N

[ERN

N

NV 00 N o

10
11
12
13
14
15
16
17
18
19
20

w

Structural mesophyll differences

Research Paper

Into the spongy-verse: structural differences

between leaf and flower mesophyli

Running title: Structural mesophyll differences

Jeroen D.M. Schreel*?’, Guillaume Théroux-Rancourt®, Pamela K. Diggle*, Craig Brodersen®,

Adam B. Roddy*

!Institute of Environment, Department of Biological Sciences, Florida International
University, Miami, FL, USA, 33199

2Plant Sciences Unit, Flanders Research Institute for Agriculture, Fisheries and Food (ILVO),
B-9090 Melle, Belgium

3Smart farming, Biopterre - Bioproducts development center, Sainte-Anne-de-la-Pocatiére,
Québec, Canada

“Department of Ecology and Evolutionary Biology U-3043, 75 N. Eagleville Rd, University of
Connecticut, Storrs, CT, USA, 06269

>School of the Environment, Yale University, New Haven, CT, USA, 06520

"Corresponding author: jeroen.schreel@gmail.com



mailto:jeroen.schreel@gmail.com

5
6

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

N

Structural mesophyll differences

Contact information: J.D.M.S.: jeroen.schreel@gmail.com

ORCID: 0000-0002-6152-1307

G.T.R.: guillaume.theroux-rancourt@biopterre.com

ORCID: 0000-0002-2591-0524

P.K.D.: pamela.diggle@uconn.edu

ORCID: 0000-0001-7391-0249

C.B.: craig.brodersen@vale.edu

ORCID: 0000-0002-0924-2570
A.B.R.: aroddy@fiu.edu

ORCID: 0000-0002-4423-8729

Number of tables: 2
Number of figures: 8
Black & White: Fig. 1-8

Word count: Introduction: 1250
Materials and Methods 1566
Results and Discussion 1574
Total 4390

Supplementary data: 2 tables, 7 figures


mailto:aroddy@fiu.edu
mailto:craig.brodersen@yale.edu
mailto:pamela.diggle@uconn.edu
mailto:guillaume.theroux-rancourt@biopterre.com
mailto:jeroen.schreel@gmail.com

10

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

11
12

Structural mesophyll differences

Highlights
While spongy mesophyll tissue occurs in both leaves and the flower perianth, this tissue is

structurally different in the two organs.

Abstract

As the site of almost all terrestrial carbon fixation, the mesophyll tissue is critical to leaf
function. However, mesophyll tissue is not restricted only to leaves but also occurs in the
laminar, heterotrophic organs of the floral perianth, providing a powerful test of how
metabolic differences are linked to differences in tissue structure. Here, we compared
mesophyll tissues of leaves and flower perianths of six species using high-resolution X-ray
computed microtomography (microCT) imaging. Consistent with previous studies, stomata
were nearly absent from flowers, and flowers had a significantly lower vein density
compared to leaves. However, mesophyll porosity was significantly higher in flowers than in
leaves, and higher mesophyll porosity was associated with more aspherical mesophyll cells.
Despite these differences in cell and tissue structure between leaf and flower mesophyll,
modeled intercellular airspace conductance did not differ significantly between organs,
regardless of differences in stomatal density between organs. These results suggest that in
addition to differences between leaves and flowers in vein and stomatal densities, the
mesophyll cells and tissues inside these organs also exhibit marked differences that may
allow for flowers to be relatively cheaper in terms of biomass investment per unit of flower

surface area.

Keywords
flower, flower anatomy, functional plant anatomy, intercellular airspace, leaf, leaf anatomy,

microCT, spongy mesophyll, structure-function relations
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Introduction

Photosynthesis and transpirational water loss are mechanistically linked through stomatal
conductance, intercellular airspace conductance, and leaf vein density (Brodribb et al. 2007;
de Boer et al. 2012). To facilitate CO, diffusion from the atmosphere into a leaf, the leaf
needs to maintain a high surface conductance, which is accomplished by having high
stomatal densities. Throughout the history of flowering plants, increasing leaf surface
conductance occurred primarily through reductions in the size of stomatal pores and
increases in their packing densities (Franks and Beerling 2009). To avoid desiccation,
increases in leaf vein density have co-occurred with increasing stomatal conductance,
balancing the increase in transpirational water loss with an increase in water supply (de
Boer et al. 2012; Scoffoni et al. 2016; Brodribb et al. 2017).

The mesophyll, the tissue where chloroplasts fix CO,, fills a substantial proportion of
the leaf volume, sandwiched between the two epidermal layers, and is located between the
veins. Unlike other tissues, the mesophyll is defined not only by its cellular features but also
by the intercellular airspace that forms a network between the cells. Because CO, must
diffuse through this intercellular airspace before entering the mesophyll cells, the
conductance of the intercellular airspace is directly related to the organization of the
mesophyll cells and tissue (Evans et al. 2009; Tomas et al. 2013; Earles et al. 2018; Théroux-
Rancourt et al. 2021, 2023). In many leaves, mesophyll tissue is subdivided into adaxial
palisade and abaxial spongy layers, which have distinct structures and functions. Palisade
mesophyll tissue absorbs more light and fixes more carbon due to its adaxial position and
densely packed, columnar-shaped cells (Ustin et al. 2001). The spongy mesophyll, by
contrast, is typically more porous and lacks clear structural organization in some taxa, while
it is highly ordered in others (Borsuk et al. 2022). What we know about mesophyll structure
and organization is entirely dominated by the study of leaves; however, mesophyll tissue
also occurs in non-photosynthetic, floral perianth organs. Understanding the structure and
organization of mesophyll tissue in photosynthetic (i.e., leaves) and non-photosynthetic
organs (e.g., petals) can illuminate how different functional demands can result in different
structural organizations in homologous tissues.

The laminar, non-reproductive organs of flowers that comprise the floral perianth
vary considerably among angiosperm lineages (Endress 2001). Floral perianths

differentiated into distinct sepals and petals have evolved repeatedly among the
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angiosperms, and petals are thought to have been derived from either stamen-like
structures (andropetaloidy) or bract- or leaf-like structures (bracteopetaloidy) depending on
their lineage (Eames 1961; Weberling 1989; Takhtajan 1991; Irish 2009). Despite starting
development with similar structures (i.e., highly packed, confluent cells), foliar and floral
mesophyll undergo different developmental trajectories that result in different mature
structures, presumably because of different functional demands that have driven the
evolution of these different developmental paths. While organs such as bracts, sepals,
pedicels, ovaries, and fruits are capable of some photosynthesis (see Werk and Ehleringer
(1983) and Galen et al. (1993)), most floral organs are thought to assimilate little to no CO,.
This lack of photosynthetic capacity has been predicted to have cascading consequences on
the tissue structure of laminar, non-reproductive floral organs of the perianth, such as
tepals and petals, potentially releasing them from selection for high rates of CO, diffusion
(Roddy 2019).

First, efficient gas exchange is not a major selection pressure given that
heterotrophic organs do not assimilate CO, (Lipayeva 1989; Roddy et al. 2016; Zhang et al.
2018), explaining why stomatal densities in leaves are 7 to 250 times higher than those in
conspecific petals (Hew et al. 1980; Whiley et al. 1988; Blanke and Lovatt 1993; Liu et al.
2017; Zhang and Brodribb 2017; Roddy 2019). Strong phylogenetic structure has been
observed in floral stomatal density, suggesting that there has been selection for reduced
floral stomatal densities among more recently diverged angiosperm clades (Roddy et al.
2016; Ke et al. 2024).

Second, like in leaves (de Boer et al. 2012; Brodribb et al. 2017), stomatal density
and vein density often covary in flowers (Roddy et al. 2016; Zhang et al. 2018; Ke et al.
2024). Without the need to transport high fluxes of water to support high rates of
transpiration, flowers have lower abundances of veins traversing their petals compared to
conspecific leaves (Roddy et al. 2013; Zhang et al. 2018; Roddy 2019; An et al. 2023).

Third, without the need to support high fluxes of CO, diffusion, the mesophyll of
flowers may differ in its structural characteristics from that of leaves. Unlike leaves, which
typically have two distinct layers of mesophyll — the palisade and the spongy layers — the
floral mesophyll seems to be composed of only a porous spongy mesophyll layer (McCoy
1940; Satina and Blakeslee 1941; Kaplan 1968; Kay and Daoud 1981; Battey and Lyndon
1988).
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The structure of floral mesophyll may influence how flowers perform different
functions. While leaves must capture, scatter, and absorb light for photosynthesis, flowers
often function as a visual attractor for pollinators. Like leaves (Bone et al. 1985; Vogelmann
et al. 1996; Brodersen and Vogelmann 2007), many flowers have conically shaped epidermal
cells that help to reflect light (Kay and Daoud 1981), a process that may be amplified by light
scattering by the porous spongy mesophyll (Kay and Daoud 1981; Vogelman et al. 1996; Van
Der Kooi et al. 2016; Van Der Kooi and Kelber 2022). In leaves, the porous structure of the
spongy mesophyll is critical for CO, to diffuse from the stomatal pores and into the
mesophyll cells and chloroplasts lining the mesophyll cell surfaces (Lundgren et al. 2019;
Baillie and Fleming 2020; Théroux-Rancourt et al. 2021; Borsuk et al. 2022). In heterotrophic
petals, however, maintaining CO, diffusion through the airspace and into the mesophyll cells
has likely not been an important selection pressure in the evolution of mesophyll structure.
Without selection for CO, diffusion, anatomical traits that influence diffusion may be more
variable in flowers than in leaves, similar to the higher variability of hydraulic traits in
flowers compared to leaves (Roddy et al. 2019; An et al. 2023). In addition to these optical
and diffusional functions, the mesophyll may also perform a biomechanical role. Without
carbon-rich veins to provide structural support, the mesophyll tissue of flowers, in
combination with the epidermis, may act as a turgor-driven, hydrostatic skeleton (Roddy et
al. 2019, 2023). In support of this hypothesis, the mesophyll tissue collapses and
intercellular airspace porosity disappears when positive turgor pressure is lost in
Calycanthus occidentalis tepals (Roddy et al. 2018). This line of evidence suggests that the
different functions performed by floral and foliar mesophyll may result in divergent
mesophyll organizations in the two organs.

In this paper, we compare the 3D structure of the mesophyll tissue in leaves and
flowers using high-resolution X-ray micro-computed tomography (microCT) imaging. We
chose six phylogenetically diverse species encompassing the breadth of floral physiological
traits sampled to date (Roddy et al. 2016, 2023) (Table 1). We hypothesized that the
absence of photosynthesis in flowers lowers their stomatal and vein densities. Because
flowers are relatively short-lived, and have lower biomass costs per unit area (Roddy et al.
2023), we predicted that flower mesophyll may be thinner and more porous than leaf
mesophyll. Because mesophyll porosity is accomplished by changes in cell shape (Zhang et

al. 2021; Treado et al. 2022), we also predicted that flowers would have more aspherical
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cells. However, because low stomatal densities (D,) in flowers may effectively prevent
diffusion even when the mesophyll is porous, we tested how D, affects intercellular airspace

conductance (g,) by artificially varying D, and calculating gs.

Materials and Methods

Plant material

All plant material was collected from the living collections of the University of California
Botanic Garden in Berkeley, CA, USA. We sampled leaves (n = 1) and flowers (n = 1) from six
species that span known variation in floral hydraulic traits (Table 1). Previous sampling of
floral anatomical and physiological traits suggests that there is relatively little intraspecific
variation (Roddy et al. 2016; Zhang et al. 2018). Sampled shoots were taken from the top of
the plant crown, though because all species were shrubs they experienced some shade.
Shoots with recently opened flowers were excised in the early morning, and their cut ends
immediately recut underwater and kept submerged in water to prevent tissue desiccation.
Shoots were transported to the laboratory within 1 hour of collection. An approximately 5 x
10 mm piece of tissue was excised from midway down the length of petals and leaves and,
for leaves, midway between the midrib and the leaf margin, avoiding major veins. This
excised tissue was immediately enclosed in polyimide tape to prevent desiccation during
microCT imaging and to aid in sample mounting. Samples were held in the X-ray beam by a
cut pipette tip mounted in a drill chuck. The samples were positioned so that the X-ray beam

passed through only polyimide tape and plant tissue.

X-ray micro-computed tomography (microCT) imaging

We used high resolution X-ray computed microtomography to image flower and leaf
samples in three dimensions (Brodersen and Roddy 2016) at Beamline 8.3.2 of the
Advanced Light Source of Lawrence Berkeley National Laboratory, Berkeley, CA, USA.
Samples were scanned in continuous tomography mode at 24 keV as the samples rotated
from 0° to 180°. The duration of each scan was between 5-7 minutes, and there was no
visible damage to tissues after scanning. Images were captured by a camera (PCO EDGE;
Cooke Corp., Romulus, MI, USA) with a 5x Mitutoyo long working distance lens. Scans

resulted in 1,025 raw, two-dimensional tomographic projection images per sample, which
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were then reconstructed using TomoPy (Gursoy et al. 2014). Reconstructed scans were
processed and mesophyll traits extracted using published methods (Théroux-Rancourt,

Jenkins, et al. 2020) and briefly described below.

Leaf trait analysis of microCT images

Mesophyll thickness (L,...; Table 2) was computed as the median height of all voxel columns
throughout the sample. Tissue volumes were extracted as the sum of voxels per tissue type:
veins (V,.;,), mesophyll cells (V,,), and intercellular airspace (V). Mesophyll volume (V,..)
was calculated as the sum of V, and V. Mesophyll porosity (6,,) was calculated as
Vias/Vimes (Théroux-Rancourt et al. 2023). Surface area of mesophyll cells exposed to the
intercellular airspace (SA,,.,) was computed by a marching cube algorithm (van der Walt et
al. 2014) building surface meshes around the airspace using a step size of two (i.e., over
every second voxel), which provides a surface area estimate for geometrical objects closer
to their mathematical surface area than when using a step size of one (Théroux-Rancourt,
Voggeneder, et al. 2020). Mesophyll surface area per projected leaf or petal surface area
(S,,) was calculated as SA,./LA, where LA is the projected surface area of the sample stack
(width x depth of the stack).

Stomatal density (D,) was calculated as the number of stomata per LA. One species,
Bergenia crassifolia, had amphistomatous leaves, while all other species had hypostomatous
leaves. Flower tepals and petals had very few, if any, stomata (Table 1). Though they did not
have stomata, Romneya coulteri petals had numerous cracks or pores in the petal epidermis
(Fig. S2). While these pores were generally smaller than stomatal pores, they could
nonetheless be pathways for gas diffusion, and so we treated them as stomata. Because the
calculation of intercellular airspace conductance (g,,s) from 3D mesophyll anatomy depends
on the presence and spatial positioning of stomata (discussed below), we randomly added
artificial stomata to floral tepal and petal epidermises. We performed a sensitivity analysis
of the effects of stomatal density on g, by using stomatal densities equivalent to 100%,
50%, and 25% of their conspecific leaf stomatal densities (Table S2). This allowed us to
elucidate to what extent differences in diffusion capacity between leaves and flowers were

due to differences in stomatal density versus mesophyll structure. For Bergenia crassifolia,
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we added these stomata on both petal surfaces, reflecting the amphistomatous distribution
on leaves.

We calculated a number of geometrical parameters that describe the organization of
the porous mesophyll tissue (Earles et al. 2018). Lateral path lengthening () is the increased
path length for diffusion resulting from the discrete distribution of stomata and is calculated
as Lg/Leyi, Where Ly, is the Euclidean path length from a stoma to a point along the

mesophyll surface and L, is the epidermal path length (Earles et al. 2018; Théroux-Rancourt

epi

et al. 2023). In other words, L., is the shortest unobstructed distance from a stoma to a

point along the mesophyll surface, while L., is the distance from the abaxial epidermis for

epi
hypostomatous leaves, or the shortest distance from either the ad- or abaxial epidermis for
amphistomatous leaves, to a point along the mesophyll surface. The tortuosity factor () is
the square of the ratio of the path length travelled by diffusion to the Euclidean path length,
calculated as (Lg../Le,)? where L, is the geodesic path length or the actual path length
travelled by a diffusing CO, molecule from the closest stoma to a point along the mesophyll
surface (Earles et al. 2018; Théroux-Rancourt et al. 2023). Both the code used and a detailed

description of the steps taken to measure these parameters are available at

https://github.com/gtrancourt/leaf-traits-microct/tree/dev.

By combining these structural traits, we calculated the conductance of the

intercellular airspace (g,,s) as (Earles et al. 2018):

014s D
= m Eq. 1
Yias el 1)

where D,, represents the diffusion coefficient of CO, in air (16 mm? s?) and eL,, is

the effective mesophyll thickness, considered to be 0.5 L, for hypostomataous leaves and
0.25 L, for amphistomatous leaves.

Vein density, or vein length per projected area (VLA), was calculated as the total
length of veins divided by LA. We measured vein diameter manually by imposing three
transects on a paradermal cross-section positioned to pass through the middle of the veins :
two intersecting diagonal transects and one transect parallel to the edge of the paradermal
cross section, separating the top quarter from the second quarter of the image. This pattern
prevented the same point from being intersected by all three transects and also
incorporated variation in measured diameter due to vein orientation. Though this approach

results in an overestimation in vein diameter because the shortest vein diameter is that
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perpendicular to the tangent of the vein at any point, this approach is similar to traditional
methods for measuring vein diameter that rely on two-dimensional leaf cross-sections that

cut veins obliquely.

Cell segmentation for quantifying cell shape

While previous segmentations of individual mesophyll cells from microCT image stacks
relied on only one cell per scan (Théroux-Rancourt, Voggeneder, et al. 2020; Harwood et al.
2021), we manually segmented three cells (pseudoreplicates) of each mesophyll tissue type
(spongy and/or palisade parenchyma) per scan to capture variation in cell shape. First,
edges of the target cell in contact with surrounding cells were identified because cell walls
are brighter in microCT images than cell interiors and because sharp changes in cell surface
curvature occur at cell-cell boundaries. These cell-cell boundaries were manually delineated
using a graphic tablet (Wacom Cintig 16, Wacom Co, Saitama, Japan) in Fiji (Schindelin et al.
2021), making sure the cell wall of the target cell was inside the selected area and not
covered by the line drawn. To completely detach the cell of interest from the surrounding
tissue, multiple iterations of rotating and reslicing the stack were followed by identifying
and drawing the contact edges. Second, the stack was thresholded using the built-in
automated threshold function in Fiji. Subsequently, the cell of interest was manually flood-
filled with a contrasting grey value. The colored stack was thresholded again using the built-
in threshold function in Fiji, using a selected greyscale range that included only the colored
cell. The segmented cell was smoothed by a median filter with a pixel radius of two and
resliced three times to have equal smoothing in all directions (x, y, and z planes). Lastly, the
surface area (A) and volume (V) of the cell was measured using the Particle Analyser
function of the BonelJ plugin (Doube et al. 2010) for Fiji. A visualization of this workflow can
be found in the supplement (Fig. S1).

Based on the surface area and volume of a cell, the cell's deviation from a perfect

sphere, i.e., asphericity (A), was calculated as:

A= - Eq. 2
6V
where A = 1 for a perfect sphere and increases with increasing asphericity (Treado et

al. 2022).

10
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Statistical analysis

Most variables, except VLA and SA,./Vs exhibited more variance among flowers than
among leaves. To take this difference in variance into account, we used paired t-tests with
unequal variance (paired Welch’s t-test) to compare traits between organs (i.e., leaves and
flowers). To compare multiple datasets (e.g., flowers, leaf spongy mesophyll, leaf palisade
mesophyll and all leaf mesophyll) a pairwise paired t-test with unequal variance was
performed. We incorporated phylogenetic analyses where appropriate by constructing a
dated supertree using V.Phylomaker2 (Jin and Qian 2022). Phylogenetic paired t-tests were
used to compare flower and leaf traits (phyl.pairedttest() in R package phytools (Revell

2024)).All statistical tests were performed in R (R Core Team 2020).

Results and Discussion

Our comparison of leaf and flower 3D mesophyll structure highlights the diversity of
mesophyll structures. Consistent with analyses of physiological traits (Roddy et al. 2019; An
et al. 2023), our results show that for almost every mesophyll trait measured, flowers
exhibited higher interspecific variability than leaves. While mesophyll porosity is important
to facilitate CO, diffusion in leaves, high mesophyll porosity also potentially reduces the
metabolic costs of tissue construction and maintenance, which may be critical in short-lived,
heterotrophic organs like flower tepals and petals.

Stomata were almost completely absent on flowers, resulting in a significantly lower
stomatal density for flowers compared to leaves (t = 5.01, df = 5, p < 0.05). Leaf stomatal
density ranged from 43 to 553 mm2, depending on species (Table 1). By contrast, we found
stomata on flowers of only two species, lllicium floridanum and Rhododendron mucronatum,
though petals of Romneya coulteri had numerous epidermal pores that could allow for gas
exchange between the petal interior and the atmosphere (Fig. S2; Table 1). Fewer stomata
on flowers should decrease transpirational water loss, allowing for lower VLA in flowers.
Consistent with previous findings (Feild et al. 2009; Roddy et al. 2013; Zhang et al. 2018; An
et al. 2023), VLA was significantly lower in flowers compared to leaves (t =-4.91, df = 5, p <
0.05; Fig. 1, Table S1). As a result, flowers must hydrate a larger mesophyll volume per unit
of vein volume (V,,../V..in; t = 2.01, df = 5, p < 0.10; Fig. 1). Despite this consistent difference

in VLA, vein diameter was not significantly different between organ types (p = 0.66), and

11
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flowers exhibited much greater variation in vein diameter than did leaves (Fig. 1). This larger
variance is a result of two contrasting groups of species: those in which flowers have
narrower veins than their conspecific leaves (Luculia gratissima, Rhododendron
mucronatum, and Romneya coulteri) and those in which flowers have wider veins than their
conspecific leaves (Bergenia crassifolia, Camellia yunnanensis, and lllicium floridanum) (Fig.
S3). While narrower petal/tepal veins could be due to lower transpirational demand, thicker
floral veins could compensate for lower VLA to achieve similar water supply. However,
without more information about conduit number per vein and conduit diameter, it is
difficult to draw clear conclusions. Furthermore, only the difference in VLA between organs
remained significant after accounting for shared evolutionary history (Table S1), though this
is likely due to the small number of species in our study.

As flowers function mainly as pollinator attractors, the structure and organization of
the mesophyll were predicted to differ between leaves and flowers. Attracting pollinators
requires large, showy floral displays that reflect light externally, e.g., through conical
epidermal cells and reflective mesophyll surfaces (Kay and Daoud 1981; Van Der Kooi et al.
2016). Contrary to flowers, leaves need to capture and scatter light internally to be
absorbed by mesophyll tissue for photosynthesis, which requires large mesophyll tissue
volumes to maximize light absorption. Due to these differences in function and associated
mesophyll thickness and volumes, flower mesophyll thickness (L,..;) and porosity (6,,) were
expected to be lower and higher compared to their conspecific leaves, respectively.

Contrary to our initial hypothesis, the overall difference in L, ., between flowers and
leaves was insignificant, with only Bergenia crassifolia and Romneya coulteri having a lower
L. in flowers than leaves (Figs. 2 and 3). All else being equal, thinner mesophyll would
reduce floral carbon construction costs per unit area (Roddy et al. 2023). That most species
exhibited thicker L, in flowers than leaves is surprising, but may due to biomechanics;
tissue thickness increases stiffness independently of the material properties.

Thicker mesophyll in flowers may compensate for the biomechanical effects of
higher porosity in flowers. Because selection may have favored reduced biomass costs in
flowers compared to leaves, one of the primary ways of accomplishing this would have been
through a higher mesophyll porosity (6,,s) (Roddy et al. 2023). Even though we sampled only
six species, flowers exhibited almost the full range (0-1) of mesophyll porosities that are

physically possible, ranging from 0.11 in I. floridanum to 0.76 in L. gratissima. 6, was

12
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marginally higher in flowers compared to leaves (t = 2.01, df = 5, p < 0.10) and consistently
higher in flowers for every species except I. floridanum (Fig. 2), suggesting that while
mesophyll volume per unit projected surface area (V,./LA) was not significantly different
between flowers and leaves, floral mesophyll is generally more porous. This higher porosity
would contribute to lower biomass costs per unit area for flowers (Roddy et al. 2023). While
higher porosity could reduce organ stiffness, thicker L. in flowers could compensate for
higher porosity. The lower 6,5 for the entire leaf mesophyll is due primarily to the densely
packed palisade mesophyll, which is absent in flowers (Fig. 3). However, with the exception
of I. floridanum, the spongy mesophyll in flowers is more porous than even the leaf spongy
mesophyll (Fig. 4). The wide diversity in mesophyll thickness and porosity of flowers
observed in just these six species could be due to variation in other ecological factors.

Given that the proto-mesophyll tissue in leaf and flower primordia begins
development as highly packed (i.e. almost no porosity) but then matures into a wide range
of mesophyll porosities (Fig. 2 and 3), we asked whether this variation in tissue porosity is
driven by similarly wide variation in cell shape. Recent modeling and visualization of
Arabidopsis mesophyll development has shown that the development of spongy mesophyll
porosity is driven by changes in cell shape towards increasingly lobed, more aspherical
shapes (Maksymowych 1973; Zhang et al. 2021; Treado et al. 2022). Additionally, among
widely divergent vascular plant lineages, leaf spongy mesophyll in many species exhibits a
highly conserved structural organization composed of lobed cells that form a stable network
(Borsuk et al. 2022).

Among the species sampled here, flowers tended to have both more porous
mesophyll tissue (Fig. 3 and4) and mesophyll cells that were more aspherical than leaves
(Fig 3 and 5). Across the spongy mesophyll of both leaves and flowers, cell shape asphericity
(A) and tissue porosity (8,,5) were strongly coordinated (p < 0.05; Fig. 6), suggesting that cell
shape-and not only the organization of cells in 3D-is a critical determinant of mesophyll
tissue-level porosity. The higher A and 6, in flowers may, therefore, be central traits
enabling petals to be biomechanically robust yet have a low dry mass per area. Because
mesophyll cells must remain in contact with each other, increasing tissue-level porosity

seems to require more aspherical cells (Fig. 6).
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Variation in stomatal density (D,) and 6, affected both the Euclidean path length
(Le,) and the geodesic path length (L.,) from a stoma to a point along the mesophyll
surface. Low D, led to increases in L, and lateral path lengthening ( }; Fig. 7), and a decrease

in B, resulted in a low L., and tortuosity factor (;) (Earles et al. 2018). Because current

geo
methods for estimating conductance through the intercellular airspace (g,,s) require tracing
the paths from stomata to the mesophyll cell surfaces, estimating g,s requires knowing
where stomata are. Thus, having few or no stomata would preclude calculating g,.. Yet,
intercellular airspace conductance can be calculated even if there is no concentration
gradient to drive the flux. To overcome this methodological limitation for flowers without
stomata, we artificially added stomata in varying densities to petals and tepals and
calculated the resulting g,s. Decreasing Ds tended to cause ) to increase, with major
changes occurring between 50% and 25% of leaf Ds, though differences between leaves and
flowers with equal D, were not significantly different (Fig. 7). Thus, g, may be relatively
constant across a wide range of Ds under the 8, observed here, indicating that the
stomatal resistance is much higher than other gas-phase components of the diffusional
pathway. ¢ was expected to be influenced to some extent by Ds and 6, however,
decreasing Ds (Fig. S4) or varying 6,, (Fig. S5) appeared to have little effect on ;. The effects
of D, on 7 at low porosity were likely due to the stochastic positioning of stomata that
occurs at low D, (Fig. S5). Based on the limited effect of Ds on ) and ¢, it is not surprising
that the effect of Ds on g,s was also limited and not significantly different between leaf and

flower spongy mesophyll (Fig. 8), nor when examining the entire leaf mesophyll (spongy and

palisade together) (Fig. S6).

Conclusions

Using a novel dataset of 3D mesophyll structure for conspecific leaves and flowers, we
characterized the differences between organs in mesophyll structure and function. The
lower stomatal and vein densities observed in flowers compared to leaves were associated
with differences in mesophyll structure. Aside from a reduction in carbon-dense veins
among flowers, mesophyll porosity was significantly higher in flowers than in leaves,
explaining at least partially why flowers have lower biomass costs per unit of area. Despite
these large structural differences in the mesophyll of flowers and leaves, intercellular

airspace conductance did not differ significantly between leaves and flowers when flowers
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were artificially given stomatal densities on par with leaves. This result reiterates the
importance of low stomatal densities on flowers in protecting their porous mesophyll from
the desiccating atmosphere. Importantly, across both leaves and flowers, increasing spongy
mesophyll porosity was associated with more aspherical mesophyll cells. Together, these
results highlight how different functional demands and developmental trajectories can give

rise to a diversity of forms.
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587 Tables
588 Table 1. Measured stomatal densities (stomata mm-2) on the adaxial (AD) and abaxial (AB)

589 surface (n=1).

Surface Leaf Flower
Bergenia crassifolia AD 28 0
AB 105 0
“Camellia yunnanensis ~~ AD  ( o 0
AB 178 0
“lllicium floridanum ~— AD o 0
AB 43 1
“Luculia gratissima ~ AD  ( o 0
AB 239 0
“Rhododendron ~~ AD  ( o 0
mucronatum
AB 239 5
“Romneyacoulteri ~ AD  ( o 0
AB 553 260*

*Not real stomata, but pores that could be used for gas exchange
590
591
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592 Table 2. Symbols and abbreviations with their units and description

Symbol  Unit Description

A - Asphericity

A mm? Cell surface area

D, mm?s? Diffusion coefficient

D, stomata mm Stomatal density

8ias mm s Intercellular airspace conductance

LA mm? Projected surface area

Leuc mm Euclidean path length

Lepi mm Epidermal path length

Leeo mm Geodesic path length or the actual path length

Lies mm Mesophyll thickness

S, mm? Mesophyll surface area per projected leaf or petal
surface area

SA, o mm? Surface area of mesophyll cells exposed to the
intercellular airspace

\Y mm? Cell volume

Ve mm? Volume of mesophyll cells

Vias mm? Volume of mesophyll intercellular airspace

VLA mm mm-2 Vein density, or vein length per area

Vies mm? Volume of mesophyll

Viein mm? Vein volume

Oias mm?® mm- Mesophyll porosity

A mm mm- Lateral path lengthening

T mm? mm- Tortuosity factor

593
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Figure legends
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Fig. 1 Anatomical traits related to veins for the six species studied. For flowers (red) and
leaves (green), vein density (VLA; mm mm-2), mesophyll surface area exposed to the IAS per
unit of vein volume (SA, ./V.ein; MM? mm=2), vein diameter (mm) and mesophyll volume per
unit of vein volume (V,.o/Vyeir; MmM® mm=2) are shown. * and ** displayed in plots indicate

significant differences with p < 0.10 and p < <0.05, respectively.
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Fig. 2 Anatomical traits related to mesophyll tissue for the six species studied. For flowers
(red) and leaves (green), mesophyll thickness (L,.; mm), mesophyll volume per unit of leaf
area (V,./LA; mm?® mm=2), mesophyll porosity (0,,c; mm*® mm=), mesophyll surface area per
projected area (S,,; mm? mm?2), intercellular airspace volume per unit of leaf area (V,,s/LA;

mm?® mm~2) and mesophyll surface area exposed to the IAS per unit of intercellular airspace
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leaves flowers
(a) transverse (b) airspace  (c) palisade cell (d) spongy cell (e) spongy cell (f) airspace (g) transverse

projection volume volume projection
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Fig. 3 Cell and tissue trait diversity among (a-d) leaves and (e-g) flowers. (a) Average cross-
sectional mesophyll porosity (8,,; mm® mm=) for leaves, visualized by averaging across the
depth of the microCT scan. Lighter colors indicate more cell material, and darker colors
indicate more airspace. (b) 3D volume rendering of the intercellular airspace of leaves.
Height (thickness) varies depending on the species. Numbers indicate the porosity (6,,) of
the tissue. (c) 3D volume rendering of one leaf palisade mesophyll cell from a leaf of each
species. Numbers indicate the asphericity (A) of the cell. (d) 3D volume rendering of one
spongy mesophyll cell from a leaf of each species. Numbers indicate the asphericity (A) of
the cell. (e) 3D volume rendering of one spongy mesophyll cell from a flower of each
species. Numbers indicate the asphericity (A) of the cell. (f) 3D volume rendering of the
intercellular airspace of flowers. Height (thickness) varies depending on the species.
Numbers indicate the porosity (8,s) of the tissue. (g) Average cross-sectional mesophyll
porosity (6,,; mm® mm=) for flowers, visualized by averaging across the depth of the

microCT scan. Lighter colors indicate more cell material, and darker colors indicate more
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624 airspace. Note that in panels (a, g) the width and height are each 600 um, and the tissue
625 dimensions in panels (b,f) are 600 um x 600 um in the paradermal plane with variable height
626 (thickness) depending on the sample. Cells displayed in panels (c-f) are visualized at
627 different scales.
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630 Fig.4 Mesophyll porosity (8,,; mm?® mm=?) for the six species studied, displayed for flowers,
631 leaf spongy mesophyll, leaf palisade mesophyll and full leaves. Letters indicate significant

632 differences with p < 0.05.
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634 Fig.5 Asphericity (A) for the six species studied, displayed for flowers, leaf spongy
635 mesophyll, leaf palisade mesophyll and full leaves.
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Fig. 6 Asphericity (A) as a function of mesophyll porosity (6,,;; mm® mm=) for the six
species studied, displayed for flowers and leaf spongy mesophyll. Shaded red and green are
models of the form A — 4% for flowers and leaf spongy mesophyll, respectively. Both the
model for the flowers and the leaf spongy mesophyll were significant (p < 0.05) with values

for a of 2.35 and 1.89, respectively.
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645 Fig. 7 Lateral path lengthening (}; mm mm™?) for the six species studied, displayed for

646 leaves and flowers with imposed stomata similar to 100% (Flower100), 50% (Flower50) and
647 25% (Flower25) of the stomatal density of conspecific leaves.
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650 Fig.8 Conductance of the intercellular airspace (g,s; mm s?) for the six species studied,
651 displayed for leaf spongy mesophyll and flowers with imposed stomata similar to 100%
652 (Flower100), 50% (Flower50) and 25% (Flower25) of the stomatal density of conspecific

653 leaves.
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Supplementary data

Table 51 Phylogenetic paired t-test results for each trait

Table 52 Imposed floral and measured leaf stomatal density

Fig. S1 Workflow used for manual cell segmentation

Fig. S2 Pores observed in the epidermis of petals of Romneya coulteri.

Fig. S3 Vein diameter (mm) for the six species studied for flowers and leaves.

Fig. S4 The tortuosity factor (y; mm mm) for the six species studied, displayed for leaves

and flowers with imposed stomata.
Fig. S5 The tortuosity factor (;; mm mm*) and lateral path lengthening (}; mm mm™) as a
function of mesophyll porosity (6,,;; mm?® mm=) for the six species studied, displayed for

leaves and flowers with imposed stomata.

Fig. S6 Conductance of the intercellular airspace (g,,s; mm s*) for the six species studied,

displayed for leaves and flowers with imposed stomata.

Fig S7. Larger versions of the transverse projections in Figure 3.
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