chloroplast follow a de-
fault pattern that requires only basic promoter sequences,
whereas a different pattern of gene expression requires addi-
tional sequence elements. The fact that the endogenous fluc-
tuations in chloroplast DNA topology found in this study cor-
relate tightly with a default pattern of transcription and
transcript level accumulation again suggests a direct causal link
between both processes.

DISCUSSION

Torsional stress has been shown to play an important role in
initiation of transcription of chloroplast and prokaryotic genes
(20, 31, 33, 37), presumably by facilitating promoter element
recognition and open complex formation by the RNA poly-
merase complex. Several topoisomerases have been identified
that intricately cooperate to control DNA topology in bacterial
cells (10, 35, 45). A number of reports implicate an influence of
environmental conditions on DNA conformation and regula-
tion of transcription (15, 26). Chloroplasts contain topoisom-
erases (40), and transcription of chloroplast genes has been
found to be affected differentially by changes in DNA topology
in vitro (37) and in vivo (41). Furthermore, it has been deter-
mined previously that the DNA conformation in at least three
separate regions of the Chlamydomonas chloroplast chromo-
some is more relaxed in cells kept in light than in cells kept in
darkness (42). These data show that DNA supercoiling in the
Chlamydomonas chloroplast is controlled by topoisomerases
and that it can be influenced by external conditions, e.g., light
and dark.

In this study, we found a strong correlation between endog-
enous fluctuations of DNA topology in two different distant
regions of the chloroplast chromosome and endogenous fluc-
tuations of overall gene transcription in Chlamydomonas, sug-
gesting a direct causal link between both processes. Because
the conformational changes in chloroplast DNA also occur in
DNA sequences that are not transcribed (Fig. 2), transcription
itself can be ruled out as the sole cause for changes in DNA
supercoiling. However, long-distance effects of conformational
changes in actively transcribed regions of the chloroplast chro-
mosome on DNA topology in nontranscribed regions cannot
be totally excluded. The twin-supercoiled-domain model (24),
which is supported by a number of experimental studies (4, 7,
25, 32), predicts the accumulation of positive and negative
supercoils ahead of and behind an RNA polymerase elonga-
tion complex, respectively, provided rotation of the RNA poly-
merase transcription ensemble around the template DNA and
superhelical diffusion are prevented, e.g., by anchoring the
transcription-translation complex to a membrane (4, 25). In
bacteria, transcription-induced supercoils seem to be restricted
to less than 800 bp in the vicinity of RNA polymerase tran-
scription units (32). The supercoils are removed by DNA to-
poisomerases, so that they do not build up on DNA templates
in cells with normal topoisomerase I and DNA gyrase activities
(7). We do not know how putative transcription-induced su-

FIG. 6. Transcripts of a chimeric psaB promoter:GUS:rbcL 39-end gene ac-
cumulate differently than transcripts of the endogenous psaB gene in Chlamy-
domonas transformants growing in 12-h dark–12-h light cycles. Total RNA was
isolated at time points 23 h dark and 7 h light from a chloroplast transformant
that had the psaB promoter:GUS:rbcL 39-end construct inserted near the 39 end
of the endogenous atpB gene (see Materials and Methods), and RNA gel blots
were made as described in Materials and Methods and in the legend to Fig. 4.
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percoils are dissipated in chloroplasts along the circular chro-
mosomal DNA. Given the local appearance of transcription-
induced supercoiling around the bacterial RNA polymerase
transcription elongation complex and in view of the special
conditions (high rates of transcription from a very strong pro-
moter, topoisomerase-deficient mutants, anchoring of the
RNA polymerase to a membrane) required in bacteria for the
observation of any effect of transcription-induced supercoiling
on neighboring DNA sequences (4, 25), it appears unlikely
that, under our conditions, a long-distance effect of transcrip-
tion on DNA topology in nontranscribed regions of chloroplast
chromosomes can be visualized by the cross-linking assay.
Therefore, the endogenous changes in superhelical densities
seen in this study in nontranscribed regions of the Chlamydo-
monas chloroplast chromosomes are most likely independent
of transcription elsewhere on the chromosome and indicative
of overall endogenous changes in chloroplast DNA topology.

The endogenously controlled overall change in DNA topol-
ogy could provide a simple mechanism to regulate overall
chloroplast transcription simultaneously. It could establish a
default pattern of chloroplast gene transcription (for Chlamy-
domonas, the highest and lowest rates of transcription are at
the beginning and end of the light period, respectively) on
which other mechanisms that regulate the expression of indi-
vidual genes, e.g., light-dependent mechanisms, could be su-
perimposed. The finding that accumulation of psaB promoter:
GUS gene transcripts differs from accumulation of transcripts
of the endogenous psaB gene in Chlamydomonas cells grown in
light-dark cycles (Fig. 6) and follows the default pattern of
most other Chlamydomonas chloroplast transcripts supports
the notion that in the Chlamydomonas chloroplast only basic
promoter sequences are required for a basic pattern of gene
expression (Fig. 5) and that additional sequences can alter the
pattern (Fig. 6). It seems likely that both specific promoter
sequences and fluctuations in the topology of the region of the
chromosome in which a gene is located are important for gene
expression but that timing could result from changes in DNA
topology.

A change in DNA topology might be one, but not the only,
mechanism involved in circadian control of chloroplast gene
transcription in Chlamydomonas. In other systems, other fac-
tors have been found to produce daily changes of transcript
levels. In Synechococcus, for example, circadian expression of
the psbAI gene has been found to be influenced by a sigma70-
like transcription factor (43). The loss of the factor resulted in
a phenotype that was still rhythmic but one in which transcripts
fluctuated with lower amplitudes than in wild-type cells (43). In
our system, binding and dissociation of DNA binding proteins
during the 12-h dark–12-h light cycles may, in addition to
topoisomerases, contribute to changes in DNA superhelicities.
These DNA binding proteins may be involved in control of
transcription, DNA replication, or other processes occurring
periodically.

Because psoralens photoreact preferentially with thymidine
residues (9), the efficiency of DNA cross-linking with psoralens
depends on the A1T content, the position of the thymidine
residues relative to each other, and the size of the DNA se-
quence studied. The relatively high superhelicities determined
for the 59 region of the psaB gene (Fig. 3B) compared to the
relatively low superhelicities found, for instance, in the GUS
coding region (Fig. 2C) might in part reflect such differences in
cross-linking efficiency in the two DNA segments (the 4-kb
psaB gene fragment contains 65% A and T, whereas the A1T
content in the 1.9-kb GUS coding region is only 48%). A
decrease in cross-linking efficiency in short DNA sequences
makes it difficult to determine relative superhelicities in DNA

fragments smaller than ;1.5 kb and did not permit us to
examine superhelical changes in small segments, e.g., promoter
sequences, of the chloroplast DNA.
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