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INTRODUCTION

1985 appeared the first publication that plant genes are under the control of a
circadian clock (Kloppstech 1985). This novel finding was documented for three
light-induced genes encoding 1) the light harvesting complex proteins (Lhc), 2) the
small subunit of the ribulose bisphosphate carboxylase (rbcS and 3) the early light
induced protein (elip). The phenomenon that mRNAs accumulate to different
levels at different time points during 24 hours of observation as well as that these
oscillations persisted under constant conditions (continuous darkness, continuous
iIllumination, constant temperature) was evidence enough to hypothesize that an
endogenous mechanism exists that controls the expression day time dependent.
Furthermore, at least for some cases it was shown that the oscillation of mRNA
levels is due to day time-dependent or gated transcription (Guiliano et al. 1988,
Wehmeyer et al. 1991, Meyer 1993), however the influence of post-transcriptional
processes can presently not be estimated. The daily time point to which transcrip-
tion is gated varies for the different genes and therefore the time points when
transcript levels reach their maxima depends very much on the gene, e.g. Lhc
MRNASs reach their maximum around noon (Piechulla 1999), a catalase gene re-
aches its maximum late in the afternoon around dawn (Redinbaugh et al. 1990) and
nitrate reductase mRNAs accumulate to maximum levels early in the morning si-
gnificantly before sun rise (Galangau et al. 1988, Deng et al. 1990).

The existence of such a novel regulatory mechanism was manifested in the
last 15 years, it is not only present in many different plant species but as well a
number of different genes have been registered by now. There are at least 50 plant
genes known to be under the control of a circadian clock (summarized in Table 1;
Cremer et al. 1990 and 1991). The table documents that not only photosynthesis-
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Table 1. Gene expression in angiosperms and gymnosper ms

protein gene angiosperms gymnosper ms
1-aminocyclopropane-1- acc ox circadian (Sellaria) (Kathiresan et a.
carboxylic acid oxidase 1996)
aminolevulinic acid dehydra-  alaD(hemB)  diurna (Chlamydomonas) (Matters and congtant (Pinus, Larix, Ginkgo)
tase Bede 1995) (Piechullaet a. unpublished)
diurnd (Nicotiana) (Papenbrock et a. 1999)
ATPase atpA circadian (Chlamydomonas)
atpB circadian (Chlamydomonas) (Salvador et
a. 1993)
atpC,D,G (Cemiiller et a. 1995, Beator and Klopp-
stech 1994)
biotin binding protein bbp circadian (Lycopersicon) (Giuliano et d.
1988)
carbonic anhydrase cahl circadian (Chlamydomonas) (Fujiwara et
a. 1996)
catalase cat2 circadian (Arabidopsis) (Zhong et a. 1994,
1997)
cat3 circadian (Zea) (Redinbaugh & Scandalios
1990, Boldt and Scandalios 1995)
circadian clock associated ccal circadian (Arabidopsis) (Wang & Tobin
1998)
chalcone synthase chs diurnal (Avena) (Peter et al. 1991)
coproporphyrinogen oxidase cpo diurnal (Nicotiana) (Papenbrock et a. 99)
cysteine proteinase cyp circadian (Nicotiana) (Linthorst et &l.
1993)
early light induced protein eip circadian (Pisum) (Kloppstech 1985)
elongation factor EF-Tu tufA circadian (Chlamydomonas) (Salvador et
al. 1993)
ferredoxin pet F diurna (Spinacea) (Beator 1994)
circadian (Lycopersicon) (Bringloe et a.
1995)
ferrochelatase Fch diurna (Nicotiana) (Papenbrock et al.
1999)
germin-like protein glp circadian (Snapis) (Heintzen et a. 1994)
glutamine synthetase gs-2 diurnal (Nicotiana) (Becker et d. 1992)
glutamyl tRNA reductase hemA circadian (Hordeum) (Bougri & Grimm constant (Pinus, Larix, Ginkgo)
1996, Kruse et a. 1997) (Piechulla et a. unpublished)
diurnd (Nicotiana) (Papenbrock et a 1999)
glutamyl semiddehyde ami- circadian (Hordeum) (Kruseet a. 1997) congtant (Pinus, Larix, Ginkgo)
notransferase (Piechulla et a. unpublished)
diurnd (Nicotiana) (Papenbrock et d 1999)
glycinrich protein grp(ccr2) circadian (Arabidopsis) (Heintzen et a
1997, Kreps and Simon 1997)
high mobility group HMG1 circadian (Pharbitis) (O'Néill & Zheng 1998)
histone H1 H1lcl2 diurnd (Nicotiana) (Szekereset a. 1995)
circadian (Lycopersicon) (Corlett et d. 1998)
late elongated hypocotyl Ihy circadian (Arabidopsis) (Scheffer et d. 1998)
leucin zipper protein PNZIP circadian (Pharhitis) (Zheng et d. 1998)
light harvesting complex Lhc circadian (many species) (summarized constant (severa species)
proteins Piechulla 1999)
Mg chelatase chl I (ch42))  constant (Nicotiana) (Papenbrock et d. 1999) constant (Pinus, Larix, Ginkgo)

(Piechulla et d. unpublished)
chiH,chl D  diurnd (Nicotiana) (Pgpenbrock et d. 1999)
nitrate reductase nr circadian (Nicotiana) (Gdangau et d. 1988,
Deng et d. 1990, Pilgrimet a. 1993)
diurnal (Lycopersicon) (Becker et d. 1992)
nitrite reductase nir diurnal (Lycopersicon) (Becker et a. 1992)
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Table 1 continued

protein gene angiosperms gymnosper ms
oxygen evolving enzyme oee circadian (Lycopersicon) (Giuliano et d. 1988)
phosphoenolpyruvate car- pepC diurnal (Sorghum, Zea) (Thomas et a
boxylase 1990)
constant (Zea) (Taylor et a. 1989)
photosystem psaD circadian (Lycopersicon) (Guiliano et al.
1988)
psaF,E,D,G,H diurnal (Spinacea) (Oemiuller et al.
petC, E, F, 1995, Beator and
psb PQRSO Kloppstech 1994)
psbD circadian (Triticum) (Nakahiraet al. 1998)
plastocyanin circadian (Hordeum) (Besator et . 1994)
protochlorophyllide oxidore- por A, B diurnd (Hordeum) (Holtorf and Apel 1996)
ductase
rudisco rbcS circadian (Pisum) (Kloppstech 1985)

- (Lycopersicon) (Giuliano et al. 1988)
- (Sorghum) Childs et a. 1995)
diurnal (Zea) (Taylor et a. 1989)

rubisco activase rca circadian (Arabidopsis) (Pilgrim and constant (Gnetum) (Piechulla
McClung 1993, Liu et a. 1996) et a. unpublished)
diurnal (Malus) (Watillon et al. 1993)
S-adenosylmethionine de- samDC circadian (Pharbitis) (Yoshidaet a. 1999)
carboxylase
sigma factor SigA circadian (Triticum) (Morikawaet d. 1999)
uroporphyrinogen uroD diurna (Nicotiana, Hordeum) (Mock et al.

1995, Papenbrock et al. 1999)

unkown function:

PN1 circadian (Pharbitis) (O'Neill et al. 1994)

PnC401 circadian (Pharhitis) (Sage-Ono et d. 1998)

clr and ccr circadian (Citrus) (Abied and Holland 1994)

lir 1 circadian (Oryz) (Reéimmann and Dudler
1993)

related proteins but genes that encode proteins with a variety of different functions
(e.g. ATP synthesis, chlorophyll biosynthesis, translation, DNA binding proteins,
nitrate assimilation) exhibit this typical expression pattern.

DIFFERENT REGULATION OF ORCADIAN GENE EXPRESSION IN
VASCULAR PLANTS

To learn more about the underlying mechanism a few genes were characteri-
zed in more detail, e.g. Lhc genes, cat genes, glycin rich protein gene (grp). Most
data have been accumulated for the prominently expressed Lhc genes (summarized
in Piechulla 1999). 48 out of 49 Lhc genes from angiosperm species exhibit this
typical circadian expression pattern, including the 19 individual members of the
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tomato gene family. Only one Arabidopsis Lhc gene shows constant mRNA levels
throughout the day (Millar and Kay 1991). The characteristic rhythmic pattern was
also observed in several algae, moss species and fern species (Oberschmidt et al.
1995) suggesting that this is an universal control process present in plant species
throughout the plant kingdom, additionally suggesting that it is an evolutionary old
process. In contrast to this apparently consistent theme, only three out of ten tested
gymnosperm plant species exhibit diurnal or circadian changes of mRNA levels
(Dioon spinulosum, Gnetum gnemon, Pseudotsuga menziesii) (Alosi et al. 1990;
Oberschmidt et al 1995, Piechulla et al. unpublished). At present for seven gym-
nosperm species belonging to the subgroups Pinopsida, Gingkoopsida and Gnetop-
sida constant mRNA levels were determined.

Beside the importance of this different regulation at the level of gene ex-
pression it is interesting to ask whether this correlates with the specific physiolo-
gy, morphology or habitat of these vascular plants. Many gymnosperms exhibit an
evergreen phenotype. This is reflected in the differences in the anatomy of the lea-
ves which are constructed to sustain several seasons, even under extreme growth
conditions. It is possible that this persitance is also documented in the prolonged
life span of thylakoid membranes and respective proteins. However, so far no dif-
ferences in structure and component composition of chloroplasts and thylakoid
membranes have been documented (Lewandowska and Oquist, 1980, Shinohara et
al. 1992). Furthermore, there is not an unbroken correlation between the evergreen
phenotype and the non-circadian expression since no mRNA oscillations are also
found in gymnosperms with deciduous leaves (e.g. Larix, Ginkgo) or vice versa
evergreen angiosperms (e.g. Hedera helix, Rhododendron sp.) which exhibit cir-
cadian mRNA oscillations (Table 2). Interestingly, it was recently shown that dif-
ferences at the level of chlorophyll synthesis exist. While the last step in the chlo-
rophyll biosynthesis pathway, the reduction of protochlorophyllide to chlorophylli-
de is a strictly light-dependent process in angiosperms, it was shown that gym-
nosperms turn green in darkness (light independent process) (Oku et al. 1974,
Bogdanovic 1974, Mariani 1990). Therefore, etiolation is possible in angiosperms
while gymnosperm seedlings grown under equivalent conditions are usually green.
But again exceptions to the rule are known, e.g. Ginkgo and Welwitschia. Howe-
ver, the following scenario may possibly be used as a rule of thumb: Plants that are
able to synthesize chlorophyll in darkness as well as during illumination do not
need a day time-dependent expression of Lhc genes because chlorophyll is present
all day long, while a strict light-dependent chlorophyll synthesis needs to be corre-
lated with especially timely gated Lhc mRNA and protein synthesis.

The apparent differences in gene regulation present in different groups of
higher plants do not only apply for the Lhc genes but this holds also true for other
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Table 2: Comparison of features in gymnosperms versus angiosperms

circadian Lhc expression etiolation evergreen
(*diurnal)

gymnosper mae
Pinopsida

Picea - - +
Pinus - - +
Abies - - +
Larix - -1+ -
Taxus - - +
Ginkgoopsida

Ginkgo - +

Cycadopsida

Encephalartos ? + +
Dioon +* % +
Gnetopsida

Gnetum +* % +
Ephedra - - +
Welwitschia - + +
angiosper mae

Lycopersicon + +

Hedera + + +
Rhododendron + + +

genes (Table 1). So far six genes either related to photosynthesis or to the chloro-
phyll biosynthesis pathway were shown to express constant mRNA levels in Pinus,
Ginkgo, Larix or Gnetum while respective genes in angiosperm species exhibit the
typical circadian pattern. Therefore it seems likely that a general difference at the
level of transcription and post-transcription exists between these two groups of
vascular plants. To analyse this possibility in more detail, we started to investigate
the promoters of Lhc genes.

Computer alignment and search for the presence of cis-regulatory elements
was extensively performed for the promoters of the tomato Lhc genes (Piechulla et
a. 1991). The following conclusions can be drawn. Known cis-regulatory motifs,
such as the G-box (ACGT), the I-box (GATA), the LRE (CCTTATCAT) sequence,
associated in the literature with specific functions, are present in several but not
al nineteen tomato Lhc promoters. For example the LRE was suggested to be re-
sponsible for mediating light responsiveness (Grob and Stiber, 1987), and the
GATA motif was suggested to be involved in circadian regulation (Borello et al.
1993). Since not all tomato Lhc promoters bear the LRE- or GATA-motif, but they
are al light inducible and exhibit circadian expression (Kellmann et al. 1993) we



38 Piechulla, Brinker, Wissel

6am 10am 2pm 6pm 10pm 6am 2pm 6pm 10pm 6am 10am 6pm 10pm
WY - E—

. ; - gus mRNA

Fig. 1. Determination of gus reporter gene mRNA levels in transgenic tobacco plants. The gus gene is under the
control of the Pinus Lhc promoter (1.2 kb). Open and dark bars indicate the light and dark phases. Timepoints of
leaf harvest are indicated.

have to conclude that these motifs are not the only elements but additional sequen-
ces/components are necessary. Promoter deletion analysis of four tomato Lhc genes
allowed to define short promoter regions that are necessary for circadian expressi-
on in transgenic plants (Piechulla et al. 1998). A conserved DNA binding motif
'‘CAA(N)3.s ATC' was found to be present in more than 80% of all published Lhc
promoters. Furthermore a DNA binding factor 'CCA1' was shown to bind to this
sequence of the Arabidopsis Lhc gene and it was also demonstrated that this CCA1l
factor is as well under circadian control (Wang and Tobin, 1998).

Since the Lhc transcript levels in many gymnosperms exhibit no oscillations
it would be interesting to find out whether cis- and/or trans-regulatory elements
found in angiosperms to be related to the circadian control mechanism are also
present in gymnosperms. A derivative of the 'CAA(N)ATC' motif is present in the
Pinus contorta gymnosperm Lhc promoter, however the number of variable
nucleotides is ten. To answer the question whether the P.contorta promoter, bea-
ring the altered consensus sequence, is also able to direct day time-dependent
transcription has ultimately to be answered by performing in vitro run off experi-
ments. However, two sets of experiments can be taken as circumstantial evidence
that the Pinus promoter is not the bottleneck being responsible for the non-
circadian transcript accumulation pattern found in so many gymnosperms including
Pinus. First: The 12 kb P.contorta Lhc promoter (Barrett et al. 1994) was fused to
the gus-reporter system and then transferred into tobacco. The expression pattern
was analysed in the transgenic tobacco line, one example is shown in Fig. 1. The re-
sults clearly document that the mRNA levels oscillate under LD as well as under
DD conditions. Therefore, the Pinus promoter is able to drive circadian expression
in the angiosperm Nicotiana tabacum. Second: We determined the mRNA accumu-
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Fig. 2. Determination of relative transcript levels of Lhc genes in Pinus sylvestris seedlings (8 weeks old) at the
fourth day in continuous darkness. Calculations are based on three hybridizations, RNA was standardized to
ribosomal RNA

lation pattern in Pinus sylvestris seedlings at the forth day in constant darkness.

The relative mRNA levels are depicted in Fig. 2. Even after three days in DD
relative high mRNA levels as well as an oscillation with a small amplitude could
be detected in Pinus sylvestris seedlings. The minimum level with approximately
40% was reached around midnight and the maximum level was reached approxi-
mately at 10 am. The amplitude is only twofold (50% increase), compared to an
amost 100% increase in angiosperms, but the time points of maximum and mini-
mum are identical to what has been observed in angiosperms. Therefore, these data
support the notion that an oscillating Lhc mRNA pattern might be present in Pinus
seedlings.

Although the Pinus promoter directs circadian expression in transgenic
tobacco and the process of transcription - as can be assumed - is under the control
of a circadian clock it remains puzzling that Lhc mRNA oscillations are only de-
tectable with a small amplitude on the fourth day in DD, while in contrast prono-
unced oscillations are easily detectable in tomato. What could be the reason for
this difference? A first hint to answer this question is found in the latter experiment.
It is interesting to note that fairly high Lhc mRNA levels can still be detected in
Pinus seedlings after three days in complete darkness, while less then 10 percent of
the mRNA levels can be detected in tomato after the same time in darkness. This
observation suggests that the Lhc mRNA is much more stable in Pinus. We there
fore further investigated and compared the mRNA levels in continuous dark condi-
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Fig. 3: Determination of Lhc RNA levels in Ginkgo biloba, Pinus sylvestris and Nicotiana tabacum kept in
complete darkness for 15 days. Time points of harvest were at noon a indicated days.

ditions in tobacco, Ginkgo biloba and Pinus sylvestris in parallel. Young plants or
seedlings were transferred into darkness for 15 days, and mRNA levels were de-
termined at indicated time points (Fig. 3). In Nicotiana only at the beginning of
the experiment (day 0) Lhc mRNA could be detected, while in Ginkgo reduced but
detectable levels are measured at day 4 and 7. In Pinus the decay of Lhc mRNA is
even slower, since Lhc mRNA can be detected at the tenth day in darkness, sup-
porting the above mentioned idea that the Lhc mRNA is very stable in darkness or
alternatively, Lhc mRNA synthesis is present even in dark conditions in this gym-
nosperm species (independent of light). In contrast, in angiosperms only light-
dependent Lhc mRNA has been reported so far. Based on the above mentioned re-
sults we can conclude that it is very likely that transcription in gymnosperms, simi-
lar as in angiosperms, algae, moss and fern species, is under circadian control.
However, different in these two groups of vascular plants is the stability of Lhc
MRNA and/or light-independent Lhc gene transcription (Brinker et al. 2001). It
remains to be investigated whether RNA stability is also the reason for the con-
stant mMRNA levels determined for the other genes (see table 1). At present it is
difficult to explain the physiological significance of the presence or necessity of
apparently two counteracting processes in gymnosperms i) day time-dependent
transcription controlled by a circadian clock with a prerequisite of mMRNAs with
short half life times and ii) the presence of stable mRNAs (half life time of
approximately 16 hrs).
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