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Highlights:  To analyze the hybrid vigor between parent and hybrid plants, three cucumber cultivars were 
used (Parents: A, B; F1 hybrid: C). Continuous observations and destructive samplings were made 
throughout the growth of plants. Experimental results indicate that cyclic changes occur in the dry weights of 
organs (internode, leaf and petiole) of different positions along the stem. The yield, organ sizes and fruit 
numbers of the three cultivars were different. To analyze these differences, a Functional-structural 
model ’Greenlab’ was applied to compute the parameters of source sink for organs. The results demonstrate 
that plant architecture plays an important role in heterosis breeding. This study is a first step to build a tool to 
provide the guidance of heterosis breeding for breeders on cucumber.  
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INTRODUCTION 

 Hybrid vegetable technology is one of the better options to improve cucumber yield, particularly because 
the full potential of hybrids has not been completely exploited in vegetable crops, as compared to several 
cereals. Hybrid vigour can be expressed by total yield and the increased yield due to larger number of 
fruits/plant. Yield and fruit quality are some of the most frequent traits influenced by heterosis. In cucumber, 
Hayes & Jones (1916) first observed heterosis for fruit size and fruit number per plant. The highest yielding 
hybrids gave higher yield and showed an increase in fruit size compared with corresponding parents.  

In recent years with the rapid development of molecular biology and genomics progress has been made in 
the study of characters of high yield and the mechanisms for high yielding and their related genes. Plant type 
is one of the important factors to determine the yield (Du et al., 2007). The length of internode, the size and 
angle of leaves are three most characters of agronomic importance in cucumber. Ghaderi & Lower (1978) 
suggested that heterosis in yield components such as number or weight of leaves, branches, and roots should 
have a direct effect on fruit yield. F1 hybrids may have greater photosynthetic activity than their parents 
leading to higher yield. It is well known that the yield depends on the production and allocation of 
assimilates of plants, which is linked to source-sink ratio (Marcelis, 1994). The aim of the current study was 
to quantify the link between source-sink ratio and fruit-set for cucumber plants with different cultivars, 
compare the difference of organ growth, photosynthesis and biomass production between the F1 hybrid and 
parent plants using the Functional-Structural model ’Greenlab’ to compute the source sink parameters of 
organs for cucumber plant. Thus, the model can analyse the heterosis and provide a virtual experimental tool 
for breeding. 

MATERIALS AND METHODS 

1. Experiment setup and measurements 
The experiment was carried out in the greenhouse of China Agricultural University from April to July 

2010. Plant material was cucumber (three cultivars: A, B and C). The cultivar C is F1 hybrid of A and B. 
Seeds of the three cultivars were sowed on March 9 2010. Cucumber seedlings with four leaves were 
implanted into 25-cm pots at April 10. The pots were filled with 70% peat, 20% vermiculite and 10% 
pearlite. 20, 20 and 10 pots of plants were planted for A, B and C, respectively. There were no water and 
fertilization stresses. Destructive measurements and continuous observations were made. In destructive 
measurements, 2 plants were selected to measure the dry weight of organs (internode, blade, petiole and root) 
and blade surface for three cultivars, at six stages along the growing period (10 April, 26 April, 17 May, 31 
May, 16 June and 3 July. The measured data of the last four stages were used to estimate the source sink 
parameters of model for each cultivar. Continuous observations were made on 6 plants for each cultivar, 
twice per week. Detailed topological observations included the number of metamers (internodes, leaves and 
flowers and fruits), and the stage of development (flower bud, flower and fruit or abortion) for each position 
for the three cultivars.  
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2. Greenlab model 
GreenLab (Yan et al, 2004) is a generic plant model simulating two basic processes of plant: development 
(organogenesis) and growth (organ expansion). The organogenesis is simulated with a dual-scale automaton, 
which gives the number of organs that participate in biomass production and allocation. At each time 
interval, called Growth Cycle (GC), plant structure is updated according to the organogenesis model. 
Biomass production Q(i) is calculated according to the initial biomass from the seed, total leaf area and 
ground projection area of plant at each GC. Biomass is distributed into growing organs according to their 
sink strengths. The ratio Q(i) and the total demand of plant D(i) represents the biomass availability for each 
organ, called source-sink ratio. The total biomass of organs can be computed by summing up the biomass of 
all individual organs of the same property, which can be measured in reality.  

RESULTS 

1. Experiment results 
The phyllochron has no significant difference for the three cultivars. Thus, we can use the same time step in 
the model to compute the source sink parameters. The biomass and sizes of organs, biomass allocation at the 
plant level, total plant biomass, organ number and position changed for the three cultivars. Plants of cultivar 
A had larger biomass and organ sizes for internode, blade and petiole. By contrast, the cultivar B had less 
biomass and smaller organ sizes than A, while the cultivar C showed intermediate values (Data not shown). 
To take an example for fruits, total mean fruit dry weight per plant was C>B>A, while the maximum 
individual fruit dry weight was A>C>B at final harvest (Table 1). 

Table 1 Comparison of fruit number and average weight per plant and standard error between the three cultivars. 
 Mean No. Fruits Mean total fruit dry weight (g) Maximum individual fruit dry weight (g) 
A 1.0±0.0 12.1±3.5 14.6 
B 6.0±0.8 22.8±9.0 7.64 
C 3.5±0.6 31.5±0.9 12.9 

2. Estimation results 
Target data for one plant from different sampling dates were fitted simultaneously, including the dry weights 
of individual internode, blade, petiole, fruit, and the total dry weight of each component. Following our 
observations, the maximum duration of expansion was set to 30 growth cycles for leaves and internodes, and 
35 cycles for fruits. The duration of function was set to 40 growth cycles for each organ. An example for 
Cultivar A of fitting results on organ-level data is shown in Fig. 1. 

A set of source sink parameters was identified for each cultivar, as shown in Table 2. Petiole and 
internode sink strength (Pi, Pp and Pb) was similar for cultivars A and C. The same trend appeared for the 
sink variation parameters of blade, petiole, internode and fruit (Bb, Bp, Bf and Bi). Only fruit sink strength (Pf) 
differed. These parameters for cultivar B were smaller than the cultivar A and C. The estimation results are 
consistent with that of experiments (Table 1). A had larger individual fruit and B had smaller one. Regarding 
source parameters, the projection area (Sp) were stable for the three cultivars. The light use efficiency (rP) 
was larger for the cultivar B. 

Table 2 Estimated parameter values for three cultivars 
 A B C 
Pi 0.37 0.25 0.33 
Pp 0.19 0.18 0.18 
Pf 22.1 8.69 11.9 
Bi 4.78 3.00 5.47 
Bb 3.52 3.47 3.84 
Bp 3.01 2.93 2.87 
Bf 3.08 0.93 2.85 
Sp 139.0 142.8 154.5 
rp 125.7 226.4 154.0 
R2 0.984 0.942 0.932 

Po is the coefficient of sink strength, Bo is the parameter of the beta function for organ expansion, Sp is the projected 
surface area of the plant, o=i(internode), b(blade), p(petiole), f(fruit). 
 
Using these parameter values, the ratio between biomass supply and demand (Q/D) was computed, as shown 
in Fig. 2. The Q/D ratio of A and C was larger than that of B, and all three values decreased after their peak 
values when the fruit appears. This indicates that the growth of organs is influenced by the source sink ratio.  
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Fig. 1 Multi-fitting on plant data from four samplings. All data were fitted simultaneously, including the dry weight of 
individual internodes (a), blades (b), petioles (c), and fruits (d), shown with cultivar A. Dots represent the measured 
data, lines represent the computed data, respectively. 

  
Fig. 2 Computed evolution of plant demand per cycle for the three cultivars. 

DISCUSSION 

The aim of the current study is to quantify the link between source–sink ratio and fruit-set for cucumber 
plants for different cultivars. Our model can compute the source sink parameters of organs per plant. The 
model results are consistent with the experiments. Cultivar A has larger leaves and individual fruit, but fewer 
fruits, in contrasts, cultivar B had smaller leaves and individual fruits, but more fruits; the F1 hybrid C had 
large leaves and fruits, also more fruits. The total yield of cultivar C is larger than A and B (Table 1). As 
shown in Fig.2, the fruit sink strength of F1 hybrid (cultivar C) may depend on the parent A, while the fruit 
sets depend on the parent B. Although source–sink ratio has been regarded as the principal factor 
determining fruit-set and organ growth, the cyclic pattern cannot be fitted very well using our model, as 
shown in the Fig. 1. Moreover, the cyclic pattern still exists even if fruits aborted there. This could result 
from flower bud differentiation, which may influence the cell number of organs, and in turn, its size 
(Ramirez-Parra et al, 2005) at the flowering stage for cucumber. The development of fruit relates to cell 
division and cell expansion. Factors affecting cell division before and after anthesis can bring about a failure 
of fruit-set. For modelling it is necessary to distinguish the time period which factors influence the size of 
organs during the growth. 

The model can simulate the difference of organs and yields between cultivars by computing the source 
sink parameters of plant organs. The F1 hybrid can obtain the heterosis by combining the advantages of the 
parents. The model is helpful for breeders to understand the mechanism of hybrid vigor.  
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