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Summary

In developing tissues, cells differentiate into distinct cell types and form complex spatial
patterns. How distinct patterning systems interact during tissue growth to shape tissue
composition and spatial organization remains poorly understood. Here, we investigate
this question in the abaxial leaf epidermis of Arabidopsis thaliana, in which the same pool
of progenitor cells gives rise to stomata, pavement cells, and giant cells. Using a quanti-
tative approach combining Euclidean and network-based spatial analysis, we show that
stomatal number and density are robust to reduced endoreduplication, whereas forced
endoreduplication actively competes with the stomatal lineage to reduce stomatal num-
ber. Furthermore, we show that the stomatal spatial pattern is also shaped by the broader
tissue context such as cell growth, cell division, and giant cell patterning, with distinct con-
sequences for stomatal spatial distribution and cellular arrangement. Our results highlight
that the interplay between patterning systems must be considered to understand how tis-
sue organization is established.

Keywords: Cellular patterns; Arabidopsis thaliana; stomata; giant cells; endoreduplication;
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Introduction

During development, initially identical cells differentiate into distinct cell types and form
spatial patterns. Multiple studies have investigated how one cell type becomes specified
from progenitor cells. However, tissues are often composed of more than two cell types,
each of which can originate from a different signalling pathway and undergo its own pat-
terning process. How the underlying patterning processess leading to each cell type in-
teract to shape tissue composition and spatial organization remains unclear. The abaxial
leaf epidermis of Arabidopsis thaliana provides an ideal model to address this question. It is
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composed of three main cell types — stomatal guard cells [1} 2], which appear in pairs to
form the stomatal complexes, pavement cells, and giant cells [3,/4,5] — each with distinct
functions [6]. Stomatal complexes, herein referred to as stomata, form a relatively regular
spatial pattern, separated by at least one cell due to lateral inhibition and lineage-specific
division orientation [7,[8,9]. Their patterns have been largely investigated in relation to
their function related to gas exchange and water use efficiency [10, 11,12]. Giant cells are
large endoreduplicated cells scattered throughout the tissue [3,!4], which become clustered
in the mature epidermis as a consequence of surrounding cell divisions [5}[13]. Although
stomatal patterning and giant cell patterning have been studied independently, whether
and how these two patterning systems interact during tissue growth to shape tissue orga-
nization remains an open question.

All cell types in the leaf epidermis arise from an initial pool of undifferentiated proto-
dermal cells. Although it is generally acknowledged that a gradient of cell proliferation
is followed by cell differentiation and the expansion of pavement cells from the tip to the
base of the leaf [14) 6], these processes can occur concurrently and simultaneously, and are
coordinated in a complex manner [15, 16, 17]. A subset of cells accumulate SPCH protein
and enters the stomatal lineage, a multi-stage program of asymmetric divisions generating
meristemoids and stomatal lineage ground cells (SLGCs), ultimately producing both stom-
ata and pavement cells [8, 7]. Cells from the stomatal lineage account for approximately
half of the epidermal cells [18]. The other protodermal cells can enter the endoreduplica-
tion cycle through the ATML1 pathway, forming giant cells [3,4, 5], while other becomes
pavement cells. These two programs, stomatal entry and giant cell specification, might
therefore compete for the same initial pool of protodermal cells. Yet, whether giant cell
patterning influences stomatal number or spatial organization, either through direct com-
petition or by altering the stomatal lineage program, remains unclear.

The spatial organization of stomata has been investigated in several studies [18)} [19] 9],
but almost exclusively from a point-pattern perspective measuring Euclidean distances
[20, 21]. This approach cannot distinguish whether observed spatial differences reflect a
discrete patterning mechanism or is the consequence of cell growth and shape changes.
Moreover, how cell division and endoreduplication influence stomatal spatial patterning
has not been extensively investigated.

Here, we adopt a quantitative image analysis approach combining Euclidean and network-
based spatial analysis to understand how giant cell patterning and cell division influence
stomatal number and spatial organization. We apply this approach to segmented images
of leaf epidermal tissues in wild-type and mutant genotypes of the giant cell specification
pathway [5]. We show that in addition to the stomatal signaling pathway, the stomatal
spatial pattern is also shaped by the broader tissue context: cell growth, cell division, and
giant cell patterning. These results highlight that the interplay between patterning sys-
tems must be considered to fully understand how is the mixture of cell types achieved in
leaves and how is stomatal organization established.
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Results

Stomatal number and density are robust to reduced endoreduplication
and increased cell division

It has been shown that a decrease in endoreduplication is compensated by the presence
of more small cells ([4,5]. However, it is unclear whether these small cells are pavement
cells formed after mitotic divisions or stomatal lineage cells formed through new stomatal
lineage entries. Here, we quantified the cell type composition in published images of leaf
regions of mutants affecting the giant cell specification pathway (Fig. [1A) ([5]. We quan-
tified the fraction, the absolute number (estimated using leaf size measurements [5]), and
the density (number divided by section area) of each cell types across three replicates.

In loss-of-function mutants, in which the giant cell fraction is significantly reduced, the
total number of cells was, as expected, increased, especially in Igo-2. The cell type com-
position was altered, with a significant increase in the fraction of pavement cells (Fig. [1B,
E) in all mutants, and a decrease in the stomatal index (i.e., the fraction of stomata cells in
the tissue) in dek1-4 and Igo-2. We observe that reducing giant cell numbers increase the
pavement cell fraction and decrease the stomatal fraction. In this case, a reduced stom-
atal fraction is expected regardless of whether a fate competition exists between stomatal
lineage entry and giant cell fate, since stomatal lineage initiation typically produces more
pavement cells than stomata (about 1.6 pavement cells per stomata), leading to a decrease
in stomatal fraction. Surprisingly, however, the absolute number of stomata remained ap-
proximately constant in all loss-of-function studied mutants (Fig. [ID). Similarly, while
pavement cell density increased, stomatal density remained largely unchanged. There-
fore, a reduction in giant cell formation is mostly compensated by the production of ad-
ditional pavement cells, but not by an increase in stomatal number. This result challenges
the possibility that that giant cell specification and stomatal initiation compete for a finite
pool of protodermal cells, and is consistent with previous findings in Igo-2 [22]. The abso-
lute number of pavement cells (Fig. [LC, D) significantly increased in all loss-of-function
mutants. In I[go-2, we observed a compensation of approximately 16 additional pavement
cells for each reduction of one giant cell compared to wild type.

Taken together, these results show that reducing the giant cell fraction alters tissue compo-
sition primarily through increased pavement cell production. This indicates that stomatal
number is robust to a decrease in giant cells and increased cell division, suggesting that
the initiation of stomatal patterning might not depend on the discrete number of cells and
be regulated at the continuous space (i.e., in micron or microns square units instead of
cell units) or at the tissue level if both patterning systems occur simultaneously. However,
these results should be interpreted with caution, as the reduction in giant cell number in
these mutants is relatively small, and subtle changes in stomatal number may not be sta-
tistically detectable.

Increasing giant cell number reduces both stomatal and pavement cell
numbers

We then investigated how promoting giant cell fate through the overexpression of ATML1
(ATML1-OX) and LGO (LGO-OX) impacts tissue cell type composition. In ATML1-OX and
LGO-0OX leaves, the total number of cells was strikingly reduced, with an estimate of 2-3
times fewer cells compared to wild type. In contrast to loss-of-function mutants, we ob-
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Figure 1: Giant cell patterning alters the cell type composition in the leaf epidermis. (A) Seg-
mented regions of the abaxial side of leaf epidermal tissues at 25 dpg, after cell type classification,
in the genotypes of the giant cell specification pathway: wild type, acr4-2, atml1-3, dek1-4, Igo-2,
LGO-0X, and ATML1-OX. These panels are reproduced from [5]. (B) Cell fraction (or proportion)
for each cell type in each genotype. The mean was averaged over three individual replicates. (C)
Estimated cell number in the entire leaf blade for each cell type in each genotype. To estimate these
numbers, the number of cells in the segmented tissues was multiplied by the leaf size and a factor
of 0.9 (estimation of the blade surface) divided by the area of the segmented region. The mean was
averaged over three individual replicates. (D) Estimated cell numbers in the entire leaf blade in
each replicate for giant cells, pavement cells and stomata. (E) Cell fractions in each replicate for
giant cells, pavement cells and stomata. (F) Cell density in each replicate for giant cells, pavement
cells and stomata. In (A-C), giant cells are labeled in magenta, pavement cells in green, and stom-
ata in blue. In (D-F), Statistical tests were performed using t-tests. * represents a significance with
a p-value < 0.05.
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served a significant reduction in the absolute number of stomata (Fig. [ID). As a result,
the stomatal fraction was increased, whereas the pavement cell fraction was reduced (Fig.
[LE). This suggests that, when giant cell commitment is enhanced, some cells adopt a giant
cell fate instead of entering the stomatal lineage, raising the possibility of competition for
cell fate.

Interestingly, the two overexpression lines show distinct effects on tissue composition. In
ATML1-OX, giant cell fraction and overall cell type composition remains relatively sim-
ilar to wild type. By contrast, LGO-OX exhibits a much higher proportion of giant cells
and giant cell density, suggesting that additional cells are recruited into the giant cell fate.
We wondered whether stomatal lineage cells can also become giant cells. In wild type,
some stomatal lineage cells enlarge but do not reach the size threshold to be classified as
giant cells. In LGO-OX, we observed several stomata surrounded only by giant cells, indi-
cating that some stomatal lineage cells can endoreduplicate and become giant. This may
reduce stomatal production, as cells that endoreduplicate limit lineage amplification in
the stomatal lineage program. By contrast, ATML1-OX did not show obvious giant cells
surrounding stomata. Instead, pavement cells appeared smaller and were likely less im-
pacted by endoreduplication. This suggests that ATML1-OX does not promote giant cell
fate within the stomatal lineage.

Overall, this quantification indicates that giant cell formation can lead to a reduction of
stomatal production, either by reducing entry into the stomatal lineage or potentially by
altering its stomatal lineage progression in LGO-OX. Therefore, these results support the
existence of interplay between stomatal and giant cell patterning processes. However, al-
ternative explanations, such as earlier termination of organ growth or regulation at the
organ level, could also contribute to the reduction in cell number.

Distinct stomatal spatial distributions mask a similar cellular arrange-
ment due to cell size and shape

We have shown that giant cell formation via endoreduplication plays a role in the mix-
ture of cell types in the epidermis, by influencing the proportions and numbers of stomata
and pavement cells. Because we observed some differences in the stomatal spatial pattern
in our phenotypes (Fig. [LA), we asked how giant cell patterning influences the spatial pat-
terning of stomata.

To investigate the impact of giant cell patterning on the stomatal spatial pattern, spatial
quantification are required. Previous studies quantified stomatal patterns in Euclidean
space and concluded that stomata are locally ordered but randomly distributed at larger
scales [19, 18, 20]. However these analyses treated cells as points, potentially masking
order at the cellular scale due to cell size and shape heterogeneity [23]. Here, we quan-
tify stomatal patterns in both Euclidean space (referred to as "spatial distribution") and
network space (referred to as "cellular arrangement") to be able to distinguish changes in
patterning at the cellular level from effects of cell size and shape.

To investigate the effect of cell size and shape on stomatal distribution, we first compared
the stomatal pattern in leaves and sepals, which exhibit very distinct cell shapes despite
comparable cell type compositions. (Fig.[2A). In the Euclidean space, the average nearest
neighbor (ANN) between stomata was shorter in sepals (ANN 40 pm) compared with ma-
ture leaves (ANN=65 pum) (Fig. BJB), with less spread NN and k-nearest neighbor distance
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distributions, indicating that stomata are spatially more packed in sepals (Fig. 2B, C), and
that fewer stomata are at a large distance from other. At larger scales, stomatal patterns
were randomly organized in both organs, but randomness appeared at a shorter distance
in sepalsn as indicated by the pair correlation functions (Fig. [2D) (g close to 1 for r > 100
pum in leaves and for r > 30 um in sepals).

These findings highlight a difference in the spatial distribution of stomata between these
organs. However, this might be attributed to larger and more isotropic pavement cells in
the mature leaf, which may contribute to increasing the distance between stomata. To in-
vestigate this hypothesis, we analyzed the stomatal pattern in the developing leaf at 9 dpg,
where pavement cells are less expanded but stomatal differentiation is nearly complete.
Stomata were indeed closer spatially at 9 dpg (ANN = 35 um), and their overall spatial dis-
tribution was strikingly similar to those observed in sepals (Fig. lng, D). This suggests that
the expansion of pavement cells, including giant cells, is responsible for spacing stomata
in the Euclidean space as the leaf grows.

However, because the observed differences might also be attributable to a different topo-
logical arrangement within the tissue, we analyzed the analogous observables in network
space (Fig. RE-G). We found that the ANN and the k-NN distributions were relatively
similar in across organs. The estimated pair correlation function adapted to network space
(Fig. 2G) (see Methods) showed randomness after approximately 3 cells in both organs.
A notable difference remained: in sepals, nearest stomata were more frequently found at
a distance of 2 cells (Fig. IZIE—F), suggesting that sepal SLGCs undergo fewer spacing divi-
sions. Despite this, the mature leaf, the mature sepals, and the developing leaf exhibited
more similarities in network space than in Euclidean space (Fig. 2B-G). This supports
the idea that the same patterning mechanisms occur in leaves and sepals. These results
demonstrate the complementary value of the two spatial perspectives. The differences in
stomatal spatial distribution in Euclidean space between mature leaves and sepals, and
between 9 dpg and 25 dpg leaves, are mostly due to differences in cell sizes and shapes.
Cell expansion plays a role in spatially distributing stomata through a physical size effect,
independently of the stomatal patterning mechanism itself.

Loss of giant cells alters stomatal arrangement but preserves stomatal dis-
tribution

Because stomatal entry and giant cell specification can occur simultaneously during tissue
growth, we asked whether reducing giant cell number affects stomatal spatial organiza-
tion. We quantified the stomatal pattern in loss-of-function mutants using both Euclidean
and network metrics (Figs. [3} |4/ and Fig.[S2).

In the Euclidean space, the spatial distribution of stomata was largely preserved across
all mutants. The NN distributions exhibited a peak at around 45, um and the ANN and
k-ANN were not significantly different from wild type (Fig. EJB, D and Fig. |S_2A, C). How-
ever, some subtle differences could be observed: the first peak at around 45, ym was more
pronounced in dek1-4 and Igo-2 and the second peak at around 90, pm more pronounced
in Igo-2 (Fig. [3B), suggesting a slightly more regular local spacing in these mutants.

In the network space, however, more differences were observed, particularly in dek1-4 and
Igo-2. As the k-nearest neighbor distributions were shifted to the right, with a greater pro-
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Figure 2: Distinct stomatal spatial distributions in Euclidean space mask a similar cellular ar-
rangement in network space. (A) Segmented regions of a mature leaf (left), a mature sepal (mid-
dle), and a 9-dpg leaf (right) (stomata labeled in blue). (B-D) Spatial measures in the Euclidean
space to quantify the spatial distribution of stomata in the mature leaf (top), the mature sepal (mid-
dle), and the 9-dpg leaf (bottom). Stomata are considered here as point coordinates in the Euclidean
space (see wild type in Fig. ). (B) Nearest neighbor (NN) distributions (in pm) of stomata. The
vertical dotted line indicates the average nearest neighbor (ANN). (C) K nearest neighbor distri-
butions of stomata with k from 1 (first nearest neighbor) to 4 (fourth nearest neighbor): k = 1 is
dark blue, k = 2 is light blue, k = 3 is light red, and k = 4 is dark red. Vertical dotted lines indicate
each k average nearest neighbor (kANN). (D) Pair correlation function (see Methods) (g < 1 indi-
cates order, whereas g > 1 indicates clustering). (E-G) Spatial measures in the network space to
quantify the stomata spatial arrangement in the mature leaf (top), the mature sepal (middle), and
the 9-dpg leaf (bottom). Cells are here represented within the Network space (see wild type in Fig.
HlA). (E-G) are analogous measures of (B-D) in the network space. See also Figs. 3} |4 and Figs. [52
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Figure 3: Stomatal spatial distribution in the Euclidean space is unchanged in giant cell loss-
of-function mutants but altered when overexpressing ATML1 and LGO. (A) Cellular patterns
as point patterns. Scatter plots of cell center coordinates of one replicate for each genotype in the
Euclidean space. (B-D) Spatial measures in the Euclidean space to quantify the spatial distribution
(in pm) of stomata in: wild type, acr4-2, atml1-3, dek1-4, Igo-2, LGO-OX, and ATML1-OX. (B) Near-
est neighbor (NN) distributions of stomata. The vertical dotted line indicates the average nearest
neighbor (ANN). (C) K nearest neighbor distributions of stomata with k from 1 (first nearest neigh-
bor) to 4 (fourth nearest neighbor): k = 1 (first nearest neighbor) is dark blue, k = 2 is light blue,
k = 3is light red, and k = 4 is dark red. Vertical dotted lines indicate the k average nearest neigh-
bor (kANN). (D) Pair correlation function computed as the average number of cells found between
T and 1 + dr in comparison to a random point pattern (g > 1 indicates clustering, g < 1 indicates
dispersion, and g ~ 1 indicates randomness).
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portion of nearest stomata spaced by two cells and significantly higher ANN and k-ANN
(Fig. léJB—C and Fig. |S_2B—D) in dek1-4 and Igo-2, more pavement cells had formed between
stomata complexes. The effect was more pronounced in dek1-4 than in Igo-2 despite Igo-2
having more total cells. This could be due to the fact that newly formed cells in Igo-2 can
still enter the stomatal lineage [22], reducing the number of intercalated pavement cells
between stomatal complexes.

In conclusion, reducing giant cell number results in more cells being intercalated between
stomatal complexes in the tissue network, with only subtle effects on the spatial distribu-
tion of stomata within space. This indicates that stomatal spatial distribution is robust to
such perturbation, which is consistent with stomatal number conservation. Whether the
extra divisions occur before or after stomatal patterning remains unclear: if after, the ro-
bustness would reflect that these processes are temporally separated; if during, it would
suggest that the stomatal patterning is unaffected by an increased number of available
cells.

Overexpression of LGO and ATML]1 affects the spatial pattern of stom-
ata

In contrast to loss-of-function mutants, overexpression of LGO and ATMLI significantly
affects the stomatal spatial distribution, consistent with the observed reduction in stom-
atal number and density. In LGO-OX, stomata were more dispersed from each other, with
higher k-ANN values and more spread k-ANN distributions (Fig. [3B-D and Fig.[S2A, C),
and more dispersed patterns in the pair correlation function at larger distances (g < 1).
Locally, however, the first NN distribution still showed a peak at around 50, um (Fig. 3B).
Conversely, in ATML1-OX, stomata were more clustered, with lower k-ANN values but
also a more heterogeneous pattern across the tissue, with peaks in the pair correlation
function (g > 1) at about 40, um, 110, pm, and 160, um (Fig. Eﬁ—D).

In the network space, both LGO-OX and ATML1-OX exhibited a reduced ANN (Fig. 4B
and Fig. [S2B). In LGO-OX, a greater proportion of nearest stomata were found one cell
closer than in wild type (Fig. [4C), consistent with our previous observation that SLGCs
can become giant cells in this genotype. If SLGCs endoreduplicate instead of completing
spacing divisions, fewer cells would be expected between stomata. This suggests that the
increased Euclidean spacing in LGO-OX is due to larger giant cell size but not to more
intercalated cells. In ATML1-OX, stomata were observed more clustered in the network
compared to wild type (Fig. 4C). This raises question on wether most non-giant cells are
part of the stomatal lineage in this genotype.

In conclusion, both overexpression lines reduce stomatal number, but they affect stomatal
spatial organization differently and potentially through distinct mechanisms: LGO-OX
spread stomata through larger giant cell physical sizes, while ATMLI-OX creates hetero-
geneous regions dense in stomata. These distinct spatial organizations, which likely have
distinct consequences for stomatal function, were dissociable by using both network and
point pattern analyses. This highlights the importance of considering the tissue context to
understand how stomatal distribution is established.

Giant cells reduce network path length and increase tissue network con-
nectivity
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Figure 4: Stomatal spatial arrangement in the network space is influenced by giant cell pattern-
ing. (A) Cellular patterns as networks. Graph of one replicate for each genotype, with points rep-
resenting cell center coordinates and edges representing cell connections in the cellular network.
(B-D) Spatial measures in the network space to quantify the spatial arrangement (in edge number)
of stomata in: wild type, acr4-2, atml1-3, dek1-4, Igo-2, LGO-OX, and ATML1-OX. (B) Nearest neigh-
bor (NN) distributions of stomata. The vertical dotted line indicates the average nearest neighbor
(ANN). (C) K nearest neighbor distributions of stomata with k from 1 (first nearest neighbor) to
4 (fourth nearest neighbor): k = 1 (first nearest neighbor) is dark blue, k = 2 is light blue, k = 3
is light red, and k = 4 is dark red. Vertical dotted lines indicate the k average nearest neighbor
(kANN). (D) Pair correlation function computed as the average number of cells found between r
and r + dr in comparison to a random point pattern (g > 1 indicates clustering, g < 1 indicates
dispersion, and g ~ 1 indicates randomness).
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Beyond the spatial pattern of stomata, we wondered whether the whole tissue exhibits
distinct organizational features depending on the presence of giant cells. Giant cells are
few but have a large number of neighbors. Therefore, we asked whether they might in-
fluence the global connectivity of the tissue network. Recently, network theory [24, 25, 26]
has been used to describe global properties of cellular tissue organization, with some tis-
sues exhibiting small-world network properties characterized by potential high transport
efficiency [27, 28]. We used analogous observables [29] to investigate the global connec-
tivity of the epidermal tissue network (Fig. [5).

We found that mutants lacking giant cells exhibited a significantly higher average path
length between cells, such that the more small cells there are, the longer the average path
between cells (Fig. [5). By contrast, the average path length was significantly reduced in
ATMLI-OX and LGO-OX compared with wild type, and to a similar extent. The clustering
coefficient, reflecting the average number of neighbors per cell, followed the same trend,
with mutants exhibiting fewer neighbors and overexpression lines more (Fig. [5). Accord-
ingly, the global efficiency, which measures the extent to which cells are connected across
the tissue [29], was significantly decreased in mutants and increased in overexpression
lines (about 0.25 in ATML1-OX and 0.27 in LGO-OX compared with about 0.20 in wild

type) (Fig. ).

Collectively, these results show that giant cells, because of their large number of neigh-
bors, act as hubs within the tissue network, reducing the path length between cells and in
particular between stomatal complexes, which are otherwise relatively isolated from one
another in wild-type. Whether this has functional consequences for cell-to-cell signaling
remains unknown, but it suggests that the cell size heterogeneity produced by giant cells
has tissue-level organizational consequences beyond local patterning.
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Figure 5: Giant cells reduce network path length and increase tissue network connectivity. Tis-
sue level observables quantifying the connectivity between all cells in the tissue network [29] of
the genotypes. (Left) Average path length between cells and clustering coefficient. (Middle) Global
efficiency and local efficiency. (Right) Small world coefficient. Associated with Fig. E}
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Discussion

We investigated how giant cell patterning affects stomatal number and spatial organiza-
tion in the leaf epidermis. Our results show that stomatal number and density are robust
to reduced numbers of giant cells but sensitive when giant cell formation is enhanced. Fur-
thermore, in addition to the stomatal signaling pathway, the spatial distribution of stomata
is also shaped by cell growth, cell division, and giant cell patterning, illustrating the inter-
dependence between patterning systems in organizing the tissue.

We have shown quantitatively that the number of cells and tissue composition in the leaf
epidermis is affected by the giant cell pathway. Overexpression of ATMLI and LGO re-
sults in the production of fewer stomata and pavement cells, suggesting that entry into
endoreduplication can compete for fate by preventing entry into the stomatal lineage. In
addition, our spatial quantification suggests that LGO can promote giant cell formation in
stomatal lineage cells. This is consistent with the previous finding [22] that LGO can pro-
mote endoreduplication in meristematic mother cells, possibly by reducing SPCH activity,
but also in SLGC cells. In ATMLI-OX, however, our spatial quantification suggests that
stomatal entry is partially prevented by the giant cell pathway only in protodermal cells,
but not in stomatal lineage cells.

In mutants lacking giant cells, the cell type composition was altered by an increase in
the number of pavement cells, but the number of stomata was nearly the same as in wild
type. This suggests that reduced endoreduplication favors cell division, resulting in more
pavement cells, but does not necessarily promote stomatal entry. The robustness of stom-
atal number to changes in the total cell number in the epidermis could be consistent with
a model in which SPCH functions in a continuous manner in space throughout the tissue,
such that the number of available protodermal cells does not determine the number of
stomatal entries, but rather the overall tissue area. Alternatively, timing of differentiation
might be important. If divisions occur after stomatal entries, the robustness could simply
reflect the sequential nature of these processes. Distinguishing between these scenarios
would require live imaging of stomatal patterning dynamics in these mutants. It has been
observed that the number of stomata in /go-2 is lower than in wild type at the beginning
of tissue growth [22], whereas it is similar in the mature tissue [22], showing that newly
formed cells can still enter the stomatal lineage. We also observed that despite having
more cells in Igo-2 compared to dek1-4 or atml1-3, Igo-2 had slightly fewer cells between
stomata, which could be attributed to a decrease in the number of spacing and amplifying
divisions of meristemoids.

By studying the stomatal spatial distribution and cellular arrangement across wild-type
leaves, sepals, and genotypes involved in giant cell formation, we found that the stomatal
pattern can be affected in multiple ways by giant cell patterning. Cell size and shape con-
tribute to stomatal spacing independently of the patterning mechanism itself, as shown
by the comparison between leaves and sepals, but also by the LGO-OX phenotype, where
larger giant cells increase stomatal spacing in Euclidean space without altering their cel-
lular arrangement in the network. By contrast, cell divisions regulated by the giant cell
pathway alter the cellular arrangement in the network without disrupting the spatial dis-
tribution. Whether this reflects an active interaction with the stomatal pathway or a pas-
sive consequence of timing of differentiation is unclear.

Previous studies have often analyzed stomatal patterns from a point-pattern perspec-
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tive alone, making it challenging to determine whether spatial differences result from cell
shape or topological arrangement. Our results show that analyzing both the spatial distri-
bution in the Euclidean space and the cellular arrangement in the network space provides
complementary and necessary information to understand cellular patterning. Collectively,
our results indicate that both cell division and cell growth, including giant cell formation,
shape the stomatal spatial pattern. This likely has consequences for stomatal function,
as stomatal density, spacing, and distribution are known to influence gas exchange, wa-
ter use efficiency, and guard cell mechanics [10, 11, [12]. Stomatal patterning and giant
cell patterning mutually influence each other: proliferative cells have also been shown to
shape the giant cell pattern over time [5]. Therefore, in tissues composed of multiple cell
types, different patterning systems are interconnected and influence each other during tis-
sue growth. This highlights the importance of considering the broader tissue context and
the interplay between patterning systems to fully understand how cellular organization
is established.

Methods

Plant images

We reused the datasets from [5] for the new analyses performed in this manuscript.

Image processing and analysis

All the image segmentation and cell type classification were performed using the same
datasets and analysis pipelines as described in [5]. No additional image acquisition or
reprocessing was performed.

Cell type composition analysis

The tissue cell type composition in each experimental replicate was analyzed by com-
puting the number and fraction of each cell type. The fraction was calculated within the
segmented regions of the leaf (Fig. [1), and within a selected rectangular region of the
sepal (Fig. [1) to exclude cells at the edge and bottom of the sepal, which lack stomata.
This approach ensured a fair comparison between the two organs. The fraction for each
cell type ct (Fig. [1) was calculated as fo; = NSEetion /N9 ywhere N is the number
of cells of type ct in the segmented region, and Ny, is the total number of cells within
the region. The number of cells of type ct in the entire abaxial epidermis was computed
using the entire segmented epidermis in the sepal. In the leaf, as it was not possible to
obtain images of the entire leaf at 25 dpg, the total number of cells of type ct NPderms
in the abaxial epidermis was estimated in each replicate by using the leaf size as follows:
Ngfidermis = oNSeCHON (A ¢/ Agection), Where Ajeqs is the area of the leaf, Agection is the area
of the segmented cells, and o is the fraction of the leaf occupied by the leaf blade, which

we estimated to be 0 ~ 0.9.

Quantification of spatial cellular patterns

The quantification of the cellular spatial patterns were conducted using two distinct per-
spectives: the point pattern point of view, using cell center coordinates, and the network
point of view, where nodes represent cells and edges represent intercellular connections
[30]. The cell coordinates and cell graphs were computed using MorphoGraphX [31] 32].
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A custom Python script was employed to perform all the analyses.

The pairwise dj; distances between all cells of a given cell type ct (in this case, stomata)
were calculated. The distances were calculated in both the Euclidean space, by computing
the Euclidean distance between point coordinates, and in the network space, by comput-
ing the shortest path in number of edges between cells by using the NetworkX package
[33]. For each cell i, the nearest neighbor distance was computed as

NNi = min(dij)#i . (1)

To quantify the spatial distributions of the cell population locally, the distribution of the
nearest neighbor distances {NN;}I* ; was studied, and the average nearest neighbor dis-
tance ANN was then calculated as

] n
ANN = — 3 NNi, (2)

i=1

with n the number of cells of type ct. The k-nearest neighbor kNN; for each cell i was
also computed for k = 2, 3 and 4, as the k-th smallest distance in {dj; }]Tl:], and the average
k nearest neighbor distance kANN was calculated. To quantify the variability of the cell
local spatial distributions, the coefficient of variation (CV) was calculated for the first NN
as CVan = S(}\%S ), where sd(NN) is the standard deviation of the distribution and ANN
is the average.

To study the spatial organization of cells at a higher level, the average number of cells
at a distance r (or d in the network space, with d representing the number of edges) was
calculated as follows:

Ny =5 Y lr<dy<r+dr), 3)

i=1 jAi

where I(r < dij < 1+ dr) is an indicator function equal to 1 when the distance between
a pair of cells dj; lies between r and r + dr, and 0 otherwise. This was compared to the
average number of cells observed between a distance r and r + dr in a random reference,
denoted (Nyqndom (1)), which is the mean of the average number of cells at distance r across
multiple random simulations, to build an pair correlation function g as

(N(r))
<Nrandom(r)> )

Similarly to a radial distribution function, the pair correlation function g is used to quantify
the correlation between all the pairs of cells, indicating whether cells are more clustered
(g > 1) or less densely distributed (g < 1) compared to what is expected randomly within
each distance interval r and r + dr.

g(r) = (4)

To statistically test the randomness of the stomatal patterns in the wild-type leaves, the
same method as in [5] was used, by using the randomized tissues as a null model (Fig. ??).
Nyandom (1) Was calculated in every randomized tissue, and the pair correlation function
function was used as defined in Eq. |4}

In order to compare the stomatal patterns between leaves and sepals (Fig. [2) and between
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genotypes (Fig. [3|and Fig. [4), the null model were estimated without the help of the ran-
domized tissues. For point pattern analysis, N;qndom Was obtained by using a random
point pattern as a null model, utilizing the Python package pointpats [34]. For the net-
work analysis, N;qnqaom Was estimated by computing the average number of cells at each
edge distance of a stomata. This was followed by the calculation of the expected number
of stomata at each distance d as if they were placed randomly on the graph. In addition,
all of the observables (the NN distribution, the kNN distributions, the ANN, the kKANN,
and the pair correlation function g) were computed in individual replicates (Fig. [S2) and
in the pooled replicates (were all distances were considered together) (Fig. [3|and Fig. }4).

In addition to the distance-based measures, several metrics derived from network theory
[29, 24, 26] were calculated and averaged over all cells by using the Python package Net-
workX. These metrics were computed in different genotypes to assess the global efficiency
of the cellular connectivity (Fig.[5). The average path length is defined as the average path
length between all pair of cells. Each path length is the shortest path between two cells. The
clustering coefficient is computed as the average number of neighbors (or degree) in the
graph. The global efficiency, measuring the efficiency of communication across the whole
cellular network, is defined as the average of inverse distances (shortest path length) be-
tween all pairs of nodes in the network. The local efficiency, measuring the robustness
to random failure of nodes, is the global efficiency computed in the neighboring nodes
of each nodes and averaged over all nodes. The small-world coefficient is defined as the
ratio of the clustering coefficient of the network to the clustering coefficient of a random
network, normalized by the ratio of the average path length of the network to the one of a
random network. A high small-world coefficient indicates both high clustering and short
average path lengths.

Data availability

The confocal images analysed were generated from the study in [5], with a few two leaf
replicates for Igo-2 and LGO-OX and two wild-types, which are datasets from [35]. As
reported in [5], the microscopy data, MorphoGraphX meshes of the images used in this
manuscript, and cell classification and randomization are available at Open Science Frame-
work (osf.io), DOI https://doi. org/10.17605/OSEIO/RFCWS. Code for the new data
analyses performed in this manuscript to reproduce the figure results can be provided
upon request.
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