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ABSTRACT Levels of mRNA for the chloroplast-encoded
elongation factor Tu (fuf4) showed a dramatic daily oscillation
in the green alga Chlamydomonas reinhardtii, peaking once
each day in the early light period. The oscillation of fuf4
mRNA levels continued in cells shifted to continuous light or
continuous dark for at least 2-3 days. Run-off transcription
analyses showed that the rate of ftuf4 transcription also peaked
early in the light period and, moreover, that this transcrip-
tional oscillation continued in cells shifted to continuous
conditions. The half-life of ruf4 mRNA was estimated at
different times and found to vary considerably during a
light—dark cycle but not in cells shifted to continuous light.
Light-dark patterns of transcription of several other chloro-
plast-encoded genes were examined and also found to persist
in cells shifted to continuous light or dark. These results
indicate that a circadian clock controls the transcription of
tufA and other chloroplast-encoded genes.

Circadian rhythms have a period of =24 h and are character-
ized by the fact that they are reset by environmental stimuli,
particularly light, and that they continue in the absence of the
entraining stimulus (i.e., under constant conditions). This
latter property indicates that circadian rhythms are controlled
by an endogenous clock (1). The nature of circadian clocks is
largely unknown, although genes that encode putative clock
components have been isolated from Neurospora (2) and
Drosophila (3).

Regulation of specific genes is one mechanism by which the
clock exerts its control over cellular functions. In green plants,
the transcription of certain nuclear genes have been shown to
be under circadian control (for review, see ref. 4). Some of
these genes encode chloroplast proteins that function in pho-
tosynthesis and are primarily expressed during the light period
of a diurnal cycle. Thus, chloroplast biogenesis is, at least to
some extent, regulated by the clock (e.g., ref. 5).

A quantitatively minor but important fraction of chloroplast
proteins are encoded within the organelle itself (6). However,
it is not clear whether transcription of chloroplast-encoded
genes is controlled by a circadian clock. Previous studies with
higher plants suggested that chloroplast-encoded genes are not
under such control (4); however, only steady-state levels of a
few highly abundant stable mRNAs were examined. A recent
study of chloroplast gene expression in Chlamydomonas rein-
hardtii indicated a degree of endogenous control that might be
circadian (7). Those data, however, were incomplete, since less
than half of a cycle under a single continuous condition was
examined. The demonstration of persistence under continuous
conditions is critical to the identification of a circadian rhythm
(1). In the present study, we show that the chloroplast-encoded
tufA gene in C. reinhardtii exhibits a robust circadian rhythm of
mRNA accumulation and, moreover, that this rhythm is
primarily transcriptional. Evidence is also provided that tran-
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scription of many, if not most, chloroplast-encoded genes is
under circadian clock control.

MATERIALS AND METHODS

Cell Strains, Culturing, and Manipulation. The wild-type
2137 mt* (CC-1021) strain of C. reinhardtii was grown mix-
otrophically in flasks of Tris/acetate/phosphate medium (8)
with shaking (=200 rpm) at 23°C. Cells were pregrown for at
least three 12-h light/12-h dark cycles to a density of 0.5 X 10°
cells per ml (early exponential phase); the light intensity during
the light period was ~40 uE per m? per sec. Under these
conditions, the cells divide synchronously in the mid-dark
period (8, 9); cell division was monitored microscopically and
by counting cells with a hemacytometer. For the continuous-
condition experiments, culture aliquots were removed and
transferred to light (at the same intensity as above) or darkness
at 23°C. Care was taken in the handling of dark-period cells to
minimize exposure to light by working quickly and by using a
dim (<0.1 pE per m? per sec) green fluorescent light.

RNA Isolation, Northern Blot Hybridization, and mRNA
Quantification. The isolation of total RNA, Northern blot
hybridization, and 3?P labeling of the DNA probe have been
described (9). The blots were stained with methylene blue
prior to hybridization to check for equal loading and transfer.
The DNA probe was the Pst I-EcoR1 fragment of the tuf4 gene
(10), which was labeled to a specific activity of 1 X 10° dpm/pg.
The autoradiographs were scanned as described below.

Run-On Transcription in Permeabilized Cells. Run-on
transcription in toluene-permeabilized cells was performed as
described (11, 12). The transcription reaction mixtures con-
tained 5 X 10° cells (2 X 10® cells per ml) and 30 uCi of
[@-**P]UTP (specific activity ~3000 Ci/mmol; 1 Ci = 37 GBq)
as label and were incubated at 25°C for 15 min. The specific
radioactivity of the RNA was measured by using DE-81 filters.
The transcriptional activity of individual genes was assessed by
hybridizing equal amounts of RNA (10 pg/ml in hybridization
solution) to DNA dot blots (0.5-2 ug per dot) for 72 h (13). The
DNA probes for exon 1 of psa41 and the psbA gene have been
described (12). Other plasmid DNA probes were pRO3R141,
which contains the 3’ two-thirds (=1200 bp) of the C. rein-
hardtii tufA gene (14); pBC7, which contains Bam5 and the C.
reinhardtii atpB gene (15); p228, which contains the 16S gene
and the spacer between the 16S and 7S-3S-23S rrn genes (16);
and vectors pGEM3zf(+) and pUCI18 as controls. After
stringent washing (13) and exposure to x-ray film, the films
were quantified as described below. Hybridization to the vector
controls was negligible under these conditions.

Estimates of mRNA Half-Life. Actinomycin D (50 pg/ml)
and rifampicin (250 pg/ml) (8) were used to estimate the
half-life of ruf4 mRNA. After each drug was administered,
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culture aliquots were removed at different times (up to 4 h),
total RNA was isolated, and Northern blot hybridizations were
performed as described above.

Quantitation of Autoradiographs. X-ray films, exposed to
obtain signals within the linear-response range of the film,
were scanned by using a RealTech 800 scanner (and Adobe
Photoshop) and quantified by using NIH IMAGE (version
1.5.2). The reliability of the scanner was verified by using
known amounts of [3?P]RNAs to generate standard curves.
Semilogarithm plots were used to calculate mRNA half-lives
with the aid of CRICKETGRAPH I1I (version 1.01, Claris).

RESULTS

Diurnal and Circadian Rhythms of f7uf4 mRNA. Fig. 1 shows
a Northern blot analysis of tuf4 mRNA levels in light-dark
(LD) conditions. The =~1.7-kb RNA, which is the major
transcript from the tuf4 gene (14), was quantified. The level of
this RNA fluctuated dramatically, peaking early in the light
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FiG. 1. Levels of muf4 mRNA in LD and LL conditions. (A4)
Autoradiograph of Northern blots. After entrainment by three 12-h/
12-h LD cycles, the culture was split at the beginning of the fourth light
period, and aliquots were retained in LD or transferred to LL. RNA
(5 ng), extracted from cells at the indicated time points, was examined
by Northern blot analysis with the fuf4-specific probe. The cycle
designations refer to the first and second cycles, etc., after entrainment
(and shifting in the case of LL). The blots were exposed to film for ~12
h. (B) Graphical presentation of the quantification of the Northern
blots in A. Shorter exposures (2-4 h) of the blots were used for
quantification, and maximum mRNA levels were arbitrarily set to
100%. Continuous time is also indicated and was measured from the
beginning of the sampling period. Open boxes, light periods; solid
boxes, dark periods.
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period (=L2 or =4 h and 28 h of continuous time), decreasing
to a very low level in the early dark period, and then increasing
again at the end of the dark period. The maximum amplitude
of the rufA mRNA oscillation in LD-growing cells was ~20-
fold.

Fig. 1 also shows fuf4 mRNA levels over the same time
course but in cells that had been shifted to continuous light
(LL) in the light period prior to sampling. The steady-state
level of tufA mRNA continued to oscillate, with a period of
~24 h (peak to peak), but with somewhat less amplitude
(~8-fold). The second cycle in LL showed a broader peak than
in LD, mostly because the mRNA level began increasing a few
hours early; such changes under continuous conditions are not
unusual for circadian rhythms (1). It should also be noted that,
under these conditions, cell division becomes largely asynchro-
nous after the first 24 h in LL, with cell concentration
increasing faster than in LD (9). In Fig. 1, the cell concentra-
tion was ~25% higher in LL (3.0 X 106 cells per ml versus 2.4
X 10° cells per ml) by the end of the sampling period.
Nonetheless, the tufA mRNA rhythm continued on schedule
for at least two cycles in LL.

The regulation of fufA mRNA levels was also examined in
LD-entrained cells shifted to continuous darkness (DD). To
examine tufA expression, the first cycle in DD was skipped, and
RNA was extracted during the second, third, and beginning of
the fourth cycles in DD. Fig. 2 shows that rufd mRNA
accumulated to high levels in DD. Moreover, the mRNA
abundance rhythm persisted through the third cycle, and part
of the fourth, and with a period of 22-26 h. The maximum
amplitude in DD (=5-fold) was less than in LD or LL and was
principally due to higher minimums of expression. It should
also be noted that in DD, cell division slows considerably (9).
In Fig. 2, the cell concentration had increased less than 2-fold
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F1G. 2. Levels of tufA mRNA in DD. (A) Autoradiograph of the
Northern blot. After three LD cycles, cells were transferred to DD, and
total RNA was extracted at the indicated time points. The cycle
designations refer to the cycle number in DD. Time is also indicated
in continuous time, which begins from the first subjective light period
in DD. The RNA blot (5 ug per lane) was hybridized with the uf4
probe and exposed to film for =12 h (as in Fig. 1). No RNA was loaded
at 68 h. (B) Graph of the quantification of the Northern blot in A4.
Shorter exposures (2-4 h) were used for the quantification. The
maximum mRNA level was arbitrarily set to 100%.
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(from 0.5 X 109 cells per ml to 0.8 X 10° cells per ml) by the
end of the extended DD yet the rhythm of tuf4A mRNA
remained robust. Thus with the LL and LD data above, these
data indicate that the steady-state level of tufA mRNA is under
circadian clock control.

Regulation of tufA mRNA Stability. Salvador er al. (7)
reported that the half-life of tufA mRNA was relatively brief
compared to some other chloroplast mRNAs and that it was
shorter in the light. To assess the potential contribution of
mRNA stability changes, the half-life of uf4 mRNA was
estimated by using actinomycin D/rifampicin—chase protocols.
Actinomycin D blocks the transcription of both nuclear and
chloroplast genes, whereas rifampicin specifically inhibits chlo-
roplast transcription in C. reinhardtii (8, 9, 11, 13). Both drugs
were used to verify that the results were not drug-specific. Fig.
34 shows the effectiveness of the drugs in blocking ruf4 mRNA
accumulation early in the light period of LD-growing cells. The
estimated half-life of the mRNA (1-1.5 h) is similar to that
obtained by using a pulse—chase analysis (7).

Fig. 3B shows that the half-life of fuf4 mRNA varied ~3-fold
during a LD cycle, being longer in the dark period, and shorter
throughout much, but not all, of the light period. This result is
consistent with the data of Salvador et al. (7), although those
authors measured the half-life at only one point in the light
period. These data show that tuf4 mRNA stability changes
continuously in the light period, indicating that it might
represent an endogenous rhythm.

Under LL conditions, however, a different picture emerged.
Fig. 3B shows that the half-life of ruf4 mRNA was somewhat
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FiG. 3. Stability of ruf4A mRNA in LD and LL. (4) Autoradio-
graphs of Northern blots. Actinomycin D (ActD), or rifampicin (RIF),
was added to aliquots of two LD-growing cultures at the onset of the
light period. RNA was isolated at the indicated times after drug
administration and subjected to Northern blot analysis as in Fig. 1. (B)
Graphical presentation of fuf4A mRNA half-lives estimated at different
times over an ~24-h period in LD or LL. The cycle designations refer
to the cycle number after entrainment, and the experiments were
begun 2 h into the subjective dark period (i.e., D2). The data points
are the time when the drug was administered. Measurements with
actinomycin D are solid rectangles; rifampicin-based measurements
are solid circles.
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shorter, and changed comparatively little, although there was
a slight reduction in the subjective light period with the
actinomycin D-chase experiment (ActD line in Fig. 3B). With
rifampicin, however, the dip in the subjective light period was
even less obvious; its significance is, therefore, doubtful. These
data indicate that changes in fuf4A mRNA stability play a role
in the diurnal pattern of fuf4A mRNA levels, but not in the
circadian pattern, at least not in LL.

Chloroplast Transcriptional Activity. To directly assess the
contribution of transcriptional control, run-on transcription in
permeabilized cells was used to estimate rates of transcription
of tufA and other selected chloroplast genes, including rRNA
(rrn), a photosystem II gene (psbA), a photosystem I gene
(psaA exon 1), and a subunit of the ATP synthetase (atpB).
Also, since >95% of the [*?P]JUTP incorporation in this system
is chloroplast derived (ref. 11 and D.L.H., unpublished re-
sults), estimates of overall plastid transcription activity were
obtained. Transcription was analyzed over a 24-h period in LD,
LL, and DD conditions after entrainment, and the results are
shown in Fig. 4. In LD, tufA transcription showed a single sharp
peak ~2 hinto the light period, with the rate varying =10-fold.
A similar result was obtained for the other genes, except psbA4,
which showed a very broad peak and a variation of only
~3-fold. Total chloroplast transcription in LD also showed a
sharp peak at ~L2. In both continuous conditions, this basic
pattern persisted; however, the peaks were broader and there
was somewhat less amplitude. For tufd, the amplitude was
reduced only slightly in LL but was reduced to ~4- to 5-fold in
DD. These results demonstrate that transcriptional control
plays a central role in tufd expression, particularly under
continuous conditions. The data also show that transcriptional
oscillations are not unique to tuf4 but are common to other
chloroplast genes. Finally, it should be noted that the exposure
times and signals in Fig. 44 were similar, although not
identical, for LD, LL, and DD, indicating a relatively small
effect of light on chloroplast transcription, at least under these
conditions.

DISCUSSION

These results have shown that expression of the chloroplast-
encoded fuf4 gene is under strong circadian control in C.
reinhardtii. The diurnal oscillation of ruf4 mRNA levels con-
tinued for at least two cycles in LL and at least three cycles in
DD. Thus, the tuf4 mRNA rhythm appears to be at least as
robust as the previously described rhythms of nuclear /hca and
lhch genes (9, 17). Direct analyses of transcription rates and
mRNA stability showed that both of these processes are
involved in the diurnal regulation of tufA4 expression [consis-
tent with previous work of Salvador et al. (7)] but that
transcriptional regulation is more important. However, under
circadian conditions, transcriptional regulation seems to be the
only factor responsible for the rhythmic pattern of tufd ex-
pression.

Measurements of tuf4 mRNA half-lives revealed a substan-
tial fluctuation in the stability of ruf4 mRNA in a LD cycle,
which apparently contributes to the diurnal regulation of tufA4
mRNA levels. This periodicity, however, did not clearly persist
in LL, indicating a diurnal but not circadian rhythm. The fuf4
mRNA half-lives in vivo were estimated by blocking transcrip-
tion with specific inhibitors. Two different inhibitors, actino-
mycin D and rifampicin (which is specific to the chloroplast),
were used to mitigate against possible side effects of either
drug. The half-lives of tuf4 mRNA obtained with the two drugs
were similar to each other and to that determined by pulse—
chase analysis (7). Actinomyin D has been shown to abolish
circadian rhythms in the alga, Gonyaulax; however, much
longer treatments than those used here were needed (18).
Moreover, if actinomycin D was a general and rapid inhibitor
of the clock, and tuf4 mRNA stability was under clock control,
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FiG.4. Rates of transcription of chloroplast-encoded genes in LD, LL, and DD. Cells were removed at the indicated times of the first and second
cycles after entrainment, permeabilized, and used for run-on transcription. For analysis of specific genes, equal amounts of [32P]JUTP-labeled RNAs
were hybridized to DNA dot blots; the dots (in duplicate) contained 2 ug (4X) or 0.5 ug (1X) of DNA. (4) Selected autoradiographs of dot blots
hybridized with [32P]JUTP-labeled RNA from two points in a 24-h cycle, one near the maximum (L2) and the other near the minimum (D2). The
blots were exposed to film for ~24 h. (B) Graphical presentation of total and specific gene transcription rates over the 24-h period that began at
2 h into a subjective dark period (i.e., D2). For specific genes, multiple exposures of each dot blot were made, and the signal from the duplicate
4X dots was quantified; each point represents an average of the duplicates, which varied no more than 15%. The maximum values were arbitrarily
set to 100%. The cycle designations refer to the cycle number after entrainment. Open boxes, light periods; solid boxes, dark periods.

we should not have obtained a fluctuating pattern in LD.
Finally, although we did not directly analyze tufA mRNA
stability in DD, the close correlation between mRNA levels
and transcription rates in DD indicates that the tuf4A mRNA
half-life does not fluctuate significantly in DD. Thus, we
conclude that fuf4 mRNA stability is not under circadian clock
control.

Direct analyses of transcription of several other chloroplast
genes that have diverse functions in photosynthesis and trans-
lation indicate that circadian control of chloroplast transcrip-
tion is not unique to tufA4. Although the peaks for some genes
(i.e., psbA) were quite broad, the diurnal patterns of transcrip-
tion of these genes, as well as total plastid transcription activity,
persisted in continuous conditions for at least one cycle. Direct
transcription measurements have not been extended beyond
that time, so it is not yet known whether these rhythms will
prove to be as robust as tufA4, although given the tendency for
chloroplast genes to be collectively regulated (13, 19, 20), it
seems likely that they will.

Regardless of how robust the transcription rhythms of the
other genes turn out to be, however, these results indicate that
the diurnal patterns of chloroplast transcription in LD as
described previously (7, 13, 20) are primarily due to circadian

clock control. A direct effect of light on transcription of
chloroplast-encoded genes, at least under these mixotrophic
growth conditions, was not readily apparent. This contrasts
with the nuclear /hcal gene, which showed an obvious 3- to
4-fold lower level of expression in the first subjective dark
period of DD (9). However, more detailed analyses of tran-
scription rates at the dark—light transition, and in asynchronous
cultures, are needed before we can conclude there is no direct
effect of light on chloroplast transcription in wild-type Chlamy-
domonas. In this regard, we note that preliminary experiments
indicate a direct role for light (in addition to the clock) in
modulating chloroplast transcription in cells growing au-
totrophically (N. Deshpande and D.L.H., unpublished results).

It was recently shown that a psbA4 gene of the cyanobacte-
rium Synechococcus is under circadian clock control (21). Since
it is generally believed that endosymbiotic cyanobacterial-like
organisms are the evolutionary precursors to chloroplasts (see
ref. 6), it is intriguing to speculate that the chloroplast circa-
dian system might be of prokaryotic origin. However, an
alternative hypothesis is that the endosymbiont’s circadian
system was lost during plastid evolution, and a circadian system
derived from the nuclear progenitor controls transcription in
the organelle. The cloning and sequencing of components of
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the circadian system in these and other plants should answer
this question (22, 23). It is probably apparent that the discovery
of a robust rhythm of a chloroplast-encoded gene raises the
possibility of using a reporter gene, such as bacterial luciferase
(21), to produce an organelle-based luminescence rhythm. If
successful, this approach could lead to the isolation of muta-
tions affecting the clock (22, 23) or possibly the output pathway
for this rhythm.

Finally, the fact that direct transcription analyses revealed a
fairly strong rhythm in the transcription of an RNA as abun-
dant and stable as rRNA (which would probably not have been
detected by analyzing steady-state RNA levels) suggests that it
may be worthwhile to reexamine the question of circadian
control of chloroplast-encoded genes in higher plants with a
similar approach.
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