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Abstract—Steady-state mRNA levels of the chlorophyll a/b binding (cab) proteins oscillate substantially
during a diurnal cycle in tomato leaves. This accumulation pattern is also observed in complete
darkness, supporting the hypothesis that the expression of cab genes is at least partially regulated by
an endogenous rhythm (“biological clock™). The amplitude of the cab mRNA accumulation is depen-
dent on the duration of illumination and the circadian phase in which light was applied to the tomato
plants. These results at the molecular level correlate well with the photoperiodic phenomenon. The
characterization of the expression pattern of individual members of the cab gene family was attempted.
Distinct primer extension products were detected using specific oligonucleotides homologous to the
cab 1, cab 4, cab 5 and cab 8 genes. Based on this analysis the transcription start sites of these genes
were determined to be between position —70 and —9 upstream of the ATG codon. During the diurnal
cycle the cab 1 and cab 4 genes exhibit the same expression pattern; no transcripts detected at 3 and
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6 a.m., maximum mRNA levels were measured at noon and decreasing levels in the afternoon.

INTRODUCTION

Primary reactions of photosynthesis accomplish the
capturing and distribution of light energy. For this
purpose the photosynthetic apparatus of the plants
is equipped with a specific type of protein, the light
harvesting chlorophyll a/b binding (cab)i poly-
peptides. This distinct class of proteins is character-
ized by their ability to bind chlorophyll and their
association with the light harvesting complexes of
photosystem I and II, localized in the thylakoid
membranes. In many plant species several of these
proteins and their respective genes have been iso-
lated and characterized. At least two types of the
cab proteins were localized in the light harvesting
complex II, while four types are designated to com-
plex I (Darr et al., 1986; Evans and Anderson, 1986;
Hoffman et al., 1987; Pichersky et al., 1989). At
present the coordinations of the chlorophyll and
protein biosynthesis pathways and the stoichiometr-
ies of pigment—protein interactions of each cab pro-
tein are not well understood. In order to enlighten
some aspects of this complex biogenesis, we started
a characterization at the molecular level. At present
15 genes coding for various cab proteins have been
identified in the species Lycopersicon esculentum,
the plant in which the gene family has been investi-
gated most extensively. In tomato, four genes are
localized on chromosome 2 (designated cab 1A-D;
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Pichersky et al., 1985), one gene on chromosome 8
(cab 2; Pichersky et al., 1985), three genes and
a truncated gene on chromosome 3 (cab 3A-C,T;
Pichersky et al., 1985), one gene on chromosome
7 (cab 4; Pichersky et al., 1987b), one gene on
chromosome 12 (cab 5; Pichersky et al., 1987b), two
genes on chromosome 5 (cab 6A/B; Pichersky et
al., 1987a; Hoffman et al., 1987), and two genes on
chromosome 10 (cab 7; Pichersky et al., 1988; cab
8; Pichersky et al., 1989). However, beside the struc-
tural and organizational characterization, very little
is known about the expression pattern and the regu-
lation of the expression of this gene family in tom-
ato.

It is well documented that these genes are ex-
pressed in a tissue and organ-specific manner
(Pichersky et al., 1985, 1987a,b, 1988, 1989); specific
cab mRNAs are generally detected in green tissues
of the tomato plant, while in the non-green tissues,
such as roots, anthers and petals no transcripts were
monitored. This finding is also valid for other plant
species (Kuhlemeier et al., 1987). In addition, the
products of these genes accumulate differentially
depending on the developmental stage of the organ
(Piechulla er al., 1986; Piechulla and Gruissem,
1987). Light is also known to substantially influence
the expression of the cab genes (for review Kuhle-
meier et al., 1987). This summary demonstrates cle-
arly that a very complex expression pattern of the
cab genes was/is established in plants. In addition
to light- and tissue-specific expression, diurnal and
circadian cab mRNA accumulation patterns were
observed in tomato fruits as well as in other organs
of other plant species (Piechulla and Gruissem,
1987; Kloppstech, 1985; Spiller et al., 1987; Nagy
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et al., 1988; Guiliano et al., 1988a,b; Paulsen and
Bogorad, 1988; Taylor, 1989; Stayton et al., 1989;
Meyer ez al., 1990), indicating that cab gene
expression is indeed a complex process.

From several reports (Piechulla, 1988, 1989;
Meyer et al., 1990) it is clear that the different
parameters that influence the expression of the cab
genes cannot be investigated separately from each
other; these factors all contribute to a particular cab
steady-state mRNA level in a coordinated fashion.
For example, light induces cab mRNA accumulation
but also plays an important role in the exhibition
of the circadian rhythmicity (Meyer et al., 1990;
Riesselmann and Piechulla, 1990). The correlation
of the effect of light and light/dark transitions with
the diurnal expression pattern will be reported in
the first part of this paper. Secondly, we have begun
to dissect the cab gene family to analyse each mem-
ber of the family separately in respect to their spec-
ific circadian expression pattern. Since the nucleo-
tide sequences of the members of the cab gene
family in tomato are known, the primer extension
technique has been chosen for this particular analy-
sis.

MATERIALS AND METHODS

Plant material and tissue preparation. Tomato plants
(Lycopersicon esculentum, cherry line, cv. VFNT LA
1221, CM. Rick, UC Davis, CA or Gardeners Delight,
Yates, Spalding, Lincolnshire PE11 1BP, UK) were grown
in soil in the greenhouse or on clay beads (average diam.
0.5 cm) in the growth chamber at the University of Got-
tingen, and watered with tap water or Hoagland’s nuirient
solution, respectively. In the greenhouse, supplementary
light was given from 6 a.m. to 8 p.m. during the winter
time (October to mid May). Plants in the growth chamber
were illuminated with 14 h white light (20 W m™2); the
temperature was altered between 22°C during illumination
and 15°C during the dark phase.

Experiments 1 and 2. Tomato seedlings (Gardeners
Delight) were grown for 11 days in the growth chamber
at a 14 h light/10 b dark regime and then transferred into
continuous darkness. Light pulses were given at 6.30 a.m.
to 8.30 a.m. and 6.30 a.m. to 10.30 a.m., respectively.
Leaves were harvested at 6.30 a.m., 7.30 a.m., 8.30 a.m.,
10.30 a.m., 12.30 p.m., 3.30 p.m., 6.00 p.m. and 10 p.m.

Experiment 3. Tomato plants (VFENT LA 1221) were
grown hydroponically for 4 weeks under the natural day/
night cycle (May 1988) and then transferred into the
growth chamber (14 h light, 76 W m~2, beginning of
illumination: 6.30 a.m.) for 5 days. Two individual tomato
plants were transferred into light for 4 h at different times
during the day: 630 am., 9.00am., 11.00am.,
1.00 p.m., 5.00 p.m., 8.00 p.m., midnight and 4.30 a.m.
Leaves were harvested 10 min before transfer time and
4 h later.

Experiments 4 and 5. Tomato plants (Gardeners
Delight) were grown for 4 months (11 November 1988 to
11 March 1989) in the greenhouse. Leaves were harvested
at 11.00 a.m. Tomato plants (VENT LA 1221) were grown
for 71 days in the greenhouse and leaves were harvested
in May (1989, sunrise: 4.29 a.m., sunset: 8.09 p.m.) at
3.00 a.m., 6.00 a.m., 9.00 a.m., 12.00 a.m., 3.00 p.m. and
6.00 p.m. In both cases the harvest included only leaves of
the logarithmic growth phase (max. 2.5 ¢m of the terminal
leaflet, Meyer ez al., 1990).

The tissue was immediately frozen in liquid nitrogen
and stored at —50°C until further use.

RNA isolation and steady-state mRNA level quantitation.
RNA was isolated from 200 to 500 mg leaf tissue according
to the method described elsewhere (Piechulla ez al., 1986).
RNA of different preparations were standardized and ana-
lysed by spectrophotometric quantitation, ethidium bro-
mide fluorescence of the cytoplasmic rRNAs in stained
formaldehyde gels. Total RNA samples were spotted onto
nylon filters using a dot biot apparatus. A specific gene
probe (0.55 kb Pvull-HincIl fragment of the plasmid
plA27) encoding the cab 1B gene of tomato (Pichersky et
al., 1985) was labelled by “random priming” and used for
hybridizations. To determine steady-state mRNA levels,
dots were cut out and counted in a scintillation counter
(“Cerenkov counting”). The relative mRNA levels were
calculated based on two or more hybridizations.

RNA isolation and primer extension analysis. RN A was
extracted based on the description of Maniatis er al.
(1982). Two to 3 g leaf material was homogenized in
liquid nitrogen, extracted with 7 m¢ of GTC-buffer [4 M
guadinium isothiocyanate (Fluka, Buchs, Switzerland,
purity grade: larger than 99%), 25 mM sodium citrate,
pH 7.0, 0.5% sarkosyl, 10 n€ B-mercaptoethanol (14.2 M)
per m¢ extract] and centrifuged 20 min at 8000 rpm (SS34,
20°C). The supernatant was layered onto a CsCl cusion
(5.7 M CsCl, 50 mM Tris, pH 8.0, 5 mM EDTA, 5 mM
sodium acetate) and centrifuged for 16 h at 24 000 rpm
(SW 28, room temperature). The clear pellet was washed
twice with 3 M sodium acetate, and resuspended in H,O.
To dissolve RNA properly, the solution was heated for 5
min at 65°C, spun down for 5 min and the supernatant
was precipitated with ethanol. RNA was analysed by spec-
trophotometric quantitation and ethidium bromide fluo-
rescence of the rRNAs in stained formaldehyde gels.

Labelling of the oligonucleotide. Two picomoles gel-
purified oligonucleotide (17- to 23-mers) was labelled with
9 nCi y-[**P]JATP (3000 Ci mmol~!) and 7 units polynu-
cleotide kinase (Biolabs, Beverly, MA) in PNK-buffer
(100 mM Tris, pH 7.6, 20 mM MgCl,, 30 mM DTT) for
3 h at 37°C (10 w€ reaction volume). The reaction was
stopped by heating 2 min at 95°C and the addition of
10 p€¢ H,O. The labelled oligonucleotide was stored at
-20°C.

Annealing reaction. Ten to 60 pg of total RNA was
incubated together with 12.5 units RNAsin (Boehringer
Mannheim, Mannheim, W. Germany) and 0.2 pmol kin-
ased oligonucleotide in 250 mM KCI, 10 mM Tris (pH
7.9) buffer for 3 h at the appropriate temperature(s) in an
eppendorf vial (final volume of 10 w¢).

Primer extension reaction. Ten microlitres 5-fold concen-
trated primer extension buffer (5 x: 250 mM Tris, pH
8.3, 125 mM KCl, 15 mM MgCl,, 50 mM DTT), 500 pM
dNTPs of each nucleotide, 5 pg RNase-free BSA
(Boehringer Mannheim), 2.5 pg Actinomycin and 200
units MMLYV reverse transcriptase (200 units/wé, BRL)
per 10 pg total RNA and 40 p¢ H,O were combined in
the annealing assay and incubated at 37°C. After 1 h the
reaction was stopped by addition of 10 € of 0.2 M
EDTA. The RNA-primer extended hybrid was ethanol
precipitated and analysed on 8 or 10% polyacrylamide
urea sequencing gels. No significant difference was
observed, whether or not RNA was hydrolysed prior to
loading onto the PAU geis. The lengths of the primer
extension products were calculated using the pBR322
plasmid-Hpall restriction enzyme fragments, which were
labelled at the 5’ ends.

RESULTS
Influence of light on the circadian cab expression

Figure 1 presents a typical diurnal cab expression
pattern of tomato plants which were grownina 14 h
light/10 h dark cycle in the growth chamber. Before
and after illumination only very low steady-state
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Figure 1. Relative steady-state mRNA levels in tomato
seedlings (Gardeners Delight) grown in a 14 h light/10 h
dark regime and in continuous darkness. Leaves of 12 day
old seedlings were harvested at indicated time points and
RNA was hybridized with a probe encoding the cab 1B
gene. Light and dark phases are indicated by open and
solid bars, respectively. Data of two hybridizations are
presented.

mRNA levels were measured. The transcript levels
increased about 10-fold after the transition from
darkness to light, and maximum accumulation was
reached approximately at noon. Although light con-
tinued to be present in the afternoon, the cab tran-
script levels decreased gradually. Interestingly, this
characteristic accumulation pattern remained pre-
sent on consecutive days if plants were kept in
continuous darkness. A typical damping of the
amplitude was observed, documented by the
reduction of approximately 50 and 80% on the first
and second day in darkness, respectively. This alter-
ation of the amplitude in conditions without
environmental perturbations is a strong indication
that an endogenous rhythm is involved in cab gene
expression. However, at present nothing is known
about the oscillator or the regulatory mechanism.

For further characterization we were interested
to find out what effect light or a light pulse has on
the circadian mRNA accumulation pattern of the
cab proteins. For this purpose we transferred tom-
ato seedlings into light for either 2 or 4 h (beginning
of illumination at 6.30 a.m.) and determined the
mRNA levels [Fig. 2(A,B)]. The typical oscillation
pattern was observed in both cases. However, the
heights of the amplitudes were found to be different.
After 2 h of light the relative transcript level was
increased to 230% and after 4 h to 300%. On the
following day in complete darkness both amplitudes
were reduced to 160% relative transcript level.
Apparently, the 2 or 4 h light pulses had no differen-
tial effect on the cab mRNA accumulation on the
second day of the experiment. Interestingly, the
time points of maximum were found to be similar
throughout this experiment. This result together
with data published by Meyer et al. (1990) indicate
that the duration of illumination determines the
accumulation amplitude, but does not change the
length of the period.

In an additional set of experiments we wanted to
find what effect illumination has at different time
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Figure 2. Influence of the duration of light on cab mRNA
accumulation. Relative steady-state mRNA levels in tom-
ato seedlings (Gardeners Delight) were determined after
2 h (panel A) and 4 h (panel B) of illumination and in
consecutive darkness. RNA extracts were hybridized with
a probe encoding the cab 1B gene. Light and dark phases
are indicated by open and solid bars, respectively. Data
of two hybridizations are presented.

points during the day. Adult vegetative tomato
plants were exposed to 4 h of light at different
circadian times. Leaves were harvested shortly
before the transfer to light and 4 h later. The results
of these experiments are depicted in Fig. 3. Plants
exposed to light at 6.30 a.m. exhibited highest
steady-state mRNA accumulation (approximately
16% relative transcript level per hour). Minor
effects of the light on the accumulation rate (2-5%
relative transcript level per hour) were recorded in
plants illuminated at other time points during the
day. The mRNA levels along the dotted line docu-
ment the level of expression due to the endogenous
rhythm. This experiment demonstrates clearly that
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Figure 3. Influence of the circadian time on cab mRNA
accumulation. Tomato plants (VFNT LA 1221) were
illuminated for 4 h at different time points during the day,
6.30 a.m. (@), 9.00 a.m. (O), 11.00 a.m. (A), 1.00 p.m.
(A), 5.00 p.m. (W), 8.00 p.m. (O). midnight (J) and
4.30 a.m. (%). Steady-state mRNA levels were deter-
mined shortly before illumination and 4 h later. RNA
extracts from leaves of tomato plants were hybridized with
the cab 1B gene probe. Relative mRNA levels were based
on two hybridizations, error bars represent x SE.
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the amplitude of mMRNA accumulation is not depen-
dent only on the duration of illumination but also
relates substantially to the circadian time.

Expression of individual members of the cab
gene family

The hybridization experiments in the previous
section were performed with a probe encoding the
cab 1B gene of tomato. Since the coding regions of
the genes of this gene family are very similar to one
another (Pichersky et al., 1987a), it is expected that
under the experimental conditions used, most, but
probably not all, cab mRNA types hybridized to the
gene probe. To determine the expression pattern of
each member of the cab gene family of L. esculentum,
we have started a detailed analysis using the primer
extension technique. This approach was made poss-
ible because the nucleotide sequences of 15 cab
genes had been determined (Pichersky et al. 1985,
1987a,b, 1988, 1989). Specific oligonucleotides (17-
to 23-mers) were radioactively labelled and hybri-
dized to total RNA preparations of tomato leaves.
The oligonucleotides were elongated in vitro using
the reverse transcriptase. The extension was com-
pleted at the 5’ end of the specific mRNA. In
theory, each cab mRNA type can be detected and
quantitated by this analysis.

A specific oligonucleotide (“cab 1C”) com-
plementary to the sequence upsteam of the ATG
(-1 to -17) of the cab 1C gene revealed a major
primer extension product comigrating with a DNA
marker fragment of 67 bases (Fig. 4). A minor
fragment was 65 bases long. Based on this result it
is very likely that the transcription start site of this
particular gene is at position -67. In addition,
another 20-mer oligonucleotide (“cab 1”) comp-
lementary to the coding region (position +30 to
+50Y of the cab 1A-C genes (one mismatch with
the cab 1C gene) was used in a primer extension
experiment. Three major products of 155 b, 117 b,
94 b, and one minor product of 145 b were detected.
Since the oligonucleotide “cab 1” hybridized exactly
50 nucleotides downstream of the oligonucleotide
“cab 1C7, it is likely that the extended product
of 67 b of the previous experiment and the 117 b
fragment resulted from the same cab mRNA type
[Fig. 4(B)]. Further analysis with specific oligo-
nucleotides for the cab 1A and cab 1B genes are in
progress to designate the other primer extension
products.

One important aspect for the quantitative analysis
of the primer extension products was the complete
detection of the specific mRNA type in the total
RNA extracts harvested at different diurnal time
points. The hybridization conditions of the RNA
with the oligonucleotides have to be adjusted for
each combination. Primary experiments regarding
the appropriate amounts of the reverse transcriptase
and total RNA concentrations were performed.
Optimal annealing temperatures of total RNA from
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Figure 4. Panel A: primer extension analysis. Total RNA
(40 pg) from tomato (VFNT LA 1221) leaves were
annealed with specific oligonucleotides “cab 1" (lane A)
and “cab 1C” (lane B) at 52 and 37°C, respectively. Lane
C: pBR322 digested with Hpall. Panel B: Schematic map
of the cab 1 gene. Homologous regions of the specific
oligonucleotides (solid or punctured bars) in relation to
the cab gene. The primer extended products are presented
by open bars.

Gardeners Delight and each oligonucieotide are
shown in Table 1. Furthermore, the primer exten-
sion products as well as the respective transcription
start sites were listed. The cab mRNAs analysed so
far carry 5’ untranslated sequences ranging in length
from 9 to 70 nucleotides.

In addition to the information on structural
aspects of the individual genes of the gene family
we were also interested in defining their circadian
expression pattern. RNA extracts from tomato
(VFNT LA 1221) leaves harvested at different time
points during the day were hybridized with the spec-
ific oligonucleotides, “cab 1C”, “cab 1” and “cab
4” (Fig. 5). It was interesting to note that in all
three cases no extended primer extension product
was detected at 3 and 6 a.m. We therefore con-
cluded that apparently no complementary mRNA
species were present, or alternatively, they were
under the detection level at this time during the
day. Primer extension fragments were detected at
9 a.m., noon, 3 p.m. and 6 p.m., while maximum
levels were reached around noon. The cab 1 and cab
4 transcript accumulation occurred simultaneously
after 6 a.m., suggesting that the expression of these
two genes is regulated by a similar mechanism.

DISCUSSION

We have started to analyse the expression pat-
terns of individual members of the cab gene family



Expression of the cab gene family 39

Table 1. Oligonucleotides used in the primer extension analysis

Oligo Gene Sequence Length  Annealing  Primer extension  Transcription
specificity (3'to 5) (b) temperature products start site
°C) (b) (position 5’
of ATG)
1 cab 1A
cab 1B GCCTGTCCAGCAAATGAAGG 20y 55* 94/117/155 -67
cab 1C (a)
1C  cab 1C TGTGTTTATATCAAGAG 17 30* 67/65 (c) —67
3 cab 3A (a)
cab 3B (a) GCCTTTCCGGCGAAAGTAGA (20) 52 59 -9
cab 3C (b)
4 cab 4 AATACGGCCTTCACCGAAGTTGC (23) 55* 160 (c) -58
5 cab 5 GACACGTCCACCTTCAAAGCTAC (23) 60 140 =35
8 cab 8 GTTGCCATAATTTCTCTTCICTT (23) 52 74 —66

(a) One mismatch; (b) two mismatches; (c) mRNA exhibits a diurnal expression pattern.

*Optimal temperature cmpirically determined.
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Figure 5. Primer extension analysis. Determination of
specific cab mRNA levels at indicated time points during
a day. The oligonucleotides “cab 1C” (panel A), “cab 17
and “cab 4” (both panel B) were hybridized to total RNA
extracts (panel A: 15 pg, panel B: 60 pg) isolated from
tomato (VFNT LA 1221) leaves. Light/dark regimes were
described in Material and Methods. Lane A: Primer exten-
sion product using total RNA from the cv. Gardeners
Delight (10 png). Lane B: pBR322 digested with Hpa II.

from tomato. The complexity of the cab gene family
of tomato and the sequence similarities may make
a precise quantitation of each mRNA type compli-
cated. Recently, two laboratories investigating the
level of expression of the members of the small
subunit of RuBPC/Oase gene family in petunia
reported conflicting results (Dean et al., 1987;
Tumer et al., 1986). The discrepancy of the results
is most likely due to the different methods used
for the analysis. However, the primer extension
technique which we have used has several advan-
tages over the classical methods of Northern and
dot blot hybridizations (Dean et al., 1987). With the
primer extension method we have so far analysed 5
of 15 genes of the cab gene family of tomato. With
this technique it was possible to define the transcrip-
tion start sites of these five genes. The lengths of
the untranslated leader regions of the mRNAs are
in agreement with the sequences determined from
cDNA clones. To verify the different transcription
start sites it is necessary to analyse each individual
cab gene by “S1 nuclease digestion” technique. In
the case of hybridizations with oligonucleotide “cab
1C” two primer extension products appeared (67
and 65 nucleotide length). This result may have
different reasons (Williams and Mason, 1985). It is
likely that this smaller reverse transcript is due to
the so called “Cap effect”, which is thought to be
the result of premature termination of the reverse
transcription at the methylated residue situated next
to the cap site.

The primer extension technique also provides us
with a reliable method to quantitate mRNA levels
at different time points during a diurnal cycle. In
young tomato leaves we were able to determine
relative mRNA levels of the cab 1 and cab 4 genes.
All transcripts appear to accumulate after 6 a.m.,
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which correlates with the transition phase from
darkness to illumination. This characteristic pattern
is very similar to the pattern observed under the
natural day/night regime (Piechulla, 1988). An
additional aspect, however, may be interesting to
note: The plants of experiment 5 (Fig. 5) were
grown in the greenhouse with supplementary light
(6 a.m. to 8 p.m.), but sunrise occurred at 4.29 a.m.
Our data demonstrated, however, that no mRNA
accumulation was detectable between 4.30 a.m. and
6 a.m. This result is surprising, since Tavladoraki et
al. (1989) were able to show that a 2 min red light
pulse was sufficient to induce a rhythmic expression
pattern of cab in Phaseolus vulgaris. Therefore, we
assume that either the light quantity or light quality
shortly after sunrise is not sufficient to induce cab
mRNA  accumulation to detectable levels.
Additional control experiments of plants which were
grown without supplementary light are under way.

In respect to the timing of mRNA accumulation
during a diurnal cycle different results were
obtained in tomato and Petunia (Stayton et al.,
1989). At least three of the five genes tested by
Stayton et al. show significant transcript accumu-
lation as much as 6 h prior to illumination. Simi-
larly, in wheat the cab 1 mRNA was detected 4 h
before the dark/light transition (Nagy et al., 1988),
while in tomato cab mRNA accumulation was
observed after the dark/light transition. At present
we do not understand the significance of this differ-
ence, but it may indicate that different types of
regulatory mechanisms occur in different plant spec-
ies. Tt seems plausible that in tomato leaves the
initiation of expression of the cab 1 and cab 4 genes
is strictly correlated with the appearance of light,
while the mRNA accumulation in wheat and petunia
is not so well synchronized with the environmental
conditions. Another simple explanation may be that
different experimental designs cause this discrep-
ancy.

It should also be mentioned at this point that
the primer extension products after annealing the
oligonucleotide “cab 1”7 with total RNA from two
different cherry tomato cultivars (VFENT LA 1221
and Gardeners Delight) appear in different quantit-
ies {see Figs. 4(A) and 5(B)]. While in the cv. Gar-
deners Delight the majority of the radioactive prod-
uct was found in the 155 b long fragment, it was
the 94 bases long reverse transcript in the case of
cv. VENT LA 1221. More detailed investigations
are necessary, but it seems possible that the
expression of the individual genes of a gene family
is altered in different cultivars. However, the com-
parison of the genomic organizations and sequence
analyses do not exhibit differences between tomato
cultivars.

The information regarding the regulation of the
rhythmic expression of the cab genes is at the pre-
sent time very limited. We believe that this mechan-
ism is inherited (Riesselmann and Piechulla, 1990)
and builds the basis for further signals to function

in a superimposed manner. This “biological clock”
may have its physiological significance in the antici-
pation of the following day to allow optimal usage
of the irradiation. Therefore, it is important to
synchronize the expression of the important light
harvesting proteins with the actual environmental
conditions. Light or the duration of illumination
was able to influence the amplitude of the
expression, but did not determine the periodic
length or the time points of maximum and minimum
of period. These characteristic parameters of a cir-
cadian rhythm were specified by the light to dark
transition phase (Meyer et al., 1990; Riesselmann
and Piechulla, 1990). On the other hand, this system
has to be flexible enough to react to the annual
light/dark variability. The photoperiodic phenom-
enon has been the interest of many researchers for
a long time. In this respect, most information has
been collected for the flowering response and the
correlated reproduction ability (for review Vince-
Prue, 1986). The present study of the cab expression
demonstrates clearly that photoperiodic responses
are also manifested at the molecular level. At this
point we can only describe this phenomenon of
differential light sensibility, but the mechanism or
the oscillator involved are not known.

In the past 2-3 years it has become clear that the
mechanism(s) regulating the expression of the cab
genes is not a simple process, but a rather complex
regulation scheme is needed to explain the manifold
cab expression patterns. In the case of the cab
proteins and the small subunit of RuBPC/Oase,
“light regulating elements (LRE)” had been defined
on the nucleotide level (for review Kuhlemeier et
al., 1987). Particular DNA binding proteins are
required for light-dependent transcription of these
photosynthesis-specific genes (Green et al., 1988;
Guiliano et al., 1988). Since other components also
influence the transcription of these genes, the pre-
sent model describes a linear organization of differ-
ent cis-acting elements upstream of the coding
region of a gene. The knowledge of (i) the existance
of a circadian rhythm/oscillator influencing cab gene
expression and (ii) the coordinated expression of 15
individual genes of this gene family suggest that this
model is even more complicated. At present we are
still far away from understanding this network of
events and hierarchic organization that play a role
in the regulation of cab gene expression in tomato.
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