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The spongy mesophyll is a complex, porous tissue found in plant leaves that
enables carbon capture and provides mechanical stability. Unlike many
other biological tissues, which remain confluent throughout development,
the spongy mesophyll must develop from an initially confluent tissue into a
tortuous network of cells with a large proportion of intercellular airspace.
How the airspace in the spongy mesophyll develops while the tissue remains
mechanically stable is unknown. Here, we use computer simulations of
deformable polygons to develop a purely mechanical model for the develop-
ment of the spongy mesophyll tissue. By stipulating that cell wall growth and
remodelling occurs only near void space, our computational model is able
to recapitulate spongy mesophyll development observed in Arabidopsis thali-
ana leaves. We find that robust generation of pore space in the spongy
mesophyll requires a balance of cell growth, adhesion, stiffness and tissue
pressure to ensure cell networks become porous yet maintain mechanical stab-
ility. The success of this mechanical model of morphogenesis suggests that
simple physical principles can coordinate and drive the development of
complex plant tissues like the spongy mesophyll.

1. Introduction

Morphogenesis, or the emergence of structure during biological development,
requires the careful coordination of cell growth and motility across entire tissues.
Plant tissues, in particular, require significant coordination because plant cells are
not motile [1]. During development, plant cells undergo dramatic changes in their
size, shape and number of neighbours [2-7]. For example, leaf epidermal pave-
ment cells expand by several orders of magnitude and take on a diversity of
shapes, depending on global factors such as organ growth anisotropy and local
factors such as the mechanical stresses imposed by their immediate neighbours
[5,8-10]. While there have been significant advances in characterizing and mod-
elling tissue morphogenesis in plants, these efforts have been focused almost
entirely on tissues composed of confluent cells [11,12]. However, mesophyll, an
important tissue inside leaves where the photosynthesis occurs, is a porous
assembly of both cells and intercellular air space. After entering the leaf through
the stomata on the leaf surface, CO, must diffuse through the airspace and into the
cells where it is converted into sugar [13,14]. While the upper layer of mesophyll,
the palisade mesophyll, is composed of densely packed, elongated cells with the
same orientation, the lower, spongy mesophyll is highly porous and composed of
cells with many different shapes and orientations [15-17], leading to variation in
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Figure 1. Confocal microscopic images of the developing spongy mesophyll in Arabidopsis thaliana taken at (a) 0, (b) 24 and (c) 72 hours of development. (See
methods for details.) The black scale bar in each frame represents 50 um. (d) Mesophyll tissue observed in a microcomputed tomography (microCT) scan of a
mature Arabdidopsis leaf. The leaf has three orthogonal axes, the basal-apical (BA), medial—lateral (ML) and adaxial—abaxial (AdAb) axes. Leaf images are in
the three planes orthogonal to these axes, i.e. the transverse (yellow), longitudinal (red) and paradermal (purple) planes, respectively. The paradermal slice is
taken at the location of the dashed white lines drawn on the other slices, and the location of the transverse (longitudinal) slices are indicated by yellow

(red) dashed lines on the paradermal slice.

carbon assimilation [18-20]. Yet, the spongy mesophyll cells
begin development densely packed with nearly spherical cell
shapes [21-23]. The cell mechanics and cell-cell interactions
that control the formation of pore space in the spongy
mesophyll are currently unknown [24].

Recent experimental advances in three-dimensional im-
aging have shed light on the development of complex cell
shapes in both young and mature leaves [23,25,26]. Early in
development, spongy mesophyll tissue is densely packed
with each cell taking on a convex, polygonal shape in para-
dermal cross-section (figure 1). However, as the tissue grows,
airspace begins to form between cells, and the tissue transi-
tions from nearly confluent to porous. At maturity, cells in
the spongy mesophyll form tortuous, quasi-two-dimensional
(quasi-2D) porous networks [14,16,27]. The pore space forms
due to cell expansion and the breaking of cellcell contacts,
not programmed cell death [21]. While cell adhesion [28],
tissue pressure [29] and cell shape change [8,23,30] are
known to be important for morphogenesis of the plant epider-
mis, it is unclear if or how they contribute to development
of the spongy mesophyll. Computational modelling of
tissue morphogenesis can provide answers to these open
questions, and to our knowledge, no model has ever been
developed for plant tissues that can vary in porosity along a
developmental trajectory.

Here, we (i) develop computer simulations of deformable
polygons with shape degrees of freedom [31,32] in two
dimensions to recapitulate the developmental trajectory of
the spongy mesophyll, (ii) compare these simulations with
empirical images of spongy mesophyll development in the
model plant species Arabidopsis thaliana (L.) Heynh, and (iii)
test the sensitivity of our developmental model to variation
in cell growth, cell-cell adhesion, cell mechanics and bulk
tissue pressure. This approach reveals three key features
that are necessary to capture the development of the
spongy mesophyll microstructure observed in A. thaliana
leaves [23]. First, while cell areal growth is constant through-
out the tissue and during development, growth and
remodelling of cell wall must be localized to cell boundaries
not in contact with other cells, i.e. exposed to the intercellular
airspace. Second, cells must balance cell wall bending rigidity
with cell-cell adhesive strength to develop networks with
evenly spaced pores. If cell walls are too stiff, or if adhesion
is too weak and contacts break too frequently, then the net-
works can collapse. Third, the pressure inside the
simulation boundary must be constant throughout the devel-
opmental trajectory. While cells expand during development
due to positive turgor pressure [33], remodelling of cell wall
near voids leads to localized growth that can cooperatively
push the tissue boundary outwards. That is, the change in
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the simulation domain size is not an independent variable in
our simulations but instead arises from differences in the
growth rates of cell perimeter and cell area. This compu-
tational model therefore demonstrates that a porous tissue
as complex as the spongy mesophyll can be assembled by a
simple set of mechanical rules.

2. Results

2.1. Adhesive, growing deformable polygons at

constant pressure generate porous cell networks

To model the development of the spongy mesophyll in two
spatial dimensions, we employ numerical simulations of
deformable polygons (the DP model, see [31,32]) that can
change the shape in response to stress as well as interact
with each other via repulsive and attractive forces. While
mesophyll morphogenesis is of course a three-dimensional
process, pore-space development in Arabidopsis spongy meso-
phyll predominantly occurs in the paradermal plane [23], and
nearly planar cell arrangement has been observed in a large
number of other species [16]. Although extensions to three-
dimensional modelling are necessary to understand tissue
interfaces (i.e. between the spongy mesophyll and the epider-
mis), a two-dimensional approach is sufficient for
understanding the pore-space structure within the spongy
mesophyll

Our simulations contain a collection of N polygons, each
with n vertices. The dynamics of the polygons, which we will
refer to as cells, are governed by forces due to changes in cell
shape and forces due to cellcell interactions. The potential
energy U, shape for changes in cell shape for cell p is defined

as folows:
€ uy, 2 w €] li/.L 2 €p 2
S (B 4 A T o _ .
2 (atm ) +; 2 (lom ) g O o)

2.1)

uu,shape =

where ¢,, € and ¢, are energy scales that control the amount of
energy required to have cell areas a, perimeter segment lengths
I and local curvatures 6 that deviate from their preferred values
(a0, Iy and 6y, respectively). Each segment length is labelled I,
and bending angle 6,, wherei =1, ..., n,.. A graphical represen-
tation of these quantities, as well as derivations of the forces due
to each term in equation (2.1), are provided in electronic sup-
plementary material, section S1. In these simulations, energies
and lengths are measured in units of €, and the averaged
square root of the cell area, i.e. p=N""3" . /do,. All vertices
have unit mass, and time is measured in units of pe,

The total potential energy U is the shape potential energy
plus the potential energy contribution from cell—cell interactions,

N N v e .. 2
U= | Upshape + Zzi% (1 - r’“”) ] L (22
=

1 v i=1 j=1 Tijuv

Each vertex i on cell u is a soft disc with diameter o, and €;j,, is
an energy scale that controls the distance ;;,, to vertex j on cell p.
Gjjuv = (0, + 03,) /2 is the distance at which vertex i is in contact
with vertex j. Vertices overlap when 7y, < 0jj,, and in this
case, we set €, = € such that all vertices repel with equal
energy.

Mesophyll cells adhere to their neighbours [28,34], so we
model attractive interactions between cells using harmonic

bonds between vertices. If two vertices i and j and cells p [ 3 |

and v are bonded, and 7y, >0y, We set €. = € /Zps
where z,,, = (z,, +2,)/2, and z,, is the number of cells in con-
tact with cell u. Thus, we assume that bond stiffness is
inversely proportional to the current number of other cells
with which a given cell is in contact. Bonds are broken with
probability pog=min [1, exp (- pAU)], where AU = U, - U,,
U, is the energy stored in the bond, Uj is a fixed bond-break-
ing energy and B is an inverse effective temperature
governing bond sensitivity. For a bond held between cells p
and v, we define Uy = e,;z;]}(l -1/ 0')2/2, where o is the
mean vertex diameter and r* is the maximum bond length.
As described in electronic supplementary material, section
S2 we set €, — 0 for 7y, > 0y, once a bond is broken and
do not reform bonds once they are broken.

Our simulations begin with densely packed cells that
reflect the nearly confluent, nascent spongy mesophyll tissue,
and they grow to form porous cell networks (figure 2e)
[21-23,35]. To form a dense initial state, we isotropically compress
dilute configurations of cells by small compression and potential
energy minimization steps, similar to the previous work on model
jammed materials [31,36], to a near-confluent state with less than
3% of the simulation domain occupied by void space. Once the
initial near-confluent state is generated, adhesive bonds are
formed between all overlapping vertices, and all spontaneous cur-
vatures 6, at each vertex are set to their instantaneous 6 values.
This point defines the initial state with characteristics reflective
of the earliest images of mesophyll development [21,37].

The full details of our model for plant cell growth and
shape change are provided in electronic supplementary
material, section S3 but are briefly summarized here. At the
beginning of each simulation step, the preferred area ap of
each cell is increased by an increment Az, i.e.

agp — ag + Aa. (2.3)

We also change the preferred perimeter length segments I,
each step by an increment Al, i.e.

lo — o + AL (24)

These perturbations to 4y and I, induce an applied stress on the
cell areas (i.e. pressure) and boundaries, which will eventually
drive cell shape change and tissue growth. Because cell bound-
aries grow more quickly where they are adjacent to void
space than where they are in contact with other cells [23], we
apply a boundary stress only on the perimeter length segments
(figure 2b, yellow arrows) whose vertices lack contacts with
vertices of other DP cells (figure 2b, red disc). Al depends on
both a dimensionless scale parameter A, which determines
how fast the void-facing cell perimeter grows relative to the
cell area, and ¢y, which regulates how fast a given void segment
grows compared with the other void segments (see table 1, and
see further details in electronic supplementary material, sec-
tion S3). We set Al=0 when the particle shape parameter
exceeds a threshold Apn., which we set to 3, close to
the maximum value of individual spongy mesophyll cells
(approx. 2.9) [17,38].

In addition, the void-facing spontaneous curvature 6, is
updated according to

By — 60 — A6, (2.5)

where A0>0. Decreasing 6, near void drives cell shapes
towards increasingly lobed structures, reminiscent of cell
shapes in porous network configurations [15,16,21,35]
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Figure 2. Summary of model for spongy mesophyll development in two dimensions. (a) Close-up of cell shape during spongy mesophyll development, taken from
figure 1c. (b) Close-up of a tri-cellular junction using DP model cells, highlighting the model’s growth rules: (i) all preferred areas change by ay — a, + Aa, while
(ii) preferred segment lengths and (jii) preferred bending angles change by Iy — I + Al and 6, — 6, — A only near voids (white vertices). More details are
given in §2.1 and electronic supplementary material, section S1. (c) DP model cells changing shape during the simulation of spongy mesophyll development, from
top to bottom. Vertices of each DP model cell are drawn as discs with radius o, as defined in (d). Disc colour is given by the DP cell shape parameter
A= p2 /Aa, and disc size is rescaled to be the same in each row. (d) A schematic of an inter-cellular bond between two vertices, as well as bond-breaking
probability p,« as a function of the inverse effective temperature 3 (ranging from 3 = 10 to 500, colour sorted from blue to green). (See main text and electronic
supplementary material section S2 for details.) (e) Sixty-four cells growing in periodic boundary conditions. Cells and the boundary are drawn to scale, and cell
colour represents the cell shape parameter. (f) The boundaries of two cells from (e) drawn to scale. Black segments indicate vertices in contact with other cells,
whereas red segments indicate vertices in contact with void. (g) Comparison of packing fraction ¢ between experiment and simulation in (e). Stars indicate specific
frames from (e). The simulation in (e)—(g) used €, = 0.4, 5=100 and r* =2.4. Aa=05,A=5,¢ =05, (=4, Oymin=—7/10 and Py = 1073, See table 1

for parameter descriptions.

(dashed red lines in figure 2b). We set A@=0 when the
preferred curvature becomes less than a target minimum
value 6y min (electronic supplementary material, section S3).

This model aims to recapitulate a vital feature of plant
tissue development, that positive turgor pressure coupled
with cell wall remodelling drives both plant cell growth
and plant cell shape change [33]. We induce positive turgor
pressure in each cell by growing gy and remodel our simu-
lated cell walls by changing Iy and 6,. Our assumption that
the preferred lengths of local cell wall segments I, only
increase is reminiscent of the classic Lockhardt model of
plant cell growth [39], where cell walls plastically deform
and only grow when a threshold pressure is met. Through
large variations of parameter space, we have found that the
13 parameters in our model (table 1) are all necessary to
robustly grow plant cells in this way while simultaneously
generating porous, mechanically stable cell networks.

As these growth rules induce applied stresses, relaxing
stresses will lead to cell shape change and tissue growth.
Therefore, after each stress step, we relax the total enthalpy
H=U+PyA for simulation domain area A at constant
pressure Py>0 and potential energy U. The presence of a
positive pressure P> 0 at the simulation boundary mimics

the compressive effect that other tissues, such as the palisade
mesophyll and epidermis, would have on the expanding
spongy mesophyll. By using a modified version of the FIRE
energy minimization algorithm ([40], see electronic sup-
plementary material, section S3), a local minimum of the
potential energy is found at a fixed pressure Py. By finding
a minimum of the enthalpy H instead of the potential
energy U, the simulation domain area A will fluctuate to
maintain the pressure at Py. Maintaining a positive tissue
pressure throughout a plant’s life cycle is important in both
individual cells and developing tissues [29,33,41,42].

A typical developmental trajectory for a simulation of six
DP cells shows the changes in domain size, cell area and cell
shape that occur (figure 2e, see also electronic supplementary
material, supplementary movie). We show that the packing
fraction

Z[La/"
A

¢ = (2.6)

is a monotonically decreasing function during the simulation
(figure 2¢). Note that the porosity, or fraction of air space in
the simulation, is simply 1 —¢ and grows monotonically. It
is important to note that the rate of packing fraction decrease
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Table 1. Table of model parameters. Appendices (that provide a more complete description) are listed next to parameters that are not defined fully in the “

main text. Units of 1 signify dimensionless quantities. In the final column, numbers in parentheses indicate the values of the parameters in the simulation in

figures 2 and 3. We show in figures 4 and 5 that the values selected for €, 5, Aa and A are nearly optimal for recapitulating the developmental trajectory of

spongy mesophyll in A. thaliana.

symbol meaning units value
& area elasticity energy unit 1
e, per|meterelast|c|ty B 601
B é( O e élvasti'cvi'tyv e veav B S
Eb bend|ngelast|c|ty e,, A (04)
Amax shape parameter limit nz”'tan (™ '7) 3
B (electronic supplementary materia, section 2~ inverse effective adhesion temperatwre €' 20-1000 (100)
r* (electronic supplementary material, section S2) relative bond fracture length o 2-4 (2.4)
. Aa(electronlcsupplementarymatenalsect|onS3) R ceIIareagrowth L pz T _075(05) .
A (electronic supplementary material, section S3) void perimeter growth scale n~'p~2 pAa 1-10 (5)
¢, (electronic supplementary material, section 53) perimeter growth reqularization 1 -0
Cg (electronic supplementary material, section S3) scale of curvature change n~'p pAa 1-10 (4)
90mm '(élléc'trbhibc‘ supplementary matenal ecton 53) B m|n|mumbend|ng ban‘gllé e BT —7z/4—0(—7z/10)
R PO tin A . Bt bbﬁndaryvpre's'sure B e o (10_3)”,

is not stipulated in the model, such as via constant strain on
the domain area that is set to be larger than the cell growth
rate. Rather, the decrease in ¢ (figure 2e) is due entirely to
the growth of void-facing perimeter segments and changes
to boundary curvatures coupled to the constant-pressure
boundary condition. That is, the decrease in ¢ (i.e. increase
in 1 — ¢) emerges purely from localized cell stresses.

2.2. Simulations match cell shapes in experiments
The decrease in packing fraction of the tissue while maintain-
ing a constant, positive pressure indicates that the DP model
captures essential, qualitative features of spongy mesophyll
development. In figure 3, we show that the model also
recapitulates quantitative features of spongy mesophyll devel-
opment. To quantify and compare cell shapes, we measure
the cell asphericity or shape parameter,
P

A= yp— (2.7)
where p and a are a given cell’s (or cell projection’s) perimeter
and area, respectively. A = 1 for circles and A > 1 for all other
two-dimensional shapes, e.g. A =1.1 for a regular hexagon
and A = 1.65 for an equilateral triangle. The average shape
parameter of cell projections from A. thaliana leaves at varying
developmental stages corresponded closely to the average A of
cells in the developmental simulation shown in figure 2, chan-
ging from dense tissues early in development [23] to more
porous tissues as the tissue matures (figure 3a). We quantified
the agreement between the results from simulations and exper-
iments using the root-mean-square deviation (RMSD) of the
cell shape parameter,

m sim _ 4€xpy2
o \/z“ A — AT 8)

m

where the kth experimental data point A;" " can be compared
with the simulation data point A}™ with the most similar ¢,

and we average over m =9 experimental time points. Over
the full range of packing fraction for which we have experimen-
tal data, there was less than 4% deviation in A between
simulations and experiments.

The DP model was also able to recapitulate and explain the
transient decline in the shape parameter from A~ 1.15 to
A ~ 1.05 during the initial stages of A. thaliana leaf develop-
ment (figure 3c). Cells are initially convex and confluent,
and therefore, they must have a shape parameter of A ~ 1.15
[31]. Because cell areas always grow but cells can grow their
perimeter only near void space, cell perimeters do not grow
when void space is rare. Thus, the cell perimeter does not
grow in early stages, and A must decrease. However, as cells
now prefer to be circular, pore space must open up as circular
shapes cannot tile a plane. Once void space has sufficiently
increased, cells can now grow their perimeters near voids
and eventually A begins to increase. Our model captures
and explains the emergence of non-monotonic behaviour
of the shape parameter A during development despite
monotonic decreases in the packing fraction ¢.

The model succeeded in capturing key dynamics of the
developing spongy mesophyll tissue. First, it recovered the
non-monotonic behaviour of A in early developmental
stages, suggesting that our assumptions regarding spongy
mesophyll cell growth and interactions are valid. Second,
the model accurately captured how adhesive, individual
cells drive the opening of pore spaces. Third, the model
successfully reproduced average shapes of mature cells at
low packing fraction, down to ¢~ 0.5 (figure 3). For this
comparison, we calculated the average A of individual
spongy mesophyll cells that had been segmented from
X-ray microcomputed tomographic (microCT) scans of
mature A. thaliana leaves. Together, these observations indi-
cate that the features of the DP cell model are sufficient to
reproduce several important quantitative and qualitative
aspects of mesophyll development from the earliest stages
of development to maturity.
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Figure 3. Comparison between simulations of the DP model of spongy mesophyll development and experimental observations. (a) Cell shape parameter 4 plotted

against Pyay —

¢ for a typical developmental trajectory from simulations (green circles, same as figure 2) and experimental characterization of two-dimensional cell

shape projections in Arabidapsis at various packing fractions. Simulation error bars (green shaded area) represent the standard deviation in cell shape computed
across 10 independent simulations. ¢a = 1 for experiments, and 0.975 for simulations. Red triangles are from two-dimensional projections reported in [23], and

the other markers represent A of cell projections from segmented microCT scans. The inset is a zoom-in of A versus @z —

¢ to highlight the comparison with

early developmental stages. (b) Simulation snapshots (top row) and microCT scans (bottom row, greyscale) shown at similar packing fractions. Each scan is labelled
by the corresponding plot marker in (a), and simulations decrease in ¢ from left to right. Scale bars in each microCT scan are 50 pm. () Snapshots of simulations at
low ¢ (corresponding to stars in the inset to (a)), decreasing in packing fraction from left to right. In (b) and (c), cell colour indicates A using the colourbar in figure

2e, and the simulation boundary is periodic and drawn as a black square.

2.3. Sensitivity of network formation to parameter
variation

The agreement between the structural properties of spongy
mesophyll tissue and of our model results indicates that the loca-
lized growth of cell perimeters near voids, cell adhesion and
constant boundary pressure can indeed drive the self-assembly
of the spongy mesophyll. We further tested the robustness of
morphogenesis by characterizing how the structural properties
of the tissue change with variation in the model parameters. In
particular, we were interested in understanding the range of par-
ameters that can recapitulate A. thalizna development and
whether the packing fraction consistently decreases for any set
of model parameters. Addressing these questions is important
not only for determining the relevant parameter regime for com-
parison with spongy mesophyll in A. thaliana but also for
understanding whether the development of the spongy meso-
phyll in other species can be described by this model [16].

To probe the sensitivity of the model, we varied two par-
ameters at a time while setting all other model parameters to
be similar to those used in figures 2 and 3. Comparisons of
the average shape parameter A of simulations with exper-
imental observations were split into early (i.e. 8.Aeany) and
late (i.e. 6Ap) developmental stages, with the first m=6
experimental data points (red triangles in figure 3) used to
calculate 5Aear1y and the last m =3 data points (other symbols
in figure 3) used to calculate 8.Aje. We also calculated the
cumulative compaction A¢,, which we define as follows:

Ng
Aby = (Dpia — )OS — ). (2.9)
f=1

This quantity tracks the total amount of compaction across a
simulation with Ng frames, as the Heaviside step function
enforces a sum over only positive changes in ¢ between
frame f and f+ 1. In figure 44, we plot A¢g, as well as the aver-
age number of cell-cell contacts, z, at the simulation
snapshots closest to ¢ =0.5.

First, we tested how varying Ag, the rate of areal growth,
and 4, the rate of void-facing perimeter growth, influences
mesophyll network formation (figure 4). RMSDs of 8Acany
and Ay Were minimized in the region where Az ~0.5 and
A ~5 (green hexagon), with significant deviations from A. thali-
ana mesophyll in almost all other regions of parameter space.
While any value of Az led to low 8.4 when 1=5, low values
of Aa led to developmental trajectories with increasing packing
fraction rather than decreasing packing fraction, as indicated by
Ag¢.,. Simulations with A2=0.01 and 2 =5 (red hexagon) show
significant tissue compaction rather than expansion (figure
4p). Compaction probably results from buckling events
during development, when a change in the cell shape par-
ameter can make the system mechanically unstable.
Simulations with lower Az had fewer cell-cell contacts on aver-
age (figure 4a), suggesting that they were less stable. The
reduction in z when Az <0.01 could result from there being
more growth steps, which increased the probability of adhesive
bond breakage. Thus, having a sufficient number of adhesive
bonds and allowing sufficient growth to occur along void-
facing perimeters are vital for the proper development of
spongy mesophyll tissue in A. thaliana.

Second, we tested how varying the strength of the bend-
ing energy along cell boundaries €, (see equation (2.1))
and the inverse adhesion temperature J influence
mesophyll network formation (figure 5). The inverse
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Figure 4. Effect of changing the areal growth Aa and void perimeter growth scale A on the shape parameter, packing fraction and coordination number obtained in
simulations. () Heatmaps of the RMSD of A from early developmental stages (.Ae.ny, top-left), late developmental stages (.Aje, bottom-left), cumulative com-
paction (A¢., bottom-right) and mean coordination number closest to ¢ = 0.5 (z, top-right). Colour represents log,q of each quantity, the values corresponding to
each colour are indicated by the colourbars, and white circles represent values used to generate the heatmaps. In each heatmap, hexagons placed at (1, Aa) = (1.5,
0.1) (cyan), (2, 0.002) (purple), (5, 0.01) (red) and (5, 0.5) (green) highlight exemplary simulations shown in (b). (b) Plots of A averaged over cells for each
individual simulation (grey lines) and an ensemble average over five independent simulations (green circles) with shading denoting the standard deviation. Hexa-
gons in the lower right corners indicate the particular ensemble parameters (i.e. Aa and A) highlighted in (a). Each image in (b) shows the simulation frame closest
10 Pmax — ¢ = 0.465, i.e. that of the latest stage experimental data point (blue circle in figure 3a,b). In each inset, cell colour denotes A as defined in the
colourbar of figure 2e. Other parameters (defined in table 1) for these simulations are €, = 0.4, =100, h=24, ¢ =0.5, (=4, Oymin=—37/20 and

Py=10"%

adhesion temperature B defines the conditions when bonds
break, with f#— 0 meaning that any stretched bond will
break and f— oo meaning that only bonds with energy
U. > U, will break (figure 2d). In electronic supplementary
material, section 52, we show that changing U, by varying
the breaking distance * does not dramatically affect the
outcome of our simulations.

Our sensitivity testing reveals that f and € must be
sufficiently large to generate the correct self-assembly of A.
thaliana-like cell networks (figure 5a). While the heatmap of
8 Acarty suggests that f has little effect on A. thaliana-like meso-
phyll development at low ¢, only a small fraction of
simulations with large €, and large g generated correct cell
shapes towards the end of development, indicating how
developmental progression causes parameter space contrac-
tion. Furthermore, decreasing B, thus losing adhesive
contacts, causes tissue compaction during development. This
compaction probably occurs due to buckling events during
development, where cell perimeters grow into void space
rather than provide scaffolding for the growing pore spaces.
One can see an example of buckled cells at higher densities
in the high tissue pressure case in figure 6.

These sensitivity tests indicate that generating stable net-
works without significant buckling events requires both rigid
cells and adhesive contacts (figures 4 and 5). As void per-
imeter growth drives tissue boundary growth in our model,
stronger cell perimeter length segments provide rigid scaf-
folds that can more effectively open pore spaces. However,
larger values of B, which reduce the likelihood of breaking
bonds between cells, also lead to the consistent formation
of stable, porous cell networks. Successful development of
the spongy mesophyll tissue requires that stressed adhesive
contacts collectively push the boundary outwards. That
stressed, adhesive bonds can drive expansion seems

counter-intuitive. However, pre-stressed bonds can rigidify
floppy spring networks [32,43,44]. Developing cell networks,
therefore, may locally rigidify some regions of the tissue with
stretched bonds in order to push outwards, rather than pull
inwards, on the tissue boundary.

Self-organization of mechanical stresses is vital to the cor-
rect opening of pore space during spongy mesophyll
development. To test the effect of bulk mechanical stress on
this process, we varied the external boundary pressure P,
and measured its effect on the structural properties of the
tissue during development. Increasing pressure either negli-
gibly affected the simulation results or caused compaction
of the tissue (figure 6). When the imposed boundary pressure
Py <1073, the structural properties during development
were weakly affected by changes in P, (for example, tissue
microstructures were virtually identical when Py = 1077 and
107%). However, increasing the external pressure above P, =
107° caused the average cell shape parameter to increase
more rapidly than that observed in A. thaliana and led to dra-
matic increases in the cumulative compaction A¢,. For
example, when Py=5x107% the system compacts rather
than expands in later stages, with cells taking on extremely
non-spherical shapes (figure 6). Under such high pressures,
growing perimeter segments are unable to push out on the
boundary and instead buckle into the void space. The resul-
tant tissue does not expand as much and can even begin to
compact, highlighting the importance of pressure regulation
in spongy mesophyll development. Because cell perimeters
continue to grow, cells assume biologically unrealistic
shapes with extremely large values of A.

The physiological units of the boundary pressure can be
obtained by approximating the energy cost for volume
changes of hypothetical three-dimensional cells. For a three-
dimensional cell with volume V, the energy due to changes
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Figure 5. Effect of changing the inverse adhesion temperature 5 and bending energy €, on the shape parameter, packing fraction and coordination number
obtained in simulations. (q) Heatmaps of the shape parameter RMSD from early developmental stages (Aeany, (i) and late developmental stages (A,
(iii})), cumulative compaction (A¢.., iv), and mean coordination closest to ¢ = 0.5 (z, (ii)). The colour represents log,, of each quantity, and the values corresponding
to each colour are shown in the colourbars. Hexagons placed at (3, €,) = (70, 0.1) (cyan), (30, 0.01) (purple), (300, 0.03) (red) and (200, 0.6) (green) highlight
four exemplary simulations, shown in (b). (b) Plots of LA versus @max — @max (With snapshots from the simulations in the insets) for the highlighted points in the
(€, B) parameter space (grey lines and green circles represent the same as in figure 4). In each inset, cell colour denotes .4 as defined in the colourbar of figure
2e. Other parameters (defined in table 1) for these simulations are r* =2.40, Aa=05, 1 =5, ¢ =0.5, ¢g=4, Oymin=—37/20 and Py = 1077,

in volume would be

eV 2
U = 5 (70 - 1) , (2.10)

where V) is a cell’s preferred volume and € sets the energy
cost for volume fluctuations. If we assume that Usp is the
dominant contribution to isotropic compression, each cell’s
bulk modulus is

2
OUp _ e (2.11)

Br=VoZy = v,

If we extend our two-dimensional cells into the third dimen-
sion, we can approximate Vi ~ ag/ 2 and e= €,, that is, the
energy of area deviations. Since €, and /ag are the units for
energy and length scales, the cell bulk modulus is then
the unit of pressure in our simulations. If we assume that
plant cells have an instantaneous bulk modulus set by the
bulk modulus of water, the unit of pressure in our simulations
should be approximately 1 GPa. The internal turgor pressure in
spongy mesophyll cells has been observed to be approximately
107! MPa [29,45-48], which is consistent with the scale of cell
turgor pressure in other tissues [33,49], and corresponds to
10~ in the units of our simulations. Thus, our observation
that development is affected by the boundary pressure when
Py = 1073 suggests that the tissue pressure must not exceed
the cell turgor pressure by a factor of 10 or more. While we
know of no measurements of spongy mesophyll boundary
pressure, this analysis provides a reasonable upper bound on
the tissue pressure. That our model predicts an upper bound
for Py, but not a lower bound, suggests that mesophyll tissue
could grow in the absence of a confining pressure. However,
our model still vitally depends on the imposition of constant
stress (even if this stress is small or near zero), as growth of a
boundary at constant strain can lead to the presence of large
fracture events and heterogenous void distribution, rather
than smaller voids with a homogenous void distribution.

3. Discussion

In this article, we have presented a model of spongy mesophyll
development using simulations of deformable polygons that
illuminates key cell-level processes driving morphogenesis.
This model is, to our knowledge, the first quantitative develop-
mental model of the leaf mesophyll. Our model employs
localized growth of cell perimeter to expand the tissue bound-
ary, which is held at constant pressure, such that the internal
tissue becomes more porous. This growth process allows tissues
to be driven to highly porous states of packing fraction ¢ = 0.5 or
less, while remaining mechanically stable. The success of the
model in recapitulating the developmental trajectory of the
mean cell shape parameter A of A. thaliana from the earliest
stages of development to maturity provides insights into the
dynamics of mesophyll cell and tissue development. Further-
more, by varying model parameters, we found that
maintaining adhesive contacts between cells and having cells
that are sufficiently stiff are two vital components of the
model that ensure correct spongy mesophyll development.
Without either feature, cell buckling leads to compaction
rather than expansion in response to cell growth.

The developmental trajectories produced by our model
answer key questions about mesophyll development and air-
space formation. First, mesophyll porosity can develop
without cell death, relying entirely on cell expansion (expansi-
geny) [23]. The ability of our model to recapitulate A. thaliana
mesophyll development suggests that the selective cell death
is not required to generate developmental increases in meso-
phyll porosity, perhaps in contrast to airspace formation in
other plant tissues [24]. Second, localizing cell wall growth to
regions adjacent to airspace allows for both increasing cell
asphericity and the expansion of intercellular airspace. If the
cell growth was constant around the perimeter of cells, then
cell shape change per se would be driven solely by mechanical
stresses bending and stretching the cell wall. The cell wall
expansion that is largely isolated to regions of the cell
perimeter bordering airspace enables much more dramatic
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Figure 6. Effect of changing the boundary pressure Py on the structural properties during development in simulations. (a) Mean cell shape parameter .4 for
simulations of 32 cells for P, between 10~ and 10", sorted from low (blue) to high (green). (b) The shape parameter RMSD (8.4, left axis, blue triangles)
and cumulative compaction (A¢,, right axis, red squares) for simulations at different P,. Blue downward triangles denote 6.Aeay, and blue upward triangles
denote S.Aje. (¢) Snapshots of simulations at various pressures drawn using periodic boundary conditions, where the cell colour denotes .4 with the colourbar
in figure 2. Snapshots are taken at the first frame (row 1, ¢ = 0.975), and frames with ¢ values closest to those for the three microCT scans in figure 3b, i.e. ¢ =
0.75, 0.6 and 0.52. Other parameters for these simulations are €, = 0.4, 5=100, h=24, Aa=05 1=5, ¢ =05, =4 and Gy, = —37/20.

changes in cell shape during development [23]. Third, we find
that maintaining some adhesive bonds between cells and
allowing others to break are vital for tissue stability and prop-
erly opening pore space during development. Bond breaking is
important for airspace formation, since loss of cell-cell contact
allows voids to open. Our model also demonstrates that losing
too many adhesive bonds compromises tissue integrity and
can stall or even reverse tissue expansion. Fourth, air space for-
mation in the mesophyll need not depend on the epidermis
pulling mesophyll cells apart. By maintaining constant
pressure on the developing mesophyll, our model suggests
that epidermal expansion can occur at the same rate as meso-
phyll expansion. Thus, this relatively simple model aligns
with recent insights into mesophyll development in A.
thaliana and highlights the features that are necessary for the
spongy mesophyll to develop properly.

Similar to a recent computational model of epidermal
development [5], our model is consistent with current under-
standing of the molecular underpinnings of mesophyll
development. Consistent with our finding that epidermal
expansion need not pull mesophyll cells apart to form the
intercellular airspace, A. thaliana mutants that lack an epider-
mis nonetheless produce a porous mesophyll [50]. This
finding reiterates the role of single cell behaviour and
growth in driving mesophyll morphogenesis. Other features
of our model, such as the preferred bending angle (6,) and
cell adhesion (), have known molecular cognates. The pre-
ferred bending angle could result from molecular processes
that pattern cell growth, such as microtubules that form
bands in different regions of mesophyll cells and drive cell
wall reinforcement [22,24,51]. In particular, the observation
that microtubules localize to void-facing surfaces in mesophyll
cells [23] during development provides a possible molecular
origin for active stresses driving boundary curvature changes.
In addition, our model can capture important features in plant

cell adhesion. In general, cells are adhered together by the
middle lamella, and modification of middle lamella compo-
sition can alter cell-cell adhesion [28,34,52]. For example,
methyl esterification, which is controlled by pectin methyl
esterase, can alter adhesive contacts and make them more sus-
ceptible to breaking [28,34]. Thus, while our model of
mesophyll development is purely mechanical, its parameters
have known molecular and physiological underpinnings.
Our sensitivity tests provide additional insights into the
robustness and potential diversity of mesophyll developmen-
tal trajectories. Many of the simulations using different
parameter values produced stable structures, and some simu-
lations produced tissues that had little-to-no buckling during
development, but still possessed significant deviations in A
compared with A. thaliana (e.g. the results for Aa=2x 107>
and A =2 (purple hexagon) in figure 4b). These alternative tra-
jectories may correspond to the developmental trajectories of
the spongy mesophyll for other plant species. The spongy
mesophyll is very diverse, most notably in porosity, which
varies from approximately 25% to 75% among species and
in cell size and shape [14,16,17]. If different parameter
values in this model can recapitulate the developmental tra-
jectories of other species, then studies of the landscape of
possible phenotypes generated by our model could elucidate
the biophysical basis of mesophyll diversity. In addition to
the parameters explicitly defined in our model, other
assumptions in our model could be relaxed to generate a
greater diversity of developmental trajectories. For example,
our implementation of the DP model assumes constant, i.e.
¢-independent, growth rates. Would we obtain different
dynamics for the structural properties of the spongy meso-
phyll if, for example, areal growth depended directly on the
amount of void-facing cell surfaces? In addition to varying
parameter values in the model, arresting mesophyll expan-
sion at different points along the developmental trajectory

70907207 6L 2wpau) 0§ Y o Jisi/jeulnol/b10°buiysijgndanosiefos H



Downloaded from https:.//royal societypublishing.org/ on 04 January 2023

can produce an array of different mesophyll porosities
and cell shapes (figure 2). Heterochronic changes, such as
paedomorphosis—when mature individuals retain traits pre-
viously seen only in immature individuals of closely related
species—commonly occur during speciation. Our model
of mesophyll development recapitulates much of the cell
shape diversity seen among species [16], suggesting that a
single developmental trajectory can itself provide numerous
possible mature phenotypes. Additional rules may be necess-
ary for simulations to correspond to mesophyll phenotypes
observed in other species, e.g. disordered, planar honeycomb
lattices of cells [16]. Therefore, better experimental character-
ization of the structural changes during development for a
variety of species is needed to better understand the range
of possible phenotypes and to determine whether the DP
model can describe them.

Our simulations do miss some quantitative details of
spongy mesophyll development in A. thaliana. For example
simulated values of A never quite reach the minimum value
of A~ 1.05 observed in experimental data. The inability of
the model to capture this particular feature may be due to
the assumption of constant growth rates, whereas real
spongy mesophyll cells may have more complex cell shape
feedback mechanisms that drive this decrease in .A. Our simu-
lations also contain more highly coordinated cells in the more
porous stages of development than those in the experimental
images. For example, the most porous experimental structure
that we observed (i.e. the blue circle in figure 3b) has an average
cell-cell coordination number z = 3.5. However, the simulated
tissues with low 6Aj. typically have z ~4.5-5 even though
the cell shapes are nearly identical to those in experiments
(figures 3-5). One explanation for this discrepancy is that
cells in real leaves are stabilized by out-of-plane contacts and
require fewer contacts in the paradermal plane to remain
mechanically stable. Extending our two-dimensional meso-
phyll model into three dimensions using deformable
polyhedra [53] would be an advancement in understanding
mesophyll development. Such an approach could incorporate
the presence of other tissues, such as the palisade mesophyll,
the epidermis and veins on the development of the spongy
mesophyll. Nonetheless, the success of our relatively simple
two-dimensional model in recapitulating the dynamics of
spongy mesophyll development in the paradermal plane
suggests that our model captures all of the fundamental
biological mechanisms that control mesophyll development.

4. Methods and materials

4.1. Plant materials and growth condition

The seeds of transgenic A. thaliana Columbia-0 (Col-0) plants
expressing RbcS1B:mKO-PIP2;1 [54] were sown on plates
containing 1/2 MS salts, 1% sucrose and 1% agar and strati-
fied at 4°C for 48 hours before moving to a growth cabinet set
to 22°C, 16/8 h light/dark cycle. The first true leaves were
used for imaging after their emergence from the bases of
cotyledons.

4.2. Sample preparation and microscopy

For live cell imaging, the cotyledons were cut off to expose
the young first true leaves after their emergence at 6-7 days
after sowing, then the rest of seedlings were mounted in

20 ul perfluoroperhydrophenanthrene (PP11; Sigma 56919) [ 10 |

within chambered coverglass (Nunc; Thermo Scientific
155360) and covered by a piece of 2-3 mm thick 0.7% phyta-
gel containing 1% sucrose and 1/2 MS salts. All images were
obtained via point-scan confocal microscopy (Zeiss LSM 880;
Airyscan). mKusabira-Orange (mKO) excitation was per-
formed using a 543 nm laser, and fluorescence was detected
at 555-610 nm. During the imaging intervals, the samples
were kept in the growth cabinet (22°C, 16/8 h light/dark
cycle) inside covered glass Petri dishes with a moist paper
towel to maintain humidity; meanwhile PP11 was added
occasionally to prevent drying.

4.3. Image processing

Confocal Z-stacks were processed in ImageJ [55] and FluoRen-
der [56]. Maximum intensity Z-projections were generated for
each timepoint and used for subsequent analysis. The first layer
of spongy mesophyll was used for analysis. When required, the
inner layers were manually removed in FluoRender.

4.4, MicroCT imaging

For the two densest microCT scans shown in figure 3b (the
source of the red diamond and green square data points),
seeds of A. thaliana Col-0 were sown on moist filter paper in a
Petri dish and stratified in a cold room at 4°C for 5 days.
They were then left to germinate at room temperature under
200 pmol photosynthetic photon flux density(PPFD) m~2s~!
light. Once germinated, seedlings were transferred to individ-
ual pots of 8cm diameter and height. Seedlings were then
transferred to a climate-controlled room with 21/18°C day/
night temperature, 60% relative humidity and 8 h photoperiod
of 500 pmol PPFD m~2s~!. Plants were fertilized regularly
using a complete liquid fertilizer solution. Plants were grown
for approximately 6 weeks.

One healthy and fully grown plant was brought to the
TOMCAT tomographic beamline X02DA of the Swiss Light
Source at the Paul Scherrer Institute (Villigen, Switzerland).
Of that plant, two leaves were included in this analysis: the
youngest leaf (red diamond, figure 3b) large enough to be
sampled (approx. 10-20 mm?), as well as an older leaf
(green square, figure 3b). Before scanning, the petiole of
each leaf was cut into a thin strip 1.5 mm wide and up to
1.5cm long in between apparent higher order veins and
immediately wrapped in polyimide tape [14]. Each strip
was scanned within 15 min of being prepared by imaging
1801 projections of 100 ms under a beam energy of 21 keV
and magnified using a 20x objective, yielding a final voxel
size of 0.325 um (field of view: 832 x 832 x 624 um). Projec-
tions were reconstructed using phase contrast enhancement
[57], which provides a high contrast between the airspace
and the mesophyll cells, sufficient to segment using a
simple grey-value threshold.

For the most porous microCT scan shown in figure 3b (the
source of the blue circle), seeds of A. thaliana Col-0 were
plated onto wet filter paper and placed in a fridge at 4°C
for cold treatment. One week later, seeds were moved to
soil (Pro-Mix BX with biofungicide; Premier Horticulture
Ltd, Riviere-du-Loup, Québec, Canada) and grown in
growth chambers at Yale University (22°C, 60% humidity,
16 h photoperiod with 100 umol m™2s~" light). Plants were
watered twice per week with fertilized water (Jack’s 20-10-
20 Peat-lite special; 200 ppm N). A fully expanded leaf was
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the two-dimensional cell projections. (¢) We show the segmented cells, as well as the distribution of cell shape parameters P(.A). The mean of this distribution is

A =213

excised from a Col-0 plant and placed inside a plastic bag
with wet paper towels, then transported to the Advanced
Light Source (ALS) at the Lawrence Berkeley National Lab
(Berkeley, CA). A sample was prepared by cutting out a
small (approx. 3 mm wide and approx. 10 mm long) section
at the midpoint of the leaf halfway between the midrib and
leaf margin and mounting this section between pieces of
Kapton Tape (E.I. du Pont de Nemours and Company, Wil-
mington, DE, USA). Preparation was performed less than
30min before scanning to avoid desiccation. The sample
was mounted in a sample holder and scanned at the ALS
using continuous tomography mode with a 10x objective
lens, capturing 1025 projection images at 21 keV. An image
stack was reconstructed following the previous work [58].
The reconstructed stack was cropped to remove areas
damaged by cutting or dehydration.

4.5. Manual cell segmentation

For each microCT dataset shown in figure 3, we performed a
binarization and watershed procedure in Image]J as outlined
in figure 7. Once a representative z-slice of the spongy meso-
phyll was selected from a fully three-dimensional microCT
scan, we binarized the image and used a watershed algor-
ithm [59] to identify cell boundaries. However, we found
that initial boundaries drawn by the watershed algorithm
divided some highly concave cells in regions where no
clear boundaries can be seen in the original greyscale
image. Therefore, we manually pruned extraneous bound-
aries by comparing each naive watershed boundary with
the greyscale images and flipped void pixels to cell pixels
for any incorrect boundaries. Once all extraneous boundaries
were removed, we computed the shape parameter
A = p?/4m for each remaining binary region of cell pixels
with perimeters p and areas a. In figure 7, we show the

distribution of cell shapes gleaned by this method from the
most porous experimental snapshot (i.e. the blue circle in
figure 3b).

Data accessibility. All experimental data (i.e. microCT scans) and data for
the simulation shown in figures 2 and 3 can be accessed at an OSF
data repository created for this manuscript, which can be found at
https://doi.org/10.17605/OSF.IO/C4RBM [60]. All code used for
simulations and data processing can be found in the github reposi-
tory https://github.com/jacktreado/dpm.

The data are provided in electronic supplementary material [61].
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