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Understanding the principles and mechanisms of cell growth coordination in plant tissue remains an outstanding challenge for modern developmental biology. Cell-based modeling is a widely used technique for studying the geometric and topological features of plant tissue morphology during growth. We developed a quasi-one-dimensional model of unidirectional growth of a tissue layer in a linear leaf blade that takes cell autonomous growth mode into account. The model allows for fitting of the visible cell length using the experimental cell length distribution along the longitudinal axis of a wheat leaf epidermis. Additionally, it describes changes in turgor and osmotic pressures for each cell in the growing tissue. Our numerical experiments show that the pressures in the cell change over the cell cycle, and in symplastically growing tissue, they vary from cell to cell and strongly depend on the leaf growing zone to which the cells belong. Therefore, we believe that the mechanical signals generated by pressures are important to consider in simulations of tissue growth as possible targets for molecular genetic regulators of individual cell growth.
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1. INTRODUCTION

Three fundamental processes characterize the development of multicellular plants: growth, differentiation, and morphogenesis. These processes result in an increase in the size and number of cells, the appearance of the structural and functional differences between them, and the formation of functionally specialized organs in plants. Plant science has accumulated a considerable amount of information about plant growth and plant genetics. Nevertheless, the molecular genetic mechanisms that influence the growth and development of plants are still unclear. Analysis and reconstruction of the dynamics of genetic regulatory networks are only the first steps toward understanding how genetic information determines the morphogenesis of plants (Kalve et al., 2014; Chaiwanon et al., 2016). At present, increasingly more facts demonstrate that full understanding of the mechanisms of morphogenesis requires considering the processes that occur at the tissue level in addition to the information on the expression of genes. These processes are involved in spatial pattern formation (Swarup et al., 2005; Jönsson et al., 2006; Bayer et al., 2009) and result in strains and stresses in cell walls (Green, 1999; Hamant et al., 2008). Understanding the relationships between the processes at the molecular-genetic level and at the level of cell ensembles and tissues and how these relationships result in the implementation of the biological function and morphogenesis is perhaps the most central question in systems biology (Noble, 2008).

The ability of cells to stretch and to change shape is the basis for the functional specialization of tissue and the formation of structure in plants. In contrast to animal cells, plant cells cannot migrate during tissue growth. Therefore, these cells achieve perfect control over the final shape by modulating cell division and expansion (Cosgrove, 2005). Knowledge about regulation of the biomechanical properties of the cells during these processes is now widely used in studies of plant morphogenesis. The ability of plant cells to detect mechanical stresses in a tissue and to use them as control signals is considered to be the foundation of regulated growth and morphodynamics (Ali and Traas, 2016; Braybrook and Jönsson, 2016). It is believed that management strategies based on mechanosensing include both stabilization due to the negative feedback and an increase of differences in the rates and directions of neighboring cell growth due to positive feedback (Sassi and Traas, 2015). However, despite intensive studies of such regulation (Hamant and Traas, 2010; Robinson et al., 2013; Routier-Kierzkowska and Smith, 2013), the question about the mechanisms governing the growth of the cell biomass is still open.

Experimental studies have shown a tight relationship between biomechanics and molecular-genetic processes. Such works include studies on how mechanical signals affect the cell cycle (Streichan et al., 2014), how cellular differentiation depends on the different mechanical properties of substrates (Wells, 2008; Lv et al., 2015), and how the mechanical properties of cells are involved in cancer transformation (Lekka et al., 2012). Modern experimental techniques, particularly techniques based on atomic force microscopy (Milani et al., 2011, 2013; Sugimura et al., 2016), allow for measuring the mechanical properties of the cell wall and evaluating turgor pressure in certain plant cells, which is an important factor in the internal mechano-regulation of growth processes and cell wall extension (Ali and Traas, 2016). However, experimentally studying the dynamics of mechanical parameters in individual cells in growing plant tissue is a difficult task.

Computer modeling allows the accumulated knowledge about complex spatio-temporal interactions of biomechanical and morphogenetic processes that regulate the growth and functioning of cells, tissues, organs and body to be combined into a single conceptual scheme. Currently, cell-based models are widely used for simulating the growth of different plant organs and tissues. Examples include extensions of the cellular Potts model (Graner and Glazier, 1992; Glazier and Graner, 1993) and vertex-based model (Nagai and Honda, 2001; Merks et al., 2011; Shapiro et al., 2013). The dynamics of tissue morphology in these models is determined by the mechanics of motion of elements of cell borders (border pixels for Potts model and vertex coordinates of piecewise linear cell-cell borders for vertex-based models). In these examples, the mechanical behavior of cells is determined by setting the energy functions with respect to the “target” values of the cell volumes and boundaries. Changes of the “target” parameter may depend on time and/or state variables, which simulate cell growth. In the framework of the vertex-based models, one can describe geometric properties of the cellular structure of the tissue and the mechanical state of the cells in the tissue in terms of stretches and compressions of its volumes and boundaries. At the same time, it is impossible to explicitly express turgor and osmotic pressures in terms of the state variables of these models. Considering the importance of investigating the relationship between the mechanical properties of cells within tissues and its molecular-genetic characteristics, the development of mechanical approaches that take the internal state of the cell into account is promising for use in cell-based models of plant tissue morphodynamics.

In this paper, we propose a cell-based model for the growth of monocot leaf epidermis. The model is an extension of our previous work (Zubairova et al., 2015), which takes the difference between cell growth and division rates in different parts of the leaf growth zone into account. By taking the geometrical characteristics of tissue into account, we constructed the model state variables so that we could explicitly express turgor and osmotic pressures in the cells. This makes it possible to study the distribution of the pressures in cells of growing tissue, possible mechanisms of regulation of coordinated cellular growth, and other issues of mechanics of plant tissue growth. Using the growth of wheat leaf epidermis as an example, we showed that our model allows us to approximate the experimental cell length profile along the growth axis of the leaf (Beemster et al., 1996); at the same time, the relationship between the state variables of the model indicate significant fluctuations of pressure in the cells of the leaf growth zone. This opens up prospects for further research of the role of pressure and stress in growing cells as biomechanical regulators of molecular-genetic systems of cell morphogenesis.

The remainder of this paper is organized as follows. In Section 2 (Methods), we focus on the description of a mathematical model for the growth of wheat leaf epidermis, parameter estimation and implementation. In Section 3 (Results), we present the results of computational experiments on approximating the experimental cell length profile in a real wheat leaf and analyze the mechanical behavior of cells during symplastic growth. In Section 4 (Discussion), we discuss our simulation results with the conclusions of this work.

2. METHODS

2.1. A Mathematical Model of Symplastic Unidirectional Growth of a Linear Leaf

2.1.1. Biomechanics of the Autonomous Growth of a Single Plant Cell

At present, experimental facts and theories accumulated in the literature allow us to formulate the following idea about the mechanics of plant cell growth (Equations 1–6). The concentration, c, of the dry biomass, m, in the cell changes due to the biosynthesis (growth function Fgrow) and by varying the cell's volume, V:
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For simplicity, we assume that the cell biomass composition does not change qualitatively and that the concentration of osmolytes is proportional to the concentration of dry biomass. In particular, we can assume that this concentration is equal to c. In this case, the osmotic pressure inside the cell can be estimated from the Van't Hoff equation (Nobel, 2009):
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where T is the absolute temperature and R is the universal gas constant.

Osmotic pressure causes the inflow of water into the cell, which simultaneously stretches the elastic cell wall. This gives rise to mechanical stress in the wall and thus to hydrostatic (turgor) pressure inside the cell:
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where σV is the elastic flexibility of the cell chamber, V is the visible cell volume, and Vr is the relaxed volume of the cell chamber, i.e., the volume that will take the cell chamber bounded by the cell wall if the cell is placed into a hyperosmotic solution (in this case, the cell will lose turgor and the cell wall will cease to be in the stress-strain state).

The flow of water into the cell occurs when the difference between the osmotic pressures inside and outside the cell is greater than the turgor pressure:
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where −Ψw is the water potential of the cell relative to the environment (Nobel, 2009) and [image: image] is the osmotic pressure in the medium around the cell.

The change of the visible cell volume, V, is proportional to the water flow inside the cell:
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where S is the cell surface area through which the water enters the cell and Lw is the hydraulic conductivity of the cell wall (Nobel, 2009). According to Ortega (2010), the relative change of the cell chamber can be represented as the sum of the irreversible changes in the volume of the cell chamber (actual growth) and its reversible elastic deformation:
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where ϕ is the irreversible wall extensibility and Pc is the threshold turgor pressure.

In our model, instead of Equation (5), we introduced explicit expressions for the osmotic and turgor pressures (will be introduced below, Equations 7, 8) and postulated the following function for the cell wall growth rate. Specifically, with an increase in the turgor pressure above a certain threshold, Pc (which is different for different types of cells), the biosynthesis of the cell wall material begins (Dyson et al., 2012). This material is delivered into the wall, and it begins to grow with a rate determined by the function Φ, dependent on the turgor pressure exceeding a certain threshold, Pc:

[image: image]

A cell of linear leaf blade epidermis is represented in the model as a parallelepiped with a volume V = l · r1 · r2. To simplify the model, we assume that the cell thickness r1 and the cell width r2 do not change during the growth process and are equal to r. Therefore, we will consider a unidirectional growth of a plant cell. This allows us to describe the mechanics of cell growth in terms of lengths as follows: visible cell length, l; relaxed cell length (the cell wall length in the unstressed state), lr; and isosmotic cell length, li.

The isosmotic cell length, li, is defined as follows. As discussed above, the amount of osmolytes in the cell is equal to m = c · V. Suppose that the osmotic pressure of the cell's environment is [image: image] and that the concentration of osmolytes in the cell's environment is cout. For the cell to become isotonic to the environment, the cell volume should satisfy the equality m = cout · Vi; hence, [image: image].

In this case, the difference between osmotic pressures in and out of the cell can be expressed as follows: [image: image]. Substituting V = l · r2 and Vi = li · r2, we obtain

[image: image]

where α = cout R T is the coefficient of osmotic pressure. Note that by assuming a constant cell protoplast composition, we can write the variable m = coutr2 · li, i.e., cell dry biomass is proportional to isosmotic length, li.

In the case of unidirectional growth, the turgor pressure can be expressed as follows:

[image: image]

where [image: image] is the coefficient of turgor pressure. Sw is the cross-sectional area of the cell wall, and when the cell wall thickness, dw, is small enough, Sw = 4r · dw. [image: image] is the cross-sectional area of the cell across its length, and E is the Young's modulus of the cell wall material.

Suppose that water flows into the cell through the lower facet surface r · l. Then, following Ortega (2010), express the growth rate of the visible cell length, l, by the following equation:

[image: image]

or for specific growth rate:

[image: image]

Defining the function Φ from Equation (6), we assumed that the growth rate of the relaxed cell length depends on the growth rate of the cell biomass and is identified as:

[image: image]

where η is the proportional coefficient between the cell wall and the biomass growth rates. The specific form of the regulatory function Φ is discussed in Section 4.3.

We consider that the increase in the isolated cell dry biomass, m, under some standard conditions is described by a fixed function of time, m(t) = Fm(t), and we will refer to it as autonomous growth of isolated cells. Taking the assumptions of our model into account, we define the isosmotic cell length, li, as an explicit function of time:

[image: image]

For the model of the autonomous growth of a single plant cell, we used a linear function of time for the cell isosmotic length growth, Fgrow(t) = a (t − t0) + b, where a is the growth rate and b is the initial cell size. The choice of a linear growth function will be explained in more detail in the Section 4. Therefore, the model of the unidirectional autonomous growth of a single plant cell is defined by Equations (10–12).

2.1.2. Mechanics of Symplastic Unidirectional Growth of Cells within the Leaf Epidermis

In this paper, we studied plant tissue growth based on a simplified model of wheat leaf epidermis (Figure 1A) composed of cell files consisting of similar cells. We assumed that the cells within the leaf epidermis grow in optimal conditions, its growth is described by the same time-dependent function of growth for isosmotic length as for an isolated cell, and it has the same mechanical parameters (Table 1). The only additional condition is that its walls are “glued” with walls of neighboring cells. Since neighboring cells can grow at different rates, common fragments of its walls cause additional mutual stresses within each other. Consequently, the growth rate of a cell wall fragment is actualized as being different from the free growth rates of respective cells, and hence, the growth of the cell wall can be nonuniform within the cell.


[image: image]

FIGURE 1. The cell structure of the wheat leaf epidermis. (A) Micro-photograph of the wheat leaf epidermis (constructed from a 3D confocal image of the wheat leaf epidermis, supplied courtesy of A. Doroshkov), where dashed arrows mark cell files. (B) The scheme of partitioning of cells of the “model leaf” into fragments {λ1, λ2, λ3, …}. With this partition, e.g., the fragment λ2 belongs to the cells cell11, cell21, and cell32. (C) The force stretching a fragment is the sum of forces stretching the cells that include the fragment.




Table 1. Mechanical parameters of the model.

[image: image]



In the model, leaf epidermis is represented as a “brickwork” (Figure 1B) consisting of brick-like cells of the same type arranged in longitudinal cell files. Within each cell file, all cells have the same constant cross section and different lengths (due to different growth rates of cells), and the “model leaf” has a rectangular shape in plan. Because of such a simple topology, despite the fact that we are interested in the surface of the leaf, we can consider the tissue in the model not as a two-dimensional object but as a set of one-dimensional cell chains, which are glued together. The last fact accounts for the symplastic mode of growth.

To formalize the geometric model of linear leaf epidermis, consider a rectangular compartment of rectangular cells (Figure 1B) in 0xy coordinates. Assume that the cells grow in the 0y direction. Let us mark cell files in the 0x direction with index n (n = 1, …, N), mark the cells in each file in the 0y direction with index m (m = 1, …, Mn), and designate the length of the m-th cell in the n-th file as lmn. We divide each cell into fragments to take the symplastic mode of growth into account in the model. The procedure is as follows: we extend the “horizontal” border of each cell parallel to the 0x axis throughout the leaf blade such that the leaf is divided into fragments in the 0y direction. Index the fragments with index k (k = 1, …, K) and denote the k-th fragment length as λk.

From a mechanical perspective, the fragment λk is glued fragments of different cells undergoing a force determined by the turgor pressure in the corresponding cells. Hence, the entire fragment experiences the results of all these forces (Figure 1C). To simplify the model, we assume that the parameters determining the mechanical behavior of the model (Lw, η, α, β) have the same values for all cells of the leaf. In this case, the next formula defines the growth rate of the common fragment for all cells contained in it.

[image: image]

where lmn is the visible length of cell m in cell file n and the expression [image: image] denotes the specific growth rate of the cell visible length at the given moment if the cell would not have mechanical bonds with neighboring cells. This rate is determined by Equation (10) for the corresponding cell m in the cell file n.

The visible length of the cell, lmn, within the leaf epidermis is the sum of lengths of fragments, λk, belonging to it; thus, its derivative is also equal to the sum of derivatives of fragment lengths:

[image: image]

In our model, we assume autonomous growth of the cell within the leaf epidermis; therefore, the isosmotic cell length, limn, and the relaxed cell length, lrmn, are regulated by each cell in the same way as for an isolated cell. The growth of the isosmotic cell length, limn, is defined by an explicit function of time and by the following initial data: the moment of time, t0, when the cell appeared with its initial isosmotic length, [image: image].

2.1.3. Longitudinal Zonation Pattern of the Leaf Growth Zone

Longitudinal growth of wheat leaf occurs in a growth zone, which is a relatively short part of the leaf located at its base. The growth zone consists of a division zone (DZ), or meristem, and elongation zone (EZ) (Beemster et al., 1996). Note that the length of the meristem (DZ) is significantly smaller than the length of the elongation zone. Due to permanent division of cells in the DZ, the average length of a cell in the DZ is almost identical in space and time. With the transition into the EZ, cell proliferation stops and cells begin to stretch rapidly in the longitudinal direction. At the end of the EZ, the stretching stops. The described cell behavior is supported by the experimental measurements of cell lengths in wheat leaf (Beemster et al., 1996; Tardieu et al., 2000; Hu and Schmidhalter, 2008).

In our model of the linear leaf blade growth, we assume a stationary longitudinal zonation pattern of the leaf: a division zone (DZ) and an elongation zone (EZ). Our assumption of the stationary location of the two zones with respect to the leaf base is based on the model of switching between two zones due to morphogenetic mechanisms. For instance, such a model was used in the work of Vos et al. (2014) in the simulation of Arabidopsis thaliana root growth. Similar molecular mechanisms were used for justifying the stable location of the growth zone size in the shoot apical meristem of A. thaliana in our earlier work (Nikolaev et al., 2011). Here, we assumed that there exists some morphogen synthesized at the leaf base and propagated to the leaf tip with the constant gradient concentration providing the stable zonation pattern during leaf growth.

2.1.4. Division of Cells in the Division Zone

The cell in the division zone divides when its isosmotic length, limn, reaches a critical value, limax. The division of the cell is described by rewriting of the cell parameters in the following way: (1) isosmotic, visible, and relaxed lengths of the mother cell are distributed between two daughter cells with the proportion of d/(1−d), where d is the division factor; (2) the initial isosmotic lengths, li0, of daughter cells are d · limax and (1 − d) limax; and (3) the birth time, t0, of two daughter cells is set to t, the time of mother cell division. The division factor, d, is a random variable with the truncated normal distribution from the interval (0.1, 0.9) with mean μd = 0.5 and standard deviation σd = 0.1. These parameters for the division factor distribution are typical for the simulations of plant tissue growth (see, for example, Chickarmane et al., 2012).

2.2. Parameter Estimation and Sensitivity Analysis

2.2.1. Mechanical Parameters

All the parameters determining the mechanics of the cell were obtained using literature data and adopted to provide a cell cycle duration of 24.7 h (Beemster et al., 1996). The value of the hydraulic conductivity of the cell wall, Lw, was set to 40μm · h−1 · bar−1. This estimate is within the range proposed by Nobel (2009) for Lw (10−13 to 2 · 10−12 m · s−1 · Pa−1, i.e., 36–720 μm · h−1 · bar−1 in the units used here). Other authors suggest similar values for this parameter (Hukin et al., 2002; Mishra, 2004).

To estimate the coefficient for osmotic pressure from Equation (7), α, we used equation α = cout R T, where R = 8.31446 J mol−1 K−1 is the gas constant and T = 300 K is the temperature in Kelvin. We used cout = 0.25 M, which is close to the estimate of cell sap osmolarity as 0.3 M (Nobel, 2009), yielding α = 10 bar.

Estimates of the cell wall Young's modulus, E, from the literature vary from ≈ 1 to 10, 000 bar (Krupinski et al., 2016); in our simulations, we used E = 1000 bar. To estimate the coefficient for turgor pressure from Equation (8), β, we used equation [image: image], assuming r = 4μm and dw = 0.1 μm. This yields β = 100 bar.

The threshold of turgor pressure when the cell begins to grow, Pc = 2 bar, is close to the values widely discussed in the literature as the “wall yield threshold” (Nobel, 2009; Dyson et al., 2012).

We have not found any estimates of the coefficient of the cell wall growth parameter, η, in wheat leaves in the literature. Therefore, we conducted a numerical experiment to obtain its estimate with a single cell model (see Equations 10–12). We changed the value of η in the range of (0, 1) and estimated the turgor and osmotic pressures in the cell during the cell cycle. The value of η = 0.15 yielded the minimal absolute deviation of these two pressures and was chosen as the reasonable η estimate. We summarize the parameter values in Table 1.

To estimate the sensitivity of the cell visible length with respect to the mechanical parameters of the model, we simulated single cell growth during 24 h using Equations (10–12) with varied parameters at each run. The changes of parameters were within 10% of their estimated values with a constant step. The sensitivity was estimated as the ratio of the visible length deviation to the deviation of the parameter value.

2.2.2. Kinetic Parameters

The model parameters defining the cell growth rate were obtained using experimental data on the cell length profile in a wheat leaf from Beemster et al. (1996). Beemster et al. (1996) reported the lengths of all cells along a file of sister cells (file adjacent to stomatal cell files) within wheat leaf epidermis. In their work, data were presented as follows: the individual lengths of successive cells were averaged over 0.5, 1.0, and 2.0 mm intervals in the basal part of the leaf; the next more distal; and the remaining, most distal part of the growth zone, respectively. Data on sizes of leaf growth zones, average cell lengths in each zone, and average cell cycle for one of the leaves are summarized in Table 2.


Table 2. Experimental data on the growth of the wheat leaf from the work of Beemster et al. (1996), which were used for obtaining the model parameters.

[image: image]



According to our model, all cells have uniform growth rates, and individual initial sizes determine different cell cycle durations. We suppose that a cell changes its growth rate once it reaches the critical value, limax, and it results in a piecewise-linear function for isosmotic length changes during cell growth (Figure 3 inset):

[image: image]

where the coefficients a1 and a2 are the growth rates of the cells in DZ and EZ, respectively; t0mn is the time point when the cell appeared; t0mn + tdivmn is the time point when the cell isosmotic length achieves the critical value; and t0mn + tdivmn + telongmn is the time point when the cell exited the EZ.

The critical point of the estimation is next. The experimental data are the distribution of the average visible cell lengths along the cell file (see Table 2), whereas we need to estimate the dynamics of the “internal” variable, the isosmotic length growth function. The experimental data provide values of the average cell cycle duration, [image: image]; the average elongation period, [image: image]; and values of average visible length at these moments.

The coefficients a1 and a2 were obtained numerically. They are chosen to obtain the best fit between the cell length distributions in the model and real wheat leaf epidermis (Beemster et al., 1996). The cost function is based on the squared difference of the average length of the cells in the model, [image: image], and real leaf, [image: image], within the ith interval of distance from the leaf base weighted with the scaling factor ki:

[image: image]

where the scaling factors, ki, are proportional to the interval number and provide greater weight to the intervals for greater distances from the base. This weighting is introduced to balance the cost contribution from the large number of small cells in the DZ and small number of large cells at the distal part of the EZ.

The search for the a1 and a2 estimates starts from the initial values. These values were obtained by numerically solving Equations (10–12) using Mathematica software to obtain the solutions of the inverse problem for the model of a single cell growth, providing that the visible cell length at the time moments [image: image] and [image: image] are equal to its experimental estimate of [image: image] and [image: image] (Table 2). Next, we simulated the epidermis growth until its length becomes equal to that of the wheat leaf (Table 2). The iterative search of the minimum of the cost function Equation (16) was performed numerically by the grid enumeration of the a1 parameter with subsequent adjustment of the a2 using the golden ratio method under fixed a1. Consequently, we obtained a1 = 0.69μ m · h−1 and a2 = 5.04 μm · h−1.

2.3. Model Implementation

The computational model for the growth of wheat leaf epidermis was developed using a modified formalism of differential L-systems (DL-systems) (Lindenmayer, 1968; Prusinkiewicz et al., 1993), which we termed “glued” DL-systems. Implementation details are provided in Zubairova et al. (2015).

Briefly, the model consists of two types of DL-systems: cellular and fragmental. The first type describes the growth and division of the cells and is represented by several 1D DL-systems. Each 1D DL-system corresponds to the cell file of the 2D linear leaf blade (Figure 1B). N cellular DL-systems provide the cellular structure of a linear leaf blade consisting of N parallel files that cannot slide with respect to its neighbors (i.e., “glued”). The alphabet of the cellular DL-system consists of tree symbols corresponding to the cells from three zones: DZ, TZ, and EZ. Each symbol is supported by the following parameters: isosmotic length, li; visible length, l; relaxed length, lr; initial isosmotic length, li0; and initial time, t0.

The alphabet of the fragmental DL-system consists of one symbol, the cell fragment (Figure 1B). Its parameters are the fragment length, λ, and the matching vector of the fragment and cells numbers in each cell file sharing this fragment. The dynamics of the parameters li, l, lr, and λ for the corresponding cells and fragments are determined by Equations (11–14). The rewriting rules are common for cellular and fragmental DL-systems, and they come into action at the moment of division of any cell from the DZ. Thus, an additional fragmental DL-system coordinates the operation of cellular DL-systems supporting the symplastic growth of the leaf blade.

This formalism of the “glued” DL-systems results in a quasi-one-dimensional representation of the leaf blade tissue and allows one to simulate efficiently the growth of the real size leaves (see Table 2). It can handle the cell numbers comparable with that of the real leaf.

The computational model was implemented in an in-house-developed open source software including the implementation of algorithms in C ++ and Wolfram languages (Mathematica). The source code is available upon request.

2.4. Statistical Data Analysis

Descriptive statistical analysis and data visualization were performed using Mathematica 10 package. Additionally, we performed cluster analysis of the pressure profiles for the cells during the leaf growth simulation. The pressure profile is a vector of pressure values recorded for the cell from its birth until its division or until simulation stops. The size of the vector is equal to 150, which is double the maximal observed cell lifespan (75 h) during the simulation. A single element corresponds to a 1 h time interval. The first 75 numbers in the vector represent osmotic pressure values; the others represent the turgor pressure values. All the vector elements corresponding to time steps after cell division were set to 0. To determine groups of cells with similar pressure profiles, we used k-mean clustering using the Clustering Components function from the Mathematica 10 package. Clustering was applied to the set of pressure profiles using a distance function based on the number of point changes needed to go from one curve to another. The number of clusters was set to 10.

3. RESULTS

3.1. The Parameters of the Model and Its Robustness

We proposed a cell-based model for the growth of linear leaf epidermis, which is based on the explicit expression of turgor and osmotic pressures during cell growth. The model depends on the number of parameters that describe the mechanical and kinetic properties of the cells during their autonomous and symplastic growth (summarized in Table 1). Note that the values of the mechanical parameters of the model result in a quasi-equilibrium cell growth regime of the isolated cell when the values of turgor and osmotic pressures are practically the same and constant (≈ 3.6 bar) over the cell cycle (see Figure 2). We performed numerical experiments to investigate the sensitivity of the visible length of an isolated growing cell just before its division. The sensitivity was studied in terms of the variation of the mechanical parameters as described in Section 2.2.1 of the Methods Section. The results demonstrated that the sensitivity of this final cell length to all mechanical parameters decreases with increasing absolute values of the last. The largest sensitivity of the cell visible length was with respect to variation of the coefficient of cell wall growth rate, η. The smallest sensitivity was observed with respect to the variation of the coefficient for turgor pressure, β (see Table 1).


[image: image]

FIGURE 2. Numerical experiment for the growth of the isolated cell with the adopted parameters. (A) Growth functions for isosmotic, visible, and relaxed lengths. (B) The dynamics of osmotic and turgor pressures.



The parameters of the piecewise linear cell biomass growth function, a1 and a2 (see Equation 15), were estimated by the cell size fitting to the real data, as described in the Section 2. The estimates correspond to the minimum value of the cost function equal to 10−3. Figure 3 demonstrates that the two distributions coincide well, suggesting the applicability of our model to reproduce the geometric characteristics of the wheat leaf cells in the growth zone.


[image: image]

FIGURE 3. Relationship between average lengths of cells and distance from the leaf base: comparison between experimental data and the model. Points correspond to the average lengths of the cells on intervals designated by gray vertical lines. Gray points denote experimental data, and black points denote the results of the simulation with the obtained optimal parameters. The error bars denote the standard errors of the mean. The experimental points and standard errors were obtained by manual digitizing of data on leaf 1 from Beemster et al. (1996). The inset shows a piecewise linear growth function for the isosmotic length of the cell.



Stochastic cell division in the meristematic zone and cell growth mode switching affect the average cell size and its variations over the intervals located at different distances from the leaf base. We performed 100 simulations of wheat leaf growth to estimate the influence of the fluctuation resulting from stochastic nature of the cell division d parameter on the cell length distribution along the leaf axis. Each model leaf consisted of 100 cell files with the length of the growth zone equal to that of the real leaf (Table 2). In this way, we generated 100 distributions of the cell length along the model leaf axis. We estimated the mean and the standard deviation of the cell length for each interval from the leaf base using these data. The distribution of the cell length along the axis and their standard deviations in the simulation replicates and real wheat leaf are shown in Figure 3. The figure demonstrates that the two profiles coincide well and that the model is robust with respect to stochastic fluctuations in cell division. These results suggest the applicability of our model to reproduce the geometric characteristics of the wheat leaf cells in the growth zone.

3.2. Mechanical Behavior of Cells during Symplastic Growth

3.2.1. Increased Values of Cells Osmotic and Turgor Pressures are Characteristics of Transition Zone

In addition to reproducing the geometrical features of the growing leaf, our model is also able to calculate turgor and osmotic pressures for each cell (Equations 7, 8). During the simulation of the leaf growth, we collected information about the turgor and osmotic pressures of the cells and obtained profiles of these pressure averages for the cells at different intervals of distance from the leaf base. To estimate the variability of the pressures within the distance interval, we calculated the standard deviation of the mean for them. The profiles of the osmotic and turgor pressures along the model leaf axis are shown in Figures 4A,B, respectively. These plots demonstrate that in the DZ (distance from the leaf base below 3.3 mm), the average values of the osmotic and turgor pressures are constant with respect to the distance from the leaf base and is ≈4 bar (close to the value obtained for the isolated cell simulation, see Figure 2). At the larger distance from the base, both average pressures increase, reaching a maximum at 7 mm (≈6 bar for osmotic pressure and 8 bar for turgor pressure). With increasing distance from the base above 7 mm, both osmotic and turgor pressures drop to the equilibrated values (≈4 bar) at ≈12.5 and 15 mm from the base for osmotic and turgor pressures, respectively. The pattern of pressure changes corresponds well with the leaf zonation pattern used in our model, namely, constant pressures close to the equilibrium values are observed for DZ and EZ regions; increased pressures are observed for the cells in the TZ.
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FIGURE 4. The distribution of the osmotic and turgor pressures in cells along the model leaf axis. (A) Mean values (lines) and standard deviations (vertical bars) of the osmotic pressure (Y axis) in cells with respect to their distance from the leaf base (X axis). Vertical dashed line shows the border between the division and transition zones. Horizontal dashed line shows the equilibrium value of the osmotic pressure. (B) The mean values (lines) and standard deviations (vertical bars) of the turgor pressure (Y axis) in cells with respect to their distance from the leaf base (X axis). Graph notations are the same as in (A). (C) 2D diagram of the osmotic pressure values for the epidermal cells at the time when the simulation stops. Cells represented by the rectangles, whose sizes are proportional to the cell sizes. The osmotic pressure of the cell shown by rectangle color. The color key is shown at the right bottom part of the diagram. Solid white line is the border between the DZ and TZ regions. Dashed white line is the distal border of the TZ. (D) 2D diagram of the turgor pressure values for the epidermal cells at the time when the simulation stops. The description of the diagram is the same as for (C). (E) Location of cells of different types in the model leaf epidermis. The cells of different types colored by different colors: red for the DZ cells, green for the TZ cells, and violet for the EZ cells. The division of the leaf into three zones is shown by solid and dashed white lines on the diagram and by arrows below the diagram.



The pressure variation behavior is similar to the average pressure values. It is constant at distances below 4 mm for both types of pressure. It increases at the interval from 4 to 7 mm and then decreases within the 7–15 mm interval. Interestingly, the absolute values of the turgor pressures are higher, and its variations are lower than those for the osmotic pressures (Figures 4A,B). Some of the cells exhibit extreme values of the turgor pressure, above 40 bar.

The pattern of the pressure values and their variations observed at the profiles (Figures 4A,B) are apparent from the distribution of cell pressure values in the epidermis plane demonstrated in the 2D color diagrams in Figures 4C,D for the osmotic and turgor pressures, respectively. The zonation pattern of the high/low pressure values coincides spatially with the prevalence of the different cell types in the leaf plane (Figure 4E). DZ-type cells are mainly located at distances below 3.3 mm from the base, and TZ cells are located at 4–15 mm from the base. However, note that the location of the distal border of the TZ is not permanent as for the single and for different simulation runs. The majority of the EZ cells are located at distances >15 mm from the base.

3.2.2. Temporal Patterns of the Cell Pressure Changes during Symplastic Growth

During the leaf growth simulation, we recorded the osmotic and turgor pressure values of each cell that appeared (≈43,000 cells in 100 cell files in total), as described in Section 2.4 of Methods. We performed cluster analysis of these profiles to reveal groups of cells with similar pressure changes during their symplastic growth. Consequently, we obtained 10 clusters of cells, for which osmotic and turgor pressure, isosmotic cell length (biomass) and visible cell length changes are shown in Figures 5A,D, respectively. We observed separation of all cells into groups with short (clusters 1–4), medium (clusters 5–6), and long (clusters 7–10) lifespans. Cells from the first group exhibit a short time before their division and a constant osmotic pressure during their lifespan. These four clusters differ in turgor pressure/biomass changes. Clusters 1, 3, and 4 exhibit constant values of the turgor pressure for most of the cells. Cells from these clusters mostly reside in the DZ (Figure 5E). Cells from cluster 2 present an increase in both visible size and biomass (Figures 5C,D) at the end of their lifespan. These cells appear in the DZ a short time before the simulation finishes and are likely to enter the TZ soon after their appearance.
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FIGURE 5. Ten patterns of changes of internal parameters of the cells during symplastic growth. Plots of osmotic pressure (A), turgor pressure (B), isosmotic cell length (biomass) (C), and visible length (D) (Y axis) with respect to the cell growing time (X axes, hours) are shown. Plot columns represent parameter changes for the cells from the representative clusters 1–10 (cluster numbers shown above the plot columns). Each cluster plot has a specific color. (E) 2D diagram of the epidermal cells at the time when the simulation stops. Cells are represented by the rectangles, whose sizes proportional to the cell sizes. The type of the cell (cluster to which cell belongs to) is shown by the same color as the cluster plot (see A–D). The division of the leaf into zones is shown by arrows below the diagram.



The cells from the second group of clusters with a medium lifespan exhibit two distinct types of behavior (Figures 5A–D). One part of them (cluster 5) exhibit relatively constant values of the osmotic pressure and an increase in the turgor pressure during their growth. In contrast, cells from cluster 6 present a significant increase in the osmotic pressure; however, the majority of these cells are characterized by a constant turgor pressure. The size and biomass changes (Figure 5C) for the cells from this group appear to be very similar: they start to increase after a short initial period of constancy. The rate of visible cell length increase is larger for the cluster 5 cells, however (Figure 5D). These cells are mostly located in the TZ with a slight abundance in the EZ zone (Figure 5E) when the simulation stops.

Long-living cells present the largest variability in pressure changes. However, there are several typical profiles represented by clusters 7, 8, 9, and 10. Interestingly, the pressure changes in cells of clusters 7 and 8 are similar to those in clusters 5 and 6, respectively. The characteristics of cluster 7 are a high peak observed for the osmotic pressure with a slight variation in turgor pressure. During its growth time, the cell has passed into the elongation mode; however, some of its neighboring cells have not yet passed this mode. Therefore, the visible length of the cell increased more slowly (Figure 5D) than would be expected for the freely growing cell. In contrast, its isosmotic length (biomass) increases permanently (Figure 5C). This discrepancy between visible cell length and its biomass according to Equation (7) resulted in the sharp increase of the osmotic pressure demonstrated by the peak described above. The cluster 8 cells have a lower osmotic pressure peak but a larger variation of the turgor pressure. The cells from clusters 7 and 8 at the end of the simulation are mostly located in the EZ.

Finally, cells from clusters 9 and 10 exhibit similar behavior. They do not show any significant increase in the osmotic pressure. In contrast, a small decrease in the osmotic pressure is a characteristic of these two clusters: it is shorter in cluster 9 and longer in cluster 10. At the same time, these cells undergo a sharp increase in the turgor pressure, which is the most pronounced among the clusters. The cells from these two clusters are located far from the leaf base when the simulation stops, mostly in the elongation zone. These cells likely appear at the distal part of the division zone. They have a lower biomass growth rate at the time of their appearance (Figure 5C), while the cells from neighboring files entered the fast growth mode. Consequently, the cells from clusters 9 and 10 undergo stretch tension in the TZ, which results in a decrease in the osmotic pressure and an increase in the turgor pressure.

The cluster analysis demonstrates that changes of the cells pressure parameters in the growing symplastic tissues are not uniform within the cell lifespan. There are several typical patterns of the pressure changes, unlike in the independent cell growth (see Figure 2 for comparison). The pattern of the pressure depends specifically (and stochastically) on the cell location, the initial state of the cell parameters, and the behavior of the neighboring cells. Another distinctive feature of the model is the negative relationship between turgor and osmotic pressures (for comparison, see clusters 6–10), which is the intrinsic model property due to Equations (7, 8).

4. DISCUSSION

4.1. Quasi-One-Dimensional Model of a Unidirectional Growth of Plant Tissue

Experience in the use of vertex-based models for simulating unidirectional growing tissue shows that for the generation of longitudinal rows of cells, which is in particular typical for a linear leaf, an additional constraint on the possible movement of vertices should be introduced. For example, in the model of Vos et al. (2014), vertices are constrained to move only parallel to the longitudinal axis of the root. This allows for the anisotropic elastic-plastic properties of the cell-wall material to be taken into account. In our model, anisotropy in the 2D cell pattern arises due to its quasi-one-dimensional representation (see Section 2.3 of Methods) and does not require additional constrains on the movement of vertices. We model cells rather than cell walls in the formalism of “glued” DL-systems (Zubairova et al., 2015). In this framework, the cells segments are stacked into the cell files and neighboring cell files are glued into the leaf blade. In our model, the boundaries of the stacked fragment are analogs of the vertices of cells in the vertex-based model. We store the information about the correspondence of fragments and cells to the cell fragments as a one-dimensional object (fragmental DL-system). Such a one-dimensional representation can be interpreted such that the absolute shear rigidity of the cell-wall material prevents skew deformation of the cells.

4.2. On Cell Growth Function

Note that in the model, we considered the growth of the cell biomass as the only “driving force” for the increase in the osmolytes concentration in the cell. This justifies the introduction of isosmotic cell length, li, as a model variable. Therefore, we did not consider the law of biomass conservation in our model. However, considering here the autonomous growth of cells within a tissue, we described this as function of isosmotic length (the equivalent of dry cell biomass in our model) depending on the time.

In the model, we propose a piecewise-linear function of the isosmotic cell length growth. Vos et al. (2014) also considered such a growth function (for the cell target volume) as one of the options in the vertex-based simulation of Arabidopsis root growth. At the same time, in a number of studies (Barlow, 1969; van der Weele et al., 2003) based on experimental data on cell length profiles along the growth axis of the Arabidopsis root, the authors suggested a smooth non-linear growth function for the cell length. Hu and Schmidhalter (2008) also suggested a smooth dependence of the cell length on the time using the data on the distribution of visible lengths of cells along the wheat leaf growth zone. Note that in the above papers, the authors measured the visible cell length, l, in terms of our model, and did not consider the difference between “internal” and visible sizes.

In our simulations, we set a piecewise-linear growth function of the isosmotic cell length (inset in Figure 6B); however, the results of our computational experiments showed a smooth non-linear function for the visible cell growth functions (Figure 6A). We suppose that smoothing occurs due to the fact that under the terms of symplastic growth, cells expand and contract each other due to the different growth rates of neighboring cells. As shown in Figure 6B, the growth functions and smooth non-linear approximations are different for various cells and depend on the cells neighborhood. Figure 6 shows growth functions for four cells, which had different initial lengths (the 1st and the 2nd cells had a small initial length, and the 3rd and the 4th cells had a larger one) and grew under different mechanical conditions. According to our model, cells underwent the largest mechanical stress from neighbors in the transition zone between the DZ and EZ (marked in yellow on the growth curves in Figure 6B). The distance from the base for the cell at the time of its appearance in the DZ strongly determines the time that this cell will spend in a TZ. For example, the 1st and the 3rd cells (Figure 6B) appeared in the proximal part of the DZ and passed the transition zone relatively quickly. The rate of their growth is greater than the average for the neighboring cells. Consequently, these cells are “compressed” by neighbors. This behavior is typical for the cells from clusters 6 and 7 (Figure 5). The 2nd and the 4th cells (Figure 6B) appeared in the distal part of the DZ and passed the transition zone slowly. Therefore, they grew with a lower rate in comparison with the neighbors. Hence, these cells were “stretched” by them. This behavior is typical for cells from clusters 9 and 10 (Figure 5).
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FIGURE 6. Growth functions of visible lengths for cells of the “model leaf” within symplastic growth mode. (A) Growth functions of visible lengths for all cells of the leaf, where the black curve denote the average lengths of cells of the same age and red dashed curve denotes a smooth function approximation [f(x) = 19.3119 + 0.0013x3]. (B) Growth functions of visible lengths for some selected cells of the leaf: 1st cell had a small initial length and appeared at the proximal part of the DZ, 2nd cell had a small initial length and appeared at the distal part of the DZ, 3rd cell had a large initial length and appeared at the proximal part of the DZ, and 4th cell had a large initial length and appeared at the distal part of DZ. The color of the curve denotes the growth zone: blue is for the DZ, yellow is for transition zone, and green is for the EZ. Gray dashed curves denote a smooth approximation with a polynomial function. The inset shows the corresponding growth functions for isosmotic length.



Thus, the problem of interpreting the data on cell growth rate in the tissue requires careful consideration. The growth functions of visible lengths may also vary from cell to cell because the cells in the tissue are in the stress-strain state, which may vary depending on the environment and time. In this view, the cell typical dynamics is the time dependence of the ratio of molecular genetic markers (Sablowski and Dornelas, 2014), dry biomass dynamics, or, as in our model, the isosmotic cell length. Therefore, the question arises of which cell characteristics should be assessed in experimental observations to characterize cell growth regulation in the tissue.

4.3. The Growth Function for Relaxed Cell Length and Quasi-Equilibrium Cell Growth Mode

The regulation of the synthesis of the cell-wall material is still the subject of study (Carpita and Gibeaut, 1993; Braybrook and Jönsson, 2016; Chen et al., 2016; Wang et al., 2016; Zhang et al., 2016). In this study, we proposed that the growth rate of the relaxed length is proportional to the growth rate of the isosmotic length (we can interpret dli/dt as the growth rate of dry biomass). The control function (term [image: image] in Equation 11) determines that the threshold value of turgor pressure is the target control parameter. The 3rd power of the pressure difference in Equation (11) along with the mechanical parameter values (Table 1) result in a rapid growth of the cell wall in our model. Consequently, the autonomous growth of a single cell occurs at a steady turgor pressure. These parameter values provide mechanical equilibrium when the turgor pressure is equal to the osmotic pressure in the case of isolated cells (Figure 2). This mode of cell growth in tissue was chosen because in the framework of vertex-based models (Nagai and Honda, 2001; Dupuy et al., 2008; Merks et al., 2011), and the computational algorithm assumes that equilibrium is achieved at each iteration step. In particular, Vos et al. (2014) used such an algorithm for modeling root growth based on the dynamics of vertices with additional constraints on its movements.

4.4. The Transition between Division and Elongation Zones

Despite the simplicity of the growth zone structure for unidirectional (linear) growing plant organs (roots, hypocotyl, and leaves of monocots), there are several hypotheses about possible mechanisms for the formation of its structure (Baluska et al., 1996; Verbelen et al., 2006; Benková and Hejátko, 2009; Baluška et al., 2010; Cederholm et al., 2012; Ivanov and Dubrovsky, 2013; Avramova et al., 2015). The influence of the auxin concentrations on the relative growth rate in different growth zones of the root was investigated in Chavarría-Krauser et al. (2005). The authors constructed a 1D biophysical model of auxin-related control for a single cell file. Some mechanisms of cell transition between the DZ and EZ were tested for the root growth model in Vos et al. (2014). The authors of this paper concluded that the formation of the zone size is influenced by phytohormone concentrations.

In experimental work on the maize leaf (Nelissen et al., 2012), the authors also showed that the concentrations of phytohormones may define a transition between division and elongation zones. In our model, we also assumed that gradients of morphogen substance execute patterning of the leaf growth zone in a concentration-dependent manner and accepted a threshold mechanism of cell transition from a state of proliferation to accelerated growth while the cell size may increase tenfold. The growth and division of cells located before the cell in the same longitudinal row and the cell's own growth result in movement of the cell in the direction from the leaf base to the tip. When a cell is shifted at a certain distance from the leaf base, the concentration of morphogen substance decreases and the cell loses its ability to divide and enters the so-called transition zone, where it continues to grow with the same (slow) rate until its initial size reaches the threshold length. Subsequently, the cell turns itself into a state of expansion growth, when it begins a rapid increase in size that is likely due to the combination of endoreduplication and vacuolization (Perrot-Rechenmann, 2010; Barrada et al., 2015). Since all cells pass this switching phase asynchronously, a wide area of the leaf formed where some cells switched to fast growth and some cells continued to grow with at a slow rate (as meristematic cells). Such a neighborhood defines the transition zone (Ivanov and Dubrovsky, 2013). Furthermore, within the same cell file, the distance from the leaf base where the cell switches to another phase of growth may be different (Lück et al., 1997).

In our model, we assumed that there exists a division zone boundary defined by a concentration gradient of a morphogen. Beyond that zone, the cell continues to grow at the same slow rate as in the division zone until reaching a critical size. Then, the cell growth mode changes. Thus, the growth zone of the leaf has the following structure: the meristematic zone is in the leaf base where cells can divide, a transition zone, and then the elongation zone. This structure of leaf growth area is consistent with the structure of the growth zones for Arabidopsis roots and maize leaves considered in Avramova et al. (2015).

4.5. The Mechanical Behavior of Cells during the Symplastic Growth of the Linear Leaf

The computational experiments considered in this paper, as well as in Vos et al. (2014), showed that it is possible to choose model parameters to reproduce the experimentally observed geometric pattern of cell tissue structure. However, the mechanical parameters of the cells during symplastic growth remain hidden because vertex-based models (Nagai and Honda, 2001; Dupuy et al., 2008; Merks et al., 2011) use abstract potential forces for simulating changes in the geometry of cells. Consequently, these potentials did not allow directly interpreting the mechanics of plant cell growth. Here, we reduced the dimension and switched to the quasi-one-dimensional model to describe the 2D leaf growth. This allowed us to explicitly link the changes in cell volume and the deformation of the cell wall. Consequently, we observed the dynamics of osmotic and turgor pressures in cells during their growth.

The significant “jumps” of pressure in the cells could be observed in the real nature. For instance, the original experimental data from Dyson et al. (2014) can serve as an indirect confirmation of such significant changes of pressure in the cells. Although, the authors conclude that the effective (average) turgor pressure does not change throughout the different growth zones along the Arabidopsis root (Figure 3A from Dyson et al., 2014), their measurements indicate that pressure in individual cells of the root along the growth axis changed from 1 to 4 atm., i.e., 4 times. Note that the pressure measurements in Dyson et al. (2014) were performed in single cells for a short time only.

In our model, cells grow autonomously, but as a part of symplastic growing tissue. Note that in the framework of vertex-based models of plant tissue, the autonomous cell growth is usually accepted (Nagai and Honda, 2001; Dupuy et al., 2008). As we suppose, this could be one of the possible reasons why extreme values of pressure are observed for the cells in the transition zone between the DZ and EZ (up to 50 bar, see Figures 5A,B). Our computational experiments demonstrated that the autonomous growth of cell biomass may cause significant deformation of the cell-wall due to cell stretching/compression by the neighboring cells growing at different rates. From the other hand, extreme values of pressure are also likely to arise from the assumption of the absolute shear rigidity of the cell-wall material.

The model framework suggested here allows for the non-autonomous cell growth to be taken into account. The first step is to determine the necessity and the way the cell regulates its growth. The second step is the determination of the coordination of cells of the tissue as a whole during its growth.

5. CONCLUSION

A model of the mechanics of the symplastic growth of a linear leaf is proposed. The model is a special case of a class of vertex-based models, and its parameters can be meaningfully interpreted. The biomechanical description of the autonomous growth of individual plant cells was based on explicit expressions of turgor and osmotic pressures as functions of the cell lengths. The model was developed in the framework of Lockhart (1965) and Ortega (2010) approaches. To illustrate the consequences of a widely used (in the framework of the vertex-based approach) model assumption of the autonomous growth of cells in the tissue, we used an explicit function depending only on the time for cell biomass growth.

Consideration of the geometry of the unidirectional growth of a linear leaf allowed us to bind the cell volume change with the change of the cells walls and to describe osmotic and turgor pressures in the following state variables of growing cells visible length, l, isosmotic length, li, and relaxed length, lr. The model of cell growth in a plant tissue was constructed from consideration of the mechanical forces arising between cells in the symplastic growing tissue. It was shown that the proposed model of cell growth as a part of symplastic growing tissue subject to certain parameter values provides a good approximation of the experimental data on the growth of wheat leaf. At the same time, the physical interpretability of the model variables was able to reveal significant variations of turgor and osmotic pressures in cells of growing tissue. The question of accordance of such dynamics of pressures to the real situation requires experimental verification, and it is critically important for judging the adequacy of the model, particularly the assumptions about the autonomous growth of cells and the rule of cell transition between the DZ and EZ.

To conclude, we want to emphasize the importance of cell-based biomechanical models of the plant tissue morphodynamics allowing the estimation of mechanical stress in cell walls because they can serve as regulatory signals for molecular genetic systems underlying the mechanism of the individual cell growth and formation of biomechanical properties of the cell. Such models make it possible to link biomechanical and molecular genetic levels of morphogenesis description and allow us to make a step toward a complex integrated model of morphogenesis.
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