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encoded by a multigene family, termed psbA genes (5,
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The psbA2 gene exhibits light-dependent and rhyth-
ic expression in a unicellular cyanobacterium, Mi-

rocystis aeruginosa (Synechocystis) K-81. To further
nderstand the psbA2 expression, biological analyses
ere performed in homologous and heterologous cya-
obacterial cells. The results of the experiments using
he K-81 cells revealed that (i) the light-dependent
xpression appeared on transcriptional and/or post-
ranscriptional level(s) under light/dark cycles, (ii)
ircadian-rhythmic transcripts were also observed
nder the control of an endogenous clock. To assess
hether light-dependent and rhythmic psbA2 expres-

ion occurs in heterologous cyanobacterium, Synecho-
occus sp. strain PCC 7942, the K-81 psbA2 5*-upstream
egion of which the promoter and its around se-
uences share with those of PCC 7942 psbAII, was
used to the bacterial lacZ reporter gene, introduced
nto the genome of PCC 7942 and the psbA2 transcripts
ere directly investigated by primer extension. The
-81 psbA2 specific transcripts were also light-
ependent and rhythmic in PCC 7942, strongly dem-
nstrating that a common regulatory mechanism ex-
sts per se for the psbA2 expression in both strains.
urthermore, psbA2 expression in the recombinant
CC 7942 strain, AG400 in which the region from 2404

o 1111 of psbA2 is fused to lacZ, exhibited clear rhyth-
icity, while very little or no rhythmicity was ob-

erved in AG429 (238 to 114, the only promoter re-
ion), suggesting that the region(s) around the
romoter was essentially required for clear rhythmic
xpression. © 1999 Academic Press

The Microcystis aeruginosa K-81 (hereafter called
-81), a unicellular and colony-forming cyanobacte-

ium capable of driving oxygenic photosynthesis, was
reviously isolated (1) and characterized (2–4). In cya-
obacteria, the D1 protein of the Photosystem II is

1 Corresponding author. Fax: (181)298-88-8653. E-mail: shirai@
gr.ibaraki.ac.jp.
47
). These genes differentially express under altered
nvironmental conditions (7–9). Moreover, most of
hese photosynthetic genes are presumed to be regu-
ated by a biological clock for efficient photosynthesis to
ccur for development of the organism under change-
ble environmental cues. These biological clocks,
hich exist in most eukaryotic organisms (10, 11) and
lso in some prokaryotes (12), are known to have ap-
roximately 24 hours periodicity but not exactly 24
ours under constant conditions. Recently, the psbA2
ene, which also encodes D1 protein homolog of Photo-
ystem II, was clones from K-81 and its transcription
xhibited light-responsiveness and rhythmicity under
ight-dark (L/D) cycle conditions (13). In addition,
tructural similarities of the psbA promoters among
yanobacteria and a novel DNA curvature, CIT
changeable bending-center sites of an intrinsic curva-
ure under temperature conditions), were also explored
t the 59-upstream region (2141 to 2184) of K-81
sbA2 (14, 15). To further extend our knowledge on
ight-dependent and rhythmic expression of K-81
sbA2, its transcripts were characterized in homolo-
ous and heterologous cyanobacteria cells. In this
tudy, we report evidence that light-dependent and
ossibly circadian-rhythmic expression are controlled
n transcriptional and/or post-transcriptional level in
oth types of cyanobacteria, implying that a common
egulatory mechanism exists for psbA expression.

ATERIALS AND METHODS

Cyanobacterial strains, media, and culture. The M. aeruginosa
-81 and recombinant Synechococcus sp. strain PCC 7942 (AG400
nd AG429) were grown in CB (4) and BG11 liquid medium (16)
ontaining spectinomycin sulfate (40 mg/ml), respectively, at 30°C
nder continuous light illumination (1,700 lux) until the mid-log
hase (OD750 5 0.4 to 0.5) followed by either L/D (12 h-dark/
2 h-light of 1,700 lux), light (1,700 lux) or high light (8,500 lux)
llumination.

Constructions of a reporter plasmid and a recombinant Synecho-
occus strain. The pHNL7-up plasmid DNA (15), carrying the 59-
pstream promoter region of the K-81 psbA2 gene, was digested with
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



SmaI and BglII and the resultant fragment (2404/1111) was in-
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erted into the SmaI-BglII site of pAM990 (17), which is a promoter-
robe vector with a lacZ reporter gene, to creat pAG400. A fragment
238/114) was amplified by PCR with primers [GKA7, 59-ttg-
cccgggCCCTTTACATAACTAT-39; GKA34, 59-cggaagatctTCTTTG-
TTGACATGA-39: upper case letters correspond to sequences of
sbA2 and its 59-upstream regions and lower case letters in the GKA
rimers are tag sequences containing BglII or SmaI site (italics)] and
HNL7-up. This amplified fragment (238/114) was inserted into the
maI-BglII site of pAM990 to yield pAG429. The sequence of the

nsert at the junction site to lacZ on pAG400 or 429 for frame
nalysis was verified by DNA sequencing (18). To construct recom-
inant PCC 7942 strains, PCC 7942 was naturally transformed by a
ouble cross-over reaction with donor pAG400 and 429 DNAs (19, 20)
nd spectinomycin-resistant cells, called AG400 and 429, were se-
ected on BG11 plates containing spectinomycin sulfate. Genomic
NAs were isolated from AG400 or 429 and recombination was

onfirmed by Southern analysis at 55°C using a BamHI-EcoRV frag-
ent, carrying the psbA2 59-upstream region (2404/1111) and the

art of lacZ derived from pAG400, as a probe.

RNA isolation and primer extension analysis. The total RNA,
solated from cell cultures (50 ml) and the primer extension analyses
ere carried out as described previously (13). The 59-ends of a D2II

ynthetic oligonucleotide (59-TGTTGTAGAGTTGTA-39 according a
osition from 172 to 158 of the psbA2structural gene) were labeled
ith [g-32P]ATP (5,000 Ci/mmol) and used as a primer. Since AG429

ecombinant strain contains the only 238/114 regulatory region of
sbA2, the primer extension analysis was performed with a lacZ
nternal primer, called lacZ-RI (59-AGTTGGGTAACGCCAGGGT-
TTCCCA-39). After reaction of the extension, samples were dena-
ured at 95°C for 5 min, quickly chilled on ice for 2 min and then 1 ml
n case of K-81 and 3 ml in recombinant PCC 7942 strains (out of 7 ml)
ere loaded on a 6% polyacrylamide gel containing 8 M urea. Elec-

rophoresis was performed with 1/2X TBE buffer at 2,500 constant
oltage for 50 min followed by X-ray exposure at 280°C for 24 to 48
ours. The signal intensity of the band corresponding to the psbA2
ranscripts on the original gels was measured by Ultraviolet BIO-
ROFIL (Vilber Lourmat, Cedex, France), and the relative abun-
ances were plotted.

ESULTS

The light-dependent psbA2 expression on transcrip-
ional and/or post-transcriptional level(s) in K-81.
revious Northern analysis revealed that the K-81
sbA2 transcript was light-dependent (13). To further
nderstand light-dependent psbA2 expression under a
equencial condition of the L/D cycles in K-81, the
sbA2 transcripts were investigated by primer exten-
ion analysis. The K-81 cells grown under a continuous
ight condition until the mid-log phase were subjected
o the L/D regime. The cells were collected in the sec-
nd stage of the cycle (Fig. 1A). The psbA2 transcripts
n total RNA isolated from the cells significantly in-
reased under the light cycle, reaching its transcript
axima at 6 hours followed by gradual decrease in the

ark cycle. The 59-end of psbA2 transcripts was also
bserved at the same position according to the tran-
cription start point (11). These results are compatible
ith those previously reported (12, 13). Furthermore,

o characterize the expression, antibiotics for tran-
criptional or translational inhibitors were added to
he cell cultures and their effects against to the light-
ependent psbA2 expression were assessed (Fig. 1B,C).
48
hen rifampicin (Rif) was added to the K-81 cells at
.5 hours in the second light cycle (Fig. 1A) and incu-
ation continued for 4.5 hours (Fig. 1B), the synthe-
ized transcripts within 1.5 hours consequently re-
ulted in a decrease. These signal intensities of the
ranscript were also measured and are represented in
ig. 1C. If the psbA2 mRNA is stable, a constant
mount of the transcripts must appear after the addi-
ion of rifampicin because this bacteriocidal antibiotic
nhibits RNA synthesis by binding to and inhibiting
he b-subunit of RNA polymerase. However, the quan-
ity of the transcript was actually not constant but

FIG. 1. The light-dependent psbA2 transcripts in the K-81 cells.
A) L/D (12 h/ 12 h) cycles and the transcript under light conditions. The

. aeruginosa K-81 cells were grown under a continuous light (Cont. L)
ondition until the mid-log growth phase at 30°C, then entrained into
he L/D cycles. Total RNA was isolated from the cells and subjected to
rimer extension analysis. The signal bands corresponding to the tran-
cription start point (11) of psbA2 on an X-ray film are shown. Sequen-
ial harvesting time is shown at the top of each lane. (B) Effect of
ntibiotics on the light-dependent expression. Rifampicin (Rif, 200 mg/
l) or chloramphenicol (Cm, 250 mg/ml) was added into the cell culture

t 1.5 hours in the second light period, considering it as 0 hour followed
y further sampling at 1.5 and 4.5 hours. (C) Relative abundance of
sbA2-mRNA according to the signal intensities in panel (B) is given.
he error rate is less than 15%.
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egradable, indicating that its mRNA is not stable in
he light condition. Whereas, light-induced psbA2 tran-
cripts were still observed under the conditions with
hloramphenicol (Cm), as well as no addition of the
ntibiotics (Fig. 1B). Interestingly, the ratio of light-
nduced transcripts is higher (the value is 3.5 at 4.5
ours) with chloramphenicol than that (1.8 at 4.5
ours) with no antibiotic, suggesting that the addition
f chloramphenicol causes up shifting of the psbA2
ight-inducible expression. Since chloramphenicol in-
ibits protein synthesis by interacting with the 50S
ibosomal subunit and inhibiting the peptidyltrans-
erase reaction, there is a possibility that synthesis of
ome negative protein which acts on the psbA2 light-
nducible expression was hindered by the addition of
hloramphenicol and the psbA2 mRNA synthesis
nd/or stability was eventually increased. Further-
ore, we essentially observed the same results for the

ight-inducible expression with the addition of erythro-
ycin which inhibits protein synthesis, as well as that

f chloramphenicol (data not shown). These results
ndicate that the light-dependent psbA2 expression in
he K-81 cells is regulated on transcriptional and/or
ost-transcriptional level(s).

Circadian-rhythmic expression in K-81. Three cri-
eria of (i) persistence under constant conditions, (ii)
hase resetting by light and dark signals and (iii) tem-
erature compensation of the period (10, 12), are re-
uired to satisfy the evidence for a circadian clock.

FIG. 2. Circadian rhythmic psbA2 transcript in K-81. (A) Temp
ondition until the mid-log growth phase at 30°C were subjected to 1
0, and 35°C, respectively, as permissive growth conditions. Cell har
ells and subjected to primer extension. Signals are presented the s
ignal intensities in panel (A) are shown.
49
lthough the psbA2 expression exhibited rhythmicity
nder constant darkness (13), it remains unclear
hether the K-81 cells possess the circadian clock for
sbA2. To clear this point, we performed temperature
ompensation assay (Fig. 2). The K-81 cells grown at
5, 30, or 35°C, respectively, under continuous light
ondition followed by 12 hours of dark adaptation were
ollected, the psbA2 transcripts in the cells were di-
ectly analyzed by primer extension (Fig. 2A) and the
ignal intensities were measured (Fig. 2B). Peaks of
sbA2 expression were observed periodically at ap-
roximate 24 hour intervals for each temperature (Fig.
B, vertical broken lines), indicating that rhythmicity
as also exhibited under the constant light condition

eferring to the first criteria. This rhythmicity was
hifted by a phase resetting of a dark pulse (not
hown), according the second criteria. In addition, the
alculated Q10 value for frequency (1/period) of the
hythm is 1.0 (Fig. 2B), referring the third criteria.
his value is compatible with those of previous reports

or the circadian clock and is far from that of most
iological processes, such as growth or respiration, for
hich the Q10 values are usually between 2 and 3. This
vidence satisfies the three criteria and shows that the
sbA2 expression possesses circadian rhythm.

The light-dependent psbA2 transcripts in a heterolo-
ous cyanobacterium, PCC 7942. The nucleotide se-
uence of the region upstream of K-81 psbA involving a
romoter exhibits similarities among cyanobacterial

ture compensation assay. The cells grown under a continuous light
ours of Dark (D) pulse followed by continuous light condition at 25,
ting was performed every 6 hours, total RNA was isolated from the
as in Fig. 1. (B) The relative abundance of the psbA2-mRNA. The
era
2 h
ves
ame
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sbA genes (14). Especially, the sequence of K-81
sbA2 well shares to that of PCC 7942 psbAII which
xhibits the high light inducible transcription. If there
s a common regulatory system for the psbA expression
n cyanobacteria, the K-81 psbA2 light-dependent (and
igh light inducible) transcript can be also observed in
heterologous cyanobacterium, PCC 7942 of which the

ransformation system has been established (19, 20).
o examine this possibility, we constructed pAG400
arrying the psbA2 59-upstream region (2404/1111),
ntroduced into the PCC 7942 genome as a monocopy,
hen the K-81 psbA2 specific transcript was analyzed
y primer extension in the recombinant cell, AG400,
nder various growth conditions (Fig. 3). When the
G400 cells were cultivated for 6 hours-light (L), -high

ight (HL), and -dark (D) conditions (Fig. 3A) following
continuous light (Cont. L), high light inducible (the

FIG. 3. The light-dependent psbA2 transcripts in homologous
nd heterologous cells. (A) The K-81 and AG400 cells, grown in the
B and BG11 media until mid-log growth phase, respectively, at
0°C under continuous light (L; 1,700 lux), were subjected to high
ight (HL; 8,500 lux), dark (D; complete darkness), and light (L; 1,700
ux). The cells were collected after 6 hours (shown by arrow). (B)
9-end mapping of the psbA2 transcript. Total RNA isolated from the
ells (A) was subjected to primer extension. The transcription start
oint (11) is indicated by arrows. The sequence ladders (A, T, G, and
) were also created by using the same primer, D2II and pHNL7-up
s a template DNA. (C) The relative abundance of the psbA2-mRNA
s shown in the panel (B). The error rate is less than 13%.
50
nd light dependent (the ratio of values in light and
ark conditions, L/D) transcripts were observed (Fig.
B) in the heterologous cells. This pattern is also es-
entially the same as observed in the original K-81
ells as a control. A signal corresponding to the tran-
criptional start point (11) was also detected at the
ame position in both K-81 and AG400 cells. These
esults showed that the K-81 psbA2 light-responsive
ranscription also occurs in the heterologous PCC 7942
ells, suggesting that the common regulatory system
or the psbA expression exists in both cells. From the
esults displayed in Fig. 3C, the ratio of values refer-
ing to high light induction (the ratio is 3.5 in HL/L)
nd light-dependent (20 in L/D) in PCC 7942 was
igher than those (1.5 and 5.0, respectively) in K-81,

ndicating that the K-81 psbA2 light-responsiveness
nder both HL/L and L/D was enhanced in the PCC
942 cells. Furthermore, we investigated the K-81
ight-dependent expression under the sequencial con-
itions of L/D cycles in both cells (Fig. 4). In the K-81
ells, the psbA2 transcript detected by primer exten-
ion increased under the light cycle, reaching a max-
ma at 6 hours as observed in Fig. 1A, but decreased
nder darkness. The same result was observed in the
G400 cells, but the strength of the signal intensities
as clearer than that in K-81, as shown in Fig. 3. Since

he K-81 psbA2 light-dependent transcripts were de-
ected in the heterologous cyanobacterium, the affect of
ntibiotics on expression was investigated (data not
hown). Similar patterns of signals, except for the
lower decay of psbA mRNA in the presence of rifam-
icin, were also observed using AG400, as exhibited in
-81 (Fig. 1), strongly confirming that a common reg-
latory system for light-dependent psbA2 expression
xists on transcriptional and/or post-transcriptional
evel(s) in both cells. Since the AG400 construct carries
he region from 2404 to 1111 of K-81 psbA2, only this

FIG. 4. The light-dependent psbA2 transcripts in K-81 and
G400 under L/D cycles. The K-81 and AG400 cells grown under a
ontinuous light condition (Cont. L; 1,700 lux) until the mid-log
rowth phase at 30°C were subjected to the L/D cycles. The total
NA isolated from the cells were subjected to primer extension and

he signals according to the psbA2 transcript are shown the same as
n Fig. 1.
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is-region may be sufficient for light-dependent expres-
ion in the heterologous cell.

Rhythmic expression in PCC 7942. Although the
sbA2 transcription exhibits circadian rhythms in
-81, whether the K-81 psbA2 59-upstream also main-

ains the rhythmic fluctuation in PCC 7942 remains
nclear. To ascertain this, the psbA2 transcript in
G400 cells was investigated by primer extension un-
er the same continuous light condition at 30°C as
hown in Fig. 2 (Fig. 5). The results show a rhythmic
attern of periodicity close to 24 hours, implying that a
ossible circadian clock for the K-81 psbA2 expression
xists in PCC 7942. This result is not contradictous to
vidence that gene expression of endogenous genes in
CC 7942 are dependent on the circadian clock (21).
ince the rhythmic psbA2 transcripts were observed in
G400 (2404/1111), we investigated whether the

hythmicity is observed in AG429 (238/114) which
arries a minimal cis-element with the promoter for
ranscription. The result indicated that very little or no
hythmicity in AG429 was observed on the original gel,
uggesting that the region(s) around the promoter was
equired for clear rhythmicity.

ISCUSSION

This is comparative studies that the psbA light-
ependent and rhythmic expression have been per-
ormed in heterologous cells of a cyanobacterium in
hich the psbA gene expresses the same as in the

riginal K-81 cells. Although unicellular cyanobacte-
ia, Microcystis (Synechocystis) strains are taxonomi-

FIG. 5. The rhythmic psbA2 expression in the AG400 cells. (A) A
ondition until the mid-log phase at 30°C, then given 12 hours of D
elative abundance of psbA2-lacZ mRNA according to the signal int
51
ally far from the Synechococcus-group (22), the psbA
ight-dependent and rhythmic expression can be ob-
erved in both cells. Findings in this work suggest a
ossible common regulatory system for psbA expres-
ion at transcriptional and/or post-transcriptional lev-
l(s) exists in phylogenetically distant cyanobacteria.
pecific recognition of the K-81 psbA2 promoter by
NA polymerases containing principal sigma factors
as been reported (14). This psbA2 expression was

ight-dependent in K-81 whereas it was constitutive in
. coli under the light/dark cycles. Therefore, such a
nique regulatory system for the light-dependence and
hythmicity could exist only in phototrophic organ-
sms. Potential trans-acting factors and ribonucleases
ave been known to associate and modify light-
esponsive gene expression on mRNA synthesis and its
ecay, respectively, in cyanobacteria and plants (23–
8). It is also implied that the psbA2 mRNA degra-
ated under the light cycle (Fig. 1). Which psbA tran-
cript is more stable under the light or dark condition?
n analysis of the mRNA stability under dark condi-

ions with antibiotics in the L/D regime sheds light on
he question. Cyanobacteria are photoautotrophic or-
anisms capable of oxygen-producing photosynthesis
imilar to that in eukaryotic algae and plants, involv-
ng light-dependent and circadian-rhythmic gene ex-
ression. Evidence from DNA sequence and phyloge-
etic analyses indicate that chloroplasts are close
elatives of cyanobacteria and are derived from an
ndosymbiotic event (29, 30). Therefore, it would be
nteresting to compare common regulatory system be-
ween plant and cyanobacteria.

pling condition. The cells were cultivated under a continuous light
(D) pulse followed by continuous light condition at 30°C. (B) The

ities in panel (A) is presented.
sam
ark

ens
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nces in the K-81 psbA2 light-dependent (involving the
RNA stability) and rhythmic gene expression be-

ween K-81 and recombinant PCC 7942 cells as follows:
i) strength of signal intensities referring to the psbA2
ranscript in PCC 7942 were clearer than that in K-81
Figs. 3 and 4), (ii) the mRNA stability with addition of
ifampicin might be lower in K-81 (Fig. 1), and (iii) a
ime lag of the peaks in rhythms (Figs. 2 and 5). At
rst, the M. aeruginosa K-81 strain can grow under the
/D cycle condition in the CB (or BG11) medium for one
onth at least, whereas the Synechococcus sp. strain
CC 7942 can grow only for several days. We conse-
uently set up the condition in which each strain was
ubjected to preincubation under continuous light con-
ition, then entrained into the L/D cycle for several
ays in CB medium for K-81 or BG11 medium for PCC
942 (Figs. 1, 3 and 4). Previously our experiment
evealed that almost all of the K-81 psbA2 transcript
apidly diminished until 1.5 hours in dark conditions
n the L/D cycle from the inoculation of the cells (13),
owever, the mRNA was still detected in this study (at
3.5 hours in Fig. 1). The continuous L/D cycles from
he inoculation are required for effective psbA light-
ependent expression in K-81, whereas one cycle of L/D
egime may be sufficient for them in the recombinant
CC 7942 cell, AG400 (Fig. 4). Whether this difference
rises from the media (CB or BG11) or the cells (K-81
r recombinant PCC 7942), the K-81 cells can grow in
he BG11 medium and the psbA2 transcripts should be
bserved the same as in Fig. 4. The decay-rate of psbA2
RNA was more rapid in K-81 than in PCC 7942
nder the situation with rifampicin in the light cycle
Fig. 1), and this might be caused by the differences in
ensibilities against the antibiotics or in activities of
rans-acting factors (e.g. ribonucleases) against the
RNA in both cells. Approximately 6 hours of phase

elay was observed in the recombinant PCC 7942 cells,
G400, which carries the psbA2 (2404 to 1111)-lacZ

ragment (Fig. 5). The cloned region from psbA2 might
ffect the rhythm in heterologous cells and this rhythm
ay be rectified to the same pattern without the time

ag in K-81 by several L/D pulses prior the continuous
ight conditions. However, these phenomena are not
ubstantial obstacles for analysis of light-dependent
nd rhythmic psbA expression in heterologous cells.
Gene expression is generally controlled at the tran-

criptional, post-transcriptional, translational and
ost-translational levels. It is also known that the psbA
xpression is regulated at each level in phototrophic
rganisms (8, 23, 31–34). Our results revealed the K-81
sbA2 light-dependent and circadian rhythmic tran-
cripts. Furthermore, its expression might be con-
rolled at least at the transcription and/or post-
ranscription. Especially on the transcriptional and
ost-transcriptional regulation, it is known in plants
hat RNA polymerases containing sigma factors can
52
ere edited by ribonucleases (25, 28, 35–37). Although
he participation of these in cyanobacteria have not
een solved sufficiently at present, an RNA polymerase
ith the principal sigma factor can specifically recog-
ize the psbA gene (14, 38, 39) and an alternative type
f sigma factor can modify circadian expression (40).
ince the results found in this study also show the
obust rhythm of the psbA2 expression in AG400
2404/1111) whereas very low or no amplitude in
G429 (238/114), effective cis-elements around the
romoter region can attend to the regulation for clear
hythmicity (Fig. 5). Characterization of cis-elements
nd trans-acting factors for light-dependent and rhyth-
ic psbA expression and functional analyses in the
omologous/heterologous cyanobacteria are required
nd are being currently performed in our laboratory.
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