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SUMMARY  30 

Mangroves have evolved at least 27 times across ~20 plant families to survive coastal 

environments characterized by high salinity, inundation, intense light, and strong winds 1,2. To 

survive these extreme conditions, mangroves exhibit a variety of physiological strategies to 

tolerate the low osmotic potentials associated with saltwater inundation 3-8. Because low 

osmotic potentials are counterbalanced by high turgor pressure, saltwater exposure exerts 35 

mechanical demands on cells. Analyzing 34 mangrove species and 33 closely related inland 

taxa from 17 plant families, we show that compared to their inland relatives, mangroves have 

unusually small leaf epidermal pavement cells and thicker cell walls, which together confer 

greater mechanical strength and tolerance to low osmotic potentials. However, mangroves do 

not exhibit smaller, more numerous stomata that enable higher photosynthetic rates 9-11, 40 

suggesting selection on biomechanical integrity rather than on gas exchange capacity. 

Notably, mangroves break the allometric scaling between the sizes of epidermal pavement 

cells and stomata typically seen in land plants 3,12, highlighting that strong selection in saline 

habitats can override genome size–mediated scaling rules. Phylogenetic comparative analyses 

revealed repeated convergent evolution of cell traits across independent transitions from 45 

inland to coastal habitats. These anatomical changes constitute a simple but effective 

adaptation to salt stress. Our findings underscore the role of biomechanics in driving 

convergent evolution of cell traits and suggest that manipulating cell size and wall properties 

could be a promising strategy to engineering salt-tolerant plants. 

 50 

  



RESULTS AND DISCUSSION 

As the outermost layer of cells, the epidermis represents a direct physical connection between 

plants and their environment. In leaves, the epidermis regulates the exchange of CO2 and 

water with the atmosphere 13, protects leaves from mechanical damage, and provides 55 

biomechanical strength 14,15. The leaf epidermis is generally composed of four cell types 

(pavement cells, guard cells, subsidiary cells, and trichomes), each of which perform 

functions that are influenced by their cell size, cell shape, and cell packing density. For 

example, variation in the size, shape, and density of pavement cells, which constitute most of 

the epidermis, directly influence both leaf mechanical strength and the distribution of stomatal 60 

guard cells that regulate leaf gas exchange 12,14,16. 

 

Because of their direct effects on leaf gas exchange and whole plant carbon gain, the size, 

shape, and density of leaf epidermal cell types often vary in predictable ways with 

environmental conditions 12,14. For example, declines in stomatal size and increases in 65 

stomatal density occurred among early Cretaceous angiosperms allowing them to maintain 

high rates of CO2 diffusion into the leaf despite declining atmospheric CO2 concentrations 9-11. 

These changes in cell size and cell packing density corresponded with changes in genome size 

due to a positive scaling between genome size and both minimum cell size and maximum cell 

packing density among all leaf cell types 9,17,18. Over developmental timescales, leaf 70 

acclimation to light intensity and humidity depends on differential expansion of pavement 

cells, which regulates the spacing of stomata, independent of genome size 12,19. Because 

developmental acclimation to the environment is an inherently biomechanical process, 

building leaves to maintain positive leaf carbon balance in environments differing in water 

availability depends on the biomechanical traits that influence cell and tissue expansion 20-22. 75 

 

Though often overlooked, the biomechanical properties of cells and tissues are 

mechanistically linked to leaf water balance 12,20,23,24. Maintaining water balance is 

particularly challenging for plants growing in saline environments. Salt-tolerance is one of the 

rarest adaptations among vascular plants. In particular, tropical plants that define the 80 

mangrove ecosystem consist of only ~70 species spanning ~20 lineages of vascular plants, 



and the mangrove habit has evolved independently at least 27 times over the past 50 million 

years 1,2. The high salinity, intense sunlight, and frequent wind exposure characteristic of the 

mangrove habitat have led to various physiological strategies to prevent desiccation, 

including salt exclusion, salt secretion, and extreme tolerance to the low osmotic potentials 85 

incumbent upon cells exposed to salt–all of which influence mangrove hydraulics and 

photosynthesis 3-8. 

 

Epidermal pavement cells are particularly important for regulating leaf water balance in 

mangroves because they are the first cells impacted by salt spray and because epidermal 90 

pavement cells often regulate guard cell turgor pressure and stomatal conductance 25,26. 

Because physiological function requires high water potentials, cells exposed to salt must 

counteract more negative osmotic potentials with high turgor pressure. Turgor pressure is 

generated by rigid cell walls that prevent cell expansion as water moves into the cell. 

Compared with freshwater and terrestrial plants, marine plants possess stiffer cell walls that 95 

generate higher turgor pressures under low osmotic potentials 27. Because epidermal 

pavement cells begin development small in size and shaped as polyhedral and take on 

increasingly lobed shapes as they expand 21,28, cells with more negative osmotic potentials 

may not expand and change shape as much as cells with less negative osmotic potentials 29,30. 

Furthermore, all else being equal, smaller cells are mechanically stronger than larger cells 100 
31,32. These relationships between osmotic potential, cell wall properties, cell size, and cell 

shape suggest that adaptation to the saline coastal environment may have resulted in 

convergent evolution of cell size, cell shape, and cell wall properties. 

 

Here we tested whether cell size, cell shape, and cell wall thickness exhibit repeated, 105 

convergent evolution in association with adaptation to the mangrove habitat. We sampled 34 

mangrove species (including 24 true mangroves and 10 mangrove associates) and 33 of their 

inland relatives (non-mangroves) from 17 plant families (Key Resources Table), representing 

at least 18 independent transitions between coastal and inland habitats and representing the 

majority of mangrove lineages. Given their shared ancestry, repeated directional divergence 110 

in these traits between mangroves and inland relatives would provide strong evidence for 



convergent evolution of leaf anatomy. We predicted that mangroves would have smaller cells 

exhibiting less lobed cell shapes and thicker cell walls, even after accounting for allometric 

scaling of cell size among different cell types. 

 115 

We sectioned and cleared leaves prior to microscopic imaging and manually measured 

anatomical traits (see Methods). We combined phylogenetic and non-phylogenetic analyses to 

characterize differences in traits and trait relationships between mangroves and non-

mangroves. Using ANOVAs that accounted for phylogenetic relatedness (Figure 1), we found 

that compared to closely related non-mangroves mangroves had significantly smaller 120 

epidermal pavement cells (Sec; F = 14.64, P < 0.001), a significantly lower ratio of epidermal 

cell size to stomatal size (Sec:Ss; F = 25.14, P < 0.001), epidermal cells with significantly less 

lobed shapes (!; F = 15.94, P < 0.001), and thicker cell walls of epidermal pavement cells 

(Tec; F = 8.40, P < 0.01), palisade mesophyll cells (Tpal; F = 8.44, P < 0.001), and spongy 

mesophyll cells (Tspo; F = 10.15, P < 0.001). However, there was no significant difference 125 

between mangroves and non-mangroves in stomatal size (Ss; F = 3.11, P = 0.05), stomatal 

density (Ds; F = 0.07, P = 0.78), or modeled maximum stomatal conductance (gs,max; F = 0.38, 

P = 0.55; Figure 1), suggesting that selection on cell size was not due to selection for smaller 

or more densely packed stomata that elevate photosynthetic capacity but instead specifically 

on epidermal pavement cell size and cell wall thickness. 130 

 

Other periods of strong environmental selection, such as during early Cretaceous climate 

change, resulted in smaller cells enabled by smaller genomes among the angiosperms 9-11. 

However, mangrove lineages include even ferns of the family Pteridaceae, which typically 

have large genomes, suggesting that adaptation to saline environments may not require 135 

genome size reductions. If selection has favored smaller cells in mangroves, then cell and 

genome sizes may scale differently among mangroves and non-mangroves. Indeed, for a 

given genome size mangroves exhibited significantly smaller epidermal pavement cells than 

non-mangroves (i.e. lower intercept; mangrove intercept = 2.40 [2.31, 2.48], non-mangrove 

intercept = 2.58 [2.39, 2.76]; t = -4.25, df = 25, P < 0.001; Figure 2A). Mangroves also 140 

exhibited a shallower slope than non-mangroves in the scaling of epidermal pavement cell 



size with genome size (mangrove slope = 0.66 [0.51, 0.84], non-mangrove slope = 1.01 [0.70, 

1.45]; r = -0.58, df = 25, P < 0.01; Figure 2A). Though cell sizes are typically coordinated 

among different cell types in a leaf 9, there was no coordination between epidermal pavement 

cell size and stomatal size among mangroves (P = 0.76) even though there was strong 145 

coordination among non-mangroves (R2 = 0.64, P < 0.0001, Figure 2B). Thus, even after 

accounting for variation in genome size and stomatal size, mangroves have smaller epidermal 

cells than closely related inland plants. 

 

To further test how traits evolved among mangrove and non-mangrove lineages, we compared 150 

Brownian motion and Ornstein-Uhlenbeck (OU) models of trait evolution using Tec, Sec:Ss, 

and !, sampled across 1000 histories of habitat occupation modeled using stochastic 

character mapping 33. The single-optimum OU model was the best fit across all 1000 histories 

of habitat occupation (Figure S2). However, for models using only Tec and Sec:Ss, the OU 

process with different optimum trait values for mangroves and non-mangroves was the best 155 

fitting model across all 1000 histories (Figure S3). In these models, mangroves were 

estimated to have thicker optimal Tec, lower optimal Sec:Ss, and lower optimal ! (Figure 3). 

These results reiterate that mangrove lineages–including both ferns and angiosperms–have 

experienced selection primarily for smaller epidermal pavement cells and thicker cell walls. 

 160 

Additionally, we tested for convergent evolution of anatomical traits among mangroves and 

non-mangroves using a method that lacks a priori designation of habitat affinity and instead 

finds unique selective regimes on the phylogeny 34 based solely on the phylogeny and trait 

data (Figure 3 and S4). Though not all of the mangroves we sampled were recovered as being 

in selective regimes distinct from their non-mangrove relatives, the most iconic true 165 

mangroves (Rhizophoraceae, Acanthaceae, Combretaceae, and Lythraceae) 2 were identified 

as being in the same selective regime and distinct from non-mangroves, indicative of 

convergent evolution of leaf anatomy. 

 

Overall, these results point to two key adaptations to the saline coastal environment. First, 170 

thicker cell walls enable cells to withstand the greater turgor pressures needed to compensate 



for the lower osmotic potentials associated with salt exposure 3,4,27. Though cell wall 

microstructure and biochemistry influence cell wall mechanical properties 35, all else being 

equal, thicker cell walls should be mechanically stronger. Interestingly, palisade and spongy 

mesophyll cell walls were also thicker in mangroves (Figure 1 H and I), which could limit 175 

CO2 diffusion into mesophyll cells 36-38, suggesting that meeting biomechanical demands may 

be so important to mangroves as to be worth any cost to photosynthesis. 

 

Second, smaller epidermal pavement cells may further increase tolerance to low osmotic 

potentials. The reduction of epidermal pavement cell size relative to stomatal size suggests 180 

that selection in saline environments not only favors small epidermal cells per se but also 

favors breaking the typical coordination between epidermal and stomatal sizes (Figure 2B). 

Across vascular plants there is typically strong coordination in the sizes of cells across tissues 

with this allometric scaling being coordinated largely by genome size variation 9. However, 

selection in saline coastal environments is evidently strong enough to overcome this usual 185 

coordination among cell sizes. Though reducing genome size has been one way of reducing 

minimum cell size, smaller epidermal cells have evolved among mangroves regardless of any 

changes in genome size (Figure 2A). 

  

While smaller cells have been shown to be beneficial during periods of declining atmospheric 190 

CO2 concentration9,10, our results point to an additional benefit of smaller cells during 

adaptation to saline coastal environments. That smaller epidermal pavement cells have 

evolved repeatedly among mangrove lineages regardless of genome and stomatal sizes 

highlights the role of natural selection in shaping plant phenotypes. Furthermore, this 

repeated, convergent evolution as lineages have colonized the saline coastal environment 195 

suggests that cell size, cell shape, and cell wall thickness are highly labile traits that may be 

targets for engineering increased salt tolerance. These traits likely represent an integrated 

response to the simultaneous demands of maintaining mechanical integrity, regulating water 

loss, and sustaining photosynthesis in saline environments. These results also suggest that 

though more complex anatomical and physiological adaptations, such as salt secretion, may 200 



be important adaptations for some mangroves, reducing cell size may be a relatively simpler 

modification that does not depend on evolving new cell types and tissue arrangements. 
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FIGURE LEGENDS 

 
Figure 1. Trait differences between mangroves and non-mangroves. Mangroves and 
mangrove associates differ significantly from non-mangroves in anatomical traits related to 250 
cell biomechanics but not to traits related to gas exchange: compared to non-mangroves, 
mangroves exhibited (A) no difference in stomatal size (F = 3.11, P = 0.05), (B) smaller 
epidermal pavement cell size (F = 14.64, P < 0.001), (C) lower ratio of epidermal pavement 
cell size (Sec) to stomatal size (Ss) (F = 25.14, P < 0.001), (D) no difference in stomatal 
density (F = 0.07, P = 0.78), (E) no difference in anatomical maximum stomatal conductance 255 
(F = 0.38, P = 0.55), (F) lower epidermal pavement cell shape acircularity (F = 15.94, P < 
0.001), (G) thicker epidermal pavement cell walls (F = 8.40, P < 0.01), (H) thicker palisade 
cell walls (F = 8.44, P < 0.001), and (I) thicker spongy mesophyll cell walls (F = 10.15, P < 
0.001).  Points represent species mean trait values, and analyses are based on phylogenetic 
analysis of variance. **P < 0.01; ***P < 0.0001, ns = not significant 260 
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Figure 2. Mangroves deviate from the typical scaling of cell and genome sizes. 
Mangroves differed from non-mangroves in the scaling of genome size, epidermal cell size, 265 
and stomatal size.  (A) Genome size was a strong predictor of epidermal cell size for both 
mangroves (R2 = 0.62, P < 0.0001) and non-mangroves (R2 = 0.57, P < 0.001), though 
mangroves exhibited smaller epidermal cell sizes across all genome sizes than non-
mangroves. (B) Stomatal size and epidermal pavement cell size were strongly coordinated 
among non-mangrove inland plants (R2 = 0.64, P < 0.0001), but there was no relationship 270 
among mangroves (P = 0.76). 
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Figure 3. Mangrove lineages have experienced convergent evolution of leaf anatomy 275 
because of cell biomechanics. Mangroves and mangrove associates exhibit distinct traits and 
regimes of selection from their inland relatives. Branch colors on the phylogeny indicate 
selection regimes recovered by SURFACE analysis based on Sec:Ss and Tec. Images at the tips 
of the phylogeny are outlines of the median epidermal pavement cell per species. Bar charts 
show mean trait values for each species. For cell outlines and bar charts, green represents 280 
inland plant species and blue represents mangroves and mangrove associates. Scatterplots 
show the pairwise relationships among traits for mangroves (filled points) and non-mangroves 
(open points), as well as the modeled optimal trait values (triangles) returned by SURFACE. 
Points in scatterplots and branches on phylogeny are colored according to SURFACE regime. 
See also Figure S4. 285 
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STAR★METHODS 
 
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 

Mangrove and mangrove associate species were sampled from three natural reserves in 290 

southern China: Sanya Tielu Port Mangrove Natural Reserve (SY; 18°15ʹN/109°42ʹE), 

DongZhaiGang Mangrove Natural Reserve (DZG, 19°51ʹN/110°32ʹE), and ZhanJiang 

Mangrove Natural Reserve (ZJ, 20°14ʹN/109°40ʹE); while mangroves’ inland relatives (non-

mangroves) were sampled from three common gardens: Nanning Botanical Garden (NBG, 

22°47ʹN/108°23ʹE), Xishuangbanna Tropical Botanical Garden (XTBG; 101°15’E/21°55’N), 295 

and the campus of Guangxi University (GXU, 22°50ʹN/108°17ʹE). All species for this study 

were listed as (Key Resources Table). At least 3-5 randomly selected individuals per species 

per site were selected for sampling. Sun-exposed branches were cut and sealed in a plastic 

bag with wet tissues, then transported back to the laboratory at Guangxi University for 

subsequent sample processing and measurements. 300 
 
METHOD DETAILS 

Anatomical measurements were processed according to our previous procedures 3. All 

measurements were made on three to five randomly selected, fully expanded, healthy, sun-

exposed leaves of each species. Three to five ~1-cm2 sections of lamina were sampled from 305 

each leaf, avoiding the leaf margin and midrib. These sections were cleared in a 1: 1 solution 

of 30 % H2O2 and 100 % CH3COOH and incubated at 70 °C until all pigments had been 

removed. The sections were then rinsed in water and the epidermises separated with forceps 

from the mesophyll and veins, allowing these three layers (upper epidermis, lower epidermis, 

and mesophyll with veins). Two layers of epidermis to be stained and mounted separately. To 310 

increase contrast, all samples were stained with Safranin O (1 % w/v in water) for 5~15 min 

and Alcian Blue (1 % w/v in 3 % acetic acid) for ~1 min, then washed in water and mounted 

on microscope slides. We also made cross-sections of the leaf lamina using a sliding 

microtome, and mounted these cross-sections on slides. 

 315 

Images of sections on slides were taken at 20× or 40× magnification, which had fields of view 

of ~ 0.22 and 0.041 mm2, respectively, using a compound microscope outfitted with a digital 



camera (DM3000, Leica Inc., Germany) (Figure S1). Both abaxial (lower) and adaxial 

(upper) leaf surfaces were imaged for all species because some mangrove species were known 

to have stomata on both surfaces, as well as the leaf cross-sections for measurements on 320 

mesophyll cells. All anatomical measurements from images were made using ImageJ 39. 

Epidermal pavement cell size (Sec) and stomatal size (Ss) were quantified by measuring the 

two-dimensional areas of individual epidermal pavement cells and a guard cell pair (not 

including subsidiary cells), respectively (Figure S1). Sec was measured on approximately 5 to 

10 randomly chosen epidermal pavement cells that were not touching stomata in each image, 325 

while Ss was measured on approximately 5 guard cell pairs in each image. Perimeter of 

epidermal cells (Pec) and the thicknesses of cell walls between two adjacent epidermal cells 

(Tec) (Figure S1) were measured from light microscopy images from the same cells measured 

for Sec, following the method of Vieira and Roddy 20. Epidermal pavement cell shape 

acircularity (!) was calculated following 40 as:	330 

! = !!"#
"#$!"

 ,  

 

which is dimensionless and scaled such that ! = 1 for a perfect circle and is higher than 1 for 

increasingly acircular shapes. From cross-sections of the leaf lamina, we measured the cell 

wall thickness between two adjacent cells of palisade and spongy mesophyll cells using the 335 

same method as used for Tec. Stomatal density (Ds) was measured by counting the number of 

stomata (~20-30 cells/image) and dividing by the area of the field of view. We calculated the 

maximum stomatal conductance (gs,max) from measurements of Ss and Ds following the 

method of Franks and Beerling 41, where guard cells were assumed to be shaped as idealized 

capsules 17 with length twice their width and the diameter of their hemispherical ends equal to 340 

the height of their central cylinder, such that guard cell length is equal to 4% $$
%('("). 

 

Genome size 

The genome sizes of twelve mangrove species studied were taken from the literature 1. 

Measurements of genome size in megabases (Mb) were converted to picograms (pg) 345 

following the equation 1 pg = 1 Mb / 978 42. Additionally, we measured genome sizes of 



Senna surattensis, Hibiscus rosa-sinensis var. rubro-plenus, Sterculia monosperma, 

Allamanda schottii, Handroanthus chrysanthus from fresh leaves collected from GXU using 

flow cytometry (BD Accuri C6, Becton, Dickinson and Company, NJ, USA), using the 

procedure of 43. Otto solution protocols from Dolezel et al. (2007) were followed, and leaves 350 

of K. obovata and Oryza sativa L. ssp. indica were used as reference genome sizes. The flow 

rate of the cytometer was set to 20 - 50 nuclei per second and 10,000 counts were collected. 

Plot counts were analyzed using FlowJo 7.6, and genome size was calculated as described 

previously 43. 

 355 

QUANTIFICATION AND STATISTICAL ANALYSIS 

All statistical analyses were conducted in R (v.4.5.1). For analyses that incorporated shared 

evolutionary history, a phylogeny was constructed using the R package V. Phylomaker2 44. 

To determine differences in trait values between mangroves and non-mangroves, we used 

phylogenetic analysis of variance (phylANOVA in package 'phytools') with log-transformed 360 

trait values. To determine the scaling relationships between traits, we used standard major 

axis regression, as implemented in the R package 'smatr', with an interaction term of habitat. 

Slope tests and elevation tests were implemented in 'smatr' 45. 

 

To fit models of multivariate trait evolution, we used the R package 'mvMORPH'. First, we 365 

simulated stochastic character maps of habitat on the phylogenetic tree for 1000 histories of 

habitat occupation 33. These 1000 trees were then used in subsequent models of trait 

evolution. We fit Brownian motion and Ornstein-Uhlenbeck (OU) models of multivariate trait 

evolution, using versions of these models that did (BMM, OUM) and did not (BM1, OU1) 

allow for each trait to have different optimal values for mangroves and non-mangroves. The 370 

best-fitting model was determined for each tree based on a difference in AIC of at least 2 

(Figures S2 and S3). Second, to test for convergent evolution, we used the R package 

'SURFACE' 34 to identify based solely on the phylogeny and traits (i.e. without a priori 

specification of habitat) which lineages have experienced similar regimes of selection. Both 

types of models were fit using the three traits (Tec, Sec:Ss, and !) that exhibited the largest 375 

differences between mangroves and non-mangroves in earlier analyses, as well as using only 



Tec and Sec:Ss, which showed larger differences than !. Additionally, Sec:Ss was chosen over 

incorporating Sec and Ss separately because Ss controls for the background variation in cell 

size due to genome size variation and the specific hypothesis was about Sec relative to Ss. 

Evolutionary models were fit on scaled and centered trait data, and modeled optimal trait 380 

values (&) generated by OU models were back-transformed for presentation. 
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