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Abstract
Jujube fruit cracking has become a major concern in jujube production. It can affect fruit quality
and yield and crop productivity, resulting in significant economic loss. Recent advances in jujube
fruit cracking research provide opportunities to improve our understanding of the impacts of environmental factors and plant physiological metabolism on jujube fruit cracking. In this article, we
have developed a novel systemic modeling software for jujube fruit cracking. The potential function and value of this modeling software are presented. Current issues and future research directions in the modeling of jujube fruit cracking system are also discussed. To our knowledge, this is
the first functional and/or integrated modeling software developed for the management of jujube
fruit cracking.
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1. Introduction
Jujube fruit cracking has become a major concern in jujube production. It can affect fruit quality and yield and
crop productivity, resulting in significant economic loss. Fruit cracking occurs at the maturation period when
favorable environmental conditions such as rainfalls are present. Changes in environment factors, and fertilizer
input as well as changes in plant physiological metabolism contribute to the development of fruit cracking, resulting in fruit surface cracking, flesh exertion and acidifying decay (Figure 1 and Figure 2). Fruit cracking
currently poses severe challenges to jujube producers.
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Figure 1. Symptoms of jujube fruit cracking on the Ziziphus jujuba Mill. ‘Hupingzao’, one of
the most important local cultivars originated in Shanxi, China: typical longitudinal cracking
type (bottom-left), roll-ring cracking type (bottom-middle) and irregular cracking type-oblique cracking (bottom-right).

Figure 2. Symptoms of jujube fruit craking on the Ziziphus jujuba Mill. ‘Pozao’, another very
important local cultivar originated in Hebei, China: longitudinal cracking type (bottom-left),
roll-ring cracking type (bottom-middle) and irregular cracking type-longitudinal cracking +
roll ring cracking (bottom-right).
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The development and the adoption of a systemic modeling approach that help to understand the functions of
external and internal factors are one of the solutions to the successful management of jujube fruit cracking. Recent advances in our understanding of plant physiology from the molecular to the whole-plant levels and behavior and functional relationships between multiple elements in the whole system or organism make it possible
towards this goal [1]-[3]. The emergence of bioinformatics has facilitated the analysis of complicated networks
and assisted in identifying novel components and biological pathways [4]. Mathematical modeling of these
pathways helps to generate new hypotheses and experimental designs, improving our understanding of biochemical processes in plants [5] [6]. In the context of computational systems biology, modeling can be used to
identify connections between elements in a network and to predict the spatio-temporal dynamics of a system
through simulations of model variables [7]. Kinetic modeling on the use of lipase for the hydrolysis of fats and
oils, and the prediction of the hydrolysis rate, although they are still lacking, can offer advantages over conventional chemical reactions. A Ping-Pong Bi Bi model with substrate inhibition by water has been used to describe
the reaction mechanism and kinetic characteristics of lipase-catalyzed hydrolysis of palm olein [8]. Modeling
studies do not necessarily end at the model development stage. New information can also be generated from
analyzing performance and behavior of the model itself [4]. In this article, we present some salient examples of
modeling studies in plant systems. Comprehensive reviews of plant morphogenesis and growth modeling have
been published [9] [10]. Stockle et al. (2003) developed CropSyst, a multi-year, multi-crop, daily time step
cropping systems simulation model, which can serve as an analytical tool to study the effects of climate, soil,
and management on cropping systems productivity. CropSyst is able to better simulate soil, water and nitrogen
budgets, crop growth and development, crop yield, residue production and decomposition, soil erosion by water,
and salinity [11]. More recently, functional-structural plant models, which stem from early plant architectural
models, have emerged to incorporate with the effects of shoot structure on light interception to better understand
the availability of biomass for the growth of individual organ and the whole plant [12]-[14]. Grima and Schnell
(2008) reviewed four distinct theoretical and simulation frameworks, showing that taking noise and space into
account not only improves quantitative prediction accuracy but also may lead to qualitatively different physiological predictions, unaccounted by classical deterministic models [15]. In a stochastic functional-structural
model developed by Kang et al. (2008) to simulate plant development and growth, it is clearly indicated that the
number of organs (internodes, leaves and fruits) produced by the model is not only a key intermediate variable
for biomass production computation, but also an indicator of model complexity [16]. Furthermore, Harrington et
al. (2010) developed a new curves modeling on the effectiveness of temperature for chilling and forcing based
on their data and published information, which can predict the effectiveness over a wide range of temperatures
[17].
Objective of this article was to develop a novel functional and/or integrated modeling software for jujube fruit
cracking that can serve as a viable modeling tool to help our understanding of the jujube plant network structure
and their functional mechanisms. The results of this research demonstrate, for the first time, how to use modeling approaches to better manage jujube fruit cracking by manipulating external environment and other inputs
and internal physiological metabolism parameters. Some perspectives on the directions of future development of
jujube fruit cracking modeling systems were discussed.

2. Development of the Modeling Software
There have been increased concerns about the vulnerability of agricultural production to climate change. The
potential impacts of climate change on crop production have been widely analyzed and hypothesized by using
crop models and climate change scenarios, but little evidence of the observed impacts of climate change on crop
production has been reported [18]. Over the past decade there has been an increased interest in developing methodology that can study intracellular reactions, in particular those focusing on the determination of kinetic parameters [19]. Typically, data obtained from experimental assays are input into a mathematical model before it
can be interpreted meaningfully. The bulk of these models are based on the macroscopic and deterministic models of classical physical chemistry [20]. A prominent example of this analysis is the characterization of enzymes
using the Michaelis-Menten equation [21]. The use of any type of modeling methodology implicitly assumes
that a number of physical, chemical or biochemical constraints are satisfied [15]. So external environment and
inputs including climate, soil and management as well as internal physiological metabolism parameters are
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among the most important factors for the development of such plant modeling systems. This article reports the
functional and/or integrated modeling software for jujube fruit cracking (Figure 3). The external environment
and inputs and internal physiological metabolism parameters (Figures 3(A)-(B)) are presented as follows:

(A)
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(C)

(D)

Figure 3. A novel functional and/or integrated modeling software for jujube fruit cracking. (A) Temporal regulation of jujube fruit cracking by external and internal cues is ‘gated’ by the circadian clock. Circadian clock system that oscillates in a
daily cycle of 24 h as a key controller has a central role in the signaling network, integrating external environmental and input cues and internal clock-driven lights up jujube fruit cracking system. The ‘assembly’ model of jujube fruit cracking types
and clock (shown in Figure 3(A)-middle) like a ‘battery pack’ as a bold and innovative idea here can provide much more
power for whole jujube fruit cracking system. The ‘assembly’ model demonstrated here as a novel power supply system in
plant can also better control the power source of plant system for assuring normal system operation. Blue arrows represent
feedback loops from jujube fruit cracking to external environment and inputs and to internal physiological metabolism parameters, including feedback loop I and feedback loop II, which indicate the effects of external and internal factors on jujube
fruit cracking and clearly reflect the relationships between jujube fruit cracking and external environment and inputs and internal physiological metabolism. Thick black arrows represent circadian clock as a key controller gates the temporal regulation of jujube fruit cracking by external environment and inputs and internal physiological metabolism parameters, which
may bridge a wide range of spatio-temporal scales and better reflect the physiology at the cross-level interactions; (B) External environmental and input cues systematically presented in our model; (C) (D) Further important information of system
is clearly demonstrated, including the main characteristics, negative impacts, control measures of jujube fruit cracking (C)
and the future research and challenges of our model on jujube fruit cracking system (D). (a) Longitudinal cracking; (b)
Roll-ring cracking; (c) Irregular cracking. *The most important factors, which can systematically reflect the relationships
between external and internal factors and jujube fruit cracking, including the positive and negative impacts.
Highlights
the areas that have been shown for the first time in our newly developed model.
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2.1. External Environment and Inputs
•
•
•
•

Climate factor: rainfall, temperature, air humidity and solar radiation;
Soil conditions: fertility, and physical, chemical and biological properties;
Fertilizer use: organic fertilizers, compound fertilizers, bacterized manures and chemical fertilizers;
Crop management: cultivar breeding, soil-fertilizer-water, pruning and biological control.
Where: rainfall is chosen as the first most important factor since it has direct, detrimental effects on jujube
fruit cracking at the maturation period. Over-uptaking water in jujube fruit under rainfall conditions can cause
fruit surface cracking, flesh exsertion and acidifying-decay. Organic fertilizer is chosen as the second most important factor since it may have either positive and negative effects on the control of jujube fruit cracking if organic fertilizer is used properly or improperly, respectively. Proper use of organic fertilizer, especially the use of
microbial technology for organic waste management and bioremediation, sustainable soil management, composing and formulation of microbial inoculant, can improve soil conditions, increase fertility utilization rate, and
induce plant resistance against fruit cracking, resulting in improved quality, yield and productivity of jujube
crop.

2.2. Internal Physiological Metabolism Parameters
• Water metabolic pathway modeling: kinetic modeling of water transport pathway and mathematical modeling of water regulatory pathway;
• Aquaporin (AQP) mechanism;
• Mineral nutrition;
• Endogenous hormones;
• Sugar accumulation;
• Fruit firmness.
Where: water metabolic pathway modeling in jujube fruit is chosen as the third most important factor in the
modeling software. There are two focused areas of this factor: 1) kinetic modeling in water transport pathway
and 2) mathematical modeling in water regulatory pathway in jujube fruit. For the kinetic modeling in water
transport pathway, the modeling of water uptake will be built first to reveal the relationships between cracking
rate and water absorption rate; then the kinetic modeling in water transport will be built to better understand the
pathway in jujube fruit and the jujube fruit cracking. The development of mathematical modeling in water regulatory pathway serves as a complementary tool to the experimental approach, which will help us to better understand the biological systems. Such modeling will also provide a new tool to describe the water dynamical
change in signaling and to understand the relationship between water regulatory pathway in fruit and the jujube
fruit cracking. Aquaporin (AQP) mechanism in jujube fruit is chosen as the fourth most important factor since it
can effectively mediate the water transport pathway and water regulatory pathway in fruit. This factor represents
the high-efficiency of gene expression in Aquaporin (AQP). Mineral nutrition in jujube fruit is chosen as the
fifth most important factor since the balance of mineral nutrition is required for the healthy development of jujube fruit. Both lack and excessive enrichment of mineral nutrition in jujube fruit may cause jujube fruit cracking.
In this article, we demonstrate, for the first time, two feedback loops based on jujube fruit cracking with external environment and inputs and internal physiological metabolism parameters for our modeling software.
Feedback loop I reveals the effects of external environment and inputs on jujube fruit cracking. The input of
some external factors will cause both detrimental and beneficial effects. For instance, overuse of fertilizers may
cause environmental pollution and the wasting of resources, whereas optimized use of fertilizers can minimize
environmental pollution and reduce production costs.
Feedback loop II reveals the effects of internal physiological metabolism parameters on jujube fruit cracking.
This loop stimulates the water dynamical changes to reflect the water metabolic pathway in fruit. Feedback loop
II can be used to indicate the wasting of resources as it may need to receive excessive more mineral nutrition
and endogenous hormones to enhance its resistance and to maintain its basis metabolic ability. Feedback loop I
and feedback loop II interact each other directly or indirectly.

2.3. Main Characteristics of Jujube Fruit Cracking (Figure 3(C))
Jujube fruit cracking is a physic process of mechanical ruptures in fruit peel caused by the insufficient tensile
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strength of fruit peel to sustain the growing strength of its inner fresh. It is a reaction from the impacts of unfavorable environment and fruit flesh growth. With the development of fruit, water potential in fruit flesh decreases while its water absorption ability increases. Cell senescence and apoptosis in fruit peel lead to the loss of
the ability of the cells to absorb water. Once water deposits in the surface of fruit, water tends to pour into the
fruit driven by the force of water potential gradient, causing an increase in growing pressure of fruit flesh that is
beyond the ability of fruit peel to sustain, leading to the fractures in fruit peel. Fruit surface cracking, flesh exsertion, and acidifying decay are three main characteristic symptoms of jujube fruit cracking. Fruit cracking
provides favorable conditions for the anthracnose pathogen and other bacterial pathogens to infect, which accelerates the decay and deterioration of jujube fruit. Generally, there are three types of fruit cracking: longitudinal
cracking (Figure 3(A)-a), roll-ring cracking (Figure 3(A)-b), and irregular cracking (Figure 3(A)-c).

2.4. Main Negative Impacts of Jujube Fruit Cracking (Figure 3(C))
Jujube fruit cracking can severely affect fruit quality and reduce fruit yield and productivity, resulting in economic loss.

2.5. Main Advantages of this Modeling Software for Jujube Fruit Cracking (Figure 3(C))
•
•
•
•
•
•
•
•

Prioritize to select and use cracking-resistant cultivars;
Intelligent use of plant hormones, plant growth regulators, and chemical reagents;
Balance the tree body nutritions;
Optimized the use of fertilizers, and control the use of water and fertilizers, preferably mixed in organic fertilizers;
Improve soil conditions;
Proper pruning;
Improve the comprehensive management level;
Better application of novel rain-shelter-cultivation facilities and rational utilization of bagging technology.

2.6. The Outlook of Jujube Fruit Cracking System Modeling (Figure 3(D))
International concerns regarding food security and a competing demand for the production of biofuels have highlighted the need for renewed efforts to increase crop yield and productivity [22]. We face increasing survival
pressure due to rapidly-growing world population, serious environmental pollutions and over-wasting of resources. Hence, the development and adaptation of plant organic waste management and bioremediation technologies for control of jujube fruit cracking, notably in the areas of jujube fruit and bioproducts processing, can
significantly relief the pressure of environmental pollutions and wasting of resources. Here we present two key
potential approaches of reusing the waste cracked-fruit resources. Cracked jujube fruit can be processed and
used as jujube fruit powder, jujube fruit juice, jujube wine, jujube jam, sweet jujube candy, canned jujube, and
dried jujube. The essence of nutrition in cracked jujube fruit can also be extracted and processed as biological
health care products and natural medicines. More theoretical research is needed to include other external environmental factors and metabolic or signaling pathways to further improve this jujube fruit cracking system modeling software.

3. Discussion
Application of modeling techniques of engineering and physical sciences will help to understand how a suite of
different biological, physical, and chemical signals interact and regulate plant growth and development. Indeed,
these techniques have been already used in plant modeling such as the description of water, gas, and nutrition
transport in the fruit, root, and stem [23] [24]. There is also a potential need to use a modular approach to improve existing models as practiced in climate modeling [25]. Modeling approaches can be applicable to crop research at different levels. Models that integrate genetic, molecular and biochemical information can facilitate
our understanding of complex behavior such as pathway integration whereas models that cross scales from the
molecular, cellular to whole plant or field level have enormous potential in crop improvement and crop yield
forecasting [26]. With the global demand for food projected to increase 70% - 100% by 2050, innovation approaches to enhance crop robustness and yield will play an increasingly important role in meeting the nutritional
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demands of a growing world population [22] [27]-[29]. We need to look at different examples of models that
cover various levels of biological organization, systems and scales. As demonstrated in our study as an example,
simulation-based models are useful and viable in identifying new network components and interactions that are
not always intuitive from experimental data. This is a good example of how experimental data are required to
construct a model, and model prediction can in turn drive new hypotheses for testing in the lab and the field.
In this study, a circadian clock system has been incorporated into our modeling software for jujube fruit
cracking. Such clock is a complicated system that can coordinate external stimuli and an internal timing mechanism to optimize the growth and development of jujube fruit. Further investigation into the functions of
known clock components and the elucidation of interactions between the clock and input and output pathways
will help us to understand how plants thrive in a predictably changing environment. As illustrated by recent studies in crop plants, these insights are likely to have important implications for agricultural improvement.
As illustrated in this study, the development and use of reliable and viable modeling techniques can improve
our understanding and management of jujube fruit cracking. To our knowledge, this is the first report to help our
understanding of the jujube fruit cracking system.

4. Conclusion
The systemic modeling software proposed here can provide a novel tool for the effective management of jujube
fruit cracking.
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