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INTRODUCTION 

Developing fruits are powerful sinks for assimilate Cl-33 
and it is well established that mobilisation of assimilate 
to fruits is associated with growth regulator levels in the 
fruit [3,4]. Watermelon (Citrullus 1anatu.s) and pepper 
(Capsicum MM) ovaries will abort within several days 
of anthesis if pollination is prevented, or unless growth 
regulators such as NAA [5] are applied. Such appli- 
cations partially substitute for pollination and fertilisa- 
tion and in many plants the resulting parthenocarpic 
fruits are often indistinguishable from normal fruits in 
all but fruit shape and seed development [6]. 

The predominant form in which carbohydrate is trans- 
located in higher plants is sucrose Cl], hydrolysis of 
which yields the reducing sugars, glucose and fruc- 
tose [TJ. Indeed, increased levels of reducing sugars are 
noticeable soon after pollination in tomato fruits [8]. 
Either (or both) of the two enzymes, invertase (B-fructo- 
furanosidase) (EC 3.2.1.26) and sucrose synthase (EC 
2.4.1.13) may be responsible for cleavage of imported SUC- 

rose [7,9-l 11. Invertase exists in multiple forms, these 
being acid and neutral or alkaline forms [7-J as well as 
an insoluble form of the enzyme [12]. 

Either pollination followed by fertilisation, or hor- 
mone treatment may initiate changes in carbohydrate 
metabolism which determine the pattern of fruit set and 
development. This investigation covers the period from 
pollination through fertilisation to the onset of rapid 
fruit development. It was thought that changes in sub- 

strate and enzyme levels accompanying normal fruit de- 
velopment might occur during this period. 

RESULTS 

During initial development, watermelon fruits exhi- 
bited greater increases in fr wt than pepper fruits (Fig 
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ovaries of watermelon there was also an increase in invertase activity up to 6 days after anthesis which paralleled 
the increase in activity in seeded and parthenocarpic fruits. However, there was no increase in either reducing 
sugars or sucrose, indicating that sucrose is not imported into non-pollinated ovaries. Utilisation of reserve starch 
may help prolong the life of non-pollinated ovaries for up to one week alter anthesis. 

1). Until Day 6 there was little difference between devel- 
opment of seeded and parthenocarpic fruits of either 
watermelon or pepper. However, after Day 6 increases 
in fr wt of parthenocarpic fruits were less than those 
in seeded fruits of both species. Non-pollinated ovaries 
of watermelon showed little increase in fr wt (Fig. 1). 
Furthermore, their growth was not different from that 
of control ovaries treated with 30”/, ethanol (minus 
NAA). 

Fruit growth in both watermelons and peppers was 
accompanied by increases in the level of reducing sugars 
(Fig. 2). In watermelons, an increase was recorded within 
24 hr after pollination or hormone treatment. During 
the 9 day period after anthesis reducing sugar concen- 
trations increased co 6-fold in watermelon fruits and ca 
2-fold in pepper fruits. The greater increase in fr wt of 
watermelons relative to peppers was accompanied by an 
accumulation of higher concentrations of reducing sugars 
in watermelons than in peppers. No reducing sugar accu- 
mulated in non-pollinated ovaries of watermelon (Fig. 
2). 

Levels of sucrose in watermelon ovaries at anthesis 
were less than 0.2% and remained low (~0.2%) in deve- 
loping fruits. Sucrose concentrations were relatively high 
in pepper ovaries at anthesis (ca 1%) but decreased in 
developing fruits to less than 0.2% by Day 6 (Fig. 3). 
This decrease was evident within 24 hr after application 
of hormone in parthenocarpic fruits, but not until Day 
3 in seeded fruits (Fig. 3). 

In peppers, starch concentrations increased during the 
initial 24 hr period after pollination or hormone treat- 
ment, but decreased thereafter (Fig 4). In watermelons, 
the decrease was less marked, except in non-pollinated 
ovaries where starch declined from ca 0.7% at anthesis 
to less than 0.1% by Day 6. 
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Fig. 1. Growth curves of seeded (0, 0) and parthenocarpic 
(W, 0) fruits of watermelon and pepper and of non-pollinated 

ovaries (A) of watermelon. 

At anthesis, sp act of both invertase and sucrose syn- 
thase were higher in pepper ovaries than in watermelon 
ovaries. Of the two enzymes, invertase. was clearly the 
most active in both species (Figs. 5, 6). 

In both watermelons and peppers the sp act of inver- 
tase increased after Day 3 (Fig. 5). By Day 9 activities 
were respectively 5-fold and 1.5-fold higher than activi- 
ties present in ovaries at anthesis. There was also an 
increase in sp act of invertase in non-pollinated waterme- 
lon ovaries which paralleled the increase in activity 
recorded in developing fruits but was followed by a de- 
cline in activity after Day 6 (Fig. 5). Soluble protein in 
non-pollinated ovaries remained fairly constant at cu 0.5 
g/100 g fr. wt. from anthesis to Day 6 post-anthesis, but 
declined 6-fold between Days 6 and 9. 

At Day 6 after anthesis. concentrations of reducing 
sugars, sucrose and starch and activities of sucrose syn- 
thase, soluble and insoluble invertase in non-pollinated 
watermelon ovaries were not different from correspond- 
ing concentrations or activities present in ovaries treated 
with 3074 ethanol (minus NAA). 

Insoluble invertase was present in fruits of both species 
during the experimental period. There was a marked de- 
crease in activity of insoluble invertase activity in seeded 

and parthenocarpic fruits of pepper from Day 0 to Day 
9 (Table 1). 

Investigation of invertase activity at various pH values 
from either ovaries at anthesis or 9day-old fruits of both 
watermelons and peppers revealed the presence of acid 
invertase only. Neutral or alkaline invertases were not 
detected. Soluble invertase in watermelons was active 
over a wide pH range from about 4 to 6.5 with maximum 
activity at cu 5, while insoluble invertase had a more 
defined pH optimum at ca pH 5. In peppers insoluble 
invertase was active over a fairly wide pH range from 
4 to ca 6.5 while soluble invertase was most active from 
ca pH 4 to 5.5. 

On a protein basis, greatest activity of soluble inver- 
tase in watermelons was located in the inner flesh with 
smaller activities in the pericarp and ovules (Table 2). 
On the contrary, expression of activity on a fr wt basis 
revealed most activity in the pericarp at least in the flesh. 
Insoluble invertase activity was evenly distributed 
between pericarp and inner flesh with lesser amounts in 
the ovules. When enzyme activities were compared with 
levels of reducing sugars in the various tissues (Table 
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Figs. 2, 3 & 4. Carbohydrate concentrations in developing 
seeded (0, 0) and parthenocarpic (U. 0) fruits of watermelon 
(0, n +, n ) and pepper (0, O---Q 0) and in non-pol- 

linated ovaries (A) of watermelon. 
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Figs. 5 & 6. Enzyme activities in developing seeded (0. 0) 
and parthenocarpic (m, 0) fruits of watermelon (0, W-0, 
n ) and pepper (0, O----O, Cl) and in non-pollinated ovaries 

(A) of watermelon. 

2) it was evident that there was no correlation between 
invertase activity, soluble or insoluble, and levels of 
reducing sugars in the various tissues. 

DISCUSSION 

An inverse relationship between acid invertase activity 
and sucrose content was evident in both watermelons 
and peppers. Ap Rees [A has reviewed the occurrence 
of this relationship in a range of other plant tissues and 
the evidence which suggests that intracellular acid inver- 
tase is located in the vacuole. Sucrose concentration rises 
in watermelons as their growth rate slows and they 
approach maturity [20] and this is presumably associ- 
ated with a decline in acid invertase activity. Location 
of the enzyme in the vacuole is a likely site for control 
of absorbed sucrose concentration. The increase in sp 
act of acid invertase in rapidly expanding watermelon 
and pepper fruits is probably associated with the in- 
creased demand for hexose at that stage of fruit develop 
ment. 

A correlation existed between increased levels of In watermelons, the sp act of invertase was greatest 
reducing sugars in seeded and parthenocarpic fruits of in tissue of the inner flesh. This is the region of greatest 
watermelon and pepper during a 9 day period after cell expansion where cell area increased ca 60-fold during 

anthesis and increased sp act of acid invertase over the 
same period. Activity of acid invettase was high in water- 
melon and pepper ovaries at anthesis and did not appear 
to be limiting fruit growth. The range of acid invertase 
activities from anthesis to 9 days post-anthesis was com- 
parable to or higher than activities in radish roots, higher 
than in carrot roots but lower than in grape berries and 
tomato fruits [12,17,18]. This invertase appears to be the 
major enzyme involved in sucrose hydrolysis because the 
sp act of sucrose synthase in both watermelons and pep 
pets was much lower than that of acid invertase during 
the experimental period. Activities of insoluble invertase 
were also high in ovaries and fruits of watermelon and 
pepper, being comparable to those found in grape ber- 
ries [12]. However, there was no correlation with the 
pattern of accumulation of reducing sugars in either 
watermelon or pepper. 

Precautions were taken to avoid formation of inverta- 
se-tannin complexes by addition of protective agents 
which suggests that insoluble invertase of watermelons 
and peppers is bound to cell walls in ho. There is good 
evidence that the enzyme is attached to cell walls in uioo 
in aging disks of storage tissues [19], which might 
explain the increase in insoluble invertase in senescing 
non-pollinated ovaries of watermelon. 

Table 1. Activity of insoluble invertase in non-pollinated ovaries of watermelon and in seeded 
and parthenocarpic fruits of both watermelon and pepper 

Watermelon 
Treatment Seeded Parthenocarpic Non-pollinated 

Day 0 ::: 4.4 3.5 
Day 1 3.2 3.4 
Day 3 7.1 2.3 3.5 
Day 6 6.1 2.8 8.2 
Day 9 4.4 3.5 

Activity = t&at/g fr. wt. (-) = Not measured. 

Pepper 
Seeded Parthenocarpic 

2.3 3.1 
2.9 3.9 
1.7 2.0 
1.1 1.3 
0.6 0.6 

Table 2. Activity of soluble and insoluble invertase and levels of reducing sugars in ovules, 
pericarp and inner flesh from nine-day-old watermelon fruits 

Tissue 

Ovules 
Pericarp 
Inner Flesh 

Soluble invertase 
nkat/g fr. wt nkat/mg protein 

5.5 1.5 
6.6 4.4 
4.2 1.9 

Insoluble invertase Reducing sugar 
nkat/g fr. wt g/100 g fr. wt 

4.8 3.1 
6.0 2.3 
5.8 2.5 
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the 9 day period (M. Sedgley, personal communication). 
High sp act of invertase have also been recorded in elon- 
gating regions of pea epicotyls [lo]. The distribution of 
invertase activity in fruit tissues was not related to levels 
of reducing sugars, which suggests differential utilisation 
of hexose by the various tissues. 

Fruit growth and accumulation of reducing sugars are 
dependent on continued supply of sucrose to developing 
fruits [l] and sufficient activities of acid invertase for hy- 
drolysis of imported sucrose. The results of this investiga- 
tion indicated that supply of sucrose rather than acid 
invertase activity is a major factor limiting any possible 
increase in ovary size, i.e. non-pollinated ovaries failed 
to accumulate either reducing sugars or sucrose in spite 
of an increase in sp act of invertase which paralleled 
increases in invertase activity in seeded and parthenocar- 
pit fruits. 

Absence of starch accumulation in developing fruits 
of watermelon and pepper was in contrast to the tomato 
where a marked increase in starch content occurs soon 
after anthesis [S]. This reflects an inherent difference 
between the two fruits, i.e. immature tomatoes contain 
high concentrations of starch [213 while watermelons 
contain virtually no starch reserve [20]. The fact that 
non-pollinated ovaries remained alive in the absence of 
imported sucrose may be associated with the significant 
decrease in starch concentrations from levels present in 
ovaries at anthesis, this decrease being much more rapid 
than that occurring in seeded and parthenocarpic fruits. 

Similarities in carbohydrate metabolism between 
seeded and parthenocarpic fruits indicated that changes 
induced by hormone application are similar to effects 
induced by pollination and fertilisation. The possible 
existence of a threshold concentration of hormone for 
an effect on carbohydrate metabolism [8] is supported 
by instances of su&essful pollination but unsuccessful 
fertilisation followed by abortion. Obviously, hormone 
or additional hormone is generated soon after polli- 
nation and the threshold may not be exceeded until after 
fertilisation. In the watermelon, for example, it is possible 
that hormone produced following pollination results in 
a mobilisation of sucrose to the ovary, the sucrose being 
hydrolysed by intraceliular acid invertase to form re-duc- 
ing sugars. Continued hormone production, over and 
above a threshold level, may be required for continued 
flow of sucrose to the ovary and successful fruit develop 
ment. 

EXPERIMENTAL 

Plants of watermelon (Cilrullus lanatus (Thunb.) cv Sugar 
Baby) and pepper (Copsicum ~nuum L., cv Long Sweet Yel- 
low) were grown under controlled conditions of 14 hr, 25” 
day and 10 hr. 20” night. Watermelon flowers were pollinated 
or treated with hormone in the morning on the day of open- 
ing. Pepper flowers were emasculated on the day prior to 
opening then pollinated or treated with hormone when open. 
Parthenocarpic fruits were induced using 500 ppm NAA in 
30?; EtOH applied to the base of the cut style of watermelon 
tlowers and using 5ooO ppm NAA in lanolin paste, similarly 
applied to pepper flowers. These concns of NAA have been 
found to be optimum for watermelon and pepper (M. Sedgley, 
personal communication). In watermelon. control ovaries were 
those treated with only 3096 EtOH. Growth curves were con- 
structed using fr wt from a minimum of 10 watermelon ovaries 
or fruits and 20 pepper ovaries or fruits. 

Prepararion of enzyme extracts. Several whole ovaries or 
wedges from several larger fruits were used to prepare each 
extract. Triplicate extracts were prepared from each treatment. 

Tissue. 0.5-3.0 g, was ground in a mortar with 10 ml of 0.1 
M Tris-HCI buffer, pH 7.5 containing 20 mM EDTA, 11 mM 
Na diethyldithiocarbamate and 15 mM cysteine_HCl. The brei 
was centrifuged at 2OCM g for 10 min. The residue was retained 
for determination of insoluble invertase activity [12]. The 
supernatant was brought to 60% saturation with (NH&SO.. 
then centrifuged at 12ooO g for 10 min. The protein ppt was 
dissolved in 3 ml of 5 mM Tris-HCI, pH 7 and then desalted 
on a 15 ml column of Sephadex G-25. prewashed with the 
same buffer. The final extract (2 ml) was used for enzyme 
assays and soluble protein determinations. 

Enzyme assays. Invertase activity was determined at 30” by 
measuring the appearance of reducing sugar[13] in 0.1 M 
citrate buffer, pH 5, containing 0.1 M sucrose and enzyme. 
For determination of invertase activity as a function of pH, 
0.1 M citrate-Pi or 0.1 M Pi buffers were used. Sucrose syn- 
thase was assayed at 30’ by following the incorporation- of 
fructose-rUL4C1 into sucrose r121 in the presence of 250 mM 
sucrose &d at_pH 8.5 to overcome th; interference caused 
by invertase. Proteins were assayed using the method of 
ref. [14] with BSA as standard. 

Carbohydrate determinations. Several whole ovaries or 
wedges from several larger fruits were used to prepare each 
extract. Triplicate extracts were prepared from each treatment. 
Tissue. (0.s3.0 g) was boiled in 70% EtOH for 3 min and 
then ground in a glass piston homogeniser. After cooling_ the 
suspension was centrifuged at 12000 g for 10 min. The super- 
natant was decanted and made to 20 ml and the ppt was 
set aside for starch determination as described previously [lS]. 
Aliquots from the supernatant extracts were assayed for reduc- 
ing sugars [ 131 and sucrose. Sucrose was determined by mea- 
suring keto sugars (including sucrose)[16] in extracts which 
had been treated for 10 min at 100” with 0.2 N NaOH both 
with and without prior invertase treatment. 
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