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Al@ra&-The abortion of RNA in the outer locule tissue of tomato fruits was measured during development 
and ripening. Labelling studies suggest two peaks of synthesis, the fust during early development and the second just 
before the onset of ripening (colour change). During the second period of increased RNA labelling the amount of 
total RNA per flit either remains constant or starts to decline. Synthesis of rRNA and soluble RNA occurred at all 
stages. Polydisperse RNA containing polyadenylic acid was isolated and shown to direct the synthesis of protein 
in uitro. No significant changes in the amount of polyadenylic acid, relative to total RNA were detectable during the 
ripening period. 

INEXODUCXTON 

There is considerable evidence that changes in enzyme 
synthesis may be involved in fruit ripening [l). Hulme 
et al. [2] suggested that in climacteric fruits increased 
synthesis of malic enzyme and pyruvic carboxylase is 
associated with ripening and Hobson [3] showed that 
during the early stages in tomato ripening there is a rapid 
rise in poly~acturon~ activity. In addition, cyclo- 
heximide, an inhibitor of protein synthesis on 80s ribo- 
someq prevents ripening in pears 141, citrus fruits [5J and 
bananas 161. More direct evidence for the involvem~t 
of protein synthesis is provided by the observation that 
enhanced incorporation of radioactive amino acids into 
proteins occurs during the early climacteric in avocado 
pear slices [7] and whole pears [4], bananas [8], apples 
[9] and tomatoes [lo]. Richmond and Biale [7l inter- 
preted their results as evidence for the “introduction of a 
set of enzymes which catalyse the climacteric process and 
the final breakdown of the cell”. A similar stimulation of 
incorporation of radioactive precursors into RNA just 
prior to the climacteric peak in apples Ip.111. pears [12, 
131 and tomatoes [IO] supports the suggestion that RNA 
synthesis is also required for the synthesis of new 
enzymes involved in ripening. However, in most cases 
the main type of RNA synthesized appears to be rRNA 
and there is no clear evidence relating to changes in 
mRNA. 

This question is of considerable importance because 
the synthesis of new enzymes could be regulated simply 
by the translational control of pre-existing mRNA. 
Changes in the levels of merent tRNAs during ripening 

Abbreviations: Poly(Ax polyadenylic acid; Oligo (dT)-cellulose, 
c&dose with oIigo~~hi~dylic acid attached. 
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support tbe idea of translational control [14]. Altema- 
tively, the synthesis of new mRNA just before fruit 
ripening could also be responsible for new enzyme 
synthesis. The demonstration that at least some plant 
nrRNAs can be purified by virtue of the presence of 
poly(A) at the 3’ end [15-191 and the fact that they can 
be translated in vitro and the protein products identified 
[l&17,20] raises the possib~~ that the above theories 
relating to changes in RNA and protein synthesis during 
fruit ripening can be directly tested. As a first step we 
have studied the metabolism of rRNA, soluble RNA and 
~I~A~nta~~g RNA during the development and 
ripening of tomato fruits and examined the activity of 
poly(A)-containing RNA in directing protein synthesis 
in z&o. 

RESULTS AND DISCUSSION 

The pattern of accumulation of total nucleic acid 
during the development and ripening of two varieties of 
tomato fruit is shown in Fii 1. Pol~c~l~de gel 
electrophoresis of nucleic acid extracted from fruits at 
different developmental stages showed that DNA 
accounted for only 5-10% of the total (Fig. 2). Davies 
and Cocking have previously reported [2i J that there is 
very little cell division or DNA synthesis during tomato 
fruit development and tbe results in Fig. 1 are therefore 
mainly due to a large increase in the amount of RNA per 
c&L Net accumulation of RNA ceased several weeks 
before the onset of ripen& measured by the synthesis 
of lycopcne. In the slow ripening variety Minipopella the 
RNA content remained stable for several weeks and 
then declined sharply at the onset of lycopene synthesis. 
However a decrease in RNA content is not necessarily 
diily related to ripening because in the quick-big 
Amberley Cross variety a substantial reduction in RNA 
was detected prior to lycopene synthesis (Fig. la). 
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Fig. 1. Changes in fresh weight, RNA and lycopenc content 
during the development and ripening of tomato fruits. Results 
are shown for a quick-ripening (Amherley Cross, la) and a slow- 
ripening (Minipopella, lb) variety. 0, fresh weight of fruit (g); 
@ mg nucleic acid per fruit tissue;O, mg nucleic acid per g 
fruit tissue; A, pg lycopene par g fruit tissue; Vertical ham 

indicate standard errors. 
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Fig 2 Polyacrylamide gal electrophoresia of total nucleic acid 
samples from fruits of different ages Electrophoresis was in 
2.4 % gels for 2 hr. All extracts ware from the Minipopalla 
variety although similar gel profiles were obtained with Amber- 
fey Cross. Curves c and d cover the period immediately prior to 
and during ripening. In curve a, the peak at 0.6 cm is DNA, the 
26s and 185 rRNAs are at 1.6 and 22 cm and the 23s and 16s 
plasticl rRNAs appear as shoulders tothe right side of each main 

pesk. The broad peak at 4.9 cm is tRNA and 5s RNA. 

Polyacrylamide gel electrophoresis showed (Fig. 2) 
that 66-78x of the RNA, calculated by peak area 
measurements of the gel scans, was rRNA from 80s 
cytoplasmic ribosomes. Plastid rRNA, which migrates 
slightly faster than cytoplasmic rRNA during gel 
electrophoresis (22) accounted for 3.5-7x and soluble 
RNA for 12-22x of the total. This compares with 
estimates of the amount of poly(A)-containing mRNA 
(see below) of ca 2.5%. RNA extracted from ripening 
fruits showed evidence of degradation, judged by the 
disappearance of rRNA and the increase in the amount 
of soluble RNA (Fig 2e). For all RNA extractions the 
tissue was homogenized directly with a phenol-detergent 
mixture designed to inhibit ribonucleases and the 
degradation detected by gel electrophoresis is due 
probably to the action of ribonucleases in uiw during 
tissue breakdown which accompanies ripening The 
increase in the relative size of the soluble RNA peak in 
older fruits is probably brought about by the production 
of low MW fragments of ribosomal RNA which co- 
migrate with tRNA. Direct evidence for the breakdown 
of rRNA in oiw to produce such fragments comes from 
DNA-RNA hybridization studies with Matthiolu incana 
nucleic acids (G&son and Hemleben, unpublished). 

Incorporation ofuridine-[‘HI into RNA 

Using segments of the slow-ripening Minipopella 
variety, labelled for 24hr periods with uridine-[5-3H], 
evidence for two major periods of incorporation into 
RNA was obtained (Fig 3). The first is associated with 
the rapid increase in fruit size and fr. wt which is accom- 
panied by a marked accumulation of RNA This is 
followed by an apparent reduction in the rate of RNA 
synthesis, which coincides with the period when net 
accumulation ceases. A second burst of incorporation is 
initiated l-2 weeks before the onset of lycopene synthesis 
reaches a peak and then declines rapidly. Ibis second 
peak probably corresponds to the climacteric rise in RNA 
labelling previously noted in tomatoes [lo]. For these 
labelling studies, large segments of tissue were used. In 
this way it was hoped to minimize any wound effect due 
to excessive slicing of the tissue. Labelling of intact fruits 
by direct injection of radiochemical with a syringe was 
not effective. 
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Fig 3. Rate of Welling of RNA in segment of tomato fruit at 
different developmental stages. The Minipopalla variety was 
used.m, mg nucleic acid per fruit tissue;O, mg nucleic acid per g 
fruit tissue; 0, specific radioactivity (cpm per pg nucleic acid) 

A, ug lycopene per g fruit tissue. 
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Fig 4. Incorporation of uridine-[5-3Hj into different RNA 
fractions in unripe and ripening fruit. Unripe (4a) or ripening 
(4b) tissue segments were labelkd with uridine-[S-‘III for 24 hr. 
Fkctrophoresis was in 2.4% acryhunide gels for 2 hr. Smooth 

curve, Aa65 nm; histogram, “H cpm per mm slice. 

Fractionation by gel electrophoresis of labelled RNA 
samples obtained at weekly intervals during the period 
shown in Fig 3 revealed that rRNA, soluble RNA and 
polydisperse RNA were all synthesized at each stage, 
even during the period of lycopene synthesis when the 
labelling of RNA is rapidly declining. Representative gel 
profiles for 24 hr labelling period are shown in Fig. 4. 
With shorter labelling periods more polydisperse RNA 
was evident For example at 6 weeks, when the labelling 
of RNA is at a minimum (Fig. 3), a 3 hr label revealed 
largely polydisperse RNA (Fig Sa), and small peaks (in 
Fig. Sa at 0.5 and 1 cm) which may represent ribosomal 
RNA precursor [29]. A detailed examination of similar 
pulse-labelled polydisperse RNA from sycamore cell 
nuclei suggests that this type of labelling pattern is due 
mainly to incomplete chains of rRNA precursor, together 
with a small amount of poly(A)-containing RNA [23]. 
In tomato fruits, labelling for a longer period of time 
confirmed that large amounts of rRNA are synthesixed 
(Fig. 5b) and that the polydisperse pattern in Fig. Sa 
obtained after short labelllng periods can not be inter- 
preted to indicate the predominant synthesis of mRNA. 
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Fig 5. Comparison of RNAs labelkd for dilkrent lengths of 
time Tissue segments of dweek-old fruit of the Minipopelk 
variety were labelled for 3 hr (a) or 24 hr (b) Ekctrophoresis 
wasina2.4%gelfor2hr(a)and2.6%gelfor4hr(b).In(b)the 
solubk RNA was run off the bottom of the geI. Smooth curve, 
Azb5 MI; histogram, ‘H cpm per mm gel slice (a) and l/2 mm 

gel slice (b). 

With the exception of the first week of growth, very 
little labelling of plastid rRNA was detected at any stage 
of fruit development This is surprising in view of the 
suggestion by Davies and Cocking 1241 that plastids may 
be a major site of protein synthesis in tomato fruits. The 
explanation for the lack of labelling may be that chloro- 
plast rRNA is extremely stable and turns over much more 
slowly than cytoplasmic rRNA [25]. 

The question arises as to the significance of the second 
burst of RNA lahelhng shown in Fig 3. In several 
climacteric fruits this has been interpreted as evidence 
for the synthesis of new types of RNA necessary for 
ripening [9-123. Our results suggest that the main type 
of RNA produced is rRNA. It is diRicult to reconcile this 
with the hypothetical requirement for new informational 
RNA @RNA) unless it is assumed that t$e synthesis of 
tRNA and m RNA are obligatorily coupled. 

A further difficulty is that although the incorporation 
experiments suggest a period of increased synthesis, 
sustained over a period of l-2 weeks, there is no net 
increase in RNA content (Fig. 3). The results in Table 1 
show that during the period of colour change, charac- 

Tabk 1. Uptake and incorporation of uridine-[sIIj during ripening of tomato fruits 

Age of tomato fruits 
54days 56 days 57 days 58 days 63 days 

Fresh weight of fruit (g) 73.7 73.1 83.7 75.7 77.4 
Lycopene content (pg/g fr. wt) 0 1.5 12.5 28.9 70.3 
ug RNA/g fr. wt 115 99 73 63 56 
mg RNA/fruit 5.19 463 3.72 295 2.72 
Uptake of Uridine-C3HJ 1490 1690 1300 1500 1550 

(lo-s x cpm/g tissue) k27.7 f 135.0 f 14.3 *24.3 fl89 
Incorporation of Uridine-[3H] 4890 4760 4000 4080 2090 

(vm/ug RNA) *339 *385 +453 f396 flO9 
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terized by an initial higb level of RNA labelling, followed 
by a sharp drop, changes in the incorporation of uridina 
t3H] into RNA cannot be explained by difTerences in 
uptake of radiochemical due to permeability changes. 
Therefore, if there is a gem&m increase in RNA synthesis 
during the chmacteric, it must be assumed that this is 
balanced exactiy by a co~~~n~rng increase in the rate 
of RNA degradation so that no net accumulation occurs. 
Measurements of the activity of ribonucleases before and 
during the climacteric are in progress in order to test this 
hypothesis. An alternative explanation is that the 
increased b&e&g of RNA merely reflects an increase in 
specific ra~oa~tivity of the intracellular pool of UTP, 
the substrate for RNA synthesis. This could occur if 
during the climacteric there is au increased phosphoryla- 
tion of exogenously supplied uridme-[sHJ. 

Poly(A)-containing mRNAfrom tomato&&s 

Chro~to~aphy of RNA label&d for 24hr with 
uridine-E3H] on oligo (d~~~luo~ produced a p&y(A)- 
containing RNA fraction amounting to cu 25% of the 
total labelled RNA. The mobility of this RNA during 
electrophoresis (Fig. 6) does not provide a reliable 
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Fig 6 Gel eiectrophoresis ofpoly(A)-containing RNA. Segments 
from the outer iocule tissue of I-week-old fruits of the Mini- 
popella variety were lab&d for 24hr with u&line-&%sIiJ. 
Pol~A~c~a~~~g RNA was purified from the retal nucleic 
acid, mixed with unIabc%d carrier nucleic acid and fractionated 
in a 2.4% gel for 3.5 hr. Smooth curve, A,, nm; histogram, 

3H cpm mm gel slice. 

indication of its MW due to the anomalous behaviour of 
poly(A~con~n~ RNA [26]. However, Pig 6 does 
show it is polydisperse in size and contains only trace 
amounts of rRNA. There is substantial evidence that 
some, but not all, plant mRNAs contains poly(A) (1619). 
Poly(A)-containing RNA from tomatoes stimulates the 
incorporation of radioactive amino acids into protein in 
d&o, confhihg that this fraction represents at least part 
of the mRNA from tomato (Table 2). The protein 

products synthesized in the wheat germ system in vitro 
in response to tomato fruit mRNA were analysed in 15 % 
acrylamide gels untying urea and SDS. Retween 10 
and 30 discrete protein bands were detected by auto- 
radiography, ranging in MW from IIQOOQ to 10000 
dahons (Rattanapanone, Speirs, Grierson and Stein, 
~pub~sh~)_ Pol~A~on~~~g RNA samples from 
tomato fruits at &went stages of development, and 
from other plants, show variation in the efIiciency with 
which they stim~ate protein synthesis in vitro. Pre- 
liminary evidence indicates that this is due in some cases 
to uncharacterized inhibitory substances in the RNA 
preparations (Speirs and G&es, ~pub~shed~ This may 
explain the variation in Freud of the two mRNA 
samples shown in Table 2. 

In view of the relationship between mRNA and poly(A) 
~o~t~jning RNA the amount of poly(A) was measured 
during development and ripening, using a nucleic acid 
hybridi~t~on assay with poiyuridy~i~ acid-[sKj [27f. 
The results are shown in Fig. 7. The gradual decline in 
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Fig. 7. Change in the amount of p@(A) during fruit devcIop- 
meat and ripening. +--+, pg @y(A) per mg RNA (Mini- 
popllla); o--O, &g pofy(A) per m% RNA (Amber@ Cross); 
A---& pg 1ycoptnC per g fr. wt (Minmopella); a---a pg 

lycopcne per g fr. wt (Amber~ Cross). Vertical bars represent 
standard errors. 

poly(A) content in older fruits suggests either that there 
is a shortening of poly(A) segments with age, or aherna- 
tively that younger fruits have a higher mRNA to total 
RNA ratio. The results indicate that there is no large 
increase in accumulation of poly(A) relative to total RNA 
during fruit ripening The slight rise, detected in both 
varieties just prior to ripenin& is not statistically 
significant (Fig 7). This suggests that the synthesis of 
~1~A~ont~ni~ mRNA is co-ordinately linked to 
total RNA production and that the amount of mRNA is 
relatively constant during the period leading up to the 
initial events of ripening, when the total RNA content 
remains consent. 

Table Z In vitro protein synthesis activity of tomato fruit Poly(Amtaining RNA 

Control Sample 1’ Sampla 2t 

m of P&y(A) containing RNA ptr 25 @ 
assay mixture 3.4 1.0 25 5.1 

Incorpmation of radioactive methionine-[3fSf 
mW+W a+otf 621 3030 3550 5180 7420 

* Small green flits, age about 2 wa;ks. 7 Immature green fruits, age about 4 wacks. 
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Our measurements take no account of that fraction of 
mRNA, perhaps 50 % [ 181, which lacks poly(A). Further- 
more the mRNA population in tomato fruits may code 
for in excess of 100 enzymes. Therefore the synthesis of a 
relatively small number of new mRNAs in small amounts 
would probably not be detected by the methods em- 
ployed here. We are currently examining the products of 
in vitro protein synthesis stimulated by poly(A)-con- 
taining RNA from fruits at different stages to test whether 
there are specific changes in mRNA content related to 
ripening. 

EXPERIMENTAL 

Materials. Tomato plants (Lywp3kfun esdentum MiiX 
Amberley Cross (quick ripening) and Minipopella (slow 
ripening) varieties were grown in soil in a heated greenhouse at 
temperatures between 1525’. Fruits were allowed to set natur- 
ally and the age was calculated from the day of pollination, 
which was taken as the day after closing of the flower [21]. 
Fruits of a given age were detached from the plant before use. 
In a single series of experiments comparing fruits at different 
stages of development the age is given in days or weeks. Where 
different expts are compared fruits often ripened at different 
agea The age in days then becomes meaningless and for com- 
parisons the terms green (unripe) orange (rip&g) and ripe are 
used. Only the outer locule tissue of the fruits was used for 
analysis. _ 

Extraction ad ptwificutior~ Q mcleic acids. Tomato fruits 
were harvested on the day of the experiment and cleaned with 
tissue paper. The size and wt of the fruit was recorded. Fruits 
were cut in half and the seeds and gel were removed from the 
locule. The liquid on the internal surface of the outer locule 
tissue was carefully dried with tissue paper, taking care not to 
damage the internal surface. The outer locals tissue was then 
reweighed and 3-4g portions from individual fruits were used 
for analysis. Nucleic acids were extracted and purified from the 
outer locule tissue by the procedure described in ref. [27] for 
measurement of poly(A) content. Poly(A)-containiug RNA was 
purified by oligo(dT)-cellulose chromatography [27]. The RNA 
samples used to obtain the. result in Fig. 6 were freed of carbo- 
hydrate by centrifugation through LiCl[28]. Total nucleic acid 
was estimated by measuring the A,,, nm. A 40 &ml so111 was 
assumed to have an Az6,, =lus~gal~~t~tb. 

~~~~~ &RNA. Duplicate segments of outer locule tissue 
weighing EQg were placed skin downwards on moist fdter 
paper in a Petri dish and 5Opl uridine-[S-3H] (1 wCi/ml; 
25 Ci/m mol) was distributed on the inner surfaca The incuba- 
tion period was 3 or 24 hr in a high humidity desiccator at room 
temp. Uptake of radioactive uridine was measured at the end 
of the incubation by washing tissue for 5 min in 0.5 mM un- 
labelled uridinc The washing was repeated twice more with 
fresh unlabelled uridine soln. Tiiue was then homogenized in 
the detergent mixture used for nucleic acid extraction [27], 
centrifuged and an aliquot oftbe supematant counted in a liquid 
scintillation counter. Incorporation of radioactivity was meas- 
ured by TCA (5 % final concn) precipitation of aliquots of RNA 
extracted and purified as indicated above. Ppts were trapped on 
nitrocellulose fitters which were dried and counted in a scintilla- 
tion counter. 

Separation and ~ucfio~ti~ of RNA. Polyacryiamide gel 
electrophoresis was carried out as described in ref. [29] and 

radioactivity was measured according to ref. [30]. Poly(A)- 
containing RNA was separated by oligo (dT) cellulose chromatcF 
graphy by the method of ref. 1271. The poly(A) moiety was 
measured by hybridization with polyuridylic acid-[jH] (27). 
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