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Summary

A tomato chloroplast genome map has been constructed with the restriction enzymes Hpa 1, Pvu 11, and
Sal 1. Twelve plastid genes have been located on the tomato plastid genome (159 kb).

The expression of plastid genes during tomato fruit ripening has been studied. The levels of transcripts
of various genes coding for proteins of the photosystem I (psaA), photosystem 11 (psbA, psbB, psbC, psbD)
and the stroma (rbcL) decrease when plastids differentiate from chloroplasts to chromoplasts. The amount
of plastid ribosomal RNA also decreases. Transcripts of the genes for the P700 reaction center protein
(psaA), for the photosystem II-associated proteins (psbC, psbD) and for the large subunit of
ribulose-1,5-bisphosphate carboxylase (rbcL) cannot be detected in chromoplasts. In contrast, a relatively
high level of mRNA is present for the 32 kD protein (‘herbicide-binding protein’, psbA) in red fruit.

Introduction

Tomato fruit ripening is a complex developmen-
tal process that has evolved for the production and
dispersal of seeds. The fruit ripening process in
Lycopersicon esculentum involves a series of dis-
tinct biochemical and structural changes. The chlo-
roplasts in tomato undergo particularly drastic
changes in ultrastructure and function during fruit
maturation. This chloroplast/chromoplast transi-
tion is one example of tissue-specific differentia-
tion of plastids found throughout plant develop-
ment (56). The ultrastructural changes observed
during chloroplast/chromoplast conversion in
tomato fruit include the disappearance of the
thylakoid membrane system and the degradation of
chlorophyll (21, 22, 39, 51). Since the light-
harvesting chlorophyll a/b binding proteins are un-
stable without chlorophyll, it is assumed that the
photosynthetic apparatus breaks down during con-
version (2, 3, 20). The early stage of chromoplast
development is characterized by the appearance of
plastoglobuli and increased carotenoid biosynthesis

and/or accumulation (4, 47, 51). In the mature red
fruit, the accumulated lycopene develops into a
large crystal inside the chromoplast membranes.
Currently, the precise sequence of events involved
in controlling and executing these ultrastructural
changes is unknown.

The ripening process in tomato fruit appears to
be regulated by a number of exogenous and en-
dogenous factors. Early experiments demonstrated
that red light, via phytochrome, accelerates the syn-
thesis and accumulation of lycopene in green toma-
toes (31). In contrast, gibberellic acid inhibits lyco-
pene synthesis and delays chlorophyll degradation
(13). This inhibitory effect is reversible by either red
light or the application of abscisic acid. Synthesis
of abscisic acid is stimulated by red light prior to
the accumulation of lycopene (32). The fruits at
different ripening stages in avocado and tomato ac-
cumulate mRNAs for several polypeptides (e.g. cel-
lulase or polygalacturonase) that are required for
normal fruit ripening (6, 8, 16, 44, 45). It is un-
known which regulatory mechanisms, if any, con-
trol the expression of nuclear and plastid genes en-
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coding photosynthesis-specific polypeptides during
the chloroplast/chromoplast transition. It is possi-
ble that several new polypeptides may be synthe-
sized in, or imported into, the differentiating
plastid (19); these include enzymes for the carote-
noid biosynthetic pathway(s), most of which seem
to be encoded in the tomato nuclear genome (48,
49).

We are interested in identifying the mechanism(s)
that control the expression of nuclear and plastid
genes during the chloroplast/chromoplast transi-
tion in ripening tomato fruit. In this report we have
monitored the expression of photosynthesis-
specific genes in the chloroplast of mature green
fruit and during the development of the chro-
moplast. As expected, we have detected mRNA for
all of the analyzed chloroplast genes in photosyn-
thetically active green fruit, but not in the chro-
moplast of ripe tomato fruit. We find, however that
the mRNA for the 32 kD protein of photosystem 11
(psbA) is still present at high levels in chromoplasts.

Materials and methods
Plant material and tissue preparation

Tomato plants (L. esculentum, cherry line,
VENT LA 1221) were grown under greenhouse con-
ditions. Fruits were harvested at different develop-
mental stages: premature green stage (fruit size
1.5-2.5 cm, approximately 30 days after pollina-
tion); yellow-orange intermediate stage (fruit size
3 cm, approximately 45 days after pollination); and
fully ripe, red stage (fruit size 3 cm, approximately
50 days after pollination). Pericarp was isolated,
immediately frozen in liquid nitrogen and stored at
=70 °C.

Tomato chloroplast DNA restriction enzyme map-
ping and gene localization

Chloroplasts were isolated from mature green
leaves taken from young plants (6-8 weeks old).
Plants were kept in the dark at 20 °C for 24 h prior
to preparation in order to reduce the starch content.
Leaf material was homogenized, in two batches of
60 gm, in 150 ml of 1x isolation buffer (1 x IB:
0.37 M sucrose, 10 mM Tris-HCI, pH 7.6, 50 mM
EDTA, 0.1% BSA, 0.1% polyvinylpyrrolidone,

15 mM 2-mercaptoethanol, 1 mM spermine, ] mM
spermidine) using a Waring blendor with addition-
al razor blades (30). The homogenate was filtered
through four layers of miracloth. The filtrate was
centrifuged at 1 000 rpm for 1 min (Sorvall SS34
rotor), to sediment starch, then for 10 min at
4 000 rpm, to collect the chloroplasts. The chlo-
roplast pellet was resuspended in 1 X IB to a final
volume of 20 ml. Chloroplasts were purified by
floatation on sucrose, as described by Hallick ef al.
(18). The floated chloroplasts were recovered and
washed with 1 x IB. After centrifugation, the
chloroplast pellet was resuspended in a final vol-
ume of 10ml in 1 X STED (0.37 M sucrose,
10 mM Tris-HCI1, pH 7.6, 50 mM EDTA, 1 mM
dithiothreitol), and the suspension was incubated
with 0.5 ml pre-digested proteinase K (20 mg/ml)
for 15 min at 60 °C. Chloroplasts were lysed by ad-
dition of one fifth volume of lysis buffer (5% sodi-
um lauroylsarcosinate, 50 mM Tris-HCIl, pH 8.0,
25 mM EDTA). The lysate was extracted with chlo-
roform, phenol, and again with chloroform. Chlo-
roplast DNA was precipitated with ice-cold ethanol
for 5 min at -20 °C and collected by centrifugation
(Sorvall SS34 rotor, 8 000 rpm, 5 min). The DNA
pellet was resuspended in TE (10 mM Tris-HCI, pH
8.0, 1 mM EDTA) to a final concentration of
1 mg/ml.

A physical map of L. esculentum VFNT LA 1221
chloroplast DNA was generated using the restric-
tion enzymes Pvu 11, Hpa 1, and Sal 1. Restriction
fragments were fractionated by agarose gel elec-
trophoresis (0.5-0.7% agarose). The orientation of
the fragments on the restriction enzyme map was
determined using the Hutchison procedure for
mapping DNA restriction fragments as described
by Pero et al. (43).

Genes were localized to the tomato chloroplast
DNA restriction-enzyme map by Southern hybridi-
zation (54) using gene-specific heterologous DNA
probes from tobacco and spinach or synthetic
oligonucleotides (Table 1).

Isolation of RNA

Freshly harvested leaves (10 gm) were rinsed and
frozen in liquid nitrogen. The frozen tissue was dis-
rupted in a mortar, and the resulting tissue powder
was resuspended in 50 ml buffer (0.35 M sorbitol,
50 mM Tris-HCI, pH 8.0, 25 mM EDTA, 15 mM



Table 1. Plasmids and synthetic oligonucleotide used for hybridizations.
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Plasmid Restriction fragment Source Protein gene(s) References
pSocl1080 8.2 kb, Pst 1, Spinach DSaA?
pSoc910 20 kb, Sal 1, Chloroplast psaA, psbC, psbD?
pSoc800 12.3 kb, Pst 1, Chloroplast atpB, atpE*
pSocA 1.2 kb, Eco RI-Bam HI, Chloroplast petAb
pSocB 0.3 kb, Xho I, Chloroplast petBb
pSocD 0.4 kd, Bam HI, Chloroplast petDb
pSD7 0.8 kb, Xba 1-Pst 1, Chloroplast DSbA 61)
Xho-8a 3.0 kb, Xho I, Chloroplast rrn 9)
pTBI1 1.2 kb, Bam HI, Tobacco rbecl. (52)
pTB4 8 kb, Bam HI, Chloroplast atpA (11)
pTBI17 2.4 kb, Bam HI, Chloroplast atpB, atpE (10)
pHA2 8.7 kb, Hind 111, Pea nuclear rDNA-
P680 Nucleotides 1— 50 of the spinach psbB

P680 protein coding region 37)

2 Plasmids pSocl080, pSoc910 and pSoc800 contain the spinach chloroplast DNA restriction enzyme fragments Psz I1#8, Sal 1#2, and
Pst 1#5 in pBR322, respectively (E. Orozco, unpublished; see ref. 57).

b pSocA contains petA as a 1.2 kb Eco RI/Bam HI restriction enzyme fragment in pEMBLS. pSocB carries the internal 300 bp Xho
[ fragment #17 of the petB in M13mpl8. pSocD contains the internal 400 bp Bam HI fragment #29 in pEMBLS.

¢ The 8.7 kb Hind 111 fragment, including the pea nuclear ribosomal RNA genes, has been recloned from pHAI1 into pBR322 to result

in plasmid pHA2 (29).

2-mercaptoethanol, 2 mM dithiothreitol, 0.1%
polyvinylpyrrolidone, 5 mM aurintricarboxylic
acid). The homogenate was passed through four
layers of miracloth. One-tenth volume of chlo-
roplast lysis buffer (5% sodium lauroylsarcosinate,
50 mM Tris-HCI, pH 8.0, 25 mM EDTA) was ad-
ded, and the homogenate was incubated for 15 min
at room temperature. Protein was removed by two
phenol:chloroform:isoamyl alcohol (25:25:1) ex-
tractions. One-tenth volume of 5 M ammonium
acetate and 2 volumes of ethanol were added to the
recovered aqueous phase to precipitate total nucleic
acids. The nucleic acid pellet was resuspended in a
small volume of TE buffer (10 mM Tris-HCI, pH
7.5, 1 mM EDTA), and 10 M lithium chloride was
added to a final concentration of 2 M to selectively
precipitate high-molecular-weight RNA (17). The
RNA pellet was resuspended in diethylpyrocar-
bonate-treated H,O (38) and stored in aliquots at
-20°C.

The guanidinium/hot-phenol method (38) was
used to isolate RNA from tomato fruits. Ten gm of
frozen fruit pericarp was homogenized in 10 ml
buffer (4 M guanidinium thiocyanate, 50 mM Tris-
HCI, pH 7.6, 10 mM EDTA, 2% sodium lauroyl-
sarcosinate, 1.4 mM 2-mercaptoethanol) for 15 sec
in a Waring blendor. After addition of another
15 ml of the same buffer, the mixture was heated to

60 °C and subsequently passed through an
18-gauge syringe needle under high pressure. Thirty
ml of preheated phenol, 3 ml of STE buffer 1 M
sodium acetate, pH 5.2, 100 mM Tris-HCI, pH 7.4,
10 mM EDTA) and 50 mli chloroform:isoamyl alco-
hol (24:1) were added, followed by vigorous shak-
ing of the emulsion for 15 min at 60 °C. After cen-
trifugation (3 500 rpm, HB4 rotor, 10 min, 20 °C)
the aqueous phase was extracted with phenol:chlo-
roform:isoamyl alcohol (25:25:1) and once with
chloroform. RNA was isolated from the aqueous
phase as described above. The RNA pellet was
resuspended in TE buffer containing 0.2% SDS,
and pre-digested proteinase K (15 min, 37 °C) was
added to a final concentration of 0.2 mg/ml. The
suspension was incubated for 1.5 h at 37 °C. After
heating to 60 °C, the suspension was extracted
once with phenol and once with phenol:chloro-
form:isoamyl alcohol (25:25:1). Ethanol precipi-
tated RNA was dried and resuspended in
diethylpyrocarbonate-treated H,O and stored in
aliquots at -20 °C. This method typically yielded
10-50 pg total RNA/g tissue.

Analysis and quantification of RNA

Electrophoresis of RNA on formaldehyde-
containing agarose gels was performed as described
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by Maniatis et al. (38). The RNA was transferred
from ethidium bromide stained or unstained for-
maldehyde gels to nitrocellulose filters. Filters were
baked at 80 °C for 2 h under vacuum.

For quantification of specific RNA sequences,
dilution series of LiCl-precipitated RNA in H,O
(20 ul volume) were prepared immediately before
binding to nitrocellulose. To remove secondary
structure, the RNA was heated at 70 °C for
5-10 min, kept on ice and equilibrated to high salt
conditions by adding 120 ul 20 x SSC (3 M NaCl,
0.3 M sodium citrate, pH 7.0). RNA dilutions were
spotted onto nitrocellulose filters using a ‘Dot-
Blot’ apparatus. The spotted RNA was washed
twice with 200 ul 20 x SSC before the filter was
baked 2 h at 80 °C under vacuum.

Nitrocellulose filters were prehybridized for at
least 1 h at 65 °C in 500 ml 4 x SSC, 1 x Den-
hardt’s solution (0.1 gm Ficoll, 0.1 gm polyvinyl-
pyrrolidone, 0.1 gm BSA per 500 ml). Hybridiza-
tions with specific probes were carried out at 65 °C
for 12-16 hin 6 x SSC, 1 X Denhardt’s, and 0.5%
SDS. The filters were washed at 45 °C, 55 °C or
65 °C with 1 L 2 x SSC (3 times 20 min) and 1 L
1 x SSC (3 times, 20 min) and exposed to X-ray
films. When oligonucleotides (50 nucleotides) were
used as hybridization probes, nitrocellulose filters
were prehybridized in 6 x SSC, 20% formamide,
0.1% SDS, 0.1 mg/ml tRNA (yeast) at 42 °C for
1 h. The 5’ labeled oligonucleotides were added to
the hybridization solution (see above) and hybri-
dized at 42 °C for 12 h. Filters were washed twice
for 5 min each at 20 °C in 2 x SSPE (300 mM
NaCl, 23 mM NaH,PO, x H,0, 2.2 mM EDTA,
pH 7.4), 0.1% SDS, and once for 5 min in
0.1 x SSPE at 20 °C, 30 °C or 37 °C.

The autoradiograms obtained from northern
blot hybridizations were scanned with a Joyce
Loebl densitometer. Relative amounts of mRNA
were determined by peak-area measurements.

Plasmid DNA isolation

Plasmid DNAs were isolated by a modified
cleared-lysate procedure (7, 27). The crude plasmid
DNA fractions were treated with RNase A and pro-
teinase K prior to centrifugation. Supercoiled plas-
mid DNA was purified by equilibrium centrifuga-
tion in CsCl-ethidium bromide gradients.

Results
Construction of the tomato chloroplast DNA map

The construction of a chloroplast DNA restric-
tion enzyme map for the tomato VFENT LA 1221
cherry line was accomplished for the restriction en-
zymes Hpal, Pvull, and Sal/l. Tomato chlo-
roplast DNA restriction fragments were ordered by
use of data from the Hutchison procedure, as well
as relevant data from hybridization with various
heterologous gene probes (Fig. 1). The map gener-
ated by Pvu Il and Hpa I digestion of the chlo-
roplast DNA is similar to that found by Palmer and
Zamir for the L. esculentum cultivar T6 (41). The
sizes of comparable restriction fragments do not
differ significantly from those reported (Table 2).

Fig. 1. Localization of protein encoding genes on the physical
map of the tomato (L. esculentum, cherry line VFNT LA 1221)
chloroplast genome. The genes were positioned by Southern
hybridization. atpA, atpB, atpE - genes for the subunits of AT-
Pase; pasA - gene for the P700 photosystem I reaction center
protein; psbA - gene for the 32 kD thylakoid membrane pro-
tein; psbB ~ gene for the P680 photosystem II reaction center
protein; psbC and psbD - genes for photosystem II associated
proteins; rbcL - gene for the large subunit of
ribulose-1,5-bisphosphate carboxylase; petA - gene for
cytochrome F; petD - gene for the subunit 4 of the cytochrome
b/f complex; rrn - genes for the large and small ribosomal
RNA:s.

Restriction sites for Hpa I (inner circle), Pvu II, and Sal 1
(outer circle) were determined on the tomato chloroplast ge-
nome. Restriction fragment sizes are given in Table 2.



Table 2. Restriction fragment sizes of chloroplast DNA from
L. esculentum (VFNT LA 1221).

Pvu Il  Fragment Hpal
digest size (kb)  digest

Fragment Sa/l Fragment
size (kb)  digest size (kb)

1A 22.1 1 31.0 1 28.1

1B 21.2

2 19.8 2 27.0 2A 23.0
2B 222
2C 21.6

3 18.3 3 18.0 3 16.7

4 15.3 4 15.4 4 5.3

5 14.6 5 13.5 S 13.1

6 10.4 6 11.9 6 11.9

7 10.2 7A, B 11.2 7 4.3

8 8.5 8 8.6 8 2.9

9 6.0 9 7.6

10A, B 4.1 10 3.5

11A, B 23

The total size of the tomato chloroplast DNA ge-
nome was estimated to be 159 kb.

The location of the genes analyzed in this study,
and their relative order on the tomato chloroplast
DNA molecule, are identical to those reported for
spinach and tobacco genes, although there appear
to be small differences in the relative spacings be-
tween some genes (e.g., petA on tomato chloroplast
DNA is closer to the rbcL/atpB,E loci than it is in
spinach). It should be noted that the endpoints for
gene locations were not precisely mapped on the
chloroplast DNA molecule but merely coincide
with the endpoints of the fragments that hybridized
to the gene probe.

Changes in plastid mRNA during ripening

RNA preparations from tomato leaves and
different fruit ripening stages were analyzed on
denaturing formaldehyde gels (Fig. 2A). Seven dis-
tinct bands (lane 1-4) were visible after ethidium
bromide staining. Four bands were identified that
correspond to the large and small cytoplasmic
rRNAs (A and C) and to the large and small chlo-
roplast rRNAs (B and D). It is possible that the re-
maining unidentified bands are specific ribosomal
RNA fragments, which result from ‘hidden’ breaks
in the secondary structure of the rRNA molecules
(15). We cannot exclude, however that they also rep-
resent mitochondrial ribosomal RNAs that cross-
hybridized with the DNA probe. Significant degra-
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dation of rRNA was not detected, although the
background hybridization with green fruit RNA
preparations (lane 2) was slightly higher than in the
other RNA isolates.

The identification of specific mRNA sequences
present during the chloroplast/chromoplast conver-
sion in ripening tomato fruits was accomplished us-
ing northern blot analysis. RNA from different tis-
sues and from different fruit ripening stages was
standardized using spectrophotometric quantifica-
tions, intensity of ethidium bromide staining on
agarose gels, and the relative levels of hybridization
with heterologous cytoplasmic rDNA (pea; Fig. 2B
and Fig. 5A). The normalized RNA amounts were
used as the basis for detecting plastid gene expres-
sion by northern blot analysis.
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Fig. 2. Panel A. Separation of total RNA isolates from tomato
on a denaturing formaldehyde gel after ethidium bromide stain-
ing: total RNA from leaves (lane 1), premature green fruits
(lane 2), intermediate stage fruits (lane 3), and red fruits (lane
4). E. coli IRNA (lane 5) was separated into the large (23S) and
small (16S) rRNA. The large and small cytoplasmic (A, C) and
chloroplast (B, D) ribosomal RNAs are indicated.

Panel B. Hybridization of heterologous cytoplasmic rDNA
(pea, pHA2) to total RNA from premature green fruits (lanes
1 and 2), intermediate stage fruits (lanes 3 and 4) and red fruits
(lanes 5 and 6). Lanes 1, 3, and 5 were loaded with twice the
amount of RNA as in lanes 2, 4, and 6 (5-10 ug total RNA per
lane). The large (A) and small (C) cytoplasmic RNAs are indi-
cated.
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Northern blots of RNA isolated from tomato
leaves and fruits were hybridized with heterologous
chloroplast genes from spinach and tobacco. At
present fifteen protein genes have been identified
on the plastid genome map of spinach. Of these, we
have used the following genes for our hybridization
experiments: psaA, coding for the P700 protein of
photosystem 1, psbA, psbB, psbC, and psbD, cod-
ing for proteins associated with the photosystem II,
atpA, atpB, atpE, coding for the subunits of the
ATPase, and the gene for the large subunit of the
ribulose-1,5-bisphosphate carboxylase (rbcL).

Transcripts for proteins of photosystem I

The gene coding for the P700 photosystem I
reaction center protein (psaA) has been localized to
the center of the large single copy DNA of the spin-
ach plastid genome (57). The location of this gene
was found to be similar in tomato chloroplast DNA
(Fig. 1). The result from hybridization with the
plasmid pSoc910, carrying the genes psaA, psbC
and psbD from spinach, are shown in Fig. 3A.
Three major transcripts were detected in total green
leaf RNA. Based on hybridizations with the clone
specific for psaA (pSocl080), the largest transcript
corresponds to the mRNA for the P700 pho-
tosystem [ reaction center protein (Fig. 3A, band
A). The length of the transcript was estimated to be
6 000 nucleotides. A psaA transcript of similar size
has been reported in spinach (57). The amount of
P700 transcript in green fruit is reduced to 27% of
the RNA level found in leaves (Table 3). In red fruit
the transcript decreases to almost undetectable lev-
els. No hybridization signal was detected with the
pBR322 vector DNA sequences in this or all subse-
quent experiments.

Transcripts for proteins of photosystem II

In most higher plant chloroplast DNAs, psbA
and psbB are separated by approximately 70-80 kb,
while psbC, and psbD are located close to psaA in
the center of the large single copy region (58).
Again, this gene organization was found to be simi-
lar on the tomato plastid genome (Fig. 1). The
psbC gene in spinach codes for the chlorophyll a
binding protein of photosystem II (44 kD protein),
while the psbD gene encodes the so called
‘D2protein (30-39.5 kD protein, 5). Both genes

Table 3. Relative amounts (%) of plastid gene transcripts in
RNA preparations from various ripening stages in tomato.

Gene Leaf Green Intermediate Red
fruit fruit fruit
Cytoplasmic
rDNA* 100 90.2 93.7 95.8
Plastid
rrn* 100 44.1 37.2 16.2
rbcL 100 14.1 5.8 n.d.
DPSaA 100 20.8 4.4 0.7
pshA 100 69.9 35.1 20.4
psbB 100 63.5 13.9 4.5
psbC or D 100 37.5 3.2 n.d.
psbD or C 100 28.1 2.2 n.d.

n.d.: not detectable.
* Data combined from nothern blot scanning and scintillation
counting of radioactivity on ‘Dot-Blot’ spots.

have been localized on a number of plastid ge-
nomes (1, 26, 47, 50). In spinach psbC and psbD
overlap by 50 nucleotides and are thought to be
cotranscribed (26). Hybridization of tomato leaf
RNA with plasmid pSoc910 revealed three discrete
transcripts. In Fig. 3A band B and band C cor-
respond to the transcripts of psbC and psbD; each
is approximately 3 000 nucleotides in length. The
identities of the individual transcripts were not spe-
cifically matched to either cloned gene. In green
fruit the level of transcripts for both genes is
reduced to 28-37% of the amount found in leaf.
During development to the intermediate stage fruit
psbC and psbD mRNA levels decrease to 2-3%,
while red fruit RNA contains no detectable amount
of transcripts (Table 3).

Interestingly, a new high-molecular-weight band
(approximately 7 000-8 000 nucleotides) cross-
hybridized to pSoc910 in RNA preparations from
fruit of all ripening stages (Fig. 3A). The level of
this unidentified transcript decreases during the
ripening process from 100% in green fruits to 45%
in intermediate fruits and 9% in red fruits.

An oligonucleotide probe complementary to the
first 50 nucleotides of the coding region of the
P680 reaction center protein gene of photosystem
II (40) was used to identify psbB transcripts in
tomato RNAs isolated from leaves and fruits
(Fig. 3B). The oligonucleotide hybridized to four
distinct RNAs from chloroplast of leaves. Polycis-
tronic transcription of psbB with the genes for
cytochrome b6 (perB) and subunit 4 (perD) of the



cytochrome b/f complex has been proposed (23,
40). The final psbB transcript (Fig. 3B, band D) is
approximately 2 000 nucleotides long. The expres-
sion of psbB is significantly reduced during the
transition from chloroplast to chromoplast. How-
ever, it was possible to detect 5% of the leaf level
of this RNA in chromoplasts from ripe fruit (Ta-
ble 3).

Hybridization with an internal fragment (pSD7)
of the gene for the 32 kD polypeptide of pho-
tosystem II (psbA) shows a single band of approxi-
mately 1 200 nucleotides (Fig. 3C). The size of this
mRNA is in agreement with previously published
sizes of pshbA mRNA from mustard, tobacco and
spinach (36, 55, 61). No precursor transcripts have
been identified for any of the 32 kD protein tran-
scripts from various higher plant species (42). Al-
though quantitation of the mRINA indicates a de-
crease in the level of transcripts for the 32 kD
protein during fruit ripening (Table 3), a surpris-
ingly high level of this mnRNA was detected in RNA
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from fully matured fruits. The mRNA is present at
approximately 20% of the level found in leaf RNA.
The relative amount of the 32 kD transcript in ripe
fruit is significantly higher than the levels found for
any of the transcripts encoding polypeptides of
photosystem II, the P700 protein of photosystem I
or the large subunit of ribulose-1,5-bisphosphate
carboxylase.

Transcripts for stromal proteins

The gene for the large subunit of the
ribulose-1,5-bisphosphate carboxylase (rbcL) is en-
coded in the large single copy region of spinach and
tobacco chloroplast DNA. The organization of
rbcl in tomato chloroplast DNA appears to be
similar (Fig. 1). Hybridization of a rbcL specific
probe with RNA from leaves and fruits of tomato
revealed a single transcript of approximately 1 800
nucleotides (Fig. 4). Similar results have been ob-
tained for the tobacco rbcL transcript (52). The
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Fig. 3. Hybridization of heterologous plastid genes (Table 1) with total RNA isolated from leaves (lane 1), premature green fruits (lane
2), intermediate stage fruits (lane 3), and red fruits (lane 4). Autoradiograms were exposed for 5 days at -70 °C.

Panel A. Hybridization with nick-translated plasmid pSoc 910: Identification of the transcript of the P700 reaction center protein
(psaA, A), the chlorophyll a/b binding protein (psbC), and the D2 protein (pshbD) (B and C) of photosystem II. The arrow indicates

a transcript occurring in fruit RNA preparations.

Panel B. Hybridization with the oligonucleotide complementary to the P680 reaction center protein (psbB). Bands indicated A, B,
and C are cotranscripts of psbB, band D corresponds to the mRNA of the P680 protein of photosystem II.
Panel C. Hybridization with the plasmid pSD7, a 800 bp internal fragment of the 32 kD protein gene (psbA). The arrow indicates

the transcript of pshA in tomato leaves and fruits.
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Fig. 4. Hybridization with nick-translated plasmid pTBI1, car-
rying the gene for the large subunit of
‘ribulose-1,5-bisphosphate from tobacco (exposure time: 5 days
at -70 °C). The arrow indicates the transcript of rbcL in tomato
leaf and fruit RNA preparations. Leaf RNA (lane 1), premature
green fruit RNA (lane 2), intermediate stage fruit RNA (lane 3),
red fruit RNA (lane 4), and E. coli rRNA (lane 5).

amount of rbcL. mRNA decreases to 15% in green
fruit and to 6% in intermediate stage fruits, when
compared to leaf RNA. In red fruit rbcL mRNA
was not detectable (Table 3).

Transcripts for membrane proteins

The genes for three subunits of the ATPase
(atpA, B, E) are located in the large single copy re-
gion of the tomato chloroplast genome (Fig. 1).
The organization of these genes in tomato is similar
to positions described for other higher plants (12,
34, 53, 60, 62). Northern blot hybridizations using
an atpB/E specific probe (pTB17) versus RNA from
tomato leaves reveals three distinct transcripts of
approximately 2 700, 2 000, and 800 nucleotides.
In tobacco the atpB and afpE genes are cotran-
scribed as a 2 700 nucleotide polycistronic mRNA
(53). Tomato fruit RNA isolates from different

ripening stages contain high-molecular-weight
RNA that hybridizes to the plasmid (data not
shown). These mRNAs are longer than the
cytoplasmic ribosomal RNA but do not resolve as
discrete bands. High-molecular-weight bands were
also observed when tomato RNAs from leaves and
fruits were hybridized with a specific clone for the
aptA subunit gene (pI'B4). One major transcript of
approximately 3 000 nucleotides was detected in
leaf RNA. The tobacco afpA transcript has also
been reported to be 3 000 nucleotides (12). Tran-
scripts of varying sizes (at least 3 000 nucleotides
long) hybridize to the atpA probe.

Plastid ribosomal RNA

Changes in the amount of ribosomal RNAs in
plastids were determined by quantitations of ‘Dot-
blots’ (Fig. 5) and of northern blots (not shown).
The quantitated data from both methods were
combined and are given in Table 3. The expected
hybridization to rRNA from chromoplasts of red
fruit as shown in Table 3 can be detected on ‘Dot-
blots’ after extended exposure. The results are con-
sistent with a decrease of plastid rRNA during the
conversion of chloroplasts to chromoplasts in
tomato fruits, The presence of relatively high levels
of plastid ribosomal RNA in red fruit might indi-
cate that protein biosynthesis may still occur in ful-
ly developed tomato chromoplasts.

Discussion

The mRNA level of several photosynthetic
plastid protein genes (psaA, psbA, B, C, D, and
rbcL) decrease during the ripening process in toma-
to. In the late fruit ripening stages, the amount of
transcripts are reduced to almost undetectable lev-
els. This decrease of plastid mRNA levels is not due
to changes of the plastid DNA/nuclear DNA ratio,
which is constant throughout the fruit ripening
process (data not shown). The levels of transcripts
of these genes change at least 15-30 fold when
chloroplasts differentiate into chromoplasts during
tomato fruit ripening. We conclude that virtually
no synthesis of the P700 reaction center protein
(psaA), the chlorophyll a binding protein (psbC)
or the ‘D2 protein (psbD) occurs in chromoplasts.
It is unlikely, that in the absence of these photosyn-
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fruit (4); E. coli rRNA (5), and Hela total RNA (6). Panel A. Hybridization with the heterologous cytoplasmatic rDNA probe (pea,
pHA?2). The autoradiograms were exposed for 15 h at -70 °C. Panel B. Hybridization with the heterologous chloroplast rrn probe

(spinach, Xho-8a).

The radioactive spots were excised from the nitrocellulose filter, the hybridization level was determined by scintillation counting,
and the data were plotted. Leaf (x--x), premature green fruit (0--0), intermediate stage fruit (a--a), and red fruit (e--e).

thetic proteins photosynthesis still occurs in red
tomato fruits. This conclusion is supported by our
measurements of concentrations of the P700 reac-
tion center protein (photosystem I) and the primary
electron acceptor Q of the photosystem II in green
and red fruits (data not shown). It should be men-
tioned that our results on plastid gene expression
during fruit ripening were based on the assumption
that the concentration of cytoplasmic rRNA does
not vary significantly in diverse tissues and at
different developmental stages. If cytoplasmic
rRNA levels decrease during tomato fruit ripening
(45), our calculated values of chloroplast mRNAs
are progressively overestimated in the later stages of
fruit maturation.

The key enzyme of the CO,-fixation cycle (Cal-
vin cycle), ribulose-1,5-bisphosphate carboxylase, is
assembled from 8 large subunits (53-56 kD) and 8
small subunits (12-15 kD) (35). A single large

subunit gene (rbcl) is located on the plastid ge-
nome, whereas a set of small subunit genes (rbcS)
are nuclear encoded (24, 37, 59). In our experi-
ments rbcL transcripts were not detected in chro-
moplasts, indicating that CO, fixation is probably
reduced or even turned off in red fruits. This con-
clusion is supported by our measurements of
ribulose-1,5-bisphosphate carboxylase activity in
pericarp tissue from green fruit, intermediate stage
fruit and red fruit (34.9%, 2.2%, 0.8%, respective-
ly). In green fruit plastids the level of rbcL tran-
scripts is reduced to 14%, compared to fully active
chloroplasts in green leaves. The differences in (1)
protein activities and (2) gene expression between
chloroplasts from green fruits and leaves may be ex-
plained by their chemical composition. Chlo-
roplasts from green fruit have a significantly higher
content of starch reserves than do leaf chloroplasts.
Therefore, green fruit plastids sometimes resemble
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amyloplasts more closely than chloroplasts (51). At
present it is not known how the expression of rbcL
and rbcS genes is regulated during tomato fruit
ripening. Preliminary results indicate that the ex-
pression of photosynthesis related nuclear and
plastid encoded genes is not coordinately regulated.
The 32 kD thylakoid membrane protein (psbA)
of photosystem II is known to be responsible for
herbicide (atrazine, DCMU) binding in plants (59).
Our experiments show decreasing levels of psbA
transcripts during the process of fruit ripening,
ranging from 70% in the chloroplasts of green fruit
to 20% in chromoplasts. The relative level of pshbA
transcripts found in red fruits, however, is at least
20 fold higher than the mRNA level of most of the
other genes described above. This could be due to
an increased half-life time of this particular tran-
script or to a higher transcription rate for this gene.
The 32 kD protein does not accumulate because of
its rapid turnover (14, 25), while the gene products
of the psaA, the P700 reaction center protein of
photosystem I, appear to be very stable proteins. In
order to maintain a certain level of photosynthetic
activity, plastids in green tomato fruits have to syn-
thesize stoichiometric amounts of the components
for photosystems I, II and the electron transport
chain. Due to the different stabilities of the 32 kD
polypeptide and other components of photosystem
I1, it is possible that psbA is transcribed at a higher
rate and/or its mRNA accumulates to increased
levels. At present no data are available for the turn-
over rate of psbA mRNA in different tissues. Also,
we do not know whether and to what extent the
pshA mRNA is translated in red tomato fruit.
The ATPase protein complex is located in the
thylakoid membrane. It is assembled from three nu-
clear and four chloroplast encoded gene products.
The level of the atpA, B, and E transcripts were not
determined in our experiments because no discrete
transcripts were observed in RNA isolates from
fruit tissue. It is very unlikely that this is due to
degradation, because (1) identical RNA prepara-
tions were used for hybridizations with other
plastid specific probes that always lead to discrete
transcripts, and (2) the hybridizing RNAs have
higher molecular weights than do the transcripts
found in leaf RNA preparations. Interestingly, this
phenomenon occurs only in RNA isolated from
fruit tissue. When the plasmid pSoc910 was hybri-
dized to a northern blot (Fig. 3A), an additional

transcript was detected in fruit RNA but not in leaf
RNA. Whether these results reflect fruit specific
transcription, or are the consequence of a common
experimental artifact, needs further investigations.
Ultrastructural and physiological alterations, the
drastic degradation of thylakoid membranes, and
the decrease of the chlorophyll content occur dur-
ing chloroplast/chromoplast differentiation in
tomato (21, 22, 28, 33, 39). These events are consis-
tent with the molecular data presented here. During
fruit ripening several components of the photosyn-
thetic apparatus exhibited decreased mRNA levels.
Whether these transcript levels in chromoplasts are
due to a decreased rate of transcription or to a
higher turnover rate remains unknown. Since we
have found plastid rRNA to be present in red fruit
tomato, it remains to be determined, whether a
functional transcription/translation apparatus ex-
ists in chromoplasts. Experiments are currently un-
derway to elucidate the molecular mechanism(s)
for the regulation of photosynthetic-specific genes
of the tomato nuclear and plastid genomes during
fruit ripening and chromoplast differentiation.
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