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It is becoming increasingly clear that not only biochemical processes shape the biological 

world but that physical constraints play a key role for the function of cells and tissues, 

influencing cell fate, pattern formation, and tissue homeostasis1. In plants, the mechanical 

properties of cell walls and the forces exerted on them are key determinants of growth and 

morphogenesis2, 3. However, it is currently unknown how the biochemical composition of 

cell walls affects their mechanical properties. Here, we use a systems biology approach, 

combining experimental (Cellular Force Microscopy, CFM) and simulation techniques 

(Finite Element Method, FEM), to extract such mechanical properties and derive 

quantitative models of cellular morphogenesis. Using pollen tubes (PTs) as a model 

system, we investigated changes in mechanical properties and growth parameters of 

Arabidopsis mutants with an altered biochemical composition of the cell wall, affecting its 

major load-bearing components. Quantitative measurements and simulations allowed us 

to investigate the interplay between mechanical and biochemical properties of the cell wall. 

The power of our systems approach is revealed by its ability to predict cellular growth and 

morphogenesis of wild-type and mutant PTs.  

Cellular growth in plants involves a fine-tuned interplay between turgor pressure (driving force) 

and the constraining force of the cell wall, leading to controlled cell expansion. Thus, cellular 

morphogenesis is largely controlled by mechanical forces. While turgor pressure is a well-studied 

quantity, the relationship between cell wall composition and its mechanical properties is poorly 

understood. The spatially and temporally controlled extension of the cell wall is facilitated by local 

modifications of its biochemical composition, and hence its rheology, allowing the cell to adapt its 

size and shape to specific requirements4. Information on material behavior under varied 

conditions is required to understand the cell wall’s role in regulating cell expansion. In particular, 

the pliability of the cell wall is best quantified by the wall (stretching) stiffness: a function of 

geometric properties, like cell wall thickness, and intrinsic material properties, such as Young’s 

modulus (a measure of elasticity). A range of methods has been developed to measure material 

properties of the cell wall3, 5 with indentation techniques providing high spatial resolution and thus 

local information6-9. CFM is a high-resolution micro-indentation system, developed to measure 

mechanical properties of living and growing cells10. This technique yields force-indentation curves, 

the slope of which is the apparent stiffness of the cell. In combination with geometric parameters, 

such as the cell diameter before and after plasmolysis and the cell wall thickness determined by 

Transmission Electron Microscopy (TEM), mechanic parameters, e.g. Young’s modulus, cell wall 

stiffness and turgor pressure, can be derived using FEM-based inverse modelling11. The main 
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challenge, however, lies in relating such mechanical properties to the biochemical composition of 

the cell wall to explain and predict cellular morphogenesis. 

 PTs are a well-characterized model system to investigate cytomechanical properties. 

Employing the extensive mutant collections in Arabidopsis thaliana allowed us to correlate 

variation in the biochemical composition of the cell wall with changes in its mechanical properties 

and PT morphogenesis. Specifically, we examined the xylosyltransferase1 (xxt1) xxt2 double 

mutant12, which is xyloglucan (XyG)-deficient, and the xyloglucanase113 (xeg113) mutant, which 

interferes with arabinosylation of extensins, a functionally relevant feature of these structural 

proteins13. XyG binds to cellulose microfibrils to form a main load-bearing network of the plant cell 

wall; the regulation of this network alters the dynamics of wall elastoplasticity, modulates wall 

extensibility, and allows for controlled cell growth14-16. Extensins form long rods, crosslink with 

other cell wall components17, and potentially play a stabilizing role in the absence of XyG. Given 

the possible functional relationship between XyG and extensins, we also analyzed the xxt1 xxt2 

xeg113 triple mutant. 

 Arabidopsis wild-type pollen grains germinated in liquid pollen germination medium 

(PGM)18 typically formed long, regularly shaped PTs (Fig. 1A), whereas PTs of the xxt1 xxt2, 

xeg113, and xxt1 xxt2 xeg113 mutants exhibited varying growth defects, such as swelling, 

bursting, and the emergence of multiple PT tips (Fig. 1B–G). In somatic tissue, XyG deficiency in 

the xxt1 xxt2 mutant was not accompanied by changes in other cell wall polysaccharides12. To 

investigate the biochemical composition of the cell wall in xxt1 xxt2 PTs, we used a set of 

monoclonal antibodies (mAbs) against several cell wall polysaccharidic epitopes and confirmed 

the absence of XyG epitopes in the double mutant. In contrast to somatic tissues, we identified 

changes in other cell wall components that were predominantly associated with aberrant xxt1 xxt2 

PTs (Fig. 1I). In comparison to wild-type PTs, monoclonal antibodies against extensins showed a 

stronger overall labelling and aniline-blue staining for callose was stronger and frequently 

observed at the tip in xxt1 xxt2 PTs. Examination of the phenotypes caused by the changes in 

cell wall composition revealed a higher germination rate in pollen lacking XyG (xxt1 xxt2 and xxt1 

xxt2 xeg113) compared to the wild type. The apical region of PTs is differently affected by the 

absence of XyG and functional extensins (Fig. 1H). While PTs of both xxt1 xxt2 and xeg113 burst 

more frequently than wild type PTs, xeg113 PTs mostly burst at the tip, while xxt1 xxt2 almost 

exclusively ruptured in the shank. Together with the observation of frequent tip-swelling in this 

mutant, this suggests that XyGs mainly exert their cell wall stabilizing function in distal parts of 

the PT, whereas extensins seem to be important for cell wall integrity at the tip. As expected, xxt1 



4 | P a g e  
 

xxt2 xeg113 exhibited the highest frequency of growth deformations and PTs burst equally 

frequent at the tip and the shank. 

 To elucidate the relationship between biochemical composition and cell wall mechanical 

properties causing these growth abnormalities, the input parameters for mathematical simulations 

were determined. We built a three-step FEM-based model that sequentially fits the input 

parameters, i.e. cell wall thickness, circumferential stretch (the ratio of turgid to plasmolyzed PT 

diameter), and the apparent stiffness (Supplementary Fig. 1A–E; Supplementary Table 1), by 

iterating over the cell wall thickness of the plasmolyzed PT, Young’s modulus, and turgor pressure 

values, respectively18. Due to large intra-sample variance and skewness in the experimentally 

determined input parameters (Supplementary Fig. 1A–D), an elaborate uncertainty quantification 

by Monte Carlo simulation was performed. As the inter-correlations between input parameters 

were unknown a priori, random realizations in the inter-percentile range (x90 – x10) were simulated 

to obtain the correlation matrix (Supplementary Table 2). The distributions were then sampled 

with Latin hypercube sampling19 and correlated with the Iman-Conover method20. Multiple input 

parameter realizations from these correlated distributions were subsequently simulated for each 

mutant using the FEM-based model, until the averaged PT mechanical properties – turgor 

pressure, Young’s modulus, and wall stiffness – could be extracted. The FEM-deduced Young’s 

moduli are shown in Supplementary Table 3. 

 The median apparent stiffness indicated that xxt1 xxt2 PTs were less rigid than wild-type 

PTs (2.4 N/m vs. 2.87 N/m; Supplementary Fig. 1A; Supplementary Table 1). The median cell 

wall thickness (200 nm), based on TEM measurements, increased significantly from 140 nm as 

compared to the wild type (Supplementary Fig. 1B; Supplementary Table 1), along with the 

median circumferential stretch (1.32 vs. 1.22; Supplementary Fig. 1C–D; Supplementary Table 

1). The combined FEM (Fig. 2A, B; Supplementary Fig. 1E) and Monte Carlo simulation showed 

that XyG-deficient PTs had a slightly elevated median turgor pressure and a reduced median cell 

wall stiffness compared to the wild type (Fig. 2C). While xeg113 and wild-type PTs had a 

comparable median cell wall thickness (146 nm), the median circumferential stretch was higher 

in xeg113 PTs (1.36), as was observed in xxt1 xxt2 PTs. (Supplementary Fig. 1C–E; 

Supplementary Table 1). The median apparent stiffness (3.07 N/m; Supplementary Fig. 1A; 

Supplementary Table 1), turgor pressure and wall stiffness (Fig. 2C) all increased significantly in 

xeg113 PTs compared to wild-type and xxt1 xxt2 PTs. Furthermore, the inter-percentile range (x90 

– x10) doubled for turgor pressure and wall stiffness in xeg113 PTs (Fig. 2C), indicating a 

disruption of the fine-tuned interplay regulating cellular morphogenesis. The xxt1 xxt2 xeg113 PTs 
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had the highest median wall thickness (220 nm), and the lowest median circumferential stretch 

(1.14) of all lines investigated (Supplementary Fig. 1A; Supplementary Table 1). The large 

percentage of bursting xxt1 xxt2 xeg113 PTs (>40%; Fig. 1H), however, indicates that our 

measurements were biased, as only the most reinforced PTs survived and could thus be 

analyzed. The inner cell walls of xxt1 xxt2 and xxt1 xxt2 xeg113 PTs were reinforced by increased 

callose deposition, as revealed by immunogold labelling of TEM sections (Fig. 3A, B), 

corroborating the aniline blue staining results (Fig. 1I). Furthermore, in xxt1 xxt2 xeg113 PTs, 

sandwiched between the inner and outer cell wall, was a region of varying electron density with 

occasional clusters of electron dense materials, indicative of major defects in both the composition 

and architecture of the cell wall (Fig. 3A). The xxt1 xxt2 xeg113 mutant showed the highest 

median apparent stiffness (3.62 N/m; Supplementary Fig. 1A; Supplementary Table 1), and 

almost double the median turgor pressure and wall stiffness compared to wild-type PTs (Fig. 2C). 

The inter-percentile range (x90 – x10) of turgor pressure and wall stiffness was even larger than for 

xeg113, reinforcing the hypothesis of a further breakdown in the fine-tuning of the mechanical 

properties of the PT cell wall. A synergistic relationship between turgor pressure and wall stiffness 

was revealed by their concurrent increase in these mutants, corroborating results from other 

biophysical techniques21. 

 Given the observed differences in callose accumulation, the susceptibility of the various 

mutant PTs to callose degradation was investigated. Increasing concentrations of the callose-

degrading enzyme lyticase22 resulted in reduced PT growth, with a clearly stronger sensitivity of 

xxt1 xxt2 and xxt1 xxt2 xeg113 PTs (Supplementary Fig. 2). This result demonstrates the 

relevance of callose for Arabidopsis PT growth, where it can compensate for the absence of XyG 

in the cell wall. 

 Tip growth has been extensively studied using different mathematical models, including 

the initial linear-viscoelastic cell wall approach by Lockhart23, an extended model accounting for 

calcium dynamics, cell wall thickness, and extensibility at the tip24, the anisotropic-viscoplastic cell 

wall assumption25, spatially confined growth26, and stress-relaxation due to the loss of stability27, 

28. We modified the relation put forward by Lockhart18 to estimate the relative growth between 

mutant PTs based on their cytomechanical properties. Our relation predicted that xxt1 xxt2 should 

grow faster than the wild type, while xeg113 should grow approximately the same as the wild type 

but still faster than the xxt1 xxt2 xeg113 triple mutant (Fig. 2D). To test these predictions, we 

compared growth after 5 hours in liquid PGM. The average length of xxt1 xxt2 PTs (342.9 µm) 

was comparable to the wild type (336.54 µm). While xeg113 PTs grew slower (271 µm) than wild-
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type PTs, xxt1 xxt2 xeg113 PTs grew the slowest (245 µm) as predicted. As described before, 

the large variations in the cytomechanical properties of xeg113 and xxt1 xxt2 xeg113 PTs (Fig. 

2C) indicates that the fine-tuning of cell wall properties is defective. Such suboptimal systems 

may be more prone to unsustained growth and failure as observed in liquid PGM. While PT growth 

determined experimentally depends on many factors, including physiological and biochemical 

constraints, and the higher fractions of bursting or malformed PTs in the mutants biased the 

selection of PT that could be measured, the measurements of wild-type and mutant PT growth in 

liquid PGM (the same conditions used for CFM) agreed very well with the linear growth 

relationship of our mathematical model. When PTs were grown in solid PGM to simulate the 

constraining conditions when growing in a pistil, the mutant PTs showed a significantly higher 

reduction in growth compared to the wild type (Fig. 4A). The percent growth reduction in solid 

compared to liquid PGM was: wild type (20%), xxt1 xxt2 (53.5%), xeg113 (33%), and xxt1 xxt2 

xeg113 (41%). In semi-in vivo pollen germination assays, wild-type and xeg113 PTs grew through 

the pistil into liquid PGM to comparable lengths, the growth of xxt1 xxt2 PTs was somewhat 

reduced. While very few xxt1 xxt2 xeg113 PTs emerged from the pistil, this phenotype was fully 

restored by complementation with a functional copy of XEG113 (Fig. 4B–F). These data indicate 

problems in mechano-transduction and/or compromised structural stability and growth resilience 

in xxt1 xxt2 and xxt1 xxt2 xeg113 PTs that grow in physically constraining environments, such as 

solid PGM or female tissues in vivo. The fact that xxt1 xxt2 plants produce shorter siliques and 

have fewer fertilized ovules in comparison to the wild type, caused mainly by growth defects of 

the PTs (Supplementary Fig. 3, Supplementary Tables 4 and 5), further supports this hypothesis.  

 The frequent bursting of mutant PTs can be explained at the mechanical level by turgor 

pressure-induced stress exceeding the softening of the cell wall. The loss-of-stability model 

proposed by Wei and colleagues27 to explain growth in the internodal cells of Chara coralline, 

uses the concept of a critical turgor pressure, above which the cell wall undergoes stress 

relaxation. When plasticity is accounted for, this critical pressure can be extended to explain the 

bursting phenotype of PTs, as it is analogous to the yield or burst pressure. This concept is based 

on the elastic (or Euler) instability, which causes an elastic system to reach an unstable 

equilibrium when the forcing term (internal pressure) exceeds a critical value29. The instability 

leads to an elastic collapse or failure in pipes, which is analogous to the bulging of PTs that leads 

to bursting (Fig. 1B–H), as shown by the Lamé equation18. As we have no information on the 

plasticity of the cell wall, we used the theoretical elastic collapse to approximate the bursting 

phenotype in the elastic regime using the FEM-based model. Since the inflation of the PT from 

plasmolyzed to turgid is a linear problem, at a critical pressure (analogous to the burst pressure), 
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the FEM simulation ceases to converge due to the presence of structural instabilities. The von 

Mises stress, generally used as a yield criterion, is a linear function of this critical pressure as 

given by the Lamé equation. The maximum von Mises stress and its corresponding critical 

pressure was simulated for each mutant (Fig. 2E). The ratio of the maximum von Mises stress to 

the critical pressure is a constant determining the proclivity of each mutant to become unstable 

and undergo an elastic collapse (Fig. 2D). In the FEM simulations, the maximum von Mises stress 

always occurred on the shank of the PT, which is intuitive as spherical structures are considered 

more rigid than cylindrical structures. The simulated data showed that the wild type has by far the 

most stable structure, followed by xeg113 and xxt1 xxt2 xeg113 mutants. The xxt1 xxt2 PTs were 

the most unstable. The role of extensins as scaffolds upon which pectins are laid during the cell 

wall establishment17 suggests that the frequent tip-bursting (as opposed to shank-bursting) of 

xeg113 might be explained by local reductions in cell wall thickness at the PT tip, leading to a 

highly localized stress increase, which is not included in the FEM simulation and can thus not be 

predicted by this analysis. Except for xxt1 xxt2 xeg113, whose experimental measurements were 

biased, the experimental burst data agrees well with the simulated elastic stability of the PT shank 

(Fig. 2D). Our simulations are therefore able to predict/explain the PT bursting phenotypes without 

considering the plastic nature of the cell wall25, 30. 

 To further assess the predictive power of our systems approach, PTs of the pectin 

methylesterase48 (pme48) mutant, affecting an entirely different class of cell wall components, 

were included in our analysis. The pme48 mutant is affected in demethyl-esterification of pectic 

homogalacturonans (HG), and hence the rigidification of the cell wall through Ca2+-crosslinking 

HG31. The pme48 mutant had altered pollen germination and seed set. The PTs grew faster in 

liquid PGM, showed a high frequency of morphological anomalies, including secondary tips, larger 

PT diameters, bursting, and overall reduced growth (in solid PGM)32, which are phenotypes 

similar to those of xxt1 xxt2 PTs. The median cell wall thickness (186 nm) and the median 

circumferential stretch ratio (1.23) were larger than in wild-type PTs (Supplementary Fig. 1B–D; 

Supplementary Table 1). CFM measurements and FEM modelling showed that pme48 PTs have 

a significantly reduced median apparent stiffness (1.95 N/m; Supplementary Fig. 1B–D; 

Supplementary Table 1), turgor pressure and wall stiffness (Fig. 2C), which all fit well with the 

predicted effect of lower cell wall rigidity due to reduced HG de-esterification. Furthermore, 

mathematical modeling predicted that pme48 PTs would grow the fastest, but would have the 

most unstable structure, similar to what we observed with xxt1 xxt2 PTs (Fig. 2D, E). Together 

with a largely unchanged turgor pressure and reduced cell wall stiffness, these data agree very 
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well with the increased growth rate and larger diameter of pme48 PTs as described by Leroux 

and colleagues32. 

 Our experimental and simulation experiments showed that interfering with cell wall 

composition does not only alter the mechanical properties of the cell wall, but also affects turgor 

pressure. This supports the existence of a tight coordination between the cell wall and 

physiological processes in the vacuole, which control turgor33. Clearly, the PT is a fine-tuned 

mechanical system in which steady/quasi-harmonic oscillatory growth and bursting can be 

attributed to fluctuations in turgor pressure or cell wall properties34, 35. Hence, while the wild type 

can effectively regulate turgor pressure and cell wall rheology to control PT growth, alterations in 

turgor pressure or cell wall stiffness in mutants with an altered biochemical composition of the cell 

wall can become unsurmountable obstacles to normal PT growth. This is especially true if 

mechanical barriers, such as pistilar tissues, have to be penetrated, a prerequisite for successful 

fertilization - and thus seed production - by the PT.  

 In summary, the integration of in vivo and in vitro measurements of PT growth, CFM to 

determine mechanical cell wall properties, and TEM analyses of the cell wall, allowed for 

FEM/Monte Carlo-based simulations of cellular properties that accurately predict the growth 

behavior of mutants with an altered biochemical composition of the cell wall, thus providing 

insights into the interplay of biochemical and mechanical factors controlling cellular 

morphogenesis. 
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Figure 1  

 

Figure 1 Phenotypes of wild-type and mutant pollen tubes. (a) Typical wild-type PT of Arabidopsis 

thaliana. (b-g) Aberrant phenotypes in mutant PTs, such as secondary tip and bursting (b,c), 

bursting at the apex (d) or shank (e), swelling and bursting (f,g). (h) Quantitative representation 

of pollen germination and the phenotypes depicted in (b-g). (i) Immunofluorescence labelling with 

LM15 and CCRC-M1 against xyloglucan shows no labelling in xxt1 xxt2 PTs, staining with JIM20 

against extensins and aniline blue for callose shows stronger signals in xxt1 xxt2 compared to 

wild-type PT. Aberrant staining patterns are seen with JIM5 and JIM7 against methyl-esterified 

and de-esterified homogalacturonan, respectively, LM6 against the arabinan side chain of 

rhamnogalacturonan I, and LM14 against arabinogalactan proteins. Arrowheads indicate aberrant 

structures in mutant xxt1 xxt2 PTs. Scale bars: 15 µm in (a-b); 20 µm in (i). 

 

 

 



10 | P a g e  
 

Figure 2   

 

Figure 2 Simulated mechanical properties of wild-type and mutant pollen tubes. (a) Finite element 

mesh of the PT, consisting of a hollow tube constrained to a hemispherical tip, in contact with the 

rigid indenter of the CFM. A half model is used for reasons of simplicity and to gain a better 

overview. Colours indicate the gradient of von Mises stress caused by the indentation. Mesh 

density is highest in the indented section to resolve the contact problem and get a high-resolution 

stress distribution. (b) Close-up of the indented area. The von Mises stress is highest directly 

underneath the indenter and reduces drastically with distance from the indenter tip. The contact 

boundary between the indenter and the PT cell wall is indicated with a blue line (dashed where 

the indenter masks the contact area). (c) Boxplot of turgor pressure and wall stiffness of the 

measured mutant PTs obtained using the FEM/Monte Carlo simulation. (d) Comparison of the 

theoretical growth (per the modified Lockhart’s growth equation) and elastic collapse ratio (for 

stability) between wild-type and mutant PTs. (e) Boxplot of the maximum von Mises stress and 
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corresponding critical pressure (maximum converged pressure during the tube inflation step) for 

the mutant PTs from the FEM simulation. The whiskers in (c) and (e) represent the data between 

the 10th and the 90th percentile.  

 

 

Figure 3  

 

Figure 3 Cell wall structure of wild-type and mutant pollen tubes. (a) Ultrastructure of transverse 

sections of wild-type and mutant PTs. Cell wall thickness varies in wild-type and mutant PTs (see 

also Supplementary Fig. 1C; Supplementary Table 1). The inner wall layer in the xxt1 xxt2 and 

xxt1 xxt2 xeg113 mutants is thickened. In addition, the triple mutant contains clusters of electron-

dense material sandwiched between the two cell wall layers. (b) Immunogold labelling 

(arrowheads point to gold particles) showing a higher accumulation of callose in the inner cell wall 

of xxt1 xxt2 PTs compared to the wild type. Scale bars: 1 µm.in (a), 200 nm in (b). 
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Figure 4 

 

Figure 4 Pollen tube growth in medium providing physical constraints. (a) Pollen tube length after 

5 h in liquid and solid PGM show reduced growth in mutants PTs, especially of xxt1 xxt2 PTs, in 

solid medium. (b-f) Semi-in vivo pollen germination reveals highly reduced growth of xxt1 xxt2 

xeg113 triple mutant PTs, which is restored by complementation with a genomic copy of XEG113. 

Scale bar: 50 µm. 
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METHODS 

Methods, including statements of data availability and any associated accession codes and 

references are available in the online version of this paper.  

Note: Supplementary information is available in the online version of the paper 
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METHODS 

Plant material. Arabidopsis thaliana (accession Col-0) xxt1 xxt2 seeds36 were obtained from the 

NASC European Arabidopsis stock center. xeg113-2 was kindly provided by M. Pauly. Plants 

were grown under controlled conditions with 16 h light and 8 h dark cycles at 22°C and 60% 

humidity. 

 

In vitro pollen tube growth. Flowers were collected and incubated for 30 min at 22°C in a 

moisture chamber. Liquid PGM was prepared as described37. Pollen grains were brushed onto 

silane-coated slides (Science Services GmbH, http://scienceservices.de) and covered with liquid 

PGM, germinated, and grown in a moisture chamber, first at 30°C for 30 min and then at 22°C for 

at least 5 h. For germination on solid medium, 1.5% low melting agarose was added to liquid 

PGM. For CFM measurements PTs were germinated on silane-coated slides. For lyticase 

treatment, increasing concentrations (as indicated) of lyticase (Sigma, L4025) were added to the 

PT growth medium. Differential interference contrast (DIC) on a Leica DM6000 microscope was 

used for documentation of growing PTs. The length of the PTs was analysed using ImageJ.  

 

In vivo pollination. Flowers were emasculated at stage 6.538 and left for 24 h prior to pollination. 

Pollinated pistils were collected after 2 h, 6 h, and 24 h. Pistils were mixed with ethanol/acetic 

acid and incubated overnight at 4°C. Pistils were dehydrated in a dilution series of ethanol from 

30-70%, cleared with chloral hydrate clearing solution39 for 5 min at 60°C, and washed with 0.1 

M sodium phosphate buffer, pH 8.0. The washed pistils were then incubated in 5 M NaOH at 60°C 

for 10 min and washed with sodium phosphate buffer twice. Tissue was stained with 0.1% Methyl 

Blue (Sigma) in sodium phosphate buffer prior to microscopic analysis.  

 

Immunocytological analysis of pollen tubes. Immunolabeling of PTs was carried out as 

described40. PTs were incubated with a 10-fold dilution of primary mAbs (Plant Probes, UK) in 

PBS/MP for 1 h. Samples were washed in PBS and incubated with a 100-fold dilution of 

fluorescein isothiocyanate-labeled secondary Ab (Sigma) in PBS/MP for 1 h in darkness. The 

samples were washed three times and mounted in a glycerol-based anti-fade solution (Citifluor 

AF1) and fluorescence was detected on a Leica DM6000 microscope. 

 

http://scienceservices.de/
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TEM analysis. A detailed description of the TEM method is described in a submitted manuscript 

(Ndinyanka Fabrice et al.). Briefly, PT specimens were fixed in 1.25% glutaraldehyde in 0.05% 

cacodylate buffer, post-fixed in 2% OsO4, dehydrated in acetone, and embedded in Epon. Then 

thin sections from between 5-15 µM from the PT tip (corresponding to the region where CFM was 

performed) were collected and used for the measurement of cell wall thickness. The sections 

were visualized in a CM100 TEM system (FEI, The Netherlands) using a Gatan Orius 1000 CCD 

camera (Gatan, Munich, Germany). 

 

CFM measurements. The CFM analysis was performed as described11. Arabidopsis PTs growing 

on silane-coated slides (Science Services GmbH, http://scienceservices.de) were visualized at a 

400x magnification with DIC optics on an inverted microscope (IX 71, Olympus). MEMS-based 

microforce-sensors (FT–S540; FemtoTools GmbH, http:// femtotools.com) were used to measure 

the apparent stiffness of the PTs. After the sensor tip was positioned manually on the PT, 10 µm 

behind the apex, control was taken over by the LabVIEW software (National Instruments, http:// 

www.ni.com). The maximal force was set to 4 µN, which resulted in an indentation depth of ~2 

µm. At one point five measurements with four scans were taken and >20 PT were analyzed per 

plant line. The resulting apparent stiffness data (Suppl Fig. 1A) were used for FEM/monte Carlo 

simulations. Additional parameters necessary for the analysis are listed in Suppl. Fig 1. 

 

FEM simulation. The FEM model is inspired by an earlier first-order one-step model that only fit 

the apparent stiffness of the PT, while assuming that the Young’s modulus E and turgor pressure 

pi are related by Laplace’s law for thin-shell hollow tubes, given by 

𝑝𝑖𝑟𝑖
𝑡

= 𝐸𝑙𝑜𝑔(𝜆) 

where t is the cell wall thickness, ri is the inner tube radius, and λ is the circumferential stretch 

ratio. The current three-step quasi-static continuum FEM model assumes that the cell wall 

thickness, turgor pressure, and Young’s modulus are independent, and obtains them by fitting the 

experimental parameters sequentially. The quasi-static continuum model was constructed using 

the software package Abaqus41. The PT was modelled using half symmetry to reduce 

computational expenditure, and consists of a cylindrical shank constrained to a hemispherical tip 

with an imposed pressure boundary condition on the inside wall. When a hollow tubular structure 

has a diameter to thickness ratio of less than 25, the thin-walled cylinder equations no longer 
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hold, since stresses vary significantly between its inside and outside surfaces, and shear 

stress through the cross section can no longer be neglected42. Therefore, due to the relatively 

high cell wall thickness to PT diameter ratio, quadratic brick elements (C3D20) were used in the 

simulations instead of the thin-shell elements in the original study11. The boundary condition 

pinned the distal edge of the PT (total length: 100 μm). The PT material was considered linear 

elastic with a Poisson ratio of 0.2. Poisson ratios in the range of 0 to 0.4 were simulated in our 

model, and shown to have a negligible effect on the cytomechanical properties. PTs have been 

hypothesized to possess anisotropy due to the preferential orientation of cellulose microfibrils43. 

However, the previous CFM study11 concluded that the cell wall of PTs possesses only a very 

slight degree of anisotropy, which is largely masked by its geometry and turgor pressure. Based 

on this conclusion, the current model neglects the effect of anisotropic material properties, as the 

geometry and range of applied turgor pressure remain unchanged. The simulation was 

considered geometrically non-linear due to the indentation contact problem. The contact between 

the PT and the rigid MEMS force-sensor probe was considered frictionless with finite sliding, and 

simulated using a surface-to-surface discretization with constraints enforced by Lagrange 

multipliers. Appropriate temporal damping was applied to stabilize rigid body modes.  

 

Growth and bursting. The relation provided in Lockhart23 for growth in high water permeability 

(for individual plant cells), is given by  

𝜈 = 𝑟𝑖𝑝𝑖𝜙 

where ν is the growth rate [1/hr], ri is the radius of the cell wall not including its thickness, pi is the 

turgor pressure, and Φ is the extensibility per cell wall thickness. Since the time scale of our 

growth is constant (5 hours), and we consider the cell wall to be an elastic rather than a viscous 

shell, we replace Φ (inverse of the product of cell wall thickness and viscosity) with S (inverse of 

the wall stiffness), giving the relation 

𝑔 = 𝑟𝑖𝑝𝑖𝑆 

where g is the growth [-]. 

 

The Lamé equation for a thick-walled tube8 with an internal pressure is given by 
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𝜎 =
(𝑟𝑜

2 + 𝑟𝑖
2)

(𝑟𝑜
2 − 𝑟𝑖

2)
𝑝𝑖 

where σ is the stress, ro is the cell wall radius including the cell wall thickness, and pi is the internal 

pressure. The ratio of the σ (analogous to the von Mises stress) to pi indicates the stability of the 

cylinder based purely on its geometry, and is therefore analogous to elastic stability of the 

structure. 

Code availability: The computation code used in this study is available from the corresponding 

authors upon request. 
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SUPPLEMENTARY INFORMATION 

 

 

Supplementary Fig 1: Mechanical properties of wild-type and lrx mutant pollen tubes. (A) 

Probability density functions of input parameters for the FEM/Monte Carlo modelling, including 

CFM-determined apparent stiffness, TEM-determined cell wall thickness, and the diameter of 

turgid and plasmolysed. (E) The FEM model of the fully turgid pollen tube (with length of 100um) 

before indentation. The boundary conditions during inflation and indentation are illustrated in red 

(symmetry about the YZ-plane), and green (symmetry about the XY-plane).  



22 | P a g e  
 

 

Supplementary Fig 2. Effect of Lyticase treatment on wild-type and mutant pollen tube 

growth. Increasing concentration of lyticase in pollen germination medium reveals the 

susceptibility of the different mutants to callose digestion compared to the wild-type: xxt1 xxt2 and 

xxt1 xxt2 xeg113 show the most vulnerability with the highest drop in growth at 1 mg/ml lyticase.   
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Supplementary Fig 3. In vivo PT ovule targeting of xxt1 xxt2 double mutant is affected. Wild 

type siliques one week after fertilization with wild type (A) and xxt1 xxt2 (B) pollen revealed 

reduced fertilization efficiency with mutant pollen and shorter siliques (arrowheads: fertilized 

ovules). (C) and (D) Two h after pollination wild type and xxt1 xxt2 PTs initially showed 

comparable germination and tube growth (arrowheads: longest PTs). Differences in fertilization 

became apparent 6 h after pollination with wild type (E) and xxt1 xxt2 (F) pollen (arrowheads 

indicate fertilized ovules). After 24 h, wild type PTs (G) and (I) effectively grew towards the ovule, 

while xxt1 xxt2 PTs (H) frequently lost orientation (indicated by arrowheads) and grew in circles 

(J). OV: ovule; PT: pollen tube-; PTR: pollen tube rupture. Scale bars = 200 µm in (C), (D), (G), 

and (H); 300 µm in (E) and (F); 25 µm in (I), and 10 µm in (J). 
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Supplementary Table 1: Distribution of the input parameter values. All distributions are 

Lognormal: X ~ Logn(mean, variance) except for 1Triangular: X ~ Triang(min,peak,max) and 

2Weibull: X ~ Wei(scale, shape). Support of X ∈ [0,∞]. 

 

 Apparent 

Stiffness (N/m) 

Cell Wall 

Thickness (µm) 

Turgid 

Diameter (µm) 

Plasmolysed 

Diameter (µm) 

wt (1.08, 0.18) (0.131, 0.132, 0.166)1 (1.87, 0.14) (1.69, 0.11) 

xxt1 xxt2 (0.96, 0.34) (-1.604, 0.115) (1.90, 0.12) (1.68, 0.14) 

xeg113 (1.34, 0.44) (0.121, 0.123, 0.191)1 (2.00, 0.22) (1.75, 0.12) 

xxt1 xxt2 xeg113 (1.52, 0.66) (-1.487, 0.149) (1.96, 0.22) (1.79, 0.19) 

pme48 (0.71, 0.31) (0.200, 6.672)2 (1.86, 0.12) (1.60, 0.11) 

 

 

Supplementary Table 2: Correlation matrix for the input parameters 

 

 
Apparent 

Stiffness (N/m) 

Cell Wall 

Thickness (µm) 

Turgid 

Diameter (µm) 

Plasmolysed 

Diameter (µm) 

Apparent 

Stiffness (N/m) 
1 0.11 0.15 0.16 

Cell Wall 

Thickness (µm) 
0.11 1 -0.19 0 

Turgid 

Diameter (µm) 
0.15 -0.19 1 0.78 

Plasmolysed 

Diameter (µm) 
0.16 0 0.78 1 
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Supplementary Table 3: The Young’s modulus of the wild-type and mutant PT cell walls. 

Values represent the median, n≥60 
 

Modulus 

(MPa) 

1st 

Quartile 

3rd 

Quartile 

wt 62 49 83 

xxt1 xxt2 37 26 50 

xeg113 101 66 162 

xxt1 xxt2 xeg113 80 45 132 

pme48 29 23 38 

 

 

Supplementary Table 4: Efficiency of fertilization. 

 

 wt x wt wt x xxt1 xxt2 xxt1 xxt2 x wt 

Fertilization 79.3%, n=846 7%, n=893 64%, n=1363 

For the crosses (top lane), genotype of female is shown first. 
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Supplementary Table 5: Efficiency of PT ovule targeting at different time points after 

pollination.  

 

Hours post-

germination 
wt x wt wt x xxt1 xxt2 xxt1 xxt2 x wt 

6 h 
27.4%, 

n=1568 

10.4%, 

n=1680 

25.2%, 

n=1081 

24 h 56.1%, n=784 
13.5%, 

n=1568 
58.4%, n=789 

For the crosses (top lane), genotype of female is shown first 

 


