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Abstract: Fruit cells” shape generally reflects the physiological state and quality of the fruit, and indirectly
dictates its economics. In this study, a new bio-microscope including three independent and orthogonal
channels of opto-electromechanical microscopic observation systems was developed to obtain the three views
(e.g., front view, top view, side view) of a single fruit cell using tomato and strawberry at two ripening stages
as fruit samples. The obtained three-view images were used to reconstruct the 3D real shape of a single cell
based on the 3D geometrical modelling method using Solidworks CAD design software and then compared
with the actual geometric size. The average relative errors for the major diameter, minor diameter 1, minor
diameter 2, projection perimeter and projection area were 4.04 %, 6.25 %, 5.71 %, 1.69 % and 3.79 %,
respectively. This good accuracy makes the newly developed bio-microscope together with the proposed 3D
geometrical modelling method a promising 3D shape reconstruction technology for a single fruit cell to extract
real and detailed cell morphology information. Furthermore, this method can find applications in other fields
such as human and animal cells where soft particles’ 3D shape analysis is important.

Keywords: Fruit; Single cell; 3D shape; Microscope; Reconstruction
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Nomenclature

GMD

diagonal length of the image sensor in the M1
electronic eyepiece, mm
diagonal length of the view-field image in the M2

PC screen, mm

projection perimeter of single cell, pm Ms
projection perimeter of a single cell in the top n
view, um

projection perimeter of a single cell in the front NA
view, um

projection perimeter of a single cell in the side  Ncrack
view, pm
resolution of an opto-electromechanical ~ Niota

microscopic observation system, nm

minor diameter 1 of a cell, pm Pc
minor diameter 2 of a cell, um S

focus of the objective lens Sp
focus of the reduction lens Sp1
geometric mean diameter of cell, pm Sp2
an observed object Sp3
an image of | through the achromatic objective u

lens

an image of l1 through the reduction lens \Y

an image of |2 through the electronic eyepiece A

on PC screen
major diameter of a cell, pm ®

total magnification of an opto-electromechanical
microscopic observation system

magnification of the achromatic objective lens

magnification of the reduction lens

magnification of the electronic eyepiece
refractive index of the optical medium between
objective lens and single cell

numerical aperture of the achromatic objective lens

number of the cracked cells

total number of the isolated cells

percentage of the cracked cells in the isolated cells, %
surface area of a cell, um?

projection area of single cell, um?2

projection area of a single cell in the top view, pm?
projection area of a single cell in the front view, pm?
projection area of a single cell in the side view, um?
aperture angle of the objective lens, °

volume of a cell, pm3

wavelength of the light, nm

sphericity of a cell
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1. Introduction

Fresh fruit is made up of millions of cells of different shapes and sizes arranged in close proximity (Chen
and Opara, 2013). Its textural properties depend entirely on the geometric morphology, textural mechanics and
chemical composition of the cells (Missang et al., 2011; Rosa-Martinez et al., 2021). The formation of cell
shape is mainly the result of the dynamic balance between the tension generated by the contraction of
microfibrils containing actin in the cell and the adhesion of the extracellular matrix attachment points (Ball et
al., 2012). Cells in the fruit have very different shapes depending upon the type of extracellular matrix
component used for cell attachment (Bronner, 2012). Cells’ shape plays a leading role in the regulation of cell
differentiation, gene expression and tissue morphogenesis. It contains the management information of cells
and is an intuitive expression of cell growth and development (Prasad and Alizadeh, 2019). Understanding cell
shape enables inferences about the physiological conditions within the fruit life and the underlying quality
characteristics. As a result, it is of significant scientific value to explore the real three-dimensional (3D)
geometric morphological characteristics of the cells in fruit.

Previous literature on the observation of fruit cell morphology can be divided into two categories. One
focuses on the use of a biological microscope to obtain two-dimensional (2D) morphological information of
tissue cells in a certain view. Nieto et al. (2004) observed the microstructural and ultrastructural changes in
apple pulp tissues during osmotic dehydration using a biomicroscope and environmental electron scanning
microscope, and found that the shape of cells in fresh tissues was generally regular of equal diameter and
loosely arranged. McAtee et al. (2009) observed the single cells isolated from apple pulp tissue by using 0.05
M Na,COs solution to dissolve pectin in the middle layer of the plant cell wall, and found that their single cell
shape was nearly round, with different cell sizes within each variety and an average diameter of about 250
um. Legland et al. (2012) used the confocal laser scanning microscope to observe tomato cells and found that
the mesocarp cells near the stalk were small and round, relatively uniform in size, with smaller cells in the
exocarp, while cells in the equatorial region were larger and longer and uneven in size. Poles et al. (2020) used
both optical microscope and X-ray computed micro-tomography (micro-CT) to observe apple pulp cell
morphology and the intercellular space, respectively. Zdunek and Kurenda (2013) used a biological
microscope in combination with an atomic force microscope to investigate the nano-mechanical properties
with topography imaging of tomato cells, and most pericarp cells in tomatoes were oval-shaped. The other
category of research focused on 3D morphological observations of fruit tissue cells. Angeles et al. (2004)

observed the morphology of the sclereid cell in pear mesocarp by confocal laser scanning microscope and
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found that each surface of this cell contained many irregular cell walls, not in the same plane and that the pits
on each surface were circular. Mebatsion et al. (2009) observed the cortical tissue cells of pear and apple by
X-ray micro-CT technique and transmission electron microscope and reportedcell wall thicknesses of 1.67 +
0.71 um and 0.77 + 0.51 pm and mean volumes of 6.39 + 7.76 x10° um® and 2.42 + 3.18x10° um® in apple
and pear, respectively. Legland et al. (2010) used the confocal laser scanning microscope to obtain 3D images
of tomato pericarp tissue cells and found that tomato pericarp cells exhibited different morphologies, with cells
close to the exocarp being smaller and aligned parallel to the epidermis, while cells away from the exocarp
were larger and aligned in a radial direction. Wang et al. (2018) scanned the apple peel samples continuously
by micro-CT and showed that the dehydration resulted in cell shrinkage, mechanical deformation and reduction
in cell volume throughout the tissue samples. Liu et al. (2020) studied the 3D shapes of cells in different tissues
of tomato fruit based on two microscopic orthogonal images, and the results showed that the fruit mesocarp
cells approximated ellipsoid shapes whereas the fruit endocarp cells approximated flat thin slices with serrated
edges.

Combining the above literature, many studies have been done on 2D and 3D morphology data of fruit
tissue cells with some limitations. For example, cells’ 2D surface morphology features containing partial depth
information observed by environmental scanning microscope or confocal laser scanning microscope (Wood et
al., 2013; Zhang et al., 2022), and a partial 3D geometric information of cells in fruit tissue gained by micro-
CT technology (Herremans et al., 2015). However, there is little information about the 3D reconstruction of
single cells isolated from a fruit tissue. Although the micro-CT technology is widely used to observe the
microstructure of fruit tissue, its observation is based on a small block of a tissue sample. The potential hiding
part between cells makes this method not appropriate for obtaining the whole 3D morphological information
of asingle cell. In addition, the accurate characterization of single-cell mechanics always requires a real single-
cell shape (Dintwa et al., 2011; Li et al., 2016; Wang et al., 2004). According to Hertz contact theory, the radii
of the curvature of two objects determines their force-displacement change law in the process of mutual contact
action of the two objects (Li et al., 2017). If the estimated single-cell shape deviates significantly from the real
cell shape (Wood et al., 2013), the single-cell mechanics characterized by Hertz contact theory will be
inaccurate. As a result, the goal of this study is to propose a method for reconstructing the 3D shape of single
cell in fruit so that a more real 3D morphology information of the fruit cells can be obtained and understood.
2. Materials and methods

2.1 Development of a 3D bio-microscope
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Obtaining the front view, top view and side view of a single cell in fruit is the necessary condition for
subsequent reconstruction of the 3D shape of a single cell. Therefore, a new bio-microscope (Fig. 1A)
developed in our plant mechanics laboratory is presented in this study. It is mainly composed of three
independent and orthogonal opto-electromechanical microscopic observation systems (Fig. 1B). This bio-
microscope allows the shape profile information of a single cell to be observed along the x, y, and z axes of the
xyz Cartesian coordinate system for obtaining its front view, side view and top view, respectively (Fig. 1B).
The opto-electromechanical microscopic system for observing the shape profile information of the cell from
the front view or side view direction mainly includes: an electronic eyepiece including a 1/2.5 inch CMOS
image sensor with a resolution of 5 million pixels (MC - D500U/TP, Phoenix Optical Co., Ltd., China), a
coated reduction lens with a magnification of 0.5X (RH - 0.5X, Nanjing Nanpai Technology Co., Ltd., China),
a lens tube, a nosepiece, an achromatic objective lens with a magnification of 4X (Jiangxi Phoenix Optical Co.,
Ltd., China), a triaxial linear micro-motion platform with an accuracy of 0.03 mm (LD90 - RM-2, Shenzhen
Huike Pneumatic Precision Machinery Co., Ltd., China), a LED light source with a power of 0.5 W (Shitong
- 1500, Shenzhen Jialetu Technology Co., Ltd., China). The opto-electromechanical microscope system for
observing the shape profile information of the cell from the top view direction mainly includes: an electronic
eyepiece including a 1/2.5 inch CMOS image sensor with a resolution of 5 million pixels, a coated reduction
lens with a magnification of 0.5X, a lens tube, a nosepiece, a focus adjustment mechanism (coarse focus range:
0 - 50 mm, fine focusing range: 1.8 - 2.2 mm), an achromatic objective lens with a magnification of 4X (XSP
- 30, Jiangxi Phoenix Optical Co., Ltd., China), an adjustable light source with a power of 0.5 W (Phenix - 00,
Jiangxi Phoenix Optical Technology Co., Ltd., China). The triaxial linear micro-motion platforms in the front-
view and side-view opto-electromechanical microscope systems are mainly used to adjust the field position of
objective lens view and the distance between the objective lens and the cell sample. The stage of the bio-
microscope is composed of a transparent cuboid glass chamber (length x width x height: 5 mm x 5 mm x 13
mm, wall thickness: 1 mm), a holder and a xy axis moving calliper (vertical adjustment range: 0 - 25 mm,
lateral adjustment range: 0 - 50 mm, accuracy: 0.1 mm). The glass chamber is mainly used to store buffers and
single living cells during the observation experiment, and the moving calliper is used to adjust the position of
glass chamber relative to the objective lens in the opto-electromechanical microscope system for positioning

the top view of the single cell sample in a reasonable view field.
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Fig. 1 Structure and working principle of the self-developed bio-microscope. (A) physical structure of the bio-
microscope, (B) working principle of the bio-microscope, (C) imaging principle of an opto-electromechanical
system.

The imaging principle of each opto-electromechanical observation system of this microscope is shown in

Fig.1C. The enlarged image |, was formed through the objective lens by an object | and the reduced image I,

6



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

was formed through the reduction lens by the object I, and, finally, an enlarged digital image s on the PC
screen was formed through the electronic eyepiece. Thus, the total magnification (M) of each observation
system was calculated by Eq. (1). The resolution of the bio-microscope (d) is used to indicate the resolving

power of the microscope, namely the smallest unit that the microscope can resolve, and was calculated by Eq.

).

b
M =M, My M3=M, M)~ 1)
a
L0612 _ 1222 ,
" NA  nsinu @

2.2 Isolation and reconstruction of 3D single cell in a fruit
2.2.1 Isolation of single cells in fruit

40 tomato fruit (2 varieties x 2 ripening stages x 10 samples) and 40 strawberry fruit (2 varieties x 2
ripening stages x 10 samples) were hand-picked in the greenhouse of a family farm in Yangling Agricultural
High-tech Industrial Demonstration Zone, China in March 2022. Two tomato varieties were ‘Provence’ and
‘Super taro’, and their two ripening stages referred to the pink (30 ~ 60 % area of fruit surface is pink or red)
and red (more than 90% of the fruit surface is pink or red) recognized by the reference of USDA (1991). The
strawberry varieties were ‘Benihoppe’ and Akihiime’, with two ripening stages recognized by the reference
of Rahman et al. (2016): 2/3rd maturity (the surface of the fruit turns from pink to red) and full maturity (80%
of the fruit surface area is deep red). When picking the same variety and ripening stage of fruit, the choosing
standards were fruits of similar shape and size, and free of pests and diseases. Finally, these fruit samples were
transported into the Plant Mechanics Research Group laboratory immediately within 1 hour and kept at room
temperature (22 £ 1 “C, 50 ~ 55 % RH) for 30 min before the test. Because the mesocarp of tomato fruit and
the cortex of strawberry fruit are the main part of the fruit flesh, the two tissues were used for isolating single
cells for the following study.

Taking the isolation of mesocarp cells in tomato fruit as an example, the steps were as follows. Firstly,
10 ml of purified water and 3 ml of 0.5 % aqueous methylene blue solution were dropped into a 50 ml glass
beaker, and a tomato fruit was cut into two halves along its longitudinal equatorial section using a sharp blade.
Subsequently, a cuboid sample of mesocarp tissue (length x width x thickness: 15 mm x 7 mm x 3 mm) was
cut down from the right half of the fruit by the homemade double-blade cutter. The surface of tomato mesocarp
sample was gently brushed using a woollen test tube brush with 20 mm diameter and some single cells were
isolated from the mesocarp sample and then transferred to the solution prepared in the glass beaker. Then the

single cells attached to the test tube brush were rinsed into the beaker with 6 ml purified water sucked by the
7
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pipette. The solution containing the single tomato cells was stirred well by a 4 mm diameter glass rod, and
then 3 ml of this solution containing single cells were transferred onto the slide using a 3 ml pipette. The slide
was then placed on the stage of a stereo microscope (XTL-165-MT, Phoenix Optical Co., Ltd., China), and the
magnification and focal length of the microscope were adjusted to clearly observe the single cells in the
solution. Only some single cells with intact morphology were selected with the help of the stereo microscope.
The cell which were too close to each other were dispersed as much as possible from other cells by the air
blown from the pipette, and using a dissecting needle if required (Li et al., 2016). Subsequently, the single cell
selected from the slide with a little solution around the cell was sucked into the pipette and then transferred to
a glass chamber with a 3 mm depth of purified water. The glass chamber was placed on the holder and secured
to the stage of the new bio-microscope, and the front view, top view and side view of the single cell were
synchronous transmitted into a Phenix software (Version: 3.0, Phoenix Optical Co., Ltd., China) of the
computer in real-time. Finally, the front view, top view and side view of the single cell were captured by
choosing different electron eyepiece channels in the software, respectively. Using similar method, totally 80
single tomato cells (2 varieties x 2 ripening stages x 20 samples) and 80 single strawberry cells (2 varieties x
2 ripening stages x 20 samples) were isolated and then observed one by one.

The images of 1 mm line segments on a standard calibration slide was obtained by Phenix software as a
measuring scale, and then the 3D size of single cells isolated from the tomato and strawberry fruit was
measured by a Digimizer image analysis software (Version: 5.4.4, Beijing Huanzhong Ruichi Technology Co.,
Ltd., China). Firstly, the longest diameter in the three views of the single cell was regarded as the major
diameter of single cell, and the diameter on equatorial section which was vertical to the major diameter on the
same image was considered as the minor diameter 1 of the single cell. Subsequently, the diameter which was
vertical to the major diameter and the minor diameter 1 was regarded as the minor diameter 2 of the single cell.
Finally, the geometric mean diameter of the single cell was calculated by Eq. (3) (An et al., 2020). The
sphericity of the cell which indicates the degree of deviation of the cell morphology from the standard sphere
was calculated by Eq. (4) (Han et al., 2022), and its surface area and volume were estimated by Eq. (5) and Eg.
(6), respectively (Singh et al., 2019).

In order to investigate the effect of fruit type, variety, ripening stage on the mechanical isolability of a
single cell based on the above operation method, the numbers of the cracked and total cells were counted after
single cells of tomato mesocarp and strawberry cortex were mechanically isolated. The methodology for single

cells isolated from tomato mesocarp is described here as an example. Firstly, a cuboid tissue sample (length x
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width x thickness: 15 mm x 7 mm x 3 mm) was cut down from tomato mesocarp by a home-made double-
blade cutter. A small beaker containing 10 ml of purified water and 3 ml of 0.5 % methylene blue aqueous
solution was placed below the tissue sample, and the largest surface of the sample was gently brushed 20 times
by a woollen test tube brush with a diameter of 20 mm. This brushing process allows some isolated single cells
to fall into the beaker. Subsequently, some purified water drops were dropped onto the test tube brush for
rinsing the single cells attached to the brush into the beaker using a pipette. The solution containing isolated
single cells was stirred for 5 s using a glass rod with a diameter of 4 mm, and then 5 ml solution was transferred
onto the slide by the pipette. Finally, the slide was placed on the movable stage of the optical bio-microscope
(PH100-3A41L-A, Phoenix Optical Co., Ltd., China). The optical bio-microscope was connected to the
computer through the electronic eyepiece and the magnification and focal length of the optical bio-microscope
was adjusted for observing the clear images of isolated single cells in solution. The solution containing single
cells on the slide was scanned line by line by moving the movable stage of the bio-microscope. Images were
captured when a single cell appeared in the view field of the bio-microscope. After the solution containing
single cells on the slide was scanned completely, the images of all single cells on the slide were saved, and
then the numbers of the cracked and total cells were counted. The crack rate of single cells isolated using the
above method was calculated by Eq. (7). Furthermore, single cells in strawberry cortex were isolated by the

same method to count the number of the cracked and total cells.

GMD = (LD, D,)"? (3)
_ GMD A
0= 7 (4)
S=mn(LD;D,)"” (%)
p_4 L Di D §
= 1)) (6)
N,
P, = NL“k x 100 % (7)
total

2.2.2 3D reconstruction of single cells in a fruit

From the perspective of engineering cartography, any 3D object in space has its corresponding three
views: front view, side view and top view, which can be used to reconstruct the unique 3D geometry. Therefore,
the idea of this study was to obtain the three views of a single cell using the self-developed bio-microscope
and then reversely reconstruct the 3D shape of the single cell by the SolidWorks CAD design software (Version:
2019, Dassault Systemes SOLIDWORKS Corp., France) (Fig. 2). The specific operation method was as

follows: (1) After a single cell was isolated using the experimental method described in section 2.2.1, the 2D
9
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front, side and top view images of the single cell in the x, y and z directions were obtained through three
independent and orthogonal opto-electromechanical microscope systems of the new developed bio-microscope,
respectively; and then these images were saved to the computer by the Phenix imaging processing software
(Fig. 2A). (2) The three views of the single cell were processed separately to obtain the geometric centre of
the single cell in each view using a Digimizer image analysis software and by adjusting the front view, side
view and top view of a single cell in three directions to place it in the three corresponding reference planes
(e.g., front plane, right plane, top plane) of the drawing space of SolidWorks software (Fig. 2B). This required
the three view images of the single cell to be perpendicular to each other and the geometric centre of the cell
was repeated to the origin of the Cartesian coordinate system in the software drawing space (Fig. 2C). (3) The
contour of the single cell on each view was sketched accurately by some operation commands, such as sketch
drawing and spline. To facilitate the following lofted surface operation, at each time only a half of the single
cell contour line was sketched. Some control points on each sketched contour spline curve of the single cell
were fine adjusted to ensure that there were two common intersections on the z axis for the front and side
contour lines of single cell, two common intersections on the y axis for the front and top contour lines of single
cell, and two common intersections on the x axis for the top and side contour lines of single cell (Fig. 2D). (4)
The contour lines of the single cell on the front view and side view were defined as the boundary lines whereas
the top view contour line was defined as the guide line, and a 1/4 single cell surface was reconstructed each
time using the operation command of lofted surface. In total, the whole surface of a single cell was fully created
by four times’ similar reconstruction operations as aforementioned . Subsequently, the operation command of
the constraint tangency to face was used to ensure that the transitions at the adjacent junctions of four 1/4
surfaces of a single cell were smooth (Fig. 2E). (5) The 3D geometric solid of the single cell was finally

generated using knit surface and merge entities functions (Fig. 2F).
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Fig. 2 3D reconstruction process of a single cell. (A) three views of a single cell, (B) obtaining the geometric
center of each cell view, (C) placing three geometric centers together, (D) sketching the contour line of each
cell view, (E) reconstructing the 1/4 cell surface, (F) generating the 3D geometric model of the single cell.
2.2.3 Validation of the method for reconstructing the 3D shape of single cell

In order to validate the accuracy of the above proposed 3D reconstruction method of a single cell, some
geometric parameters of eight real single cells were compared to that of their corresponding 3D reconstructed
cell models. Because the geometric size of cells is very small, five geometric parameters (e.g., major diameter,
minor diameter 1 and 2, projection perimeter and projection area), which are easily measured by the existing
commercial microscopes, were selected for this validation. The projection perimeter referred to the average

value of the projection perimeters of the single cell in the three views and was calculated by Eq. (8), the
11
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projection area referred to the average value of the projection areas of the single cell in the three views and

was calculated by Eq. (9).
_ (Cpl + Cp2 + Cp3)
P 3
_ (Spl + Sp2 + Sp3)
P 3

The measurement of the geometric parameters of real single cells: eight single cells (2 fruit types x 2

®)

)

varieties x 2 ripening stages) were selected from the tomato and strawberry single cells isolated in Section
2.2.1. Subsequently, five geometric parameters (e.g., major diameter, minor diameter 1 and 2, projection
perimeter and projection area) of the selected single cells were measured by the Digimizer image analysis
software.

The measurement of the geometric parameters of 3D reconstructed model: eight selected single fruit cells
were 3D reconstructed by the method in described in Section 2.2.2.  Subsequently, the three views of each
3D reconstructed cell model were generated by the SolidWorks CAD software, and imported into the
Digimizer image analysis software for the measurement of five geometric parameters (e.g., major diameter,
minor diameter 1 and 2, projection perimeter and projection area). Finally, the geometric parameters of the
eight 3D reconstructed cell models were measured and recorded.

3. Results and discussion
3.1 Geometric size of isolated single cells in tomato and strawberry fruit

Table 1 lists the geometric parameters of fruit tissue cells isolated at different ripening stages with the
method of brushing the surface of the fruit tissue by the test tube brush. The results showed that this mechanical
isolation method can be used to isolate cells from ‘Provence’ and ‘Super taro’ tomato mesocarp tissue with the
geometric mean diameter, sphericity, surface area and volume of 259 ~ 333 um, 0.74 ~ 0.84, 2.1 x 10° ~ 3.7
x 10° um?2, 9.2 x 10° ~ 2.3 x 10" um 3, respectively. The same method was proved appropriate for isolating
cells from ‘Benihoppe’ and ‘Akihiime’ strawberry cortex tissue with the geometric mean diameter, sphericity,
surface area and volume of 167 ~ 259 um, 0.73 ~ 0.75, 9.3 x 10* ~ 2.2 x 10° um?, 2.9 x 10° ~ 9.7 x 10° pm?3,
respectively. The geometric mean diameter, sphericity, surface area and volume of fruit single cells were
significantly different between tomato and strawberry (p < 0.05), and the geometric mean diameter, surface
area and volume of mesocarp cells from tomato fruit were larger than those of cortex cells from strawberry
fruit. The expansion of tomato fruit cells begins after fruit setting, accompanied by cell division which lasts
for 1 ~ 2 weeks. This phase is followed by the second stage of cell expansion with no cells division and

continues throughout the fruit growth period (Azzi et al., 2015), and then the volume of a single cell in the
12
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mesocarp tissue of the tomato fruit could increase by about 30000 times compared to the initial cell volume.
On other hand, the maximum cell diameter could be increased to 0.5 mm at the end of the second stage in cell-
expansion, which is mainly due to the dramatic increase in the vacuolar volume and vacuolation index of fruit
cells (Bourdon et al., 2010). By contrast, the strawberry fruit cells are generally dominated by cell division
within 10 days after anthesis while the cell expansion dominated fruit growth within the following 10 to 20
days by water uptake (Merlaen et al., 2018) whereas the cell division continues throughout the ripening period
of strawberry fruit growth (Chevalier et al., 2011). The increasing of the size and mass of strawberry fruit was
mainly the result of strawberry cells expansion, and cells division only accounted for 15 ~ 20 % of the total
fruit growth. Moreover, the average volume of strawberry cortex cells at 30 days after flowering was 0.006
mm?3, which was 12 times larger than that at 5 days after flowering (Vallarino et al., 2018).

The size of fruit cells mainly depends on the gene and the growth environment of the plant. Tomato
belongs to the Solanum genus in the Solanaceae family, and strawberry belongs to the Fragaria genus in the
Rosaceae family. Because the two fruits belong to different families and genera, there are large differences
in gene composition and physiological regulation between tomato and strawberry (Gaston et al., 2020). The
growth of cell is controlled by multiple gene networks at the subcellular scale, and the cell size is closely
correlated with the number of endoreduplication cycles in tomato fruit and cell cycle regulation, which
indicates that cell size is tied to endoreduplication or cell division (Fanwoua et al., 2013). For tomato fruit, the
CDKAL1 induced mitosis across the pericarp and altered the endoreduplication index, and its overexpression
indirectly affected pericarp cell expansion (Azzi et al., 2015). It was found that transgenic tomato plants
where the WEE1 gene has been suppressed produced smaller fruit and smaller cells in fruit tissue (Gonzalez
et al., 2007). Furthermore the overexpression of the SICCS52A gene accelerated endo-reduplication after
tomato anthesis and up to 3 days, resulting in an increase in pericarp cell size (Mathieu-Rivet et al., 2010). For
strawberry fruit, the expression of FaGID1c receptor reached its highest level in the white receptacle, and the
gibberellin is likely to be involved directly in the development of the receptacle by promoting cell expansion
mainly during the white stage (Csukasi et al., 2011). Zhou et al. (2021) found that the FveRGA1 gene is a
key regulator of fruit set and can repress the expression of cells division and expansion whereas the
overexpression of FaGAST?2 promotes a reduction in the transgenic fruit size and plant development probably
through the reduction in cell size (Moyano-Canete et al., 2013).

Plant growth occurs through concerted water uptake and irreversible cell wall expansion. Cell size and

shape are controlled by the mechanism governing cells expansion which determines the morphology of tissues
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and organs. (Li et al., 2014). Pattison et al. (2013) found that seeds are a source of auxin that diffuses, or is
transported to other fruit tissues where it promotes growth by cell division and expansion. In many fleshy fruit
including tomato, the sugar input into the cells in the form of sucrose is converted to glucose and fructose by
invertase, or fructose and UDP glucose by sucrose synthase (Massot et al., 2010), and the accumulation of
carbohydrates and sucrose in the fruit cell leads to a gradient of osmotic pressure. This pressure gradient then
resulted in an increaseddiffusion of water, notably via aquaporins, and subsequently cell expansion, which
relies on cell wall plasticity, determined partly by the activity of enzymes related to the synthesis or degradation
of cell wall components in the epidermis as well as in the pericarp (Prudent et al., 2010).

Table 1 Geometric parameters of the isolated cells in tomato and strawberry fruit at different ripening stages.

Tomato fruit cells Strawberry fruit cells

Geometric ‘Provence’ variety ‘Super taro’ variety ‘Benihoppe’ variety ‘Akihiime’ variety
parameters 2/3rd Full 2/3rd Full
Pink Red Pink Red
maturity maturity maturity maturity
L, um 313+49 477 + 87 354+71 343 £ 68 223+51 305 £ 65 254 + 58 362 £ 69
D1, um 259+ 34 336+94 295+ 43 247 £51 168 + 48 227 £50 180+ 31 265 £ 54
Dz, um 208 + 40 248 + 80 241 + 44 200 + 32 127 £ 37 166 £ 51 147 + 29 187 + 40
GMD, pm 255+ 34 333+£79 292 £ 44 255+ 38 167 £ 40 224 £ 49 18731 259 + 39
® 0.82+0.08 0.74+£0.12 084+009 0.76+0.10 0.75+0.07 0.74+£0.10 0.75+0.11 0.73+£0.10
(21+05) (37+12) (27+08) (21+06) (0.9+04) (1.6+07) (1.1%03) (2.2+06)
S, um?
x10% x10% x10% x10° x10% x10° x10° x10°
(92+36) (23+18) (14+06) (93+41) (29+16) (6.7+52) (3.7%£20) (9.7+42)
V, um?
%108 x107 x107 x108 x108 x108 x108 x108

Table 2 showed the numbers of the cracked and isolated total cells from tomato and strawberry fruit.
Under the same experimental conditions, the isolability of single cells from fruit was qualitatively described
with the total number of isolated single cells. The total number of isolated single cells was significantly
difference between two fruit types and between two ripening stages. The total number of single cells isolated
from tomato mesocarp was higher than that isolated from the cortex of the strawberry. Similarly, the total
number of single cells isolated from fully ripe fruit was higher when compared to less ripe fruit. These results
indicate better isolability of single cells from tomato fruit and well ripe fruit when compared to strawberry
fruit and less ripe fruit. As we known, the general structure of the fruit cell wall surface contains microfibrils
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embedded in an amorphous matrix, resulting in a rigid and compact mesh-like network. The structure of the
plant cell wall is composed of 3D network of polysaccharide complexes that served as a passive barrier
between the interior of the cell (together with the semipermeable cell cytoplasmic membrane) and the
surrounding environment (Abud et al., 2013). In order to maintain appropriate cellular hydration and bind cells
together to produce fruit tissue, pectin forms a soluble, highly hydrated, and gelling fraction that is localised
on the outer wall surface as well as an insoluble one connected to cellulose structure by many hydrogen bonds
(Kaczkowski, 2003). Moreover, pectin is the most complex polysaccharide on the cell wall in tomato and
many other fleshy fruit, which plays an important role in intercellular adhesion (Van et al., 2022). Pectin
undergoes de-esterification during fruit development and ripening, and the de-esterified homogalacturonan can
be cleaved by other cell wall-based enzymes, such as polygalacturonase and pectate lyase, which results in cell
wall loosening and weakening of the intercellular connections (Wen et al., 2013). Hence, single cells could not
be isolated from green tomato fruit tissue because the fruit tissue is not mature enough, and cells at this ripening
stage are small and bound together more tightly (Blewett and Jennifer 2000). It is evident that the isolability
of single cells increases with the increased degree of fruit ripening. There was no difference in the crack rate
of the isolated single cells among fruit types. It may be related to the method of cell isolation used in this study.
Results showed that the most suitable test material for single cell isolation by this method is the red-ripe tomato
mesocarp tissue.

Table 2 Number of cracked cells in tomato and strawberry fruit after isolation

Fruit type Variety Ripening stage Niotal Nerack Pc, %0
Pink 98 9 9.1
Provence
Red 114 7 6.1
Tomato
Pink 92 9 9.7
Super taro
Red 115 11 9.5
2/3rd maturity 51 4 7.8
Benihoppe
Full maturity 84 7 5.9
Strawberry
2/3rd maturity 71 7 9.8
Akihiime
Full maturity 87 8 9.1

3.2 Performance of the 3D single-cell reconstructing method
Figure 3 shows the 3D reconstruction results of 4 tomato cells and 4 strawberry cells. In each line, the left
side presented three-view images of each single cell, namely top-view image, front-view image and side-view
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image; and the right side presented the reconstructed 3D geometric model of the corresponding single cell.
Obviously, the shape of single cells in fruit tissue is extremely irregular and difficult to be expressed with an
existing shape descriptive term. Table 3 is a comparison between the geometric parameters of real- and
reconstructed cells for tomato and strawberry fruit. The relative error in a geometric parameter is the percentage
ratio of the discrepancy between the real value (the geometric parameter value measured from a real single
cell) and model value (the geometric parameter value measured from its reconstructed cell model) to the real
value, which is used to judge the accuracy of the reconstructed 3D model of a single cell based on the above
proposed method in Section 2.2.2. The result showed that the average relative errors of the reconstructed single
cells in the major diameter, minor diameter 1, minor diameter 2, projection perimeter and projection area were
4.04 %, 6.25 %, 5.71 %, 1.69 % and 3.79 %, respectively. The relative error of each measured geometric
parameter was less than 10 %, which proved the good accuracy of the proposed reconstruction 3D model of a
single cell. Hence, a promising 3D shape reconstruction technology was formed by combining the newly
developed bio-microscope with the proposed 3D geometrical modelling method for a single fruit cell to extract
real and detailed cell morphology information. This method can also find applications in other fields such as
human and animal cell where soft particles’ 3D shape analysis is important.

Previous studies have been done on the observation and reconstruction of 3D information at the cell scale
of fruit. For example, an environmental scanning microscope an confocal laser scanning microscope were used
to observe 2D surface morphology characteristics of fruit tissues containing partial depth information
(D’Andrea et al., 2014), and the micro-CT technique was used to observe the 3D information of cells inside
fruit tissue (Mebatsion et al., 2010; Vicent et al., 2017; Wang et al., 2018). The working principle of the
confocal laser scanning microscope is that a sample is scaned point-by-point and line-by-line by the laser, and
the lens depth is adjusted to scan the sample layer by layer and combine the images of each layer into a 2D
image with the 3D feel (Amos et al., 2003). When the extraction of a fruit tissue chip is observed by this
method, only part of depth information on the cell surface that is not blocked can be obtained from the top
view, and it is diffcult to obtain the fully 3D morphological information of a single cell due to different
overlapping cells in the tissue. Moreover, long time’s laser scaning will produce the toxic light to damage the
tissue cells (Arora et al., 2018). For X-ray micro-CT technology an X-ray source provides the energy beam or
X-rays to penetrate the sample which are then captured by the X-ray detector as a 2D projection imageof an
object in different depth based on the attenuation of the energy beam. Different X-ray projection images are

captured when the sample is rotated on the rotational stage by fractions of a degree. The obtained series of X-
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ray projection images are computed into cross-sectional images which can be futher processed into 3D models
(Zhou et al., 2018). When the micro-CT technology is used to observe a block of fruit tissue, there are always
some overlapping between adjacent cells in the tissue, so the 3D morphological information of a single cell
cannot be fully observed. In addition, a single cell is a living body and it requires a buffer solution to maintain
its activity during the observation. If the cell is placed in a glass chamber with buffer solution for observation
by micro-CT, the energy attenuation of X-ray passing through the single cell is much smaller than that through
the chamber, so the detector of the micro-CT equipment cannot reflect the energy attenuation law of X-ray
transmitted through the single cell. In this study, the proposed rescontruction method is to obtain the three
views of a single cell by self-developed bio-microscope and then rescontruct the 3D single cell by a CAD
software, which appear to be similar to the visual hull algorithm reported earlier by Laurentini (1994), Matusik
et al. (2000) and Kleinkort et al. (2017). It is found that the visual hull method can only rescontruct the convex
3D shape of an object’s surface, and is not suitable for the object with concavities. For a fruit cell, its internal
turgor pressure generally forces the cell wall to expand outward to form a certain degree of convex cell shape.
Hence, the previous references also validated that the 3D single cell reconstruction method is effective. In
summary, the confocal laser scanning microscope and micro-CT instrument always observe the tiny tissue
samples while the method proposed in this paper allows the observation of living single cells one by one

thereby yielding a more accurate detailed information about the sample.
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Table 3 Geometric parameters of real- and reconstructed cells for tomato and strawberry fruit.

Tomato fruit cells Strawberry fruit cells
Average
Provence Super taro Benihoppe Akihiime
Geometric parameters relative
2/3rd Full 2/3rd Full
Pink Red Pink Red error, %
maturity maturity maturity maturity
L Real value, um 503 584 450 355 212 310 287 443 4.04 £
Model value, um 482 551 470 351 205 272 279 420 1.59
Relative error, %  4.17 5.65 4.26 1.13 3.30 5.81 2.79 5.19
D1 Real value, pm 388 355 313 237 109 167 185 221 6.25+
Model value, pm 359 344 362 262 107 179 201 239 2.49
Relative error, % 7.47 3.10 8.01 5.73 1.83 8.38 7.96 7.53
D, Real value, um 338 272 350 344 156 258 188 162 571+
Model value, um 333 327 362 311 145 281 194 191 2.70
Relative error, %  1.48 8.87 331 6.89 7.05 8.19 3.09 6.81
Cp Real value, um 1235 1186 1177 959 465 790 657 955 1.69+
Model value, pm 1249 1232 1176 976 460 785 673 981 1.12

Relative error, %  1.09 3.76 0.08 1.74 1.15 0.67 2.38 2.62
Sp Real value, um?  1.25 x 10°9.20 x 10*9.77 x 10* 6.93 x10* 1.47 x10* 4.27 x10* 3.13 x10* 6.70 x10* 3.79
Model value, pm? 1.18 x 10% 9.97 x10* 1.10 x 10° 7.10 x10* 1.47 x10* 4.37 x10* 3.37 x10* 6.53 x10* 2.66

Relative error, % 5.60 7.69 2.98 2.35 0.00 2.29 6.93 2.49

Note: ‘Provence’ and ‘Super taro’ — two tomato varieties, ‘Benihoppe’ and ‘Akihiime’ - two strawberry
varieties.
3.3 Potential source of error and mitigations

Table 3 highlights an average relative error range of 1.69 to 6.25% between real- and reconstructed single
cell based on the proposed 3D single cell reconstruction method. Potential sources of errors could include the
following. (1) There may be some errors introduced during the 3D geometric reconstructing process of the
single cell. The contour line on each view of the single cell was geometric generated by splining some contour
points captured manually from each view image. Because it is difficult to very accurately extract the contour
points of the single cell from each view image manually, it is impossible to guarantee that the generated spline
curve coincides exactly with the actual contour line of the single cell. Therefore, researchers can only extract
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the contour points of the single cell as much as possible for ensuring that the sketched contour line coincides
with the actual contour line of the single cell. Furthermore, in the reconstruction process as presented in Section
2.2.2, in order to ensure that the three views have two common intersections on each coordinate axis, some of
the captured contour points on each view image need fine-tuning, so this process might introduce some errors
as it could slightly affect the real single fruit cell shape. (2) There may be some errors in the measurement
process of the geometric size of the single-cell model. After a single cell is 3D geometric reconstructed, its
diameter was manually measured by marking two measurement points on each view image of the 3D single
cell model. The selected measurement points on the cell model images may be slightly different from the
measurement points on the real single cell. This source of error can be reduced by ensuring that the
measurement point selected to measure the size of the single cell 3D model coincides with the measurement
point selected to measure the actual size of the single cell as much as possible. (3) The shape of the cell is very
complex, and there may be some tiny features on the cell surface, such as folds and particles. The proposed
3D single cell reconstruction method always ignores these special tiny features, and only uses some main
contour information of a single cell in three views. Therefore, the proposed method can reconstruct the main
3D morphological features of a single cell, but cannot express some more tiny features on the surface of a cell.
Thusthere exist some differences between the 3D reconstruction cell model and the real single cell, although,
the level of errors is within the acceptable limit Perhaps more directional views of a single cell can be applied
to this reconstruction method to improve this accuracy in the future research.
4. Conclusion

This study provides a method to reconstruct the 3D shape of a single cell in fruit. A newly developed bio-
microscope was used to extract view images of a single cell and then reconstruct the single cell with the aid of
the Solidworks CAD design software. This bio-microscope is made up of three independent and orthogonal
channels of light-mechatronic systems for obtaining the front view, top view and side view, and the software-
based 3D geometrical modelling technology reconstructed the 3D real shape of the single cell based on the
obtained three-view images. Results showed that the cells in the ripe tomato and strawberry tissues were more
suited to be observed for reconstruction by the newly developed 3D bio-microscope because these cells were
relatively easy to be mechanical isolated into non-cracked single cells. Because the single cell sample can be
observed from its front, top and side directions, the proposed reconstruction technology is different from the
existing observation methods by the confocal laser scanning microscope (partial depth information) or micro-

CT (X-ray computed tomography), and might show more abundant 3D shape information than the previous
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two methods. This new method could be applied to characterise other single soft particles such as vegetables

and animal cells as well as other colloidal particles with broad industrial applications.
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