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(Dumais et al., 2006), simulating spatially confined growth (Campas and
Mahadevan, 2009), and a model focusing on stress-relaxation due to loss of
stability (Wei and Lintilhac, 2003, 2007). The consensus among these models
is that the cell wall contains both elastic and viscous components and can,
therefore, be described by a linear viscoelastic constitutive law. The Lockhart
model in particular utilizes the concept of a Bingham plastic fluid to describe
cell wall mechanical properties. These are non-Newtonian fluids that behave
like rigid bodies at low stress but flow like a viscous liquid at high stress,
such as mud or mayonnaise. Applied to the cell wall, it manifests as a
material that flows like a fluid (or grows uniaxially in the case of the PT)
when subjected to turgor pressure above a given yield pressure, but sustains
no permanent deformation at lower turgor pressures. The contribution of
the elastic deformation of the cell wall to growth was later augmented to the
Lockhart model (Lockhart, 1965) by Ortega and colleagues (Ortega, 1985).
Assuming isotropic material properties, the strain rate of the cell wall € is

described by

¢ = w:?—go) - %% (3)

where o is the wall stress and oy is the yield stress. Previous studies using
pressure probes have indicated that the turgor pressure in Lilium longiforum
PTs is stationary over time, with small pressure fluctuations proving to be
uncorrelated with the growth rate (Benkert et al., 1997; Winship et al., 2010).
For this analysis, we therefore assume that dp/0t = 0 . To extend the strain

rate relation into the volumetric growth rate v of the PT, the PT tip is

parametrized as a hemispherical shell with diameter d as its characteristic
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length scale and wall stress o given by

pd
o=57 (4)

at turgor pressure p and cell wall thickness h. The average volumetric

growth rate v of the PT can thus be described by

p= - P)dn ;Z;jd . (5)

where v is the product of the strain rate and characteristic length, pg
is the yield pressure, and k is a scaling factor. Lockhart’s growth equation
only captures the equilibrium growth rate, while disregarding the cytosolic
calcium concentration, which has been shown to be a strong growth rate
regulator, as a factor (Kroeger et al., 2011). Since we only aim to compare
the relative growth rates between cell wall mutants of Arabidopsis under
identical conditions, this equilibrium growth rate is sufficient for our analysis.
To allow for an equal comparison of the predicted growth rate with the
experimental growth rate, we introduced the scale factor x to correct for
the effect of cytosolic calcium concentration. k is calculated as the ratio of
the medians of predicted and experimental growth rates in the wild type
and, therefore, simply normalizes the predicted and experimental growth
rates for all mutant PTs. A further consideration is that PT growth cycles
are known to be driven by the oscillatory nature of viscosity and cell wall
thickness (Kroeger and Geitmann, 2013). However, since we are interested in
the equilibrium growth rate over longer timescales, only the average viscosity

and cell wall thickness as measured by the CFM and TEM experiments are

28


https://doi.org/10.1101/2021.11.09.467870

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.09.467870; this version posted November 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

required. Additionally, for the purpose of this analysis, the yield pressure is
assumed to be constant across all cell wall mutants (Kroeger and Geitmann,
2013). Nevertheless, it should be noted that studies have shown that, unlike
the other mutants, the yield pressure of pme48§ mutant PTs is more likely to
diverge from the wild type because of the high concentration of pectin at the
PT tip (Hepler et al., 2013).

To challenge the model prediction, we determined the growth rate ex-
perimentally by tracking PT growth for 10 min and averaging it over time
(Figures 6A and 6B). The experimental growth rate of zzt! zzt2 PTs was
significantly higher than that of the wild type (~50 %), which is also reflected
in the predicted growth rate (Figures 6C and 6D). The more fluid-like nature
of the zxt1 xxt2 cell wall coupled with its lower cell wall stiffness provides
a clear rationale for the elevated growth rate of this mutant. The similarly
high growth rate (~50 % above the wild type) of zegl13 was also effectively
captured by the growth model. However, since the viscosity of zeg113 is
similar to that of the wild type, this growth rate elevation is more likely
resulting from other factors, namely the significantly higher turgor pressure
and diameters of zegl13 P'Ts. Despite overestimating the increase in PT
growth rates compared to the wild type, the growth model predictions for
xxtl xxt2 and xegl13 mutant PTs were found to be similar to each other, mir-
roring their experimental growth rates. This indicates that the model is able
to accurately weigh the opposing actions of viscosity, turgor pressure, and
cell wall thickness on the PT growth rate. xxt! zzt2 xeg113 PTs display the
fastest experimental growth rate (~80% higher than the wild type), seem-
ingly indicating an additive effect of the xxt1 xxt2 and zeg13 mutations. The
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predicted growth rate of zxt! zxt2 xegl13, surprisingly, is similar to that of
the wild type. While this might indicate a deficiency in the model, it should
be noted that zzt! zxt2 xeg113 PTs have a lower viscosity than the wild type,
combined with the highest turgor pressure of all analyzed mutants. There-
fore, the explanation for its model-predicted growth rate is based solely on
its exceptionally thick cell wall. As previously stated, TEM analysis showed
that xxtl xxt2 zegl13 PTs possess a thick inner cell wall with several archi-
tectural defects. Since the growth rate equation considers the cell wall to
be a continuum of both the outer and inner cell walls, we re-analyzed the
CFM experiments for zzt! zzt2 zegl113 P'Ts considering only cell wall areas
that do not show the electron-dense defects. The use of this revised cell wall
thickness measurement is likely a better reflection of the growth rate of the
xxtl xxt?2 xegll3 mutant, as it only includes the load-bearing constituent
of the cell wall. As anticipated, the resulting predicted growth rate is much
closer to the experimental growth rate (Figure 6D). The experimental growth
rate of pme48 PTs displayed a large variability as would be expected when
disrupting the main constituent of the cell wall at the PT tip (Hepler et al.,
2013). However, the median growth rate was 20 % higher than that of the
wild type, which is consistent with previous studies (Leroux et al., 2015).
Furthermore, the growth equation successfully balanced the lower cell wall
viscosity of pme48 with the lower turgor pressure in the cytosol to produce
an accurate prediction, with no complications arising from the yield pressure

assumption.
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Figure 6. Growth rate analysis of wild-type and mutant pollen tubes

(A) Kymograph of an zzt! zat2 xeg113 PT.

(B) Tip position as a function of time and instantaneous growth rate of the PT in (A).
(C) Average measured growth of the cell wall mutants over 1200s.

(D) Comparison of simulated and measured growth rates of wild-type and mutant PTs.
For zztl xxt2 zegi13 PTs the real growth rate is substantially underestimated by the
simulation. Therefore, the star marks the median predicted growth rate when a cell wall
thickness of 180 nm for zzt! zzt2 zegl13 PTs is assumed. See subsection 2.6 for discussion.
The error bars in (C) were spread apart for better distinguishability. Originally, they
would all overlap at the position of the zegl13 error bar. The whiskers of the boxplots
represent the data between the 10" and 90" percentiles. The number of analyzed samples
is provided at the bottom, while groups indicating significance are located at the top.
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3. DISCUSSION

The plant cell wall plays a major role in regulating cell expansion. Loos-
ening the links between the cell wall components just the right amount allows
turgor pressure to increase the cell’s volume, whereas timely reinforcement
of the thereby weakened cell wall matrix is necessary to avoid bursting. An
imbalance between these processes either prevents cell expansion if cell wall
loosening is insufficient, or leads to the bursting of the cell if the stabilisa-
tion after expansion is not adequate. Thus, a tight coordination between
the external cell wall and physiological processes inside the cell is required,
particularly in the vacuole, which plays a crucial role in controling turgor
pressure (Kohorn et al., 2006). Therefore, a premature bursting of PTs can
either be attributed to fluctuations in turgor pressure or to altered cell wall
properties (Rojas et al., 2011; Kroeger et al., 2011). In order to investigate
how changes in the composition of the cell wall affect its mechanical proper-
ties, we developed powerful measurement and simulation tools, which allowed
us to discriminate between the similar PT growth phenotypes of several Ara-
bidopsis mutants that have a high tendency to rupture. Time-independent
indentation experiments in combination with a FEM modelling approach re-
vealed that mutations in primary cell wall components not only affect the
elasticity of the cell wall but also influence the magnitude of turgor pressure.
While these two parameters were affected differently in the mutants, they
generally led to a disturbance of the balance between growth-promoting and
growth-limiting factors and, eventually, to the bursting of the PTs. Hence,
while the wild type can effectively regulate turgor pressure and cell wall rhe-

ology to control PT growth, alterations in turgor pressure or cell wall stiffness
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in mutants with an altered biochemical composition of the cell wall drasti-
cally affect PT growth. This is especially true if mechanical barriers, such as
pistilar tissues, have to be penetrated by the PT, a prerequisite for successful
fertilization and, thus, seed production.

Employing FEM modelling to translate these measured parameters into
usable constitutive properties was an essential step in achieving acceptable
estimates for the PT growth rate; however, the Monte Carlo simulation-
based uncertainty quantification was equally necessary to derive more pre-
cise outcomes. Biological measurements at the micro-scale are fundamentally
subject to significant dispersion, but the inclusion of mutants that cause un-
predictable growth abnormalities by disrupting mechanical equilibrium leads
to markedly greater intra-mutant variability than can be reconciled by proper
error estimation methods only. Despite using these techniques, the growth
rate prediction of zzt! zzt2 regl13 based solely on simulated data was consid-
erably lower than the experimentally determined growth rate. While a closer
analysis allowed us to identify a potential source of this disparity, defects
that are difficult to directly quantify and capture in the models will always
impact the accuracy of such analyses.

As mentioned previously, all mutant PTs had a significantly increased
tendency to burst. However, this happened after a growth period of varying
length, during which cell wall integrity was maintained despite irregulari-
ties, such as temporary stalling, often accompanied by swelling, branching,
and leaking cytoplasm (Figure 1). Consequently, although we experimen-
tally analysed only intact PTs, it was impossible to determine what state of

stability a particular PT was in. This can explain the high variability of the
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apparent stiffness values in mutant P'Ts with a defective cell wall. Especially
for xatl xzat2 zegl13 PTs, which had by far the highest bursting rate, we as-
sume that we have overestimated the apparent stiffness as only the strongest
PTs survived and, thus, could be measured.

But why would PTs that completely lack major cell wall components, such
as the XyG-free zzt1 zxt2 double mutant (Cavalier 2008) be able to grow at
all? We assume that the cell wall integrity pathway is able to sense the defi-
ciency in certain constituents and compensate the defects to some extent by
overproducing other compounds (Voxeur and Hofte, 2016). Evidence for this
hypothesis comes from immunolocalization experiments, showing that in zxt1
xxt2 P'Ts displaying a complete lack of XyGs, extensins were strongly overex-
pressed (Figure S1). Similarly, the inner cell wall of zzt! xzt2 and zxt! xxt2
zegl13 PTs is thickened by excessive accumulation of callose (Figures 11, 1.J,
and S1). Such compensatory mechanisms are further corroborated by the
observation that the lack of both XyG and functional extensins leads to syn-
ergistic phenotypic effects (Figure 1A).

Numerous studies have focused on extracting structural and hydraulic
properties of PTs under specific conditions, while several others have con-
centrated more on their biochemical characterization. The PT growth rate
provides an easily accessible framework to bridge these two perspectives, al-
lowing to shed light onto the cause and effect relationship that exists between
them. To our knowledge, this is the first study that has been able to estimate
the relative growth rate among PT mutants and, thereby, to gain insights
into their unique biochemical alterations and compensatory mechanisms, us-

ing solely indentation and geometric measurements.

34


https://doi.org/10.1101/2021.11.09.467870

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.09.467870; this version posted November 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

In summary, we integrated in vivo and in wvitro measurements of PT
growth, CFM to determine mechanical cell wall properties, and TEM anal-
yses of the cell wall to accurately predict the growth behavior of mutants
with an altered cell wall composition using FEM simulations with Monte
Carlo-based uncertainty quantifications of cellular properties. This combina-
tion of experimental and modelling approaches provided novel insights into
the interplay between biochemical and mechanical factors controlling cellular

morphogenesis.
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7. STAR METHODS

7.1. RESOURCE AVAILABILITY

7.1.1. Lead contact
Further information and requests for resources and reagents should be di-

rected to and will be fulfilled by Ueli Grossniklaus (grossnik@botinst.uzh.ch).

7.1.2. Materials availability
All new materials generated in this study will be available upon request

from Christoph Ringli (chringli@botinst.uzh.ch).

7.1.3. Data and code availability

All data reported in this paper will be shared by the lead contact upon
request.

All original code has been deposited at github and is publicly available

as of the date of publication.
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Any additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.

7.2. EXPERIMENTAL MODEL AND SUBJECT DETAILS

7.2.1. Plant material and growth conditions

All plants used were Arabidopsis thaliana (L.) Heynh of the Columbia
(Col-0) accession. zxtl zat2 seeds (Cavalier et al., 2008) were obtained
from the Nottingham Arabidopsis stock center (NASC). zegl13-2 (Gille
et al., 2009) and pme48 (Leroux et al., 2015) were kindly provided by
Markus Pauly and Jean-Claude Mollet, respectively. Seeds were sown on
half-strength MS media (1/2 MS salt base, 10 % sucrose, 0.05 % MES, 0.8 %
Phytoagar , pH>5.7 with KOH), stratified for 2-3 days at 4°C in the dark,
and then moved to long-day conditions (8 h dark at 18 °C, 16 h light at 22 °C,
60 % humidity). When showing two to four true leaves, seedlings were trans-
planted to soil and grown under long-day conditions in a walk-in growth

chamber (8h dark, 161 light, 22°C, 60 % humidity).

7.2.2. Pollen tube culture conditions

For in wvitro pollen tube growth, flowers were collected and incubated for
30min at 22°C in a moisture chamber. Liquid PTGM (5mm CaCl,, 5mM
KCl, 1.6mM H3BO3, 1mM MgSOy, and 10% (w/v) sucrose, pH 7.5) was
prepared as described (Boavida and McCormick, 2007). Pollen grains were
brushed onto silane-coated slides and covered with liquid PTGM, germinated,
and grown in a moisture chamber, first at 30 °C for 30 min and then at 22°C
for at least 5h. For germination on solid medium, 1.5 % low melting agarose

was added to liquid PTGM. For CFM measurements PTs were germinated
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on silane-coated slides.

7.3. METHOD DETAILS

7.3.1. Immunocytochemical analysis of pollen tubes

PTs grown for 5h on silane-coated slides were fixed in PEM buffer (4 %
paraformaldehyde in 1M NaOH, 50mMm PIPES, 1mMm EGTA, and 5mM
MgSOy, pH 6.9). For the enzymatic digest of selected wall components,
fixed PTs were rinsed with sodium acetate buffer (pH 5.5) and incubated
with a 5 U/mL solution of xyloglucan-specific xyloglucanase prepared in the
same sodium acetate buffer at 37 °C for 2h. Enzyme-treated and non-treated
fixed samples were rinsed three times with phosphate buffered saline (PBS)
for 5min each, and blocked with 5% skim milk powder (MP) in the same
PBS buffer for 1h or overnight at 4°C. Controls included non-digested sam-
ples and/or omitting the primary antibody. The PTs were then incubated
with a 10-fold dilution of primary monoclonal Antibodies (mAbs) in PBS
containing 5% (w/v) MP for 1h. Samples were washed in PBS and incu-
bated with a 100-fold dilution of fluorescein isothiocyanate-labeled secondary
Ab (Sigma) in PBS/MP for 1h in darkness. The samples were washed three
times in PBS and mounted in a glycerol-based Citifluor AF1 anti-fade solu-
tion. Fluorescence was detected on a Leica DM6000 microscope (excitation:

480/40 nm, emission: 527/30 nm).

7.8.2. Lyticase treatment
For lyticase treatment, increasing concentrations (as indicated in Fig-
ure S2) of lyticase were added to the PTGM. Differential interference con-

trast (DIC) on a Leica DM6000 microscope was used for documentation of
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growing PTs. The length of the PTs was analysed using Fiji.

7.8.3. TEM analysis

A detailed description of the TEM method has been published elsewhere
(Ndinyanka Fabrice et al., 2017). Briefly, PT specimens were fixed in 1.25 %
glutaraldehyde in 0.05% cacodylate buffer, post-fixed in 2% OsO4, dehy-
drated in acetone, and embedded in Epon. Then thin sections from between
5-15m from the PT tip (corresponding to the region where CFM was per-
formed) were collected and used for the measurement of cell wall thickness.
The sections were visualized in a CM100 TEM system (FEI, The Nether-
lands) using a Gatan Orius 1000 CCD camera (Gatan, Munich, Germany).

7.3.4. Determination of cell wall thickness

The cell wall thickness of wild type and mutant PTs was determined from
TEM cross sections described in subsection 7.3.3. Ten measurements around
each section were averaged to give the cell wall thickness of an individual

PT. All measurements were made with Fiji.

7.3.5. Pollen tube diameter measurements

To measure the diameter of fully turgid PTs, they were germinated and
grown on silane-coated slides for 3 to 4 h. After carefully replacing the PTGM,
the P'Ts were left growing for another 15 to 30 min before images were taken.
Afterwards, plasmolysis was induced by replacing the growth medium with
15 % mannitol. Images were taken when full plasmolysis occurred, confirmed
by a complete retraction of the protoplast from the tip of the PT. The diam-

eter of turgid and plasmolysed tubes, respectively, was measured measured
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10 to 50 pm behind the tip using Fiji. The mean of five measurements within

this range was taken as the diameter of an individual PT.

7.3.6. CFM measurements

The CFM analysis was performed as described in (Vogler et al., 2013)
and in (Burri et al., 2019). Arabidopsis PTs growing on silane-coated slides
were visualized at a 400x magnification with DIC optics on an inverted mi-
croscope (IX 71, Olympus). MEMS-based microforce-sensors (FT-S540 and
FT-S100) were used to measure the apparent stiffness and the viscoelastic re-
laxation of the PTs. Studies have indicated that the difference in anisotropic
stresses at the tip are largely a function of the tip geometry, and even a
constant isotropic elastic modulus along the pollen tube would yield differ-
ent stiffness measurements at the tip compared to the shank (Vogler et al.,
2013). The indentation experiments were therefore performed 10 pm behind
the apex and the apparent stiffness values were obtained by linearly fitting
the resulting force-displacement curve. The maximal force was set to 4 uN,
which resulted in an indentation depth of about 2pm. For each PT, five
measurements with four scans each were taken and >20 PT were analyzed
per plant line. The resulting apparent stiffness data (Figure S3A) were used
for FEM simulations. Additional parameters necessary for the analysis are
listed in Figure S3 and Table 1. For the relaxation experiments, the PTs
were also indented by the force probe at a distance 10 pm from the tip. The
position of the indenter was kept for 5s after the maximal force of 5 uN was
reached. The force decay during the constant displacement was recoded. To
determine whether the experimental setup contributes to the force relaxation,

we measured a silicon cantilever (FS-C 15, SIMETRICS) that behaves in a
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purely elastic manner. In addition, we measured glass fibers, which have a
geometry similar to the PTs, but a higher viscoelasticity. Data acquisition

and control of the indenter were implemented in LabVIEW.

7.3.7. Growth rate measurements

Pollen tubes were grown in microchannels (Shamsudhin et al., 2016), and
images were taken every 3s on a LM using an ORCA-D2 camera (Hamamatsu
Photonics K.K., Hamamatsu). KymographClear, a macro toolset for Fiji was
used to produce high-quality kymographs of the growing PTs, from which the
growth rate was calculated using KymographDirect (Mangeol et al., 2016).

7.3.8. FEM simulation
The model is inspired by an earlier first-order model that estimated the
elastic modulus and turgor pressure of the PT from CFM apparent stiffness

measurements using Laplace’s law for thin-shell hollow tubes (Vogler et al.,

2013; Young, 1805; Laplace, 1805), given by

pd
Ea— |
o og(A)

where p is the turgor pressure, d is the PT diameter, h is the cell wall
thickness, F is the elastic modulus, and A is the circumferential stretch.

The driving script for the Monte Carlo simulation in Abaqus was devel-
oped in Python

The correlogram and PCA analysis plots were created in python using

the sklearn and seaborn packages.
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7.8.9. Analytical relation describing the apparent stiffness for indented thin
shell tubes
As described by Arnoldi and colleagues (Arnoldi et al., 2000) and es-
tablished for PTs by Burri and coworkers (Burri et al., 2019), the apparent
stiffness k = F'/§ of a pressurized cylinder measured under indentation can
be described by

k=T pdé(p/a)

where F' is the measured force, § is the indentation depth, p is the turgor
pressure, d is the PT diameter, and ¢(p/«) is a geometric factor (Arnoldi

et al., 2000; Burri et al., 2019). ¢(p/a) can be further described by

_ pKi(p/a)
aKo(p/a)

where p is the radius of the indenter, K,, are modified Bessel’s functions,

¢(p/a)

and « is the cutoff distance given by

ol = 3pd®
~ 16(2ER/(1 — v2) — pd)

where F is the elastic modulus, A is the cell wall thickness, and v is the

Poisson’s ratio.

7.4. QUANTIFICATION AND STATISTICAL ANALYSIS

Hypothesis testing for the measured apparent stiffness and wall thickness
was performed using a one-way repeated-measures ANOVA omnibus test

with the application of the Greenhouse-Geisser correction due to violation of
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the sphericity property. Pairwise comparisons were then made using multiple
one-way paired t-tests. Significant differences in the diameter measurements
and the simulated turgor pressure and elastic modulus values were tested
using a one-way ANOVA omnibus test followed by the Games-Howell post-
hoc test. All tests were performed with a 95% confidence interval and the

pairwise comparisons used the Holm-Bonferroni correction.

7.5. KEY RESOURCES TABLE

Table 2. Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

LM15 Kerafast Cat#ELDO013
CCRC-M1 Kerafast Cat#EGAS06
JIM5 Kerafast Cat#ELD004
JIMT7 Kerafast Cat#ELDO005
JIM20 Kerafast Cat#ELDO033
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LM6 Kerafast Cat#ELDO08
LM14 Kerafast Cat#ELDO026
Anti-Rat IgG (whole Sigma-Aldrich Cat#F6258;
molecule)-FITC antibody RRID:AB 259695

produced in goat

Chemicals, Peptides, and Re-

combinant Proteins

CaCl, Sigma-Aldrich Cat#21074

MgSO, - 7H,O Merck Millipore Cat#105886
Sucrose Panreac Ap- Cat#A2211

plichem

NaOH Sigma-Aldrich Cat#221465
Lyticase Sigma-Aldrich Cat#L4025
Ethanol Fisher Scientific Cat#E/0665DF /17
Acetic acid Merck Millipore Cat#100063
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Chloral hydrate

NaHQPO4 ' HQO

Na,HPO,

Methyl blue

Citifluor™ AF1, Ein-

deckmedium

Glutaraldehyde

Cacodylic acid, sodium salt,

trihydrate

KCl

OSO4

Acetone

Epoxy-Einbettungsmittel for

microscopy

Sigma-Aldrich

Panreac Ap-
plichem

Merck Millipore

Sigma-Aldrich

Science Services

GmbH

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Scharlau

Sigma-Aldrich
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Cat#15307

Cat#A1047

Cat#106580

Cat#1.16316

Cat#E17970

Cat#G7651

Cat#:205541

Cat#60130

Cat#75633

Cat#AC03102500

Cat#45345
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H,BO,

NaCl

KH,PO,

Rapilait skim milk powder

Phytoagar

MS salt base

MES

KOH

Paraformaldehyde

PIPES

EGTA

Na-Acetate

Merck Millipore

Roth

Merck Millipore

Migros

Duchefa Bio-

chemie

Carolina

Roth

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
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Cat#100165

Cat#3957.1

Cat#104873

Cat#150141000000

Cat#P1003

Cat#195703

Cat#6066.2

Cat#P5958

Cat#F8775

Cat#80635

Cat#E0396

Cat#52889
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Xyloglucanase (GH5) (Paeni- Megazyme Cat#E-XEGP
bacillus sp.)

Experimental Models: Organ-

isms/Strains

Arabidopsis thaliana: wild Standard acces- N/A
type: accession Col-0 sion

Arabidopsis thaliana: pme48: Leroux et al., NASC-ID:
pme48/pme48 (Col-0) 2015 N622970
Arabidopsis thaliana: zxtl Cavalier et al., NASC-ID:
zrt2: zatl xot2-1/zatl xwt2-1 2008 N16349
(Col-0)

Arabidopsis thaliana: xegll13: Gille et al., 2009 NASC-ID:
zegl13-2/req113-2 (Col-0) N662800

Arabidopsis thaliana: ztl This paper N/A
xxtl xegl13-2: xatl zat2-1

regl13/xxtl xxt2-1 xegl13-2

(Col-0)

Software and Algorithms

Fiji Schindelin et al., RRID:SCR._ 002285
2012
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Matlab RRID:SCR._ 001622
Python Programming Lan- RRID:SCR,_008394
guage
sklearn RRID:SCR_ 019053
seaborn RRID:SCR, 018132
Abacus RRID:SCR,_013039
KymographClear Mangeol et al., N/A

2016
KymographDirect Mangeol et al., N/A

2016
Chip github https://github.com/gmunglani/Chip
Other

MEMS-based microforce sen- FemtoTools AG Cat#FT-S540
sors FT-S540

Silane-coated slides Science Services Cat#E63734-01
GmbH
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Lab-on-a-chip device for

pollen tube growth

MEMS-based microforce sen-

sors FT-S100

MEMS-based microforce sen-

sors F'T-S540

Shamsudhin
et al., 2016

FemtoTools AG

FemtoTools AG

N/A

Cat#FT-S100

no longer avail-

able
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