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Abstract

Modern imaging approaches enable the acquisition of 3D and 4D datasets capturing plant organ development at
cellular resolution. Computational analyses of these data enable the digitization and analysis of individual cells. In
order to fully harness the information encoded within these datasets, annotation of the cell types within organs

may be performed. This enables data points to be placed within the context of their position and identity, and for
equivalent cell types to be compared between samples. The shoot apical meristem (SAM) in plants is the apical stem
cell niche from which all above ground organs are derived. We developed 3DCellAtlas Meristem which enables the
complete cellular annotation of all cells within the SAM with up to 96% accuracy across all cell types in Arabidopsis
and 99% accuracy in tomato SAMs. Successive layers of cells are identified along with the central stem cells, boundary
regions, and layers within developing primordia. Geometric analyses provide insight into the morphogenetic pro-
cess that occurs during these developmental processes. Coupling these digital analyses with reporter expression will
enable multidimensional analyses to be performed at single cell resolution. This provides a rapid and robust means
to perform comprehensive cellular annotation of plant SAMs and digital single cell analyses, including cell geometry
and gene expression. This fills a key gap in our ability to analyse and understand complex multicellular biology in the

Organ growth

apical plant stem cell niche and paves the way for digital cellular atlases and analyses.
Keywords: Shoot apical meristem, Cell atlas, Cell annotation, 3D imaging, Arabidopsis, Tomato, Cell segmentation,

Background

The ability to accurately capture, quantify and compare
phenotypes across scales is central to understanding
genome function, and establishing genotype—phenotype
relationships. In plants this has been largely examined at
macroscopic levels [12, 15].

Due to advances in sample preparation [7, 8, 33, 34]
and microscopy [22], full 3D and 4D cellular resolution
imaging of whole plant organs are now routinely being
generated [2, 16, 27, 29, 37, 39]. The computational analy-
sis of these image datasets can provide outputs that can
bridge the organ, cellular and molecular scales [6, 9, 13].
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Plant developmental biology has made use of many of
these techniques to understand the basis of growth and
development, both in terms of cell growth [2] and cell
division and lineage tracking [17, 24, 37, 39].

With the continued generation of these informative
organ-wide 3D cellular datasets comes the need to
extract biologically meaningful information. Similar
to gene expression datasets, quantitative 3D cellular
images require annotation in order to contextualize
the data obtained into cell identity and position [26].
The inability to perform cellular annotation represents
an obstacle in the ability to analyse these quantitative
image datasets, to extract their key biologically signifi-
cant features through the functional annotation of data
points (cells), and to identify equivalent data points
between different samples. In this instance, individual
cells and their properties can be treated as quantita-
tive data points within the complex structure of a plant
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organ. The annotation of cells within organs based on
their identity and/or position enables their context
within an organ to be established, and their associated
data to be analysed accordingly.

We previously developed a computational pipeline
named 3DCellAtlas which performs both cellular anno-
tation and position identification within radially sym-
metric organs, enabling digital single cell analyses [28].
Not all plant organs are radially symmetric, making this
approach limited to those which share this symmetry.

The shoot apical meristem (SAM) in plants is the api-
cal stem cell niche from which all above ground organs
develop, and is the subject of intensive study across
numerous labs [4, 18, 37]. Both 3D and 4D cellular
resolution imaging of the SAM is now being routinely
performed by a variety of labs [3, 11, 21, 23, 37], with soft-
ware to perform automated cell lineage tracking [16] and
registration [27] having been developed. These represent
rich dynamic datasets which have yielded novel insights
into plant stem cell biology and organ development.

Here we report the development of a software package
called 3DCellAtlas Meristem. This software accurately
annotates all cells within 3D cellular resolution segmen-
tation of dicot SAMs. Cell types identified include the dif-
ferent cell layers representing the L1, L2 and underlying
L3 cells, the restricted stem cell niche, and the boundary
region between the central zone and organ primordia.
Cell types within the primordia are also identified.

Implementation

The acquisition and 3D cellular segmentation of z-stacks
of living plant SAMs have been described previously
[3, 11, 16]. The segmentation and polygonal meshing
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processes are performed within the freely available soft-
ware MorphoGraphX [11]. 3DCellAtlas Meristem has
been implemented within this software to streamline its
use and enable widespread distribution and uptake. The
code has been implemented in such a way that the users
can run 3DCellAtlas Meristem exclusively using the GUI
provided within MorphoGraphX.

Following the 3D segmentation of the cells in the SAM
[11, 16], a second mesh describing the surface of the
SAM is generated as described previously [28] (Fig. 1,
Additional file 1).

The first process “Label Meristem” then proceeds to
perform the primary annotation of all cells in the SAM.
A parameter called “Minimum Cell Volume” enables the
user to exclude cells from the analysis which are below a
certain cell size. The identification of cell position across
the successive layers of the meristem (L1-L3) is then
achieved by calculating the centroid x. of each cell i in
the meristem in the manner previously described [11,
28]. For each centroid, the nearest point on the surface
mesh x! is then calculated, forming a vector t' = x! — x!
for each cell. This vector induces the axis of a cone M
for each cell, with the cell centroid at the vertex, and the
nearest point on the surface mesh at the centre of the
base (Fig. 2a). Then, for each cell centroid xjc,j #+ i, we
check if the centroid lies within the cone M! using the
formula

. . (x’c —xé) -t
x, e M iff p7———— < cos¥,
| ]

X, — Xt
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Fig. 1 Schematic illustrating the workflow of 3DCellAtlas Meristem
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Fig. 2 a Schematic illustrating the use of cones to define cell axes
relative the surface of the SAM. b Definition of depth at which the
organizing centre is identified indicated as a blue line. ¢ The radius of
cells comprising the organizing centre show in the grey dashed line,
and selected cells in pink. Both the depth and radius used to identify
these cells are defined by the user

where 6 is the semi-cone angle of the cone M, a variable
parameter chosen to be 60°. Thus, the L1 cells are cho-
sen as the cells which have no other centroids inside their
cones. The cone angle 6 can be modified to accommodate
differences in the sizes of the cells being analysed, for
example in different species or in mutant meristems. The
L1 cells are then removed from the analysis, and the pro-
cess is repeated to identify the L2 cells, and then repeated
again to identify the L3 cells. All cells below the L2 layer
are given the same annotation identity.

The next step named “Mark Meristem” enables the user
to define the stem cell niche, or WUSCHEL zone [5], within
the central region of the meristem. Here the user selects
the cell at the top of the dome of the meristem, marking the
centre of the region where the stem cell niche resides. By
adjusting the parameter for the “Depth of the Organ Cen-
tre”, the distance of the stem cell niche from the surface
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can be altered (Fig. 2b). The Radius parameter adjusts how
wide the region selected is (Fig. 2c). This process calls upon
“Detect Layers” to mark the L1 and L2, and all cells below
the L2 are marked as L3, however the stem cell niche is not
overwritten by the L3 label, nor are the cells above it within
the L2 layer.

The final stage of the procedure allows for the separate
identification and annotation of the primordia within the
sample, and the boundary region between these develop-
ing organs and the central SAM. Here, users select each
primordium individually by clicking a cell on the top of
the mass of cells, and a cell in the saddle (boundary) region
between the primordium and central SAM. The Boolean
feature “Primordium Label Same” can be set to “No’, such
that each time a primordium is selected it is given differ-
ent cellular annotations, separating one primordium from
the next. The “Ratio Parameter” defines how large the
boundary region is between the primordium and SAM.
The “Absolute Distance Parameter” defines how deep the
boundary region is. Primordia can be sequentially selected
by iteratively running the “Mark Primordium” process.

The centroids of each cell then provide a set of three dif-
ferent coordinates xssar,%p,%p, which represent the 3D
locations of the SAM peak, primordium peak, and boundary
saddle respectively. The distances dsayr = ||¥sam — %p |l and
dp = ||xp — X || then provide a ratio for a weighted Voronoi
map for the cell centroids, such that for all cells i in the sample

I dan = i — xsanmll,

d d
P=<1is.t. r - P .
dgapg  dsam

The primordium P is the set of cells with centroids that
are relatively closer to the cell at the peak of the primor-
dium than the peak of the SAM, with weighting given by
the ratio of the distance from the primordium peak to the
boundary, and the distance from the SAM peak to the
boundary. This definition may be modified to include cells
in the boundary with a small distance § such that the Pri-
mordium, Boundary, and SAM are the sets P, B, S,

di d
P=<1is.t. r P ,
dgapy  dsam

d d. d
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giving the final delineation.
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Results

We followed this procedure using Arabidopsis floral
meristems and tomato vegetative meristems to test the
accuracy with which cell types can be identified. The pro-
cedure resulted in the comprehensive annotation of all
segmented cells within samples (Fig. 3).

To evaluate the effectiveness of this method, we calcu-
lated the accuracy by which cells are correctly identified in
the SAM (Table 1). We did not include the boundary zone
in this analysis as it requires a genetic marker to be prop-
erly identified [3].

Fig. 3 Cellular annotation of SAMs in a Arabidopsis and b tomato. L1
is indicated in light green, L2 in blue, L3 in yellow. Associated layers
above the organizing centres are cyan, maroon, and dark green,
respectively. The organizing centre is in light pink. The cell layers

in the primordia of the Arabidopsis meristem (a) are given distinct
colours

Table 1 Percentage accuracy for the cellular annotation
of layers in tomato and Arabidopsis SAMs

Cell type Tomato (%) Arabidopsis (%)
L1 99.8 99.2
L2 99.8 96.5
L3 99.3 96.3

Calculations are based on the percentage of cells that were correctly annotated
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The accuracy of this method principally depends upon
both the correct 3D segmentation of cells [2, 39], and
creation of a surface mesh that fits the SAM properly (see
Additional file 1) [11]. The extent to which cells are accu-
rately segmented depends on a number of factors including
image acquisition, post-processing, and editing [1, 10]. The
degree of user involvement in the correct segmentation of
cells will likely diminish over time as adaptive computa-
tional approaches to achieve this are developed [14, 25, 32].

In the tomato SAM [11] a very small fraction of cells were
not correctly identified, resulting in a greater than 99%
accuracy. Cells in the Arabidopsis SAM [19] were identified
with slightly less accuracy in the lower layers at 96%.

As there is no current method to annotate the cells of the
SAM, it was not possible to compare the accuracy of this to
other published methods.

Having accurately identified cell types in each tomato
and Arabidopsis SAMs, we quantified the geometric prop-
erties of cells across cell layers L1-L3 in each of these spe-
cies. In Arabidopsis, cell size is significantly different across
each of the layers, with the surface area progressively
increasing with increasing depth into the SAM (Fig. 4a).
The tomato SAM has a very different structure, with cells
in the L1 being the largest and cell size becoming progres-
sively smaller in successive layers (Fig. 4b). This highlights
the presence of distinct cellular organization in the SAM of
each of these species.

3DCellAtlas Meristem additionally annotates primordia
and the cells within these developing structures. We exam-
ined the size of cells across this developmental gradient
of organ formation in Arabidopsis. As expected, the total
number of cells in each layer increased across primordium
development (Fig. 4c). Cell size in layers in each of the suc-
cessive primordia followed a similar pattern, with the L1
having the smallest cells and L3 the largest (Figs. 4d—g).
This gradient of cell size is shared between developing pri-
mordia and the SAM in Arabidopsis.

3DCellAtlas Meristem also identifies the stem cell
niche in the central zone of the SAM using an area that
is defined by the user (Fig. 2). Coupled with this, the
boundary regions between the organ primordia and
central region of the SAM are also identified (Addi-
tional file 1). We compared cell sizes in each the stem
cell niche and boundary zones to the L3 cells of the
SAM to identify whether differences are present. Cells
in the boundary zone are significantly larger than those

(See figure on next page.)

Fig. 4 Comparison of size in distinct cell types identified using 3DCellAtlas Meristem. a Cell sizes in the L1-L3 in the Arabidopsis SAM. b Same
as a with the tomato SAM. ¢ Cell number in primordia 1 through 4 in each the L1-L3 in Arabidopsis. d Cell sizes in the L1-L3 of floral primordia
1in Arabidopsis. @ Same as d with primordia 2. f Same as d with primordia 3. g Same as d with primordia 4. h Cells sizes in the stem cell niche

and boundary zones in the Arabidopsis SAM. An asterisk denotes significance at the p <0.05 level (¢ test with Bonferroni corrected p value,

p<108x1073)
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in the stem cell niche or the remaining L3 in Arabidop-
sis (Fig. 4h).

Having characterized the distribution of cell sizes
across distinct cell populations of the SAM in tomato
and Arabidopsis, we next sought to examine the distri-
bution of cell shapes based on their anisotropy. Cells
in the Arabidopsis SAM are most anisotropic in the
underlying L3 layer and become progressively more
isotropic towards the L1 (Fig. 5a). A similar trend is
observed in the tomato SAM (Fig. 5b). This illustrates a
conserved gradient of cell shape between these species,
in contrast to the divergent distribution of cell sizes
(Fig. 4a, b).

Within the developing primordia a similar trend was
observed, where the L2 cells were most anisotropic,
and the L1 and L3 less so (Fig. 5¢c—f). A comparison of
the boundary zone to the stem cell niche revealed that
the stem cells are the most isotropic and boundary zone
cells the most anisotropic (Fig. 5g).

The movement of information across the multicellu-
lar SAM occurs principally through the shared inter-
faces between adjacent cells [30, 35]. We sought to
understand how the size of shared intercellular inter-
faces are distributed across each the Arabidopsis and
tomato SAM based on the cell type annotations derived
using 3DCellAtlas Meristem. We made use of our pre-
viously published algorithm to identify physical asso-
ciations between cells in segmented SAMs [28], and in
turn represent these as global cellular interaction net-
works (Fig. 6a, b).

In addition to identifying which cells are in contact with
one another, the script is also capable of calculating the
size of the shared intercellular interfaces. We plotted the
distribution of these intercellular interfaces within each
layer and between the L1 than the L2 separately. In both
Arabidopsis and tomato, the shared interface between
the layers is smaller than within the layers (Fig. 6c, d).
Interface sizes are greater within the L2 than the L1 in
Arabidopsis (Fig. 6¢), and greater within the L1 and L2 in
tomato SAMs (Fig. 6d). This reflects the larger cell sizes
in the L1 in tomato and L2 in Arabidopsis (Fig. 4a, b).
Collectively this reveals a similar cellular architecture to
be present within each tomato and Arabidopsis SAMs,
underpinning the intercellular path of molecular move-
ment through these multicellular systems. In light of the
need for information to move across layers in the SAM,
for example in the WUSCHEL-CLAVATAI loop which
mediates stem cell homeostasis [36], these genetic pro-
grams are acting across similar multicellular templates in
different species.
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Materials and methods

Image acquisition

Images of tomato (Solanum lycopersicum) and Arabi-
dopsis thaliana meristems were performed using living
tissues and an upright Leica SP8. Tomato meristems
were stained using propidium iodide as described pre-
viously [23]. Arabidopsis meristems were imaged using
a plasma membrane localized YFP construct described
previously [38].

3D Cell segmentation
The autoseeded 3D watershed algorithm was used to per-
form cellular segmentations as described previously [2, 11].

Cell shape analysis

Anisotropy was calculated using the PCAnalysis pro-
cess in MorphoGraphX, which abstracts the shape of
each cell into three principal vectors. The magnitudes
of these vectors are each divided by the sum of all three
vector magnitudes, and the maximum resulting value is
used to define anisotropy.

Topological analyses

Extraction of cellular connectivity networks was per-
formed as described previously [20, 28]. Analyses were
performed using NetworkX in Python [31].

Conclusion

The ability to semi-automatically annotate all cells in
diverse plant SAMs provides numerous exciting oppor-
tunities to analyse the structure of these cellular assem-
blies. The method described here works for dome-shaped
meristems, and serves its function at high accuracy. In
addition to the geometric analysis of cell shapes (Figs. 4,
5), this method may be used to understand cell type spe-
cific topological properties of the multicellular assem-
blies within the SAM (Fig. 6). As a proof of concept we
were able to identify differences in each of these domains
between Arabidopsis and tomato SAMs.

The compatability of datasets with this method is
facilitated by the inclusion of adaptive controls which
allow for the adjustment of key parameters needed to
achieve high accuracy annotations. Details of this are
included in the User Guide.

The use of fluorescence-based images with 3DCellAt-
las enables the simultaneous use of reporter constructs
within this context [11]. A boundary marker may be
used to delineate cells and perform segmentation, while
genetic reporters and biosensors can be integrated in a
second channel. MorphoGraphX enables the single cell
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quantification of reporters and thus paves the way for
digital single cell analysis of diverse reporter constructs
within the context of the SAM, as has been reported
previously for radially symmetric tissues [28].

This approach further enables cell type specific pheno-
typing of SAMs in plants which carry mutations result-
ing in both morphological and genetic perturbations.
The integration of this software into the popular and
freely available software MorphoGraphX [11], where 3D
cellular segmentation is routinely being performed, will
enable the rapid and seamless adoption of this novel soft-
ware, adding value to existing and novel datasets.

Additional file

[ Additional file 1. User guide for 3DCellAtlas Meristem. }
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