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Large-scale quantification of stomatal patterning in barley leaves
overexpressing epidermal patterning factor 1 reveals differential
stomatal density between the adaxial and abaxial surfaces and
spatial heterogeneity that impact stomatal function
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Summary

o Stomatal density varies spatially over the leaf surface and between abaxial and adaxial leaf
surfaces, with distribution greatly influencing plant photosynthesis and water use. However,
methodological limitations have prevented quantification of spatial heterogeneity and its con-
sequences for gaseous exchange in monocot crops.

e Here we introduce a simple and rapid method to image and quantify stomatal patterning
over large (18 cm?) leaf areas in situ. We used this approach to assess spatial variation across
the adaxial and abaxial surfaces in barley (Hordeum vulgare L.) wild-type (WT) plants and
mutants overexpressing the epidermal patterning factor 1 (EPF1).

¢ Analysing over a million stomata revealed significantly greater stomatal densities on the
adaxial surface and towards the leaf tip in both genotypes. Overexpression of EPF1, however,
differentially reduced stomatal densities on the two surfaces, while also increasing spatial
variability, particularly on the abaxial surface, compared to WT.

e The uneven stomatal distribution proved crucial to separate simultaneous gas exchange
measurements on the two surfaces, with impacts on both photosynthetic carbon gain and
water use efficiency. Knowledge of the relationship between stomatal patterning and gaseous
function is critical for the development of future crops with improved performance.

photosynthesis, spatial heterogeneity,
stomatal density, water use efficiency.

Introduction

Stomata are microscopic structures formed by specialised guard
cells on plant epidermal surfaces, which regulate the fundamental
trade-off between CO, uptake for photosynthesis and water loss
through transpiration. This dual function positions stomata as
critical determinants of plant productivity, water use efficiency
(WUE), and climate resilience (Bertolino ez 2/, 2019; Lawson &
Vialet-Chabrand, 2019; Papanatsiou et al, 2019; Lawson
& Jack, 2020; Pan er al., 2024). The density and distribution of
stomata across leaf surfaces significantly influence gas exchange
capacity, water conservation, and ultimately plant performance
under varying environmental conditions (Hetherington &
Woodward, 2003; Lawson & Blatt, 2014). While stomatal pat-
terning has been extensively studied in dicotyledonous plants,
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monocots, which are globally important staple cereal crops, have
received comparatively less attention despite their agricultural sig-
nificance and distinct developmental pathways (Croxdale, 1998).

Monocot stomatal patterning differs fundamentally from that
of dicots in both structure and developmental trajectory. While
eudicots often (but not always) exhibit what appears as a ‘scat-
tered’ stomatal arrangement of kidney-shaped guard cells, grasses
form parallel files of stomata with dumbbell-shaped guard cells
flanked by specialised subsidiary cells that enhance stomatal
function (Raissig ez al., 2017; Rudall ez 4/, 2017). This unique
four-celled stomatal complex in grasses enables more rapid and
efficient stomatal responses to environmental fluctuations
(Franks & Farquhar, 2007). Importantly, monocots tend to be
amphistomatous, with stomata on both adaxial and abaxial sur-
faces and often in different densities, which is a trait that
is thought to maximise photosynthetic capacity but may
also increase vulnerability to water loss (Farber er al, 2016;
Watts ez al., 2024; Zhen et al., 2025). These surface-specific dif-
ferences potentially allow differential regulation of gas exchange
depending on environmental conditions, yet the functional
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consequences of such heterogeneity remain poorly understood in
key cereal crops.

Stomatal development and patterning are regulated by a net-
work of signaling peptides, with epidermal patterning factors
(EPFs) playing a central role as negative regulators. EPF1 and
EPF2 are secreted by developing stomatal lineage cells, which
bind to receptor complexes including ERECTA (ER) family of
leucine rich repeat receptor like kinases and the co-receptor
TOO MANY MOUTHS, which triggers intracellular signalling
cascades that inhibit stomatal development in neighbouring cells
(Hara er al, 2007, 2009; Hunt & Gray, 2009; Hunt
et al., 2010). This mechanism enforces the ‘one-cell spacing rule’
that prevents adjacent stomatal formation and optimises gas
exchange efficiency (Hara ez al., 2007; Dow et al., 2014; Sack &
Buckley, 2016). Manipulating EPF expression has emerged as a
promising approach to alter stomatal density (SD) with signifi-
cant physiological consequences. In particular, overexpression of
EPF1 in various species consistently reduces SD, enhances WUE,
and improves drought tolerance (Hughes et al, 2017; Caine
et al., 2019; Dunn ez al., 2019) making it a promising and pro-
ven target for engineering climate resilient crops.

Spatial heterogeneity in stomatal distribution across leaf sur-
faces, along leaf axes, and within localised regions can signifi-
cantly impact plant physiological performance (Weyers
et al., 1997; Weyers & Lawson, 1997; Lawson & Weyers, 1999).
Nonuniform stomatal patterns can create diffusion bottlenecks
or enhance gas exchange efficiency depending on their specific
arrangement (Dow er al, 2014; Buckley, 2019). For instance,
clustered stomata function less efficiently than evenly spaced ones
due to competition for CO diffusion pathways and ionic
resources (Papanatsiou er al., 2016). Understanding how genetic
manipulations of SD, such as overexpression of EPF1, affect not
just overall SD but also spatial distribution patterns is crucial for
predicting the impact on whole plant performance. Yet such
comprehensive spatial analyses have been challenging due to
methodological limitations. Traditional methods for quantifying
stomatal patterning have relied on extremely labour-intensive
approaches such as epidermal peels or impressions to be exam-
ined under microscopes, typically sampling only minuscule leaf
areas (<1 mmz). These approaches cannot capture the full extent
of spadal heterogeneity across leaf surfaces, nor can they efh-
ciently analyse the thousands of stomata needed for statistically
robust conclusions. More recent attempts using handheld micro-
scopes remain constrained by small fields of view, while auto-
mated approaches often require extensive training datasets that
may not generalise well across species (Millstead e# al, 2020;
Jayakody er al., 2021; Gibbs & Burgess, 2024). These methodo-
logical limitations have particularly hindered detailed investiga-
tions in monocots, where the linear arrangement of stomata in
files requires large-scale imaging to accurately assess patterning
(Ferguson ez al., 2021; Xie et al., 2021).

Here, we introduce a simple, rapid, and nondestructive techni-
que that enables large-scale quantification of stomatal distribu-
tion using fluorescence microscopy of chlorophyll (Chl)
autofluorescence combined with automated image processing.
This approach facilitates analysis of over 1 million stomata across
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extensive leaf areas (> 18 cm?) without requiring staining, peel-
ing, or other invasive sample preparations. We applied this meth-
odology to investigate spatial variation in stomatal patterning
across adaxial and abaxial surfaces in barley (Hordeum vulgare)
wild-type (WT) plants and transgenic lines overexpressing EPF1,
which exhibit reduced SD.

Our present study using large-scale image acquisition and spa-
tial analyses revealed previously unrecognised heterogeneity in
stomatal distribution between leaf surfaces and along the leaf
axes, with distinct patterns between genotypes. We show that
EPF1 overexpression not only reduced overall SD but also differ-
entially affected the two leaf surfaces and altered spatial distribu-
tion patterns, particularly increasing variability on the abaxial
surface. These spatial distribution patterns result in differential
gas exchange measurements which affect both photosynthetic car-
bon gain and water loss. Our findings also establish direct links
between genetic manipulation of stomatal development, resulting
spatial patterning changes, and physiological consequences.
These insights could provide innovative targets for engineering
improved WUE in cereal crops facing increasingly erratic precipi-
tation and rising temperatures in the near future.

Materials and Methods

Plant material growth and preparation

Transgenic barley (H. vulgare L.) lines overexpressing the TaEPF1
gene under the rice actin promoter control (Dunn ez al, 2019)
were grown along with azygous WT control lines. Seeds were
surface-sterilised (70% ethanol for 2 min and rinsed with sterile
reverse osmosis (RO) water) and germinated in December 2023
and May 2024 under controlled conditions (20-22°C £ 0.5°C,
12 h photoperiod, 250 pmol m™*s™" photosynthetic photon flux
density (PPFD)). Two weeks postgermination, seedlings were
transplanted into 11 pots (peat-based compost) and grown for
seven additional weeks in a CONVIRON ADAPTIS growth cabi-
net at the University of Essex (Colchester, UK) under the follow-
23°C, 65% RH, 14 h photoperiod,
600 pmol m™?s~' PPFD at canopy level. Plants were watered reg-

ing conditions:

ularly with Hoogland solution. Gas exchange measurements were
conducted using multiple LI-6800 and LI-6400xt infrared photo-
synthesis systems (LI-COR Biosciences, Lincoln, NE, USA)
between 08:00 h and 14:00 h on the third fully expanded leaf from
the main diller. The sampling area for the base was 40—42 mm
from the base while the tip was 47-49.7 mm from the leaf tip, and
sampling size was 40 mm. The measurement protocol followed a
systematic approach: gas exchange measurements were inidally
performed on intact leaves, and the measurement was marked for
subsequent analyses. For imaging measurements, leaves remained
attached to the plants and were carefully mounted between two
microscope slides for the imaging process.

Gas exchange measurements

To examine how spatial variation in SD impacts dynamic gas
exchange processes, we measured photosynthetic responses across

© 2025 The Author(s).
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anatomically distinct leaf regions (tip and base) of the third fully
expanded barley leaf using a custom designed split chamber sys-
tem (Wall ez al, 2022). This chamber allowed simultaneous,
independent measurement of gas fluxes from adaxial and abaxial
surfaces. Mixed gas with controlled CO, concentration at
400 ppm was supplied to the leaf chambers using two LI-
6400XT portable photosynthesis systems (LI-COR Biosciences)
at a fixed flow rate of 500 pmols~'. Humidity was regulated
using two LI-610 dew point generators (LI-COR Biosciences) to
maintain a vapour pressure deficit of ¢. 1.2 kPa. Leaf temperature
was controlled at 22°C with a circulating water bath connected
to two cooling pads affixed to the leaf chamber to minimise ther-
mal gradients across the leaf surface.

Boundary layer conductance (g;) for each leaf surface in the
split chamber was determined using water-saturated filter paper
to simulate a leaf with infinite stomatal conductance. Under con-
trolled conditions as described above, g, was calculated as
0.582 mol m™?s~" per surface based on the relationship between
transpiration rate and vapour pressure differendal (Wall
et al., 2022). This value was then incorporated into all subse-
quent conductance calculations.

Irradiance was provided to both leaf surfaces using two
HelioSpectra DYNA LED lamps, with the white light channel
set at a colour temperature of 5700 K. The total photon flux den-
sity incident on both leaf surfaces was measured and calibrated
using a quantum sensor (LI-250A; LI-COR Biosciences) posi-
tioned within the leaf chamber to ensure equal and accurate light
intensity readings on both leaf surfaces. Leaves were first adapted
to the chamber environment under 100 pmol m~*s~' PPFD for
15 min to ensure acclimation. Subsequently, the light intensity
was increased stepwise to 1000 pmol m™*s~" PPED for a dura-
tion of 30 min. Gas exchange parameters, including net photo-
synthetic rate (4), stomatal conductance (g,,), and intercellular
CO, concentration (G), were logged automatically every 10s
using the LI-6400XT systems. Leaf temperatures of both surfaces
were measured using Type-K thermocouples (Omega Engineer-
ing, Norwalk, CT, USA), which were inserted through ports in
the leaf chamber. Measurements were conducted at two positions
on the leaf, one towards the base and one towards the tip, with
each position measured twice.

Image acquisition

Image acquisition was designed to be rapid and conservative to
avoid photobleaching and any potential photodamage (Laissue
et al., 2017) of the imaged leaf segment. Chl autofluorescence ima-
ging was performed using a Nikon ECLIPSE Ti2-E Inverted
Microscope with a motorised XY and Z stage and a 25 mm field of
view (Nikon Corporation, Tokyo, Japan). The microscope was
equipped with a Crest X-Light V3 spinning disk (Crestoptics
S.p-A., Rome, ltaly), but used in widefield fluorescence mode. The
light source was an LDI-7 Laser Diode Illuminator (89 North)
with TTL triggering in a Ubob42 NIDAQ Ultimate Breakout Box
to avoid illumination overhead (Kiepas ez 4/, 2020).

Images were acquired at 16-bit using a Teledyne Photometrics
Kinetix camera (Tucson, AZ, USA). Image acquisition was

© 2025 The Author(s).
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controlled with NIS-Elements AR v 5.42.02 (Build 1801) on an
HP Z4 workstation (Intel Xeon 3.9 GHz, 128 GB DDR4 RAM,
NVIDIA Quadro RTX4000 GPU). Leaf segments were excited at
470nm and a photon flux density at the sample plane of
330 pmol m™ s, with a 7 ms exposure time for each image
plane. For Chl autofluorescence detection, we used a hard-coated
interference filters set (Semrock Inc., IDEX Corp., IL, USA) con-
sisting of a chromatic reflector at 665 nm and a long-pass emission
filter at 664 nm. Imaging was performed using a CFI Plan Apoc-
hromat Lambda D 4X objective combined with a 1.5X tube lens
zoom, yielding a final resolution of 1.11 pm per image pixel side.

Large area imaging was accomplished using the ‘Scan Large
Image’ command in the NIS-AR 6D module. For each leaf seg-
ment, boundaries were defined and focused using the ‘focus sur-
face’ option to accommodate leaf curvature. Each field of view
(2048 x 2048 pixels) was captured as a shallow zstack (with 5-9
focal planes) and collapsed into a maximum intensity projection
to capture all fluorescence in areas where the leaf segment was
not planar. Adjacent fields were stitched with 3% overlap.

Image processing and quantification

Stomata were quantified using Fij1 v.1.54f (Schindelin et 2/, 2012).
The complete workflow of image acquisition and processing is illu-
strated in Fig. 1. Raw images consist of large-area (typically
38.0 = 6.3 mm X 11.7 &= 1.4 mm), stitched Chl autofluorescence
micrographs for each leaf segment, with stomata appearing as dis-
tinctive nonfluorescent elliptical regions due to the reduced chloro-
plast density compared with the underlying mesophyll and the
thick guard cell wall that is devoid of chloroplasts (Fig. 1a).

Images were preprocessed using contrast limited adaptive his-
togram equalization (CLAHE) (Zuiderveld, 1994) and median
filtering (Fig. 1b). For CLAHE, starting values were a block size
of 127, histogram binning of 256, and contrast stretching in the
intensity transfer function between 8 and 14. Depending on
the available leaf (and resulting image) quality, these values may
modified for optimal preprocessing. The
fast-processing version of the CLAHE algorithm was used, which

have to be

evaluates the intensity transfer function over the chosen block
size, interpolating for locations in-between. This was followed by
a median filter of size 8. This also can be modified to optimise
preprocessing for a given dataset.

Stomata were quantified using iterative thresholding of the
preprocessed images. Each thresholding was followed by the
‘Analyze particles. ..” command. Moments and Li thresholding
had a size restriction of 800-4000 pm?®, whereas Minimum used
800-3000 pm>. A circularity of 0.5-0.9 was used for each thresh-
old. Areas and structures that did not harbour any stomata (such
as leaf veins, borders, and degraded leaf areas) were identified
using Percentile thresholding of areas above 400 000 pm”. Stoma-
tal density was then determined as the number of stomata divided
by the available area (i.e. total area minus excluded (veins, etc.)
area). For the ‘heatmap’ representation, we divided each leaf into
areas of 1 mm?. Leaf segment sizes had on average a width of
38.0 mm (6.3 mm) and a height of 11.7 mm (£1.4 mm). The

average processing time for a leaf seement, from preprocessing to
g g g g
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(a) Image acquisition: chlorophyll fluorescence (tiled widefield)
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Subtract excluded areas B i

Stomatal density heatmap —»

Fig. 1 Image acquisition and image processing steps for stomatal quantification. (a) Barley flag leaf segments (at base and at tip) are imaged using tiled
widefield and Chl autofluorescence. Both sides (abaxial and adaxial) of each segment are imaged. (b) Preprocessing: image contrast is enhanced locally.

() Processing: the number and location of stomata (yellow) is determined for each side of each segment by iterative thresholding. (d) Processing: areas
that cannot harbour stomata, for example leaf edge, veins or degraded areas, are determined (blue) for each side of each segment. Stomatal density is then
calculated as number of stomata (yellow) per area after subtracting excluded areas (blue). (e) Visualisation: the leaf segment is divided into uniform squares
of 1 mm? size. The stomatal density of each is visualised using a heatmap with spectral (rainbow) colour-coding. Numbers in heatmaps are indicated in the

top left corner of each square.

stomatal quantification, was 5 min 14s (1 min 57s). All raw
gas exchange files and gridded stomatal matrix outputs are pro-
vided in Dataset S1.

Calculation of global spatial variation and local spatial
autocorrelation

To quantify the spatial heterogeneity in SD across the measured
leaf areas, a global spatial deviation metric for each grid square
within a measurement matrix was computed, where each grid
square represents a 1 mm? area. We calculated the absolute devia-
tion of the SD of each focal grid square from the overall mean
SD of its respective genotype, leaf position, leaf side, and plant
replicate group. For a cell at row 7 and column ¢ with SD;, the
absolute global deviation was computed as follows:

re = ’SDrf_SiD}

where SD is the mean stomatal density calculated over the entire
measurement matrix for that group. To facilitate pattern compar-
isons across different SD magnitudes and genotypes, the devia-
tion for each cell was normalised by the group mean to yield a
unitless, relative global deviation:

D[C
SD

rel
Drc -

To assess whether stomatal densities were spatially clustered or
randomly distributed across the measurement grid, we computed
the global Moran’s [ statistic. Using a A-nearest neighbours’
approach (with #=4) to define spatial weights between grid
squares, global Moran’s /was calculated as follows:

New Phytologist (2025)
www.newphytologist.com

n Z?:IZ;:l wij(SDi_ﬁ) (SDJ-—@)
v 37, (sD,~SD)’

]:

where SD; and SD; represent the stomatal density values of grid
squares i and j, SD is the global mean stomatal density, w; is
the spatial weight between cells 7 and j, 7 is the total number
of grid squares, and W is the sum of all spatial weights
212 wy. Spatal weights (w;) were derived using a
k-nearest neighbours’” approach (£= 4) with each cell (I mm ?)
connected to its four nearest neighbours. Positive values of Mor-
an’s [ indicated clustering of similar stomatal density values and
negative values suggested dispersion and values near zero implied
spatial randomness. Moran’s / was calculated independently for
each combination of genotype, leaf position (tip and base), leaf
surfaces (adaxial and abaxial), and their biological replicate to
identify global spatial patterns.

To identify localised patterns and to capture spatial clustering
at finer scale, we computed local Moran’s 7 (/;) for each focal

grid square (SD;):

= (SD;—SD) ¥, w;;(SD;~SD)

where SD; is the stomatal density of the grid square, SD; repre-
sents stomatal densities of neighbouring grid squares, SD is the
global mean stomatal density, and w;; is the spatial weight
between grid squres i and j. The same k-nearest neighbour
weights (k= 4) were applied. The magnitude of /; was inter-
preted as the strength of local spatial autocorrelation, whereas the
sign indicated the pattern type, with positive values indicated
clustering of similar values, and negative values indicated local
outliers. Heatmaps of local spatial autocorrelation were

© 2025 The Author(s).
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reconstructed by aggregated across replicates using median values
at corresponding spatial positions.

Statistical analysis

Statistical analyses were conducted using R (v.4.4.1; R Core
Team, 2024). For each variable, normality (Shapiro—Wilk test)
and homogeneity of variances (Levene’s test) were assessed across
genotype, leaf position, and leaf surfaces groups. When both
assumptions were met (P> 0.05), three-way ANOVA was per-
formed with genotype, leaf position, and leaf surfaces as fixed fac-
tors, followed by post hoc analysis using estimated marginal
means with Sida’s correction. If either assumption was violated,
non-parametric Kruskal-Wallis tests were employed for genotype,
leaf position, and leaf surfaces separately, with Dunn’s test
(Bonferroni-corrected) used for post hoc comparisons. Data were
visualised using box plots overlaying violin plots (with 95% com-
patibility intervals indicated by indentations) and a
quasi-random distribution of data, along with displaying effect
sizes. Corresponding P-values were produced using randomisa-

tion tests (Hooton, 1991; Nuzzo, 2017; Goedhart, 2019).

Stomatal sampling simulation analysis

To evaluate optimal sampling requirements for reliable SD quan-
tification, we implemented a Monte Carlo simulation framework
using our selected SD matrix dataset (406.7 + 74.3 mm” per leaf
segment). For each experimental group (genotype X leaf position
X leaf side X plant replicate), we performed 1000 random sam-
pling iterations without replacement for every possible sample
size (1 to # total cells) using parallel processing in R (v.4.4.1).
Each iteration quantified: sample mean SD, St.Dev, absolute
error, relative error, SE, and 95% confidence intervals (using #
distribution). Minimum sampling requirements were defined as
the smallest sample size simultaneously achieving <10% mean
relative error and > 95% confidence interval coverage of the true
population mean. To assess how sampling intensity influences
structure—function relationships, we evaluated SD — g,, correla-
tions across three distinct sampling regimes: small (0.5-3 mm?,
<0.5% of leaf area), medium (10-30 mm?, ¢ 5.1%), and large
(50+ mm®, ¢. 34.8%) by linear regression analysis with signifi-
cance testing of coefficients using Benjamini—-Hochberg adjusted
P-values.

Results

Validation of the automated detection of stomata

In order to demonstrate that our automated detection of
stomata over a large area provided a good estimation of SD,
values were compared with manual standard counting methods.
Fig. 2 provides an example of a large autofluorescence image
(Fig. 2a) adjacent to a processed image (Fig. 2b) with manual
counts overlaying stomata identified using automated detection.
From this large-scale image, 1668 stomata were manually
detected compared with 1619 automatically detected,
© 2025 The Author(s).
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demonstrating 97.1% of ‘ground truth’ stomata were identified
using our automated method. Additional validation of the auto-
mated method detection is provided in Supporting Information
Fig. S3, in which 10 randomly selected 1 mm® squares were cho-
sen from each leaf region, and stomata were counted both manu-
ally and using the automated method. Irrespective of the leaf area
(base or tip) or which side of the leaf (abaxial or adaxial) was
measured, detection rates were all > 90% (Fig. S3), with an aver-
age detection accuracy of 95.2% =+ 3.6% St.Dev. providing full
validation of the approach.

Epidermal patterning factor 1 overexpression results in
distinct differential spatial stomatal patterning

The extensive spatial variation in stomatal patterning was quan-
tified using our newly developed high-throughput imaging
methodology that enabled analysis of over 1 million stomata
across 18205 mm?” of leaf tissue and surfaces (Fig. 3a). We
show the stomatal distribution across both adaxial and abaxial
surfaces at two leaf positions (base and tip) and in a monocot
species. WT barley exhibited substantial spatial gradients in SD,
with significantly higher SD at the leaf tip compared to the base
region on both leaf surfaces (Fig. 3b). The tip-to-base ratio was
remarkably consistent between surfaces (adaxial: 1.55, abaxial:
1.54), indicating a coordinated stomatal development. Interest-
ingly, WT maintained nearly equivalent SD between adaxial
and abaxial surfaces at both leaf positions (adaxial : abaxial ratio
at base: 1.03, and tip: 1.04), which is similar to that observed
in wheat (Wall ez 4/, 2022) but contrasting with the typical
abaxial-dominant pattern seen in many dicot species (Muir
er al., 2014). EPF1 overexpression (10E5) greatly altered sto-
matal patterning, with significant reductions in SD across all
measured regions compared to WT (Fig. 3b). However, the
magnitude of this effect varied substantially by both leaf posi-
tion and surface. The most significant reductions can be seen
on the abaxial surface, with decreases of 59.5% at the base and
64.9% at the tip. By contrast, the adaxial surface exhibited
more moderate reductions of 19.9% at the base and 40.1% at
the tip. This differential effect resulted in substantially altered
adaxial : abaxial ratios in 10E5 plants (base: 2.04, tip: 1.77),
potentially suggesting EPF1 overexpression disproportionately
impacts abaxial stomatal development. While the positional gra-
dient in SD (in which tip > base) was preserved in 10E5
plants, its magnitude was significantly diminished compared to
WT, particularly on the adaxial surface (tip-to-base ratio at
adaxial: 1.16, abaxial: 1.33) (Fig. 3b).

Spatial heterogeneity analysis revealed that EPF1 overexpres-
sion not only reduced mean SD but also altered the pattern of
stomatal distribution across the leaf surface. Representative heat
maps of SD (Fig. 3¢) demonstrated that 1OE5 plants exhibited
more visible spatial variability, particularly on the abaxial surface,
where the coefficient of variation reached 46.2% compared to
28.7-39.0% in WT. There was no significant difference in leaf
width at either the base or tip between genotypes, although as
expected the tip width of each leaf was lower than its base width
(Fig. S2).
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Fig.2 Validation of automatic stomatal detection. (a) Large image of a wild-type leaf (abaxial tip segment, 6.0 mm x 4.7 mm) showing Chl
autofluorescence (blue) with stomatal autofluorescence (yellow) overlaid. Stomatal autofluorescence further reveals leaf veins and other leaf features. (b)
Manually identified stomata (green dots) overlaid with the outlines of the automatically identified stomata. The white rectangles indicate the location of
the magnified insets shown in (c—f) and (g—j). Bar, 500 pm. (c—j) Magnified examples of stomatal identification. (c, g) Stomatal autofluorescence highlights
the closed stomatal guard cells as a line. (d, h) Chl autofluorescence reveals stomatal locations by the absence of fluorescence. (e, j) Overlay shows that
stomatal autofluorescence (yellow) colocalises with the absence of Chl autofluorescence (blue) (f, i) outline of automatically identified stomata (blue)
colocalising with manually identified stomata (green dots). Bars, 50 pm. Non-specific signals (fibres and dust particles), as seen in the stomatal
autofluorescence channel, are excluded using our approach, while stomata are still reliably identified (g—j).

Surface-specific gas exchange responses with
overexpression of epidermal patterning factor 1

Gas exchange measurements revealed significant interactions
between genotype, leaf position, and leaf surface (Fig. 4). Stoma-
tal conductance patterns closely mirrored the photosynthetic
responses, with WT maintaining consistently higher values than
1OES5 across all measured regions (Fig. 4a). The genotype effect
was particularly evident at the leaf tip, where WT adaxial g,
exceeded 10E5 by 79% (Table S2). Notably, EPF1 overexpres-
sion had a more severe impact on abaxial conductance, with WT
values being nearly three times higher than 10ES5 at the tip (0.20
vs 0.06 mol HO m s !) and 2.8 times higher at the base (0.14
vs 0.05mol HO m s "). Under steady-state conditions, the
impact of EPF1 overexpression on photosynthesis was most pro-
nounced in the differential response between adaxial and abaxial
surfaces (Fig. 4b). In 10OES5, adaxial photosynthetic rates
exceeded abaxial values by 462% at the base and 463% at the tip.

By contrast, WT exhibited more moderate adaxial-abaxial
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differences of 163% at the base and 91% at the tip. Despite these
surface differences, both genotypes achieved similar maximum
photosynthetic rates on the adaxial surface at the leaf tip (c

15 pmol CO m™?s™", Fig. 4a).

Spatial heterogeneity of stomatal distribution differs
between genotypes and leaf surfaces

To comprehensively analyse stomatal spatial patterning, we
developed quantitative metrics assessing both global heterogene-
ity and local spatial autocorrelation across leaf surfaces (Fig. 5).
Our approach used two complementary measures, with relative
global deviation (measuring overall heterogeneity by comparing
SD in each cell relative to the global mean of the whole image)
and local Moran’s / statistic (quantifying the degree of spatial
clustering by assessing similarity with neighbouring regions)
(Fig. 5). The relative global deviation analysis revealed significant
differences in stomatal distribution patterns between WT and

10E5 plants (P<0.001), with EPFl-overexpressing lines

© 2025 The Author(s).
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Fig. 3 Stomatal density (SD) distribution and spatial patterns in barley. (a) Sampling layout showing base and tip segments imaged on both adaxial (Ad.)
and abaxial (Ab.) leaf surfaces used in gas exchange and Chl autofluorescence imaging. (b) Box plots showing stomatal density distribution (stomata
mm™2) in wild-type (WT, blue colours) and EPF1 overexpressed (10E5, red colours) barley. Ad. surfaces are light blue and light red, Ab. surfaces are dark
blue and dark red. Within each box (interquartile range), the thick black line shows the median density of the segment, while indentations show the 95%
compatibility interval. The data points for each box plot are underlaid in colour. (c) Representative heatmaps showing spatial distribution of SD across
standardised 39 x 10 mm leaf sections. Colour scale indicates SD from 0 (blue) to 150 (red) stomata mm 2. EPF1, epidermal patterning factor 1.

Genotype « WT - 10E5

‘j)o.s OF ==
o 08 s ) :
5 04 H = o / ; £
Fig. 4 Gas exchange in wild-type (blue). EPF1- 5‘“02 f 2 8“ s : 2
overexpressing (10E5) (red) barley lines. E T | s !
. . £ s
Simultaneous and independent measurements of (a) g 0.0 L
stomatal conductance (g,,) and (b) Net CO §08 £ 2
assimilation rate (A) on the adaxial and abaxial § 0.6 515
surfaces in response to a step increase in light 8 04 g E =
intensity (from 100 to 1000 pmol m~2s~" PPFD). g By 20 g
Measurements were performed at the leaf base and §o2 Ju—— P il <5 P ‘_f"’"#“
tip using a custom-designed split-chamber system. @ 0.0] s—t > o sepnd? ™ i
Data points represent means + SE (n = 5). EPF1, 0 50 100 150 200 O 50 100 150 200 0 50 100 150 200 0 50 100 150 200

epidermal patterning factor 1.

exhibiting substantially greater spatial heterogeneity across all
measured leaf regions (Fig. 5b). This increased heterogeneity was
most pronounced on the abaxial surface of the leaf base in 10E5
plants (0.31 £ 0.003), representing a 55% increase compared to
the corresponding region in WT plants (0.2 & 0.003). Notably,
we observed a significant interaction between genotype and leaf
surface (< 0.001), indicating that EPF1 overexpression differ-
entially affected stomatal patterning on adaxial vs abaxial sur-
faces. While WT plants displayed relatively similar heterogeneity
between leaf surfaces at the tip (adaxial: 0.107 = 0.003; abaxial:
0.147 £ 0.003), 10E5 plants showed greater disruption of spa-
tial uniformity on the abaxial surface (adaxial: 0.178 £ 0.003;
abaxial: 0.265 £ 0.003). This surface specific effect suggests dis-
tinct regulatory mechanisms controlling stomatal development

© 2025 The Author(s).
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on opposite leaf sides, with EPF1 disproportionately influencing
the spatial coordination of stomatal initiation and differentiation
more strongly on abaxial surfaces.

Local spatial autocorrelation analysis measured using Moran’s /
statistic provided additional insights into the degree to which
neighbouring cells have similar stomatal densities (Fig. 5a,c). Mean
local Moran’s 7 values were generally low across all conditions ran-
ging from 0.211 to 0.562, indicating predominantly random sto-
matal arrangements with localised regions of spatial structure.
Interestingly, WT plants exhibited higher spatial autocorrelation
on abaxial surfaces (tip: 0.562 £ 1.28; base: 0.385 =+ 0.88) com-
pared to adaxial surfaces (tip: 0.268 £ 0.88; base: 0.213 £ 1.09),
while 10E5 plants displayed a reversed pattern with stronger
autocorrelation on adaxial surfaces (dp: 0.474 £ 1.15; base:
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Fig. 5 Spatial analysis of stomatal distribution patterns in wild-type and EPF1-overexpressing (10E5) barley. (a) Heatmaps displaying median local Moran's
I spatial autocorrelation values aggregated across 4-5 biological replicates at each spatial location. The colour scale ranges from red regions indicating
positive spatial autocorrelation (clustering of similar values), through light yellow (zero) to, blue regions showing negative spatial autocorrelation (local
outliers). Grid cells represent 1 mm? areas. (b) Relative global deviation in stomatal density across genotypes (wild-type (WT) vs 10E5), leaf positions (base
vs tip), and leaf surfaces (adaxial vs abaxial). (c) Local Moran's / spatial autocorrelation values (n = 1479-2775). Black diamonds and error bars show

mean + SE. Letters denote significant differences between groups (P < 0.05). EPF1, epidermal patterning factor 1.

0.389 £ 0.88) than abaxial surfaces (tip: 0.387 & 0.89; base:
0.211 £ 0.68). These opposing patterns between genotypes sug-
gest that EPF1 overexpression not only alters SD but also disrupts
the surface-specific organisation. The spatial autocorrelation heat-
maps (Fig. 5a) revealed averaged complex patterning across leaf
regions, with distinct clusters of positive spatial autocorrelation
(red) indicating areas where similar stomatal densities aggregate,
and regions of negative autocorrelation (blue) representing bound-
ary areas between different density zones. These patterns were
more pronounced and spatially coherent in WT plants, while
10ES5 plants displayed more fragmented and irregular spatial orga-
nisation, particularly on abaxial surfaces.

Functional relationships between stomatal patterning and
physiological performance

To understand the physiological implications of altered stomatal
patterning, the relationship between SD, spatial distribution
metrics, and gas exchange parameters were determined (Fig. 6). As
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shown in Fig. 3, EPF1 overexpressing plants (10E5) exhibited
overall significandy lower SD compared to WT which corre-
sponded with differences in physiological performance. SD showed
a strong positive correlation with photosynthetic rate in 10E5
plants (R =0.863, P<0.001), but this reladonship was much
weaker and not significant in WT plants (R =0.176, P=0.348)
(Fig. 6a). The slope of this relationship was notably steeper in
10E5 plants (0.424) compared to WT (0.160), suggesting that
changes in SD had a stronger impact on photosynthetic capacity in
the transgenic line. Similarly, SD was strongly correlated with g,
in 10E5 plants (R = 0.756, P=0.002), but showed only a mod-
erate, also non-significant relationship in WT plants (R* = 0.358,
P=0.156) (Fig. 6B). Stomatal density showed no significant corre-
lation with WUE in either genotype (1OE5: R =0.041,
P=0.599; WT: R =0.201, P=0.313) (Fig. 5C). Despite the
lack of correlation with SD, mean WUE was 44% higher in 10E5
plants (53.07 4 17.75 pmol CO mol™' H O) compared to WT
(36.93 +13.09 pmol CO mol™' HO) resulting in improved

water conservation in the transgenic lines. The fundamental

© 2025 The Author(s).
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Fig. 6 Linear regression relationships between stomatal characteristics and gas exchange parameters in wild-type (WT) and EPF1 overexpressing (10E5)
barley. (a) Stomatal density (SD) vs net photosynthetic rate (A), (b) SD vs stomatal conductance (g.), () SD vs water use efficiency (WUE), (d) A vs gew,
(e) local spatial autocorrelation vs gq,, and (f) relative global deviation vs g,. Blue points (WT, n =7) and red points (10E5, n = 9) represent individual
measurements with genotype-specific regression lines and 95% confidence intervals (shaded areas). Regression equations and coefficients of
determination (R?) are provided for each genotype. EPF1, epidermal patterning factor 1.

relationship between A and g, was strong in both genotypes
(Fig. 6D), with particularly high correlation in 10E5 plants
(RF=0919, P<0.001) compared to WT (R =0.782,
P=10.008). Notably, the steeper slope in 10E5 (44.35) compared
to WT (19.68) indicates that for a given change in g, A rates
respond more sensitively in the EPF1 overexpression transgenic
line, likely reflecting the reduced overall SD limiting gas exchange.

Spatial distribution metrics provided additional insights into
stomatal function (Fig. 5), with no significant relationship between
local spatial autocorrelation with g, in either genotype (Fig. Ge).
By contrast, relative global deviation in stomatal patterning
demonstrated significant negative correlations with g, in both
10E5 (R =0.587, P=0.016) and WT (K = 0.573, P=0.049)
plants (Fig. 6F). This suggests that the degree of global heterogene-
ity in stomatal distribution, rather than local clustering patterns, is
a stronger determinant of functional difference in gas exchange.

Large-scale stomatal sampling is essential for accurate
density quantification and robust physiological correlations

To determine the minimum sampling requirements for accu-
rately quantifying SD across heterogeneous leaf surfaces, we

© 2025 The Author(s).
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conducted a comprehensive simulation analysis using our exten-
sive matrix dataset (Fig. 7). Random sampling simulations (1000
iterations per sample size) revealed substantial variability in the
area needed to obtain reliable SD estimates. While the minimum
sampling requirement to achieve both acceptable accuracy
(£10% mean relative error) and statistical reliabilicy (>95%
confidence interval coverage) ranged from as few as two 1 mm?
cells to as many as 57 1 mm? cells (0.51-13.29% of total leaf
area), our findings indicate that conventional small-scale sam-
pling approaches are frequenty insufficient (Fig. 7a—c). The
simulation revealed critical sampling thresholds varied
significantly between leaf surfaces and regions. Abaxial surfaces
consistently required more intensive sampling (12.2 £ 8.5 cells,
3.03% of area) compared to adaxial surfaces (8.3 + 12.5 cells,
2.02% of area). Notably, leaf tip regions, particularly in WT
plants demonstrated substantially higher sampling requirements
(10.9 £ 14.1 cells, 2.87% of area) than base regions (9.6 £5.9
cells, 2.17% of area). The most demanding sampling conditions
were observed for WT adaxial tip regions (16.0 +27.3 cells,
3.83% of area), where the high SD indicates that some samples
required substantially more cells to achieve reliability. To elimi-
nate sampling-induced error across all experimental conditions,
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Fig. 7 Larger-scale stomatal sampling is essential for accurate density quantification and robust physiological correlations. (a) Mean relative error in
stomatal density (SD) estimation as a function of sampling percentage in wild-type (WT, blue) and epidermal patterning factor 1 overexpressing (10E5,
red) barley across different leaf surfaces (line types) and positions (panels). Ribbons indicate +1 SD of mean relative error. (b) Confidence interval (Cl)
coverage probability (percentage of 95% Cl containing true mean) as sampling percentage increases. Dashed line indicates the 95% threshold for
statistical reliability. (c) Minimum sampling requirements (number of 1 mm? areas) needed to achieve < 10% mean relative error and > 95% Cl coverage
across different leaf position and surface combinations. Error bars represent +SE (n = 4-5 biological replicates per combination). (d) Relationship between
SD and stomatal conductance as a function of sampling area size. Points represent individual measurements with sampling area-specific regression lines
and their corresponding R? values. Significance levels: *, P < 0.05; **, P < 0.01; *#*, P < 0.001.

our data suggest that ¢. 57 cells (13.29% of the total leaf area)
would be necessary, which far exceeds typical sampling protocols
often used to determine SD.

Most critically, we demonstrated that sampling intensity fun-
damentally altered the strength of correlations between SD and
physiological parameters (Fig. 7d). The relationship between SD
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and stomatal conductance (g,) improved dramatically with
increased sampling area, with R values strengthening from
merely 0.17 (P=0.041) with small sampling areas (0.5-3 mm?,
<0.5% of total area) to 0.71 (P < 0.001) with medium sampling
(10-30 mm?>, ¢ 5.1% of area) and 0.87 (P< 0.001) with large
sampling (50+ mm?® ¢ 34.8% of area). This represents a
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415.9% improvement in explanatory power from smallest to lar-
gest sampling, with corresponding increases in the regression
slope (from 0.0033 to 0.0088). Therefore, sampling scale criti-
cally affects the reliability of stomatal to physiology relationships,
with small sampling area subjects to higher probability of produ-
cing biased and inconsistent correlations.

Discussion

Manipulating SD is a key target for altering g,, to improve both
photosynthesis and WUE (Long ez al., 2022) and the EPF family
of signalling peptides (which are negative regulators of stomatal
development) are popular choices (Hara ez al, 2007; Casson &
Gray, 2008; Hunt et 4/, 2010). Increased expression of EPF1
and EPF2 has been shown to decrease SD, increase drought toler-
ance (Doheny-Adams ez al., 2012; Hepworth ez al., 2015), as well
as enhance WUE in several key crops (Hughes ez al., 2017; Berto-
lino et al., 2019). Unitil recently, the majority of studies examin-
ing changes in SD have focused on changes in density, usually in
a single location of the leaf lamina and on the abaxial surface, as
this is often the epidermis with the greatest SD (Schliiter
et al., 2003; Yasmeen er al., 2020; Bheemanahalli ez al., 2021;
Sun et al., 2021; Lei et al., 2022). Although this is frequently the
case for a large number of dicotyledonous plants, monocots,
including many of our major crops such as barley, have equal SD
on both surfaces or even greater numbers on the adaxial surface
compared with the abaxial surface (e.g. wheat, Wall ez 4/, 2022).
Furthermore, few studies have examined spatial variation in sto-
matal patterning, and even fewer have investigated how differ-
ences in SD affect gas exchange (Lawson er al, 1998, 2002;
Lawson & Weyers, 1999) and physiological performance (Harri-
son et al., 2019; Lunn ez al., 2024; Plliiger ez al., 2024).

The lack of advancement in our understanding of such varia-
tion on physiological performance has been hampered by the lack
of technology to assess both spatial variation in stomatal anatomi-
cal traits across large areas of the leaf, as well as methods to assess
the impact on function within and between surface variation
(Wall et al, 2022). Here we have demonstrated and validated a
novel imaging method that overcomes these technological bar-
riers which enabled comprehensive spatial analysis previously
impossible with traditional sampling approaches. Traditional gas
exchange approaches that use a cuvette to enclose a section of a
leaf, typically measure gas exchange from both sides of the leaf
simultaneously and although modifications to the kit can be
made to restrict measurements to one side (Wall ez 2/, 2024),
most systems are not capable of measuring both leaf surfaces
independently and simultaneously (Wall ez 4l, 2022, 2024).
Here we have demonstrated and applied a simple and novel ima-
ging method using Chl autofluorescence to quantify over 1 mil-
lion stomata across 18 cm® of leaf surface area, which enabled
high-resolution spatial analysis previously impossible with tradi-
tional sampling methods.. The automated approach was vali-
dated by comparing with manual counts and demonstrated high
accuracy (Figs 2, S3). This approach combining automated
image processing and spatial statistical analysis revealed detailed
stomatal distribution patterns that conventional sampling

© 2025 The Author(s).
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methods might underestimate. Although this approach facilities
rapid high throughput detection of stomata it is currently limited
to this single cell type, with no quantification of epidermal cell
numbers or size. However, our acquired images provide the
necessary spatial resolution, contrast differentiation, and standar-
dised imaging conditions that establish an ideal foundation for
comprehensive epidermal characterisation through pixel based
feature classifier models. Such measurement could be extremely
valuable for resolving the under lying mechanisms relating to sto-
matal patterning, for example, differences in spatial patterns may
be due to epidermal expansion or cell differentiation (Lawson
et al., 2002; Sack & Buckley, 2016).

Using this approach, we have demonstrated for the first time
in barley (H. vulgare) that altered expression of the EPF1 gene
differentially affects SD on the two leaf surfaces. Taking into
account spatial variation across the leaf we have demonstrated
that, not only does altered expression of EPF1 (Hughes
et al., 2017) reduce SD on the abaxial epidermis more than the
adaxial surface, the impact was greater at the tip than the leaf
base. Several studies have demonstrated that regulation of SD
using members of the EPF family have a greater effect on the
abaxial epidermis (Jalakas et al., 2024), however, the majority of
these studies have been restricted to model species such as Arabi-
dopsis. Interestingly, it is not only alterations in expression of
EPF genes that result in this differential patterning but disruption
of other stomatal regulators have also been reported to have a
greater impact on the abaxial surface (Dow er al, 2014;
Hronkovd et al, 2015; Qi er al, 2019), whereas changes in
ERECTA-LIKE 2 increased adaxial but not abaxial stomatal
index (Jalakas er al, 2024). It is currently not known if
stomatal patterning is regulated by the same pathways on both
surfaces. A great many studies have investigated the regulation of
stomatal development and spacing and have outlined many of
the signal transduction pathways, and genes involved in the pro-
cess (Bergmann, 2006; Pillicceri & Dong, 2013; Wei
et al, 2021), including the one cell spacing rule (Hara
et al., 2007; Dow et al., 2014; Sack & Buckley, 2016) that
ensures that stomatal initiation must be one cell away from
another to ensure appropriate stomatal function (Dow
et al., 2014; de Boer ez al., 2016). Once again, the majority of
these studies have focused on abaxial surface patterning, with
much less known about stomatal development and regulation of
patterning on the adaxial surface (Watts er al., 2024). Here the
demonstration that overexpression of EPF1 has a much greater
impact on SD on the abaxial surface, could be due to possible dif-
ferences in the number or sensitivity of cell surface receptors on
the abaxial surface, or that the EPF1 signal is not as strong at the
adaxial surface. Alternatively, there are as yet unknown signalling
components that influence surface specificity of stomatal develop-
ment. Although there is little information available regarding the
causes of differential stomatal development on the two surfaces, a
recent study by Jalakas er /. (2024) using a range of Arabidopsis
mutants in stomatal patterning supported greater effects on the
abaxial surface. The authors demonstrated in mutants such as
epfl/2 and er, stomatal precursors were typically found on the
abaxial epidermis of fully expanded leaves. This asymmetric

New Phytologist (2025)
www.newphytologist.com

85U0]7 SUOWILLIOD BAIFERID el idde 8y} Aq peusenoh ae S e YO ‘SN JO S9N 10} Areiqi 8UljUO AB|IA UO (SUONIPUOD-PUR-SLLIBYLIOD™AB | 1M ARIq 1 BU1UO//:SdNL) SUORIPUOD PUe SWIB | 8L} 88S *[S202/60/0T] U0 AIgITaUlUO A8|IM '80UB|[BOXT 310 pUe UieaH Jojainiiisu| euoieN ‘301N Aq #1502 ydu/TTTT 0T/I0pAwoo Ao i Areiqijeuriuo yduy/:sdny wolj pepeo|umo



iz feh

presence of arrested stomatal precursor cells between adaxial and
abaxial surfaces further supports differential mechanisms control-
ling stomatal development on the two leaf surfaces.

Previous studies have also shown that the adaxial SD
and index are more responsive to environmental cues such as
humidity and light (Hronkova ez al., 2015; Devi & Reddy, 2018;
Tulva et al., 2024), supporting the idea of partly independent
regulation (Richardson er al, 2017; Wall er al, 2022;
Jalakas ez al., 2024). Therefore, stomatal patterning on the two
surfaces may depend on both underlying genetics as well as
environmental cues.

Overexpression of EPF1 not only resulted in differential differ-
ences in surface SD but also influenced spatial variation across
the leaf lamina (Fig. 5), with a greater reduction at the tip than
the base of the leaf. Our relative global deviation metric revealed
a 55% increase in spatial heterogeneity on abaxial surfaces, with
coefficients of variation reaching 46.2% in EPF1 overexpression
lines compared to 28.7-39% in WT. Although significant spatial
variation in SD within leaves is also well established in the litera-
ture (Smith ez al., 1989; Poole et al., 2000), the majority of stu-
dies have focused on dicots, with monocots often considered to
have more uniform stomatal distribution due to the ordered files
(Nunes ez al., 2020). There are only a handful of studies that have
explored the impact of spatial variation in stomatal characteristics
within individual leaves on leaf function and these have shown
that this spatial variation along with spatial differences in micro-
climate result in heterogeneous patterns of leaf gas exchange
(Weyers er al., 1997; Lawson et al, 1998, 2018; Lawson &
Weyers, 1999; Mott et al., 2008; Kamakura ez 4/, 2011). Inter-
estingly in our study, SD was decreased to a greater extent at the
tip than the base on both leaf surfaces. This maybe counterintui-
tive as it could be envisaged that the tip of the leaf is narrower
due to reduced expansion of epidermal cells, which would result
in higher SD (Lawson ez al., 2002). These findings indicate that
the observed variation in density is due to cell differentiation
rather than expansion. An alternative plausible explanation for
these observations is that the tip of the leaf is also the oldest, and
therefore, it could be that older parts of the leaf signals to newly
differentiating cells, as has been shown between mature and
young leaves (Lake er al, 2001), or that as the leaf grows it
becomes less sensitive to genetic regulation of SD, and/or that
environment signals start to override genetic intervention.

As SD is a major determinant of functional behaviour, it is
not surprising that larger decreases in g, were observed in the
10E5 mutants (Fig. 4), and that the magnitude of the decrease
was strongly correlated with the decrease in numbers (Fig. 6).
The stronger SD and g, relationship observed in the 10E5
mutants compared with WT (Fig. 6), clearly demonstrates that
stomatal numbers were not optimal in the WT and that density
was actually higher than required for steady-state photosynthetic
function. This is further exemplified by the fact that no signifi-
cant differences in photosynthetic rates (A) were observed in the
mutants on the adaxial surface, irrespective of leaf position
(Fig. 4b). Overinvestment in stomatal and nonoptimal pattern-
ing has been reported recently by Watts ez al. (2024), in which
the authors explored patterning of stomata on both leaf surfaces
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under different environmental conditions and concluded that
stomata are not ideally dispersed on the two surfaces, and
that patterning is surface independent as well as that any coordi-
nation between the patterning on the abaxial and adaxial would
result in limited improvement in photosynthesis. The greater g,
than required for A in the WT results in an erosion of WUE
(Lawson & Blatt, 2014; Franks er al, 2015). On the other
hand, the substantally reduced abaxial g, in the mutants
caused diffusional limitation on A (Vialet-Chabrand
er al., 2021), highlighting the close coupling between A and g,
(Wong er al., 1979) at least on this surface. The greater decrease
in WUE at the tip demonstrates the importance of taking into
consideration spatial variation in gas exchange and WUE, as
cumulatively these differences could have significant impacts on
whole plant water status (Martin & Stabler, 2002; Medranoa
et al., 2015; Brillante ez al., 2017; Liu ez al., 2018), with impor-
tant agricultural relevance. This within leaf surface variation also
highlights the importance of adequate sampling protocols. As
demonstrated in our simulation analysis that conventional
1 mm? samples substantially underestimate spatial heterogeneity
and structural functional correlations (Fig. 7a—c). The simula-
tion of 14.6 million sampling iterations showed that minimum
sampling requirements range from 8 to 10 mm” to achieve both
acceptable statistical reliability and accuracy. The local Moran’s
I analysis (Fig. 5a,c) also revealed distinct clustering patterns
characterised by varying degrees of spatial autocorrelation. It is
worth pointing out that this spatial organisation has direct func-
tional consequences, with relative global deviation showing sig-
nificant negative correlations with stomatal conductance,
revealing that uniform stomatal distribution enhances overall
leaf-level gas exchange efficiency (Fig. 6f). These spatial patterns
align with developmental mechanisms governing surface specific
stomatal initiation. Our findings that EPF1 overexpression
spatial  heterogeneity global
increased by 55% on abaxial surfaces) may reflect disrupted

increases (relative deviation
cell—cell signalling cascades that normally enforce ordered sto-
matal spacing, particularly in regions where stomatal precursors
preferentially accumulate in the abaxial epidermis as shown
recently by Jalakas ez al. (2024).

To our knowledge, this is the first study that reported differen-
tal effects of EPF1 expression on SD on the abaxial and adaxial
leaf surface and measured the impacts on gaseous exchange of the
two surfaces simultaneously. These findings highlight that stomatal
patterning in monocots is differentially controlled in the adaxial
and abaxial surfaces and raises questions regarding the signalling
pathway or control of patterning on the adaxial surfaces. Further-
more, using a novel method, we have shown that altered expression
of EPF1 results in SD disparities over the leaf lamina, with conse-
quences for both A and water use. Such spatial variation must be
considered when evaluating SD in the context of genetic modifica-
tions or physiological performance, as it can significantly influence
whole-plant water relations and affect the reliability of sampling
protocols. Although we have also demonstrated an over investment
in stomata on the adaxial surface, it is clear that the adaxial and not
the abaxial surface supports greater gaseous diffusion and high
photosynthetic rates similar to wheat (Wall ez 4/, 2022) despite
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equal SD on both surfaces. Understanding the underlying control
of stomatal patterning on both surfaces relative to photosynthetic
capacity will deliver new avenues for manipulating surfaces inde-
pendently providing novel targets for producing plants with opti-
mal gaseous exchange for photosynthetic performance, evaporative
cooling, and/or WUE essential, for future crop resilience given the
predicted changes to climate.
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