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Summary. Steady-state mRNA levels of nineteen 
members of the Lha/b (cab) gene family of Lycopersicon 
esculentum, encoding nine different types of light-har- 
vesting complex (LHC) polypeptides, were determined 
by primer extension analysis. Each Lha/b gene is ex- 
pressed and individual mRNAs accumulate to distinct 
levels. The relative contribution of each Lha/b mRNA 
to the total Lha/b mRNA levels is very similar in differ- 
ent green organs (leaves, stems, fruits, sepals) and after 
light treatment of etiolated seedlings. Detailed analysis 
of Lha/b mRNA accumulation in leaves under light/dark 
conditions, continuous darkness and continuous light 
revealed diurnal and circadian oscillations of Lha/b 
mRNAs for all genes. Only minor instances of diver- 
gence from a general expression pattern are apparent. 
Together these results indicate a concerted expression 
of all genes, suggesting that similar or identical molecu- 
lar mechanisms and signal transduction chain control 
the expression of all Lha/b genes. 

Key words: Tomato (Lycopersicon esculentum) - Lha/b 
gene expression - Light harvesting complex (LHC) pro- 
teins - Gene family - Circadian rhythm 

Introduction 

The group of evolutionary and structurally related genes 
known as cab or Lha/b (Green et al. 1991 ; Jansson et al. 
1992), encode the chlorophyll a/b-binding polypeptides 
of the light harvesting systems in plant thylakoids. In 
tomato, nineteen Lha/b genes have so far been character- 
ized (Green et al. 1991), coding for proteins that belong 
to the light harvesting complex LHCI, associated with 
photosystem I (PSI), and the light harvesting complexes 
of LHCII, CP29, and CP24, all associated with PSII. 

* Present address: Max-P1anck-Institut ffir Ziichtigungsforschung, 
Carl-von-Linne-Weg 10, W-5000 K61n, FRG 
Correspondence to: B. Piechulla 

At least nine different types of Lha/b genes have been 
identified so far, whose products display variations re- 
sulting from sequence similarities which range from 40 
to 85%. In tomato, about half of the different types 
of LHC polypeptides are encoded by more than one 
gene, and the genes are located in many unlinked loci 
on most of the tomato chromosomes, with some cluster- 
ing of genes encoding the same type of polypeptide. 

The expression of the Lha/b genes in higher plant 
species has been previously investigated. Endogenous 
(organ and tissue specificity, developmental program 
and circadian clock, Kuhlemeier et al. 1987; Meyer et al. 
1989, Kay and Millar 1992) and exogenous (light and 
temperature, Kuhlemeier et al. 1987; Piechulla and Ries- 
selmann 1990) signals were shown to play important 
roles in determining the accumulation levels of Lha/b 
mRNA in etiolated seedlings and also in adult plants. 
However in most of the previous work, only one kind 
of gene probe, the Lhbl gene, was used and therefore 
the results represent primarily the expression pattern of 
the genes encoding the type I LHC protein of photosys- 
tern II. In addition, in only a few investigations were 
gene-specific probes used to identify individual Lhbl 
transcripts (Sheen and Bogorad 1986; Kellmann et al. 
1990; Millar and Kay 1991) and to our knowledge only 
in three cases were Lha mRNAs, which encode LHCI 
polypeptides, discriminated from Lhb mRNAs (Stayton 
et al. 1989; Tavladoraki and Argyroudi-Akoyunoglou 
1989; Wehmeyer et al. 1990). 

At this time it is not known to what extent each indi- 
vidual Lha/b gene contributes to the total amount of 
the Lha/b mRNA levels present at specific times during 
the day and in specific organs or tissues of tomato or 
other plant species. Since different Lha/b genes encode 
specific types of LHC proteins, which may have distinct 
functions or locations within the thylakoid membrane, 
it was of interest to determine the individual Lha/b 
mRNA levels in various green plant organs (leaves, 
stems, green fruits and sepals) and also in etiolated seed- 
lings illuminated with white light or red and far-red light 
pulses. 
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However, the sequence similarity between the Lha/b 
genes complicates the detection of individual expression 
patterns in conventional dot or Northern blot hybridiza- 
tion experiments. Cross-hybridization in Northern blots 
is difficult to avoid and often difficult to detect since 
the lengths of the Lha/b gene transcripts are very similar. 
Therefore the primer extension technique was chosen 
to determine the steady-state mRNA levels of individual 
members of a gene family (Dean et al. 1987; Stayton 
et al. 1989; Kellmann et al. 1990). We applied this meth- 
od to detect individual Lha/b mRNAs of the well-charac- 
terized tomato Lha/b gene family. The individual Lha/b 
mRNAs are identified by their specific transcript length 
based on the binding position of the oligonucleotide 
(Piechulla et al. 1991). Furthermore, the defined experi- 
mental conditions allow precise quantitation in fmol/mg 
total RNA of each individual Lha/b mRNA. 

Materials and methods 

Plant growth conditions and RNA isolation. Leaves were 
harvested from tomato plants at 38 days (Figs. 4 and 

5)  and 42 days (Fig. 6) (Lycopersicon esculentum Mill. 
VFNT LA 1221). Plants were grown in a growth 
chamber on clay beads, watered with tap water and kept 
under a 12 h light/12 h dark regime (300 gmol /m  2 per 
s, Osram Universal Weiss, L 65 W/25) and at constant 
temperature (24 ° C). Leaves were harvested at the indi- 
cated time points. In addition, leaves were harvested at 
1.30 p.m. from 50-day-old plants grown in the green- 
house at the University of G6ttingen (Fig. 2). Stems, 
i.e. all internodal segments from the top down to the 
primary leaves, were harvested from 56- and 69-day-old 

tomato plants. Green fruits 1 1.5 cm in diameter (ap- 
proximately 10 days after pollination) were obtained 
from 58- and 73-day-old plants. Sepals were harvested 
from flowering 61- and 69-day-old tomato plants. Stems, 
green fruits and sepals were harvested at 12.00 p.m. from 
plants grown in the greenhouse under natural light con- 
ditions. 

Etiolated tomato seedlings grew in growth chambers 
at constant temperature (23 ° C) for 7 days and were 
illuminated with white light (6.00 a.m. to 6.00 p.m., 
290 gmol/m 2 per s, Osram Lumilux 58 W, colour 31; 
Fig. 3 and Table 2). For the phytochrome experiment 
the tomato seedlings were grown in darkness for 10 days 
(25 ° C) and treated with red and far-red pulses as de- 
scribed by Mohr et al. (1979); 10 rain red light (2max= 
658 rim, 3.8 gmol/m 2 per s), 10 rain far-red light (2max = 
730 nm, 18 gmol/m 2 per s) and 10 rain red light followed 
by 10 rain far-red light. Isolation and purification of the 
RNA from these tissues was performed as described else- 
where (Kellmann et al. 1990). 

Determination of steady-state Lha/b mRNA levels. 
Primer extension with specific oligonucleotides were car- 
ried out to determine the steady-state mRNA levels ex- 
pressed by individual Lha/b genes (Table 1). Oligonu- 
cleotides were labelled at the 5' end and a 0.1 pmol ali- 
quot of the primer was spotted onto a nylon membrane 
to determine the specific radioactivity (Cerenkov count- 
ing). Annealing of the oligonucleotide to the specific 
Lha/b mRNA was optimized by varying the potassium 
chloride concentration and the hybridization tempera- 
ture (Piechulla et al. 1991). The experiments described 
here were performed with 0.3 pmol oligonucleotide co- 
precipitated with 50 gg of total RNA. The relative levels 

Table 1. Oligonucleotide sequences complementary to Lha/b genes of Lycopersicon esculentum and resulting length of primer-extended 
fragments 

Oligo- Gene specificity Photo- Sequence Length of primer 
nucleotide ~ system extension fragment 

IA/21 (-21) Lhb la (cab IA) GATTTATATTAAGAGAAAAGT 70" 
1B/21 (--21) Lhblb (cab 1B) TTGTGTTTATTTTAAC-ACrAAG 45" 
IC/18 (--51) Lhblc (cab 1C) ~ATGGTAAACTTTTTGAA 37 a 
1D/17 (--43) Lhbld (cab ]D) TGTTTGATGGTATGAGA 46 
3A/18 (--37) Lhblf (cab 3A) AAAAGAAATGAATTGTGT 38 
3B/21 (--21) Lhblg (cab 3B) II TATGAACTCTTAGAATGTACA 37 a 
3C/21 (-21) Lhblh (cab 3C) TATAGAAGTAGAATGAGAAAC 60 ~ 
4/23 (+83) Lhb2a (cab 4) AATACGGCCTTCACCGAAGTTGC 163 b 
5/17 (+92) Lhb2b (cab 5) GGTGACACGTCCACCTT 147 
13/21 (--21) Lhb3 (cab 13) TTTCTTCAACTTCTCAAAATA 51 b/49 
9/18 (+37) Lhb5 (cab 9) CTTGACCGGACTTCCGAG 135b/126/110 
10B/22 (+ 19) Lhb6a/b (cab 10A/B) TCAAGCCATTCAGCACTGCAGT l16b/105//89b/81 

6/21 (+37) Lhala/b (cab 6A/B) GAGGAAAGAGGGGCAAACAGC 119u//112 
7/17 (--30) Lha2 (cab 7) TCACTCTTGTGTTTGTG 30 b 

8/18 (+34) Lha3 (cab 8) I TTCAGCTGAAGTGCTAAT 102 b 
11/22 (--46) Lha4a (cab 11) GGTGATTATTGGGAGAAATGGC 47 b 
12/20 (+24) Lha4b (cab 12) GGAGGGAAGACCGCGGCGGA 86 

a Transcription start point additionally verified by $1 nuclease digestion experiment 
b Transcription start point additionally verified through cDNA sequencing 
c Oligonucleotide assignment indicates: gene specificity/length of oligo (binding position; A of ATG set as + 1, as in Piechulla et al. 
1991) 
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Fig. 1 A, B. Kinetic studies of the primer exten- 
sion reaction. A Determination of the oligonuc- 
leotide amount that results in a half-maxium sig- 
nal from the primer-extended fragment (ss 
DNA; KH); 40 lag total RNA (RNAt) was copre- 
cipitated with increasing amounts of the 
oligonucleotide 1B/21 ( e - -o ) .  The data are 
presented in a 'Hanes plot' and KH was deter- 
mined to be 2 nM. Insert: Relationship between 
oligonucleotide concentration (substrate) and 
level of primer-extended fragment (product) in 
a primer extension assay. Specific radioactivity 
of the primer extended fragments (Ao) was nor- 
malized to the day of the kinase reaction. 
B Relationship of total RNA (substrate) to the 
primer-extended fragment (product). Radioactiv- 
ity of the ssDNA was normalized to that on the 
day of the kinase reaction (Ao) 

of the individual Lha/b mRNAs were determined by 
isolating the respective single-stranded D N A  fragments 
from the gel and subjecting them to Cerenkov counting. 
Since the primers were 5' end-labelled, 1 mol extended 
primer (ssDNA fragment) equals 1 mol Lha/b mRNA. 
The molar amounts of  steady-state mRNAs of individ- 
ual Lha/b genes (in fmol Lha/b mRNA/mg total RNA) 
was calculated as follows. 

steady-state m R N A  level-- 

primer (mol) x radioactivity of  ssDNA (Ao) (cpm) 
radioactivity primer (Ao) x RNA total (mg) 

Where Ao is measured radioactivity normalized to the 
day of  the kinase reaction. 

The experimental conditions of the primer extension 
analysis were optimized as follows. Firstly, an optimal 
salt concentration and annealing temperature was deter- 
mined for each oligonucleotide/Lha/b m R N A  combina- 
tion (Piechulla et al. 1991). Secondly, the oligonucleotide 
was added in excess over the Lha/b m R N A  concentra- 
tion. The correct concentration of  the oligonucleotide 
was determined by increasing the amounts of  the 5' end- 
labelled oligonucleotide (1-80 nM), coprecipitating it 
with 40 gg total RNA, and measuring the amounts of  
radioactively labelled primer-extended ssDNA frag- 
ments. The radioactivity of  these ssDNA fragments mea- 
sured in the different experiments was normalized to 
the day of  the kinase reaction (Ao). The radioactivity 
of  primer extension product  (Ao) was plotted versus the 
concentration of  oligonucleotide (nM) and a saturation 

curve was obtained (Fig. 1 A, insert). The data were con- 
verted into an Hanes plot and the amount  of  2 nM oli- 
gonucleotide (Kn) was calculated to produce a half-max- 
imum signal (Fig. 1 A). At least tenfold excess of  oligo- 
nucleotide over Kn was used in the primer extension 
experiment (i.e. 0.2-0.3 pmol end-labelled oligonucleo- 
tide in 10 lal annealing assay). The method assumes that 
the relationship between increasing amounts of  total 
RNA (5-80 gg) and increasing amounts of  primer exten- 
sion product  is linear• The linear relationship of  these 
two parameters is depicted in Fig. 1 B. The results of  
these control experiments demonstrate that the primer 
extension analysis is a useful and reliable technique for 
quantitation of specific Lha/b transcripts. 

Results 

Expression of nineteen Lha/b genes 
in various plant organs 

Using the primer extension analysis the Lha/b m R N A  
levels were determined in leaves, stems, young green 
fruits and sepals (all samples were harvested at noon;  
Table 2A). The accumulation levels are expressed as the 
percentage contribution of  individual Lha/b mRNAs to 
the total amount  of  Lha/b m R N A  present in the particu- 
lar organ (Fig. 2). High expression levels are obtained 
for Lhblb, if, lg, 2a (cab 1B, 3A, 3B, 4) and Lha2 
(cab 7), while the contribution of the other Lha/b 
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Table 2A. Determination of steady-state Lha/b mRNA levels (fmol/mg RNAtota 0 in different organs and cotyledons of etiolated seedlings 

PS Lha/b cab Leaves Sepals Fruits Stems Etiolated WL Etiolated RL 

II 

Lhb la IA 67.0 65.4 19.9 14.7 13.4 2.4 
Lhb lb 1B 221.5 207.3 109.4 103.2 97.5 14.9 
Lhb 1c 1C 7.0 9.3 4.8 4.9 3.0 0.9 
Lhb ld 1D 39.0 45.8 41.4 21.1 n.d. n.d. 
Lhb If  3A 73.0 80.2 44.7 34.5 42.6 5.1 
Lhb lg 3B 91.5 123.2 63.3 83.5 19.4 5.8 
Lhb lh 3C 15.5 7.5 4.6 3.1 3.4 0.6 

Lhb 2a 4 70.0 58.7 37.1 30.7 26.5 9.6 
Lhb 2b 5 45.5 21.2 11.7 13.4 5.1 1.2 

Lhb 3 13 72.1 38.9 14.8 22.4 
Lhb 5 9 21.5 34.1 22.5 22.4 7.9 2.2 

Lhb6a 10A 7.6 3.6 2.1 4.1 - 
Lhb 6b 10B 19.2 10.6 7.1 11.6 

Lha la 6A 17.5 11.1 8.8 3.9 2.9 0.5 
Lha lb 6B 8.0 4.9 5.0 3.0 1.7 0.4 
Lha2 7 104.0 118.9 99.4 62.5 22.9 7.9 

Lha 3 8 38.5 20.9 10.0 10.0 7.9 1.5 

Lha 4a 11 40.9 23.3 8.8 15.0 - 
Lha 4b 12 3.2 1.0 0.4 0.1 - - 

PS, photosystem 
Maximum deviation is presented as error bars in Fig. 2 
n.d., not detectable; WL, white light; RL, red light 

Table 2B. Summary of total Lha/b mRNA levels (fmol/mg 
RNAtot,I) in different organs and cotyledons of etiolated seedlings 

Tissue and light Total Lha/b expression level 
conditions at 12.00 a.m. 

Leaves, daylight 962.5 
Sepals, daylight 885.9 
Fruits, daylight 515.8 
Stems, daylight 464.1 

Etiolated seedlings, 
6 h in white light a 254.1 

Etiolated seedlings, 
4 h in white light" 171.3 
4 h after red light pulse a 53.1 
4 h after far-red light pulse a 30.0 
4 h after red/far-red light pulse * 44.7 

" RNA levels of fourteen Lha/b genes are summarized (cab 1- 
cab 9) 

m R N A s  to the total a m o u n t  o f  Lha/b m R N A  is very 
low. The compar isons  o f  the levels o f  transcripts show 
similar Lha/b m R N A  accumula t ion  pat terns in the dif- 
ferent plant  organs (Fig. 2). 

In contras t  to the similarity o f  the Lha/b m R N A  ac- 
cumula t ion  patterns,  the total a m o u n t  o f  Lha/b m R N A  
per mg  total  R N A  varies in the different plant  organs  
(Table 2B). Highest  levels o f  Lha/b transcripts per mg 
total R N A  were determined in leaves, fol lowed by sepals 
(962.5 and 885.9 fmol Lha/b m R N A  per mg  total  R N A ,  
respectively). Approximate ly  50% o f  this a m o u n t  is pres- 

ent in young  green t oma to  fruits and stems (respectively, 
515.8 and 464.1 fmol Lha/b m R N A  per mg total RNA) .  
Together these results indicate that  the sum o f  Lha/b 
m R N A  levels per total  a m o u n t  o f  R N A  is different in 
the different organs,  suggesting that  this parameter  is 
organ  dependent ,  while the distr ibution or  composi t ion  
pat tern  o f  Lha/b m R N A s  is organ  independent.  

Transcript accumulation in white, red 
and far-red illuminated, etiolated seedlings 

The expression of  the individual Lha/b m R N A s  was de- 
termined in etiolated seedlings i l luminated with white 
light. The cotyledons o f  such seedlings were harvested 
every 2 h. All Lha/b m R N A s  were measurable  with the 
pr imer  extension technique 4 h after i l lumination, and 
most  o f  the transcripts were already present 2 h after 
the onset  o f  light (Fig. 3). The relative distr ibution pat-  
tern o f  the Lha/b transcripts examined is very similar 
to that  observed in adult  leaves, sepals, green fruits and 
stems (Fig. 2). Besides the similarity o f  the quanti tat ive 
distr ibution o f  Lha/b m R N A s  the features o f  diurnal  
variat ion in Lha/b transcripts were investigated in illumi- 
nated seedlings (Fig. 3). Increasing levels o f  the Lha/b 
m R N A s  were obtained after the transi t ion f rom dark-  
ness to light, reaching a m a x i m u m  about  6 h after the 
onset o f  i l lumination, and decreasing levels were mea- 
sured thereafter. At  midnight ,  the transcript  levels were 
below the detection level, with the exception o f  Lha2, 
3 and Lhb5 (cab 7, 8 and 9). 



L,O 

Z 
n,- 

E 

,-, 30 
cl 
c" 

J 

"6 
~- 20 
o 
:D 

.o  
L -  "N 
-e 10 

443 

0 
cab 

Lhalb 

I 5 13 9 
a b 

Lhb 2 Lhb3 Lhb5 

T E M  II 

1A 1B 1C 1D 3A 3B 3C 4 

a b c d f g h 
Lhb 1 

P H O T O S Y S  

10A 10B 6A 6B J 7 8 11 12 
I 

a b a b J a b 
Lhb 6 Lha 1 Lha 21 Lha 3 Lha 4 

PHOTOSYSTEM I 

Fig. 2. Distribution patterns of steady-state m R N A  levels of indi- 
vidual Lha/b genes from Lycopersion esculentum. Transcript levels 
were determined in leaves, stems, sepals and young green fruits 
(columns 1-4; left to right) harvested around noon. Calculation 
of relative distribution was based on m R N A  levels of nineteen 
Lha/b genes (cabl-13). Cotyledons of etiotated seedlings were har- 
vested 6 h after the onset of white light and 4 h after a 10 rain 

50 

red light pulse (columns 5 and 6). Calculation of relative distribu- 
tion was based on mRNA levels of fourteen Lha/b genes (cable). 
The levels of the individual Lha/b mRNAs were determined by 
primer extension and the relative portion of the total Lha/b mRNA 
was calculated. Error bars represent maximum deviation calculated 
from two or three experiments 

The role of phytochrome in the expression of the 
individual Lha/b genes was examined by exposing etio- 
lated seedlings to 10 rain red light, far-red light or red/ 
far-red light, respectively. The cotyledons were harvested 
2, 4, 9, 16 and 24 h after the application of the light 
pulses. The m R N A  of each Lha/b gene was already de- 
tectable 2 h after the red light pulse. The m R N A  levels 
increased to high levels 4 h after the light pulse and de- 
creased thereafter, indicating diurnal expression (data 
not shown). A similar pattern, but with reduced ampli- 
tudes, appeared in far-red and red/far-red illuminated 
cotyledons of etiolated seedlings. The level of total Lha/b 
m R N A  after far-red illumination reached 56% com- 
pared to the level in red light-treated seedlings, while 
the far-red pulse given immediately after the red light 
pulse reduced the total Lha/b m R N A  level only to 84% 
(Table 2B). The distribution pattern of the individual 
Lha/b mRNAs 4 h after the red light pulse is similar 
to the pattern observed after white light illumination 
or in adult leaves (Fig. 2). The characteristic diurnal ex- 
pression patterns found for each individual Lha/b gene 
after different light treatments suggest that all Lha/b 
genes are most probably controlled by the same mecha- 
nism which is already operative in young plant material. 

Despite the similarity in distribution patterns of the 
individual Lha/b mRNAs differences were observed with 
respect to the total amounts of Lha/b m R N A  found 
in etiolated seedlings treated with different light regimes 

(Table 2B). Etiolated seedlings illuminated with white 
light for 4 h reach 171.3 fmol per mg total RNA and 
6 h in white light induces a level of 254.1 fmol per mg 
total RNA (based on fourteen genes, cab 1-9). Pulses 
of 10 min red, far-red or red/far-red light resulted in 
total Lha/b m R N A  levels between 30 and 53 fmol per 
mg total RNA 4 h after the treatment (based on fourteen 
genes, cab 1-9). Together these results indicate that Lha/ 
b m R N A  expression in etiolated seedlings is dependent 
on light intensity and light quality. 

Circadian expression patterns of Lha/b transcripts 

Previous studies have shown that total Lha/b m R N A  
levels oscillate in a diurnal and circadian fashion; how- 
ever, individual genes were not examined. The results 
of our primer extension analysis of tomato Lha/b genes 
during the course of 72 h are presented in Figs. 4 and 
5. Under normal light/dark conditions the m R N A  from 
each Lha/b gene exhibits a typical diurnal expression 
pattern with increasing transcript levels after the transi- 
tion from darkness to light, reaching a maximum around 
noon and decreasing thereafter. It should be noted that 
increasing mRNA levels from Lha2 (cab 7), Lhbla, ld, 
2a and 3 (cab 1A, 1D, 4, 13) are already detectable prior 
to the dark/light transition. This may be due to the abun- 
dant expression of these genes. A quantitative presenta- 
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with similar optimal hybridization conditions and that reveal 
primer extended products of different lengths were assayed simul- 
tandusly in a single reaction. The lengths (in b) of the primer- 
extended fragments are indicated as well as the particular gene 
product. Zeitgeber time is presented together with the periods of 
light/dark transition: the time point of the first dark/light transition 
was set as zero. Lower panel: total R N A  was extracted from leaves, 
separated on a denaturing agarose gel (7.5 gg per lane) and stained 
with ethidium bromide 
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Fig. 5. Circadian rhythms of individual Lha/b genes of L. escuIen- 
turn in continous darkness. R N A  was extracted from leaves of 
38-day-old tomato plants. Steady-state m R N A  levels of the individ- 
ual Lha/b genes were calculated based on the primer extension 
analysis. The amount of individual Lha/b m R N A  is given in 

h o u r s  

fmol/mg total RNA. Genes encoding one type of LHC protein 
are shown together in sections. Dark and light phases are repre- 
sented by filled and open bars, respectively. Zeitgeber time is pre- 
sented and the time point of the first dark/light transition was 
s e t  a s  z e r o  
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Fig. 6. Circadian rhythms of individual Lha/b genes of L. esculen- 
tum in continuous light. RNA was extracted from 42-day-old toma- 
to plants. Steady-state mRNA levels of the individual Lha/b genes 
were calculated based on the primer extension anaiysis. The 
amount of individual Lha/b mRNA is given in fmol/mg total RNA. 
Genes encoding one type of LHC protein are shown together in 
sections. Dark and light phases are represented by filled and open 
bars, respectively. Zeitgeber time is presented and the time point 
of the first dark/light transition was set as zero 

tion of this experiment is shown in Fig. 5. Amplitudes 
of  at least 50 fmol Lha/b m R N A  per mg total R N A  
are reached by the genes LhbIb, if, lg, 2a (cab 1B, 3A, 
3B, 4) and Lha2 (cab 7). These five genes comprise be- 
tween 60 and 70% of  the total Lha/b m R N A  transcripts. 
The m R N A  accumulation patterns of  each individual 
Lha/b gene were also followed in continuous darkness 
(Figs. 4 and 5) and continuous illumination (Fig. 6). 
Under  these conditions all nineteen Lha/b m R N A  levels 
continue to oscillate. The period lengths are approxi- 
mately 24 h in continuous darkness and vary between 
16 and 20 h in continuous light, indicating that  all Lha/b 
genes examined are under the control of  a circadian 
clock. 

The circadian expression patterns of  all Lha/b genes 
examined, showed only minor  differences in the ampli- 
tudes of  the transcript levels. We note that  the ampli- 
tudes of  Lhbla-ld (cab 1A-1D) are high for the first 
day in darkness, while the amplitudes of  Lhblf-lh 
(cab 3 A-3 C) are significantly reduced compared  to the 
oscillation under light/dark conditions. The reverse re- 
sult was observed in continuous illumination, where the 
amplitudes of  Lhbla-ld (cab 1 A-1 D) are more reduced 
than the amplitudes of  Lhbl f lh  (cab3A-3C). Another  
difference is that in continuous darkness Lha/b m R N A  
levels decrease to almost undetectable levels during the 
subjective night phase, while elevated levels remain pres- 
ent during the subjective night phase during continuous 
illumination. Besides these fine discrepancies, different 
accumulation patterns are detected after 3 days in dark- 
ness followed by one dark/light transition; Lhbld, I f  
(cablD, 3A) and Lhala, 4 (cab6A, 11) m R N A  levels 
accumulate to detectable levels, while the residual Lha/b 
gene m R N A s  are almost undetectable. 

D i s c u s s i o n  

In this study the transcripts of  the individual Lha/b genes 
of  L. esculentum were analysed. The m R N A s  of all nine- 
teen Lha/b genes are expressed in the different green 
plant organs, indicating that a full complement  of  the 
m R N A s  and their respective gene products are necessary 
for a functional photosynthetic apparatus.  The accumu- 
lation of  the individual Lha/b m R N A s  and the contribu- 
tion to the total Lha/b transcript level are different, 
namely Lha2 (cab7) and Lhblb, if, lg, 2a (cablB, 3A, 
3B, 4) are highly expressed, while the R N A  products 
of  the other twelve genes accumulate to low levels. The 
quantitative differences between the Lha/b genes that 
are expressed in high and low amounts  are prominent  
and this general pattern is present in all the different 
organs (Fig. 2). Exact quanti tat ion of  transcripts partic- 
ularly of  genes of  a huge gene family as studied here 
is very difficult but the 'p r imer  extension'  method 
turned out to be quite a useful technique. However, it 
is worth mentioning that in a few cases the experimental 
error can be as much as 30% and deviations beyond 
the error bars cited in previously published data some- 
times occurred, e.g. Lhblf (cab3A) 8 versus 12% (pre- 
viously) or Lhblg (cab3B) 10 versus 30% (previously) 
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(Piechulla et al. 1991). Our present stage of knowledge 
is documented in Fig. 2 and the discrepancies observed 
are most probably additive effects of the limits of  repro- 
ducibility of  the method and variations in the plant ma- 
terial and R N A  preparations. In this context it is worth 
mentioning that oligonucleotides that bind to different 
positions in the mRNAs can result in different amounts 
of  primer extended fragment (Piechulla et al. 1991). This 
effect is explained by incomplete binding due to structur- 
al hindrance. These and other methodological inadequa- 
cies may be the reason for the s tandard deviation of 
20% obtained when a PCR technique was applied to 
quantitate Lha/b m R N A  levels in Pisum sativum (White 
et al. 1992). 

Besides the fact that the steady-state m R N A  levels 
at noon vary significantly between the individual Lha/b 
mRNAs, a general distribution pattern was observed 
within the different organs or after illumination with 
different light intensities and light qualities (Fig. 2). In 
addition, very similar diurnal and circadian expression 
patterns are observed for all Lha/b genes (Figs. 4, 5 and 
6). Based on these similarities, these data indicate a con- 
certed expression of  the Lha/b genes. Only subtle differ- 
ences primarily in the amplitude, were found between 
the m R N A  accumulation patterns of different tomato 
Lha/b genes, but no significant variations in the period 
lengths are apparent. In Arabidopsis thaliana, however, 
one Lhbl gene (cabl) of the three genes investigated 
exhibited little or no cycling of  the m R N A  level (Millar 
and Kay 1991). An interesting feature of  circadian oscil- 
lations is the time point of  Lha/b m R N A  accumulation. 
While in petunia the transcripts of all five genes exam- 
ined start to increase about 6 h and reach 20-80% of  
the maximum level prior to the dark/light transition 
(Stayton et al. 1989), only two Lha/b genes (Lhbl a and 
2a) in tomato show similar expression patterns (Figs. 4 
and 5). These interspecific differences may be explained 
by different mechanisms regulating the transcription of 
the respective Lha/b genes. 

We conclude that the Lha/b genes from tomato and 
most probably also from other higher plants are under 
the control of  a 'biological clock'.  The diurnal and circa- 
dian Lha/b m R N A  oscillations are most probably due 
to changes in transcriptional activity as demonstrated 
by Giuliano et al. (1988), Taylor (1989) and Meyer and 
Piechulla (unpublished results), but differential alter- 
ations in R NA stability may also play a role in some 
cases (Millar and Kay 1991; Meyer and Piechulla, un- 
published results). Since the mRNAs of the Lha/b genes 
exhibit circadian oscillations, it may be likely that a com- 
mon cis- and/or  trans-regulating factor is involved in 
expression of  all these genes. A 'clock-responsive ele- 
ment '  of  268 bp length has only been defined in the 
5' flanking region of  the wheat Lhbl (cab l) gene (Fejes 
et al. 1990), but no similarity to this fragment was detect- 
able in any of  seventeen analysed 5' flanking sequences 
of the tomato Lha/b genes. In addition, the sequence 
comparison study of  the tomato 5'-upstream sequences 
revealed no D N A  motif  present in all upstream regions 
(accept for the TATA- and CCAAT-box),  which can 
be targeted by the same trans-acting factor leading to 

similar expression patterns (Piechulla et al. 1991). At 
present nothing is known about any trans-regulating fac- 
tors that function at the Y-upstream region of any Lha/b 
gene from tomato. However, in other plant species, for 
example in tobacco, several proteins that bind to distinct 
5'-upstream sequences of the Lhbl (cab E) gene have  
been isolated and characterized (Schindler and Cash- 
more 1990). Nevertheless the specific functions of these 
DNA-binding proteins in vivo are presently unknown. 
Similarly, but even more complex, appear Pa results of 
in vitro protein-promoter D N A  interactions analysed 
for the rbcS gene family of  tomato (Manzara et al. 1991). 
It is worthwhile mentioning that the five genes of the 
rbcS gene family are, for example, differentially ex- 
pressed in different organs (Sugita and Gruissem 1987) 
and therefore different DNA-motifs  and DNA-binding 
proteins are expected. In contrast, based on the similari- 
ty of  the expression patterns of the Lha/b genes from 
tomato (present study) we either expect similar cis- and 
trans-regulating elements and signal transduction chains 
for each Lha/b gene or, alternatively, different protein- 
promoter  interactions and signal transduction chains 
lead to the same expression patterns. It is expected that 
a comprehensive and detailed analysis of the cis- and 
trans-regulating elements of all tomato Lha/b genes will 
give insight into the mechanism(s) co-ordinating the con- 
certed expression of  the Lha/b gene family of tomato. 
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