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six, and a mean internal angle between edges (θ) of 120˚ (Fig. 2E). Among species within our 

dataset, the spongy mesophyll tissue lattice had vertices that were joined by Ze = 3.03 ± 0.02, the 

IAS was partitioned into polygons with �J
$ = 5.89 ± 0.07, and the characteristic θ of the IAS 

polygons was 118.86˚ ± 0.40˚ (Fig. 2F, Data Set S1). To quantify the degree of order in the 5 

Fig. 2. Irregular honeycomb topology and structural characterization. (A) Cross-section of a representative 

leaf (Rhododendron sp. shown in panels A-D; scale bars = 50 µm). (B) Paradermal section showing spongy 

mesophyll between veins. (C) Paradermal microCT image of spongy mesophyll layer. (D) Fluorescence 

microscopy showing spongy mesophyll cell walls (dark lines) and chloroplasts (green points). Cell arm counts 

(3, 4, NA) and vascular tissue (V) indicated. (E) Schematic diagram of honeycomb structure with cell walls 

(gray) outlining spongy mesophyll (tissue in green, individual cell in red) with arm length (AL) and arm 

diameter (AD). Arms form edges (E) that enclose intercellular airspace pores (IAS Pore) with internal angles (θ). 

(F) Box plots for mean edge connectivity (Ze), mean edges per face (�J
$) , and mean internal angle (θ) for n = 29 

species with the honeycomb phenotype. Boxes represent inter-quartile range, lines across boxes represent group 

median, and whiskers extend from the upper and lower quartiles to the group maximum and minimum, 

respectively. Asterisks represent sample outliers. Red bars indicate values for a perfect hexagonal honeycomb. 

(G) Nearest neighbor diagram for a representative sample. (H) Frequency distribution of nearest neighbors for 

species with the honeycomb phenotype. (I) Comparison of predicted (red) and measured (gray) values for 

dispersion in polygon properties for the Aboav-Weaire Law (upper panel) and Lewis’ Rule (lower panel).  
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structure, we calculated the tessellation entropy (S) for each sample, which would be zero for a 

perfectly ordered hexagonal honeycomb. We found a mean tessellation entropy of 1.43 ± 0.03, 

which is similar to values reported for irregular hexagonal honeycomb morphologies in 

engineered thin films (S = 1.48; 23). We also found evidence for a distribution of IAS polygon 

sizes and classes (Fig. 2G,H) within the void space of the honeycomb lattice that satisfied 5 

additional topological rules anticipated from a contiguous 2D honeycomb lattice. As given by the 

Aboav-Weaire Law (24) for neighboring polygon relationships, the occurrence of an IAS 

polygon with a lower than average number of edges (n < 6) introduced a corresponding polygon 

with a higher number of edges into the aggregate (Fig. 2I, upper panel). As expected from  

Lewis’ Rule of polygon size dispersion (Fig. 2I, lower panel), which is derived from the space 10 

filling properties of plant epithelial cells (25), the area of a given IAS polygon varied linearly 

with its number of edges. These data indicate that the spongy mesophyll and IAS matrix meet the 

assumptions for a hexagonal honeycomb with some irregularity as would be expected in a 

biological system (17) where multiple stresses act upon the structure throughout development. 

Taken together, these indices (Fig. 2F-I) show the applicability of the 2D honeycomb framework 15 

to spongy mesophyll tissue and quantify the dispersion of sizes and shapes of the IAS voids, 

which may provide insight for future work into the developmental processes by which the tissue 

was formed (17). We conclude that an irregular hexagonal honeycomb topology characterizes a 

common spongy mesophyll phenotype that spans a wide range of terrestrial plants, including 

representatives from the fern, gymnosperm, basal angiosperm (ANITA), magnoliid, and eudicot 20 

clades. The observation that some cells within the honeycomb lattice can be isodiametric while 

others have varying numbers of arm-like protrusions (Fig. 2D) implies that this structure may be 

formed by an arbitrary number of configurations of cell morphologies that, at the tissue scale, 
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result in conservation of the global, ordered honeycomb topology governed by simple rules of 

cellular organization and optimality of resource allocation. Our data suggest that leaves with the 

honeycomb topology have optimized the construction of the spongy mesophyll to minimize 

cellular investment in a way that facilitates the vertical diffusion of CO2 from the stomatal pore, 

through the spongy mesophyll layer, and into the palisade tissue where light is most abundant for 5 

photosynthesis. This finding weakens the paradigm of spongy mesophyll as inherently 

disordered, and suggests that the emergent tissue structure is driven by conserved developmental 

(26), biomechanical, or physiological requirements, with distinct spongy mesophyll classes 

optimized for divergent functional goals. 

Drivers of phenotypic variation 10 

To understand what factors were associated with variation in spongy mesophyll 

phenotype, random forest analysis was used to rank the importance of various anatomical, 

environmental, and taxonomic traits (Data Set S1) in classifying mesophyll as honeycomb 

(discretized IAS domains in the paradermal plane, n = 29; Fig. 1C,D) or non-honeycomb 

(continuous IAS in the paradermal plane, n = 11; Fig. 1A,B). Spongy mesophyll phenotype was 15 

best predicted by three anatomical traits (Fig. 3A): cell arm length (AL), cell packing density, and 

the characteristic minimum vein spacing (see Supplementary Materials). Mesophyll 

classification showed steep transitional thresholds from honeycomb to non-honeycomb 

phenotypes at AL values below ~12 µm (Fig. 3B), as cell packing density exceeded ~2000 cells 

mm-2 (Fig. 3C), and as minimum vein spacing fell below ~0.1 mm (Fig. 3D). Therefore, leaves 20 

with smaller, more densely packed spongy mesophyll cells and closely spaced veins were more 

likely to exhibit non-honeycomb topology with continuous IAS domains, while leaves with 

fewer, larger cells per unit leaf area and more distantly spaced veins were more likely to exhibit  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 12, 2019. ; https://doi.org/10.1101/852459doi: bioRxiv preprint 

https://doi.org/10.1101/852459
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

9 
 

  

Fig. 3. Random forest classification of spongy 

mesophyll phenotypes. (A) Variable importance for 

classification between honeycomb and non-honeycomb 

phenotypes. Predictors at the top of the ranking have a 

higher relative importance in classification, as determined 

by mean decrease in accuracy when these variables are 

removed from the model. (B-D) Partial dependence plots 

showing logits (log fraction of votes) as a function of the 

three traits with highest relative importance. Blue shading 

shows approximate values over which probability favors 

the honeycomb phenotype; orange shading shows 

approximate values over which probability favors the non-

honeycomb phenotype. (E) Power law relationship (solid 

line) between AL and cell packing density; species with 

honeycomb and non-honeycomb spongy mesophyll are 

shown with blue and orange circles, respectively. S. 

oleracea, which was treated as non-honeycomb in the 

analysis yet had a unique phenotype, is indicated with a 

purple circle. Image insets demonstrate spongy mesophyll 

variation throughout the trait space. Figure inset shows the 

log-log transformed data and linear fit (solid line). (F) 

Power law relationship (solid line) between AL and 

minimum vein spacing. Color scheme and figure inset are 

the same as in (E). 
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the honeycomb topology with columnar airspace domains. The transition between phenotypes 

also corresponded to notable thresholds (Fig. S5) in vein density (Dv) and stomatal density (Ds). 

The non-honeycomb phenotype was associated with Dv above ~9 mm mm-2 and Ds above ~260 

stomata mm-2, which are trait values typically associated with angiosperm eudicots (27) and 

correlated with high photosynthetic rates (28). Cell arm length was significantly correlated 5 

(Spearman correlation, rs) with other leaf traits (Table S1), such that increases in cell arm length 

generally reflected increases in the characteristic dimensions of the entire structure, e.g. cell arm 

diameter (rs = 0.95, p < 0.001), stomatal guard cell length (rs = 0.78, p < 0.001), and the diameter 

of the IAS voids in the honeycomb lattice (rs = 0.83, p < 0.001). These relationships retained 

significance after accounting for shared evolutionary history (Table S2).  10 

With the indication that cell size, cell packing density, and vein spacing played an 

important role in phenotypic variation, we then explored the relationships between these traits. 

First, cell packing density followed power law scaling with AL (R2 = 0.93, F(1,38) = 520.2, P < 

0.001; Fig. 3E), showing that increasing that cell packing density resulted from shortening cell 

arm length. We note that cell counts taken from the transverse plane (as is typically done with 15 

light microscopy; 16) could lead to overestimations of cell packing density because cells with 

more articulated or more numerous arms could be counted multiple times, confounding the 

patterns in space filling and cellular organization apparent in the paradermal plane. Cell packing 

density was lower in species with long cell arms, which may reflect either a lower number of cell 

divisions or larger minimum cell size in the spongy mesophyll during development (29).  20 

Minimum vein spacing and AL scaled allometrically (R2 = 0.66, F(1,38) = 74, P < 0.001, 

Fig. 3F), with eudicots having both the shortest distances between veins and the smallest cells. 

This relationship between minimum vein spacing and cell size is consistent with previous work 
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showing that early Cretaceous angiosperms underwent reductions in cell size and increases in 

cell packing densities that elevated the conductance to CO2 and water necessary to increase 

photosynthetic rates (27, 28, 30–32). In terms of biomechanics, leaves with higher vein density 

have an abundance of semi-rigid xylem conduits that provide mechanical support (27). In 

contrast, the honeycomb structure itself is positioned between the upper and lower epidermises 5 

like in a sandwich beam (33), and could produce a lightweight material that is elastic when 

loaded in the paradermal plane and stiff when loaded normal to the leaf surface, much like the 

manufactured honeycombs used in packing materials (17).  

Structural trait scaling and functional implications 

Cells of the spongy mesophyll were best characterized by a power law relationship 10 

between the length and diameter of the cell arms (R2 = 0.81, F(1,35) = 148.3, P < 0.001; Fig. 4A) 

with the honeycomb phenotype represented in gymnosperm (Fig. 4B), fern (Fig. 4C), ANITA 

(Fig. 4D), magnoliid (Fig. 4E), and eudicot (Fig. 4F) species, and the non-honeycomb phenotype 

represented only in eudicots (Fig. 4G). There were two notably unoccupied sectors of this two-

dimensional trait space. First, no species in our dataset were found with large, isodiametric cells. 15 

Such a cell would have an extremely large volume, as found in succulent and epiphytic plants 

(16, 34). Such species may operate with a different biochemical pathway (CAM vs. C3), where 

large cell volume favors malic acid accumulation and water storage, as opposed to optimization 

of the mesophyll for high rates of liquid and vapor diffusion necessary for C3 photosynthesis 

(31). Second, there were no species that had cells with highly elongated, narrow arms. This may 20 

be due to biomechanical limitations, or to conserve a minimum distance between the nuclear 

envelope and the cell membrane for intracellular translocation. 
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Fig. 4. Power law scaling of spongy mesophyll cell dimensions and models of derived photosynthetic 

properties. (A) Relationship between spongy mesophyll cell arm diameter (AD) and arm length (AL). Power law 

regression shown by the black dashed line. Inset shows log-log transformed data and linear fit (solid line). 

Colors represent sample phylogenetic affinity. (B-G) Spongy mesophyll structure viewed from the paradermal 

plane for representative species from gymnosperm (Gnetum gnemon, B), (continued on next page) 
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To explore how spongy mesophyll structural traits predict photosynthetic properties of 

the leaf, we first modeled the spongy mesophyll cell surface area per unit tissue volume exposed 

to the intercellular airspace (SAmes/Vmes) as a function of cell arm length. SAmes/Vmes is a 

measure of the evaporative and absorptive surface exposed to the IAS, and represents an 5 

intermediate step in the liquid-vapor pathway between veins and stomata. SAmes/Vmes is, 

therefore, a critical link between vein density and stomatal conductance in optimizing the 

hydraulic and diffusive pathways to increase leaf photosynthetic capacity (35). We found that as 

arm length increased, SAmes/Vmes of the spongy mesophyll sharply decreased according to a 

power law (R2 = 0.83, F(1,38) = 188.7, P < 0.001; Fig. 4H). Thus, plants with larger cells such as 10 

the fern Platycerium andinum (Fig. 4C), which were also more likely to exhibit the honeycomb 

phenotype, had lower SAmes/Vmes in the spongy mesophyll compared to eudicots, such as 

Helianthus annuus (sunflower), with smaller cells and the non-honeycomb phenotype (Fig. 4G). 

Although cell size strongly influenced SAmes/Vmes, variation in cell geometry may also play a 

role (14, 15). To demonstrate the implications of cell shape in our dataset, we calculated the 15 

surface area-to-volume ratio (SA/V) for idealized geometrical models of isodiametric and triply-

armed cells using measured cell arm lengths and diameters to parameterize the analysis (Fig. S6). 

As anticipated, surface area increased in triply-armed cells compared with isodiametric cells of 

(cont.) fern (Platycerium andinum, C), ANITA angiosperm (Amborella trichopoda, D), magnoliid (Calycanthus 

occidentalis, E), and eudicot (Coffea arabica, F; Helianthus annuus, G) clades. Scale bars = 50 µm. (H) 

Relationship between spongy mesophyll surface area to volume ratio (SAmes/Vmes) and AL. Power law regression 

shown by the black dashed line. Inset and colors scheme are the same as in (A). (I) Linear relationship between 

Amax and AL. Open circles represent hypostomatous species. Open triangles represent amphistomatous species, 

which were excluded from the regression. Point size scaled according to SAmes/Vmes, which is linearly related to 

Amax (R2 = 0.62). Colors represent sample phylogenetic affinity. 
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the same volume, with a mean difference in SA/V between the two modeled cellular geometries 

of 0.069 µm2 µm-3 (s.d. = 0.029). Thus, in addition to cell size and cell packing density, cell 

shape can regulate SAmes/Vmes. 

Given that spongy mesophyll structure and surface area provide the physical basis for the 

conductance of CO2 for photosynthesis, we lastly tested how leaf-level maximum photosynthetic 5 

rate (Amax) was related to AL and SAmes/Vmes of the spongy mesophyll (Fig. 4I). Amax decreased 

linearly with increasing AL (R2 = 0.50, F(1,27) = 26.65, P < 0.001; Fig. 4I). The highest Amax 

values occurred among species with non-honeycomb spongy mesophyll (Data Set S1), indicating 

a shift from lower to higher photosynthetic capacities as the leaf undergoes structural changes 

from honeycomb to non-honeycomb phenotypes. Species with amphistomatous leaves such as H. 10 

annuus and Gossypium hirsutum (cotton) were excluded from the model (shown in in Fig. 4I as 

open triangles), as the capacity for gas exchange on both sides of the leaf promotes higher 

photosynthetic rates (36). Amax increased linearly with increasing spongy mesophyll SAmes/Vmes 

(R2 = 0.63, F(1,27) = 46.06, P < 0.001); thus, although the palisade mesophyll is typically 

modeled with a higher photosynthetic capacity relative to the spongy mesophyll (7), there is a 15 

strong positive relationship between the quantity of photosynthetically active surface area per 

unit volume in the spongy mesophyll and leaf-level photosynthetic capacity.  

Discussion 

Given the historical dominance of 2D transverse analysis of leaves (Fig. 2A), our data 

highlight the importance of 3D characterization of mesophyll structure (5, 15), scaling 20 

relationships between morphological variation and tissue mass (37), and how tissue geometry 

influences the leaf economics spectrum (38). Investment in increased vein density and stomatal 

density enabled elevated rates of photosynthesis among the angiosperms, and these traits are 
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apparently coordinated with a striking structural shift from the irregular honeycomb topology to 

the non-honeycomb topology. Our data suggest that cell size and cell packing are critical for the 

development of a spongy mesophyll structure optimized for high SAmes/Vmes and the absorptive 

surface for CO2 acquisition (Fig. 4). Because cell size and cell packing density are fundamentally 

limited by genome size (32, 39), streamlining the genome makes possible the miniaturization of 5 

xylem conduits, stomatal guard cells, and mesophyll cells, which collectively allow for higher 

photosynthetic capacity by optimizing the hydraulic and diffusive pathways in the leaf (30–32). 

The widespread occurrence of the honeycomb topology suggests selection has favored 

minimizing cellular investment deep in the leaf where photosynthetic cells are often light-

limited. Honeycombs have been found widely in natural and engineered systems as 10 

multifunctional materials for fluid transport, energy conversion, and structural support (40). 

These patterns have been observed within different types of plant tissues, from epithelial cells 

(25) to the venation pattern of reticulate leaves (41) where a hexagonal honeycomb topology 

optimizes transport efficiency of the vascular system (42). Based on our dataset of dorsiventral 

leaves with reticulate venation, it also appears that the honeycomb form may be self-similar, 15 

where the spongy mesophyll repeats the pattern of the vasculature at a smaller scale. Thus, the 

honeycombs appear in multiple tissues and across scales within the leaf. It is possible that the 3D 

honeycomb structure is driven by the physical processes and stresses that arise during 

development rather than functional constraints alone. Temporal and spatial coordination has been 

observed, for example, between mesophyll airspace and epidermal cell differentiation during 20 

development (43). The hexagonal tessellation of the spongy mesophyll domain may be the most 

efficient means of meeting multiple functional demands within a single tissue type; i.e. moving 

water over long distances outside the xylem, maintaining high diffusive conductance to CO2, 
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exporting the products of photosynthesis, and serving as a self-supporting structure when vein 

density is low. Hence, for plants with relatively large mesophyll cells, distantly spaced leaf veins, 

and moderate to low photosynthetic capacities, the emergent topological properties of the 

irregular hexagonal honeycomb structure provide an alternative strategy for resource allocation, 

a key trait dimension across the global spectrum of plant form (44). This work provides a new 5 

framework for exploring leaf form-function relationships, developmental processes, and 

physiological models (11).  
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