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Abstract The effect of sap sucrose concentration on fruit expansion is poorly understood. We investigated the 

effects of sucrose concentration on growth of tomato fruits, detached from the plant after the cell multiplication 

phase. A semi-open device was built to grow detached fruits, where the fruit pedicel was immersed in a nutrient 

solution which was automatically replaced each day. About 22 d after anthesis, tomato fruits were harvested, 

disinfected in alcohol and placed in the device with a sterile nutrient solution containing 5% sucrose. After about 

1 wk, the sucrose concentration was either increased to 15% or maintained at 5%. The fruit expansion rate 

decreased when the sucrose concentration was increased, and after about 1 wk. these fruits weighed less than 

those grown at 5% sucrose. Although all the fruits in the device grew much less than those maintained on the 

plant, a high sap sucrose concentration applied to the excised fruits after the cell multiplication phase inhibited 

the expansion of tomato fruits. The device and method developed here will be useful for future studies of fruit 

growth. 

 

Keywords: fruit growth; in vitro culture; sterile medium; sucrose; tomato fruit 
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Introduction 

 

After water, sucrose is the principal constituent of the sap that enters the phloem of tomato fruits. Ho et al. 

(1987) estimated sucrose concentrations of 13% in case of young fruits of plants grown on nutrient solution at 

high-conductivity, and 3% in case of mature fruits of plants grown at low-conductivity. Sucrose is the principal 

source of energy and materials for cell division and tissue growth in fruit and it supplies the hexoses whose 

concentration largely determines the quality of the fruit. However, the effect of sap sucrose concentration on 

fruit growth is poorly understood. 

Changes in the source/sink ratio of assimilates in tomato, implemented by removing fruit or growing 

the plant in darkness (Hurd et al. 1979, Bohner and Bangerth 1988, Baldet et al. 2002, Bertin et al. 2002, Bertin 

2005, Prudent et al. 2009), indicate that the fruit grow less when this ratio is smaller. The smallest expansions of 

fruit observed under these conditions are likely due to low sucrose concentrations in the sap. In addition, the 

amount of dry matter in the fruit is also lower when the fruit load is higher (Prudent et al. 2009). 

It is generally thought that water enters the tomato fruit more slowly when the difference between the 

water potentials in the stem and in the fruit is small and/or when resistance to transport is high in the fruit. 

Therefore, lower osmotic potential in the stem, higher osmotic potential in the fruit, higher sap viscosity, and/or 

higher tissue resistance to deformation when water enters the fruit can lead to smaller fruit (Lee 1990, Bussières 

1994 and 1995). Mitchell et al. (1991) showed that the difference between the water potential in the stem and the 

osmotic potential in the fruit is smaller when the water potential in the stem is lower. At the same time, the fruit 

is smaller and its dry matter content is greater. According to the data of Ho et al. (1987), the concentration of the 

sap entering the fruit is higher. Thus, because the water potential of a solution diminishes as its osmotic pressure 

increases, the fruit is expected to be smaller when the sucrose concentration is higher, because of the likely low 

difference between the water potential in the sap and the osmotic potential in the fruit, and because of the likely 

higher viscosity of the sap (sucrose solution viscosity increases from 1.14 to 1.59 MPa s as the concentration 

increases from 5% to 15% at 20°C). Another possible reason is that thicker cell walls are expected when the 

proportion of dry matter is higher, making the tissue more resistant to deformation. 

Thus, there is a contradiction between the hypothesis that a low fruit load encourages growth by 

increasing the sucrose concentration of the sap, and the hypothesis that a higher sucrose concentration 

discourages growth because water enters the fruit more slowly. This contradiction could be explained by 

supposing that within a lower range of sucrose concentration the sucrose is the limiting factor, while above this 
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range excess sucrose is the limiting factor. A precise knowledge of the relationship between growth and sucrose 

concentration in the sap would be useful for understanding and optimizing the cultivation of fruit with the 

desired amounts of dry matter and sugars. 

Studying the effect of sucrose concentration on fruit growth is not easy, mainly because the sucrose 

concentration in the sap is difficult to measure. Methods of sap sampling based on EDTA-enhanced exudation 

(King and Zeevaart 1974, Najla et al. 2010) are questionable, because the sampling process perturbs the plant. 

The aphid stylet technique (Barlow and McCully 1972) and analysis of aphid honeydew (Merrit 1996) are 

technically difficult. Accurate models for predicting the sucrose concentration remain ellusive. Further, the 

sucrose concentration and speed of exudation can vary depending on the sampling location within a plant (Merrit 

1996). In addition, controlling the concentration of sucrose in the plant sap for quantitative experiments is also 

problematic. 

Another approach to manage the sucrose concentration of the solution entering the fruit is to cultivate 

the fruit on a nutrient medium. The cultivation of detached tomatoes has been the object of numerous studies 

(Jansen and Bonner 1949, Nitsch 1951, Jansen 1953, Teitel et al. 1985, Geelen et al. 1987, Bohner and Bangerth 

1988, Guan and Janes 1991). The sucrose concentrations used in semi-solid or liquid media were always less 

than or equal to 8%, and in most cases ranged between 2% and 4%. After 7 d of cultivation, Jansen (1953) 

observed that the diameters of fruit growing in the 4% solution were greater than those of fruit growing in the 

2% solution. However, after 14 d there was no significant difference in fruit diameter using media containing 

2%, 4%, and 6% sucrose. Jansen reports that one fruit, cultivated in an 8% solution, was smaller than the others. 

Guan and Janes (1991) obtained fruit with a quantity of dry matter proportional to sucrose concentrations up to 

8%. Surprisingly, the effects of higher sucrose concentrations on tomato fruit development has not been 

reported. 

However, wide variations in sucrose concentrations in plant tissues occur over the course of the day 

(Medina et al. 1993, Gholami et al. 2004, Najla et al. 2010). This seems to result from a reduction in water levels 

as the day progresses due to transpiration while the quantity of sucrose increases due to photosynthesis. 

In preliminary experiments (Bussières et al. 2008), we studied the effect of sucrose concentration on the 

expansion of detached tomato fruits in nutrient solution, testing a wide range of sucrose concentrations (0% to 

32%). The fruits were detached about 10 d after anthesis, placed in vitro and grew to the red fruit stage with their 

pedicel immersed in a nutrient solution. Although the nutrient solution was held in a closed container to maintain 

sterility, microbial contamination was observed in a number of replications. In non-contaminated samples, the 
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final diameter of the fruit increased with sucrose concentration up to about 5% but the diameter decreased with 

concentrations higher than 5% sucrose; there was almost no expansion with 32% sucrose. However, these 

experiments did not distinguish between the effect of sucrose concentration on cell multiplication at the 

beginning of growth (Bohner and Bangerth 1988, Bertin 2005) and the effect on cell expansion that occurs 

throughout growth. Similar results were obtained by Sasaki et al. (2005) with rice grains on detached ears, which 

were cultured on sucrose solutions. The mean grain weight increased with the sucrose concentration up to 5-7 %, 

whereas higher concentrations were inhibitory, possibly due to the low water potential. 

Generally speaking, in vitro fruit culture requires that the tissue be sterilized and maintained aseptic 

under sterile conditions. When using fruits taken from plants cultivated in sterile surroundings or fruits treated 

with a disinfectant, an acceptable level of sterility can be obtained by using small, closed containers. However, 

maintaining sterility is more difficult where treatments are continuously altered during growth. Moreover, it is 

difficult to continually and precisely monitor fruit weight under these conditions, although this information 

might be useful. Fruits are often removed from culture at different times to determine growth characteristics 

(Teitel et al. 1985). However, it is necessary to repeat such experiments several times to account for variability in 

the rates of development, and it can be difficult to obtain an initial sample of fruits that are sufficiently similar. 

Although the diameter of a single fruit can be measured at various moments in its growth (Geelen et al. 1987), 

estimations of volume or weight from diameter measurements are imprecise. 

To better study the effect of sucrose concentration on the expansion rate of fruit after the cell 

multiplication phase, we have developed a new device named “Casafruit” for cultivating detached fruits in a 

semi-open system. With this device and adequate disinfection procedures, it was possible to precisely observe 

the effect of a sudden increase in sucrose concentration from 5% to 15% on the weight of the fruit. In this paper, 

we describe the new device and show that a large increase in sucrose concentration inhibits the expansion of 

tomato fruit. 

 

Materials and Methods 

 

The Casafruit device. The Casafruit device (Fig. 1) consists of 4 identical cases, each with a number of 

accessories. Each case (Fig 1b) is a rectangular parallepiped with internal dimensions 53 × 10 × 10 cm; the walls 

are made of acrylic material (Perspex Cast INC 000, LUCITE International France, Clairvaux-Les-Lacs, France) 

and are 1 cm thick. The support structure holds the case so that the square cross section is in a diagonal position. 
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An internal plate 3 cm wide, also of Altuglas, is pierced with holes whose number and diameter are adapted to 

the expected final size of the fruit and pedicel. In the experiments described below, the plates had 8 holes 3 mm 

in diameter, although only 6 fruits were grown. The pedicel of the fruit passes through the hole and is immersed 

in the solution filling the volume underneath the plate (about 150 ml). 

The solution is injected by a pump (NF10KPDC 12v, KNF Neuberger, Village-Neuf, France) with 0.1 l 

min-1 capacity and a solenoid valve (SCB262B24DC, ASCO-Numatics, Rueil Malmaison, France). The case is 

filled until the level of liquid reaches the position of an optical sensor (ELS-1100, GEMS Sensors & Controls, 

Plainville, CT, USA). The case is emptied by gravity when another solenoid valve is opened. 

The atmosphere can be renewed by injecting air or gas through a filter. In the experiments described 

below, we applied a air flow rate of about 4 l h-1 lasting for 1 h, 4 times per d. Without this renewal, water 

condensation formed on the walls of the case. 

The interior temperature of the cases is regulated by a water circuit in contact with a metal plate inside 

each case. The temperature of the water is regulated by a cryostat with a precision of 0.01°C (F6, HAAKE, 

Karlsruhe, Germany). The temperature sensor is inserted through a tube that enters one of the cases (so that it 

can be disconnected without opening the case). The other 3 cases have thermometers. The circuit includes 2 sub-

circuits, each 1 feeding 2 cases in series, such that the 2 pairs of cases can be maintained at the same temperature 

or different temperatures. 

The nutrient solution (its composition is described below) was sterilized for 10-15 min at 125-128°C 

and a pressure of 1.5-1.6 bars. 

To limit variations in composition and the development of contaminants, the nutrient solution was 

changed every day. After removing the solution and before replacing it, the case was rinsed with diluted bleach 

(0.1% active chlorine solution). The process of emptying and rinsing the case takes only 1-2 minutes; the 

chlorine rinse is allowed to run out as soon as its level reaches the sensor. In the experiments described below, as 

well as other experiments with young fruits cultivated to the red stage (over about 35 d), no contamination was 

observed. 

The system also includes a programmer (Millenium 3, CROUZET, Valence, France) that commands the 

cycle of removing the solution, rinsing the case, and pumping in fresh solution at selected dates and times. 

The average weight of the fruits in each case can be obtained at any time during the experiment. The 

fruits along with the ensemble of equipment (the case, its supports and some parts of the accessories, hereafter 

simply referred to as a “case”) are weighed using a screw jack resting on a scale, after removing the solution, 
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emptying the heating circuit and detaching the external accessories. The weight of the case having been 

determined previously, the average weight of a fruit with its pedicel and calyx is obtained. Comparisons between 

this estimated weight and the true mean weight of 1 fruit with its pedicel and calyx measured just after outgoing 

from the case showed that the possible error due to liquid traces left over the fruit, case and tube surfaces was 

small (Table 1). The weight of the fruit without calyx and pedicel at any time t is estimated as the weight of the 

fruit with its calyx and pedicel at t minus the pedicel and calyx weight at the trial end and plus the estimated 

increase in the pedicel and calyx weight between t and the trial end. This increase is calculated by the observed 

regression between the fruit weight and the pedicel and calyx weight observed in a sample of the fruit 

population. 

 

Experimental procedure. Trusses with at least 1 fruit approximately the desired size (the average fruit weight in 

each case was between 23 and 27 g) were taken from tomato plants (cv. Levovil) cultivated in a greenhouse 

(CTIFL, Balandran, France). Based on observations of plants and trusses from the same crop, we estimated the 

post-anthesis age of the selected fruits to be about 22 d. The trusses were cut from the plant at their point of 

insertion on the stem and immediately placed in a cooler to stop the flow of sap. Tissues arrived at the laboratory 

within 2-3 h, and then were maintained at 5°C for another 2-3 h. Fruits of the desired size were selected, 

generally 1 per truss. On each truss, the fruits farthest from the selected fruit were eliminated by cutting their 

pedicel, keeping the closest 2 or 3 fruits. The reduced trusses were dipped in 70% alcohol for 30-35 s, and then 

rinsed 3 times for 5 min in sterile water. The pedicels of the selected fruit were then cut with a razor blade at 

their point of insertion on the principal axis of the truss. The whole operation took place under a sterile, laminar 

flow hood. The fruits were immediately placed in the cases, which had previously been cleaned with bleach and 

alcohol. Each case had 6 fruits. The cases were opened and closed as quickly as possible. 

To estimate the relationship between the fruit weight and the weight of its pedicel and calyx, these 

variables were measured on 81 fruits, weighing between 0.1 and 51 g, which were taken from plants or were 

detached fruits grown in the device in previous experiments. 

 

Treatments. After placing the fruits in the case (6 per case), the nutrient solution was injected into the case. The 

nutrient solution contained 4.4 g l-1 of Murshige and Skoog medium (MS 5519, Sigma-Aldrich, Saint Louis, 

MO, USA) and sucrose. In the treatment denoted T-5, 5% sucrose was used throughout the entire trial period. In 

another treatment, denoted SC-5-15, the 5% concentration was maintained for 7 to 9 d, then elevated to 15%. 
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Five trials denoted 1 to 5 were made. In each trial, the 2 treatments were applied. The fruits used in the 2 

treatments were taken from plants at the same time. Moreover, trials 2 and 3 were performed at the same time 

(using the 4 cases of the device), as were trials 4 and 5, thus using fruits taken from plants at the same time (Fig. 

2). There were 5 replications of each treatment. In a first group of 3 replications (trials 1, 4 and 5), the solution 

was changed about 7 d after the fruit was placed in vitro. In a second group of 2 replications (2 and 3), the 

solution was changed after about 9 d. The interior temperature of the cases was 25 ± 1°C. 

During experiments, the cases were frequently weighed. At the end of each trial, the 6 fruits were 

removed from the case and weighed individually, with and without the pedicel and calyx. The dry matter content 

of the fruits was obtained by drying in an oven at 65-70 C for several d. 

 

Statistics. The relationships between experimental parameters and the characteristics of the fruit were determined 

using Student’s t-test (for variables relative to the average fruit in a case) and the ANOVA method (for the final 

weights of fruit and pedicel and calyx which were measured for each fruit in a case). We used the SigmaStat 

software (Systat Software Inc., San Jose, CA, USA) for this analysis. 

 

Results 

No microbial contamination was visible during the experiments. The fruits were still green at the end of 

trials 1, 4 and 5 (about 36 d after anthesis), and they were either turning or red at the end of trials 2 and 3 (about 

41 d after anthesis).  

In each treatment, the mean deviation between the estimated and measured final weights of the fruit 

with its pedicel and calyx was small. This deviation was not significantly different between the 2 treatments T-5 

and SC-5-15 (Table 2). The mean weight of the pedicel and calyx measured at the end of the experiment was 

also not significantly different between the 2 treatments. The regression between individual fruit weight W (g) 

and the weight Wp+c (g) of its pedicel and calyx was W = 0.1553 e0.03526 Wp+c (R2=0.53). 

Just before the concentration of sucrose was increased in SC-5-15, the means of the estimated 

“average” weights of fruits were very similar in T-5 and SC-5-15 (Table 2). 

As we mentioned previously, the initial weights of the fruits varied between 23 and 27 g. To reduce the 

dispersion between the growth curves of average fruit weight observed in each case (Fig. 3a), which was 

probably partly due to slight differences in the initial fruit weights, each data point Wt, i of a given trial was 

corrected as follows. Here, ‘i’ stands for the label of an individual trial (1, 2, 3, 4 or 5). 
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First, we calculated the index I, equal to the ratio of a given fruit weight Wt, i to the average fruit weight 

Wtc, i observed at time tc when the sucrose concentration was changed in the treatment SC-5-15 of the same trial 

i: 

I = Wt, i / Wtc, i                                                                                                                                 (1) 

Next, in order to represent the changes in fruit weight, this index was multiplied by the mean, Wtc, mean, of the 

average fruit weights obtained in the group of replications in which the sucrose concentration was increased in 

SC-5-15 at the same time tc, i. As there were two groups of trials according to the value of tc (approximately 

equal to 7 in the group constituted of the three trials 1, 4 and 5, or to 9 in the group constituted of the two trials 2 

and 3), the corrected fruit weight was. 

Wt, i ,corrected = (Wt, i / Wtc, i) × Wtc, mean         with tc equal to 7 or 9                                                  (2) 

In all trials, the fruit grew more slowly in SC-5-15 than in T-5 after the sucrose concentration was changed in 

SC-5-15. The regressions were calculated for each group of the 3 or 2 replications in each treatment before and 

after the change (Fig. 3b). Before the change, the slopes observed in T-5 and SC-5-15 were not significantly 

different whatever the group of trials. After the change, the slopes observed in SC-5-15 were significantly lower 

(P < 0.01). 

The radial growth rate of the average fruit due to imported water, Fiw, (g cm-2 day-1) (which is equal to 

the water import rate into the fruit (g day-1) per surface area unit of fruit estimated assuming the fruit to be a 

sphere with a density equal to 0.95 (Bussières 1993)) decreased (Fig. 4) with the fruit radius (cm), as observed 

previously (Bussières 1993). However, after the sucrose concentration increase, Fiw decreased more rapidly in 

SC-5-15 than in T-5 in the same fruit radius range (Fig. 4). 

The true and estimated weight increases of the average fruit at the end of the trials were significantly 

smaller in experiment SC-5-15 than in experiment T-5 (Table 2). Analysis of the variance in true individual fruit 

weights of the 6 fruits per replication measured after the fruits were removed from their cases indicated that the 

mean fruit weight in treatment SC-5-15 was significantly (P < 0.001) lower than in treatment T-5 while the 

analysis did not reveal any significant difference among trials nor a significant interaction between treatments 

and trials. The estimated increase in the fruit weight in SC-5-15 during the period where the sucrose 

concentration was 15% was only about half of that estimated in T-5 during the same period (Table 2). Although 

the amount of fruit dry matter was almost identical, the average proportion of dry matter in the SC-5-15 fruits 

was 13% greater than that of the T-5 fruits, but this difference was not statistically significant (P < 0.130; Table 

2). 
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Discussion 

 

The present results confirmed that a high sap sucrose concentration inhibits the expansion of detached tomato 

fruits during the phase of growth dominated by cell expansion. Because the rate of fruit expansion diminished 

almost immediately after the sucrose concentration was augmented, it is highly unlikely that the observed effect 

was due to increased tissue deformation resistance brought on by thickening walls. It was more likely due to the 

decreased gradient in the water potential and the increased viscosity of the sap which are expected from the 

decreased osmotic potential of the nutrient solution. 

In these trials, the estimated water importation rate per unit surface area of the fruit diminished as the 

fruit radius increased. A similar variation was found (Bussières 1993) for fruits growing on the plant (Ho et al. 

1987), in which the water potential at the entry point to the fruit, the osmotic potential of the fruit and the sap 

viscosity were thought to be constant, and this variation was explained by a biophysical model involving these 

parameters (Bussières 1994, 1995). Here, the slope of the curve shown in Fig. 4 was altered during the fruit 

expansion by changing the water potential at the entry point, and likely the osmotic potential into fruit and sap 

viscosity. Also in the trials from Ho et al. (1987) with different nutrient solution salinities, the estimated slope 

was greater at lower estimated water potential at the entry point. 

Future research should be able to separate the contributions of the water potential gradient and sap 

viscosity to the growth rate by repeating the experiments at different temperatures and using solutions having 

different osmotic potentials obtained by components chemically inactive for the fruit. 

As is generally observed with in vitro fruit culture, even the largest specimens were much smaller (39 

g) than fruits grown on the plant in the greenhouse (about 120 g). However, the dry matter content (4.9%) of the 

in vitro fruits was comparable to that of fruits grown on the plant (Bertin et al. 2009). Although only a short 

growth period was evaluated in these trials, the average proportion of dry matter obtained in treatment SC-5-15 

was higher than that observed in treatment T-5, albeit only at the 13% significance level. However, the amount 

of dry matter accumulated by the fruit was almost the same. Ho et al. (1987) observed similar behavior in tomato 

fruits grown on a high salinity nutrient solution. Thus, the most important effect of increasing the sucrose 

concentration was probably to decrease the quantity of water entering the fruit. As the amount of dry matter 

entering the fruit was constant, it would appear that the lesser amount of sap entering the fruit is offset by the 

increased sucrose concentration of the nutrient solution. This relation needs to be verified precisely by taking 



V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Bussieres, P. (Auteur de correspondance), Bertin, N. (Auteur de correspondance), Morris, C. E.,

Vigne, C., Orlando, P., Glaux, C., Sevenier, V., Floret, H., Bernadac, J., Korownikoff, S.
(2011). High external sucrose concentration inhibits the expansion of detached tomato fruits grown

in a novel semi-open device. In Vitro Cellular and Developmental Biology. Plant, 47 (6),
743-751. , DOI : 10.1007/s11627-011-9378-z

E 
Version définitive du manuscrit publié dans / Final version of the manuscript published in : In Vitro Cellular and Developmental 
Biology Plant, 2011, Online First, DOI: 10.1007/s11627-011-9378-z  

 

   
   

   
   

M
an

us
cr

it 
d’

au
te

ur
 / 

A
ut

ho
r m

an
us

cr
ip

t  
   

   
   

   
 M

an
us

cr
it 

d’
au

te
ur

 / 
A

ut
ho

r m
an

us
cr

ip
t  

   
   

   
   

 M
an

us
cr

it 
d’

au
te

ur
 / 

A
ut

ho
r m

an
us

cr
ip

t 

 
 

11 
 
 

into account respiratory losses, which should be possible by measuring the volume and carbon dioxide 

concentration of gas escaping from the case. 

When Guan and Janes (1991) removed fruits from the plant 6 d after anthesis and cultivated for 42 d in 

a nutrient solution, the final weights of the fruits were proportional to the sucrose concentration, for 

concentrations of 2%, 4%, 6% and 8%. Their result could be due to the effect of sucrose concentration during the 

cellular multiplication phase, and/or to the existence of a threshold (one greater than 8%) above which the effect 

of sucrose concentration changes from positive to negative. Similar to the results reported here, Sasaki et al. 

(2005) observed an inhibitory effect of high sucrose concentrations (= 7-8) on the weight of rice grains of 

detached ears cultured on nutrient solution and suggested that this was largely due to the low water potential. 

As the sucrose concentration in the plant varies over the course of the day, low growth rates, similar to 

those observed here, may also occur naturally in the plant as the sucrose concentration increases, but on a shorter 

time scale and especially at the end of the day.  

In future research, it will be also necessary to study the effects of sucrose concentration during the first 

phase of fruit growth, when cellular multiplication is dominant. Studying the effects of sucrose concentrations 

within the range of 8-15% and of variations over the course of a day will be also important. 

The device and the method used in this research which allowed to grow fruit in vitro and without 

microbial contamination appear perfectly adapted to these types of studies, when it is important to manage the 

nutrient solution and to assess the fruit weight changes over the growth period. 
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Figure Legends 

 

Fig. 1. The Casafruit device, with 4 identical cases (a). Perspective view (b) and longitudinal section (c) of a 

case. 

C: connector; V: solenoid valve; F: filter; LS: level sensor; P: pump; R: faucet; TS: temperature sensor, S: 

nutrient solution, J: active chlorine solution. 

 

Fig. 2. Description of the treatments. Five trials were made from 19 June to 10 August 2009. In each trial, 2 

treatments were applied: T-5 (sucrose concentration maintained at 5%) and SC-5-15 (sucrose concentration 

at 5% during the 7 or 9 first d and then raised at 15%). Each treatment was applied in 1 of the 4 cases 

(numbered from 1 to 4) of the device. The gray parts indicate the cases and the periods where sucrose 

concentration was equal to 15%. Note that from 19 June to 3 July, cases 3 and 4 were not used with these 
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treatments. 

 

Fig. 3. Effect of increasing the sucrose concentration on estimated (a) and corrected (b) fruit weights over the 

duration of the trials with detached fruits grown with a nutrient solution in the Casafruit device. The arrows 

indicate the moment tc at which the sucrose concentration was increased in SC-5-15. The full line arrows 

indicate tc for trials 1 (∆ and ▲), 4 (◊ and ♦) and 5 (○ and ●) with solid lines; the dashed line arrow 

indicates tc for trials 2 (□ and ■) and 3 (○ and ●) with dotted lines. In (a), the empty symbols refer to 

treatment T-5 in which the concentration was equal to 5% throughout the period; the filled symbols refer to 

treatment SC-5-15 where the concentration was increased from 5% to 15% at tc. Because the mean weights 

of the fruits at tc varied among the trials, the estimated weight of the average fruit in a given trial at time t 

was corrected according to Equation 2. These corrected weights are shown in (b); the symbols refer to trials 

1, 4 and 5 together (squares) and to trials 2 and 3 together (circles); the empty symbols refer to treatment T-

5, the grey symbols refer to the first phase of treatment SC-5-15 and the full symbols refer to the second 

phase of treatment SC-5-15; the regressions are given for each group of trials, each treatment and before or 

after time tc where sucrose concentration was increased (for the group of trials 1, 4 and 5, the regression 

lines obtained before tc in T-5 and in SC-5-15 are overlapped). 

 

Fig. 4. Radial growth rate of the fruit due to imported water (FIW) as a function of fruit radius, in treatments T-5 

(+ symbols) and SC-5-15 (○ symbols before increasing the concentration, ● symbols after). The thick line is 

the diagonal linear regression obtained for the 5 replications of treatment SC-5-15 after increasing the 

sucrose concentration of the nutrient solution. The thin line is the regression obtained for the 5 replications 

of treatment T-5 and data from treatment SC-5-15 before increasing the sucrose concentration of the nutrient 

solution. The values of FIW were calculated using the method described by Bussières (1993), but assuming 

no transpiration losses. The density of the fruit was assumed to be 0.95, and the dry matter content was 

assumed to be constant and equal to 5%. 
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Table 1. Comparison of true and estimated fruit weights at the end of a preliminary experiment using the new 

device. Each case held eight fruits. 

 Case 1 Case 2 Case 3 Case 4 

Estimated weight (g) 5.83 5.44 7.65 4.12 

Deviation from the true value (g) 0.08 0.10 0.28 0.07 

 
Table 2. Means and standard deviations (in parentheses) of various properties, obtained over five replications of 

treatments T-5 and SC-5-15 (the quantity and proportion of dry matter in the fruit were measured in only three 

replications). The treatment T-5 held the sucrose concentration constant at 5%. The treatment SC-5-15 

maintained a 5% concentration for 7-9 days, then increased it to 15% and held it constant thereafter. For each 

replication, the data were averaged over the six fruits in the case. The last column indicates the probability, 

according to Student’s t-test or from analysis of variance (case indicated between parenthesis), that a difference 

between the means at least as large as the observed difference could have arisen from the same underlying 

distribution by chance.  

Sucrose concentration in the nutrient 

solution 
T-5 SC-5-15 

Difference 

relative to 

T-5 (%) 

Probability 

Initial weight of the fruit (g) 25.39 (0.45) 24.49 (0.96) 4 0.092 

Deviation between the estimated weight of 

the fruit, with its pedicel and calyx, in 

place in the cases at the end of the trials, 

and the true values measured when the 

fruit is taken out (g) 

0.63 (0.43) 0.62 (0.41) 3 0.953 

Weight of the pedicel and calyx at the end 

of the trials (g) 
0.70 (0.06) 0.64 (0.07) 9 (0.160) 

Estimated weight of the fruit at the time the 

sucrose concentration changes (g) 
32.26 (1.44) 31.63 (0.68) 2 0.400 

Estimated weight of the fruit at the end of 

the trials (g) 
37.08 (1.92) 34.08 (0.50) 8 0.009 

Measured weight of the fruit taken out of 

the case at the end of the trials (g) 
36.45 (2.01) 33.46 (0.35) 8 (0.001) 

Estimated increase in the fruit weight 

during the period when treatment SC-5-15 

used a sucrose concentration of 15% (g) 

4.82 (1.05) 2.45 (0.42) 49 0.002 

Quantity of dry matter in the fruit at the 

end of the trials (g) 
1.87 (0.17) 1.90 (0.17) 2 0.806 

Proportion of dry matter in the fruit at the 

end of the trials (%) 
4.93 (0.34) 5.58 (0.48) 13 0.130 
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