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SUMMARY

Exogenous mechanical perturbations on living tissues are commonly used to investigate whether cell effec-
tors can respond to mechanical cues. However, in most of these experiments, the applied mechanical stress
and/or the biological response are described only qualitatively. We developed a quantitative pipeline based
on microindentation and image analysis to investigate the impact of a controlled and prolonged compres-
sion on microtubule behaviour in the Arabidopsis shoot apical meristem, using microtubule fluorescent
marker lines. We found that a compressive stress, in the order of magnitude of turgor pressure, induced
apparent microtubule bundling. Importantly, that response could be reversed several hours after the release
of compression. Next, we tested the contribution of microtubule severing to compression-induced bundling:
microtubule bundling seemed less pronounced in the katanin mutant, in which microtubule severing is dra-
matically reduced. Conversely, some microtubule bundles could still be observed 16 h after the release of
compression in the spiral2 mutant, in which severing rate is instead increased. To quantify the impact of
mechanical stress on anisotropy and orientation of microtubule arrays, we used the nematic tensor based
FibrilTool ImageJ/Fiji plugin. To assess the degree of apparent bundling of the network, we developed sev-
eral methods, some of which were borrowed from geostatistics. The final microtubule bundling response
could notably be related to tissue growth velocity that was recorded by the indenter during compression.
Because both input and output are quantified, this pipeline is an initial step towards correlating more pre-
cisely the cytoskeleton response to mechanical stress in living tissues.

Keywords: mechanical stress, indenter, microtubules, compression, bundling, Arabidopsis thaliana,
technical advance.

INTRODUCTION

There is increasing evidence that mechanical stress can
have an instructive role in cell biology, from the modula-
tion of gene expression and cytoskeleton behaviour to cell
fate, polarity, or division. Several micromechanical set-ups
have been designed to analyze these responses at different
scales, from isolated cells to whole organs, and to different
types of mechanical stress (compression, shearing ... ).
For instance, mechanical impulses on metaphasic Hela
cells showed that anaphase progression can be accelerated
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or delayed depending on the angle between the direction
of maximal compression and the spindle axis (ltabashi
et al., 2012). Compression of a Drosophila embryo for a
few minutes with a coverslip induced the expression of the
patterning gene Twist (Farge, 2003). In Poplar, stem bend-
ing was correlated with gene expression levels, revealing
that the expression of the mechanosensitive transcription
factor gene PtaZFP2 displays a linear relation to strain
(Coutand et al., 2009). Finally calcium peak and pH change
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were shown to appear within seconds after mechanical
perturbation (Monshausen et al., 2009) and the transcrip-
tional induction of the TOUCH gene to occur within min-
utes (Lee et al., 2004).

Because cortical microtubules largely contribute to the
oriented deposition of cellulose in cell walls, their
response to mechanical stress has been studied exten-
sively (Green and King, 1966; Williamson, 1990). Micro-
tubules are able to reorganize into arrays parallel to
maximal tensile stress directions in response to an abla-
tion or a lateral compression at the shoot apical meristem
(Hamant et al.,, 2008). Compression also enhances the
supracellular coalignment of microtubules in leaves and
cotyledons (Jacques et al.,, 2013; Sampathkumar et al.,
2014). A millimetric needle attached to a micromanipula-
tor, and indenting the surface of cotyledons to mimick the
force exerted by a penetrating pathogen, in contrast leads
to localized microtubule depolymerization within minutes
(Hardham et al., 2008). Reorganization of microtubules
arrays is generally mediated by self-organization pro-
cesses, which involve severing, (de)polymerization and
zippering (Dixit and Cyr, 2004; Ehrhardt and Shaw, 2006;
Wasteneys and Ambrose, 2009; Sampathkumar et al.,
2014). The protein katanin was shown to be involved in
microtubule severing. Interestingly, when the microtubule
severing protein katanin is overexpressed, microtubules
first form apparent bundles within 48 h and ultimately
become completely depolymerized if increased severing
activity is maintained (Stoppin-Mellet et al., 2006). Kata-
nin-dependent microtubule severing also regulates the
timing of the microtubule response to mechanical stress:
the re-alignment of cortical microtubules according to the
new tensile stress pattern after ablation takes longer in a
katanin mutant, both in the shoot apical meristem (Uytte-
waal et al., 2012) and in cotyledons (Sampathkumar et al.,
2014).

So far, the analysis of the microtubule response to
mechanical perturbations has involved qualitative or semi-
guantitative protocols only. In that case, the applied load
was estimated at the beginning of the experiment. Lateral
compressions with a microvice on the meristem can reach
0.1 N and induce anisotropic tensile stresses at the meris-
tem tip, leading to microtubule bundling and reorientation
within a few hours (Hamant et al., 2008; Uyttewaal et al.,
2012). On the contrary stretching sunflower epidermal
hypocotyl peels with an 8 g load can lead to significant
strain rates, but no visible effect on microtubules (Burian
and Hejnowicz, 2010). Most of the devices do not allow a
precise control of the applied load over time because, for
instance, the distribution of forces can vary due to sample
growth. Furthermore, the effects of mechanical perturba-
tion on microtubule arrays have rarely been quantified
extensively. In the cases where such measurements were
conducted, the focus was on microtubule arrays’
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orientation (Burian and Hejnowicz, 2010), and anisotropy
(Uyttewaal et al., 2012; Boudaoud et al., 2014).

Here we used microindentation to apply quantified loads
on living and growing shoot apical meristems and
designed tools to quantify the cytoskeleton response to
mechanical perturbations. This pipeline could also be
applied to other cell effectors, such as actin.

RESULTS

A microindenter-based set-up to apply prolonged and
controlled compression on the growing shoot apical
meristem

Indenters are commonly used in the industry to check
mechanical properties of materials. While atomic force
microscopy is adapted for nanoscale deformations,
microindenters allow to probe larger domains of the tissue
from a few micrometres to a hundred micrometres,
depending on the choice of the tip (Figure 1a, b). As previ-
ously described in Beauzamy et al. (2015), we adapted this
technology to the indentation of a living material: the
shoot apical meristem of Arabidopsis thaliana. Shoot
apices were cut from the plant, and young floral buds were
dissected out to give access to the shoot apical meristem
at the centre of the apex. These apices were kept alive in
agarose medium supplemented with sugar and vitamins
(see Experimental Procedures). Meristems were immersed
in pure water during the whole experiment to avoid dehy-
dration. Note that this protocol has been used successfully
in the past to visualize microtubules and provided compa-
rable results to naked meristems from NPA-treated seed-
lings, i.e. without dissection (Uyttewaal etal., 2012;
Hamant et al., 2014). To indent, a flat tip of ca. 97 um in
diameter was used, as in Beauzamy et al. (2015). In the fol-
lowing, the tip of the indenter was always centred on and
in contact with the meristem (but not the primordia),
thanks to a dry x10 magnification objective. The diameter
of the meristem was between 100 and 121 um.

As meristems may vary in shape and stiffness, they were
indented first using a displacement-controlled ramp with a
maximum indentation depth that we imposed (Figure 1c).
In other words, the motorized stage was lifted up in order
to gradually decrease the distance between the indenter
tip and the meristem surface until the tip was in contact
with the meristem surface. From this initial contact point,
the stage was lifted up by the imposed maximum indenta-
tion depth, and the load needed to obtain such indentation
was recorded. Compression was then applied continuously
for 6 h 30 min (Figure 1d), which roughly corresponds to
the duration needed to observe full microtubule response
in the shoot apical meristem (Hamant et al., 2008).

A major technical difficulty arises from the continuous
growth of living plant tissues. If the tip is static, the grow-
ing meristem presses on the tip and the total compressive
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Figure 1. Indentation protocol.

(a) The indenter. 1. Motorized stage. 2. Tip and transducer. 3. x10 (dry) objective. 4. Bright light.

(b) Drawing of the transducer (black) indenting a biological object (green). Transducer is a three-plate capacitor. The central plate is attached to springs and can
move between the two other fixed plates. When a voltage difference is applied between the plates, an electrostatic field E is created, forcing the middle plate to
move over a distance d. A feedback loop is implemented in the system to compensate for growth or shrinkage of the tissue over time.

(c-e) Applied load and tip displacement are recorded precisely during the whole experiment. (c) Load versus displacement curve. A first indentation at an
imposed displacement (here d = 10 um) is performed on the sample over a few seconds. The fitted part of the curve (red line) corresponds to the tip approach
(1.) and is linear. The slope is the apparent stiffness of the sample. The second part of the curve (2.) corresponds to the retraction of the tip. The differences
between approach and retract curves highlight the visco-plastic behaviour of the sample. (d) Load versus time curve. A constant load is maintained on the sam-
ple over 6 h 30 min (23 400 sec). The load value is chosen according to the maximum load reached in (c). (e) Depth versus time curve. The position of the stage
along z-axis changes over time to maintain a constant load at the tip. A linear fit (red line) was applied between 4000 and 20 000 sec to compute speed displace-
ment of the stage, which is more likely to be due to growth of the apex than to any indenter drift. We found a stage speed displacement in the range of 1-
4 nm sec™' (mean 2.4 nm sec”' + 1, all genotypes taken into account).

force exerted on the tissue increases progressively. Growth stress intensity at the centre of the indented region and to
can also deviate from the vertical axis. In such cases, the increase stress intensity at the periphery. Indeed, when a
apex escapes compression by growing preferentially on thin pressurized shell is flattened by a plane, turgor
one side of the device and is thus exposed to a smaller pressure is locally balanced by this plane, so that stress
load. Here we took advantage of the indenter’'s feedback distribution can be deduced from the flattening of a non-
loop between the motorized stage and the tip to maintain pressurized shell (Audoly and Pomeau, 2010). Thus the
a constant load on the sample, by adjusting the position of mechanical stress pattern of the compressed meristem is
the stage in function of the force measured at the tip. At still isotropic at the centre and becomes gradually more ani-
any time during compression, applied load and tip position sotropic and circumferential toward the periphery. This pat-
were precisely known, and the load remained close to the tern (isotropy at the centre and anisotropy on the flanks) is
chosen value, as set from the first indentation ramp not qualitatively different from the non-indented situation.

(Figure 1d, e).

The mechanical stress pattern of the indented region of
the meristem before indentation is predicted to be isotropic
at the top and anisotropic circumferentially on the flanks To visualize the microtubule response to mechanical com-
(Boudaoud, 2010). The indentation is expected to lower pression, we acquired confocal images of the meristems

Controlled compressive loads on the shoot apical
meristem impacts microtubule behaviour
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before (Figure 2a, €, i, 1) and 15 min after (Figure 2b, d, f,
h, j, m) compression in two microtubule marker lines:
GFP-MBD and GFP-TUAG6 under the control of the p35S
promoter. The fluorescent reporter construct GFP-MBD
encodes a microtubule binding domain from MAP4 fused
to the green fluorescent protein (GFP), and thus decorates
microtubules, whereas GFP-TUAG encodes a tubulin sub-
unit fused to GFP and is incorporated into the lattice. The
15 min lag corresponds to the time it takes to move the
sample from the indenter to the confocal microscope and
perform the scan. In past work, mechanical perturbations
on shoot apical meristems led to detectable microtubule
array alterations after 2 h, but not before (Hamant et al.,
2008; Uyttewaal et al., 2012). We thus suspect that this
15 min time window is short enough to preserve the over-
all microtubule organization.

We tested different indentation depths. Indentations at
10 um, followed by continuous compression at the corre-
sponding load, had a visible effect on cortical microtubules
(see below, and Figure 2a-c, e-g), whereas indentations at
2 uym had no major impact (see Figure 2d, h). These tests
guided our choice of indentation depth. In the following
experiments, we fixed the indentation depth at 10 um. For
that depth, the corresponding force was in the range of
1.2-3.0 mN (mean 2.1 + 0.5 mN), depending on the meris-
tem and on the genotype. Considering that, at that depth,
the tip was in full contact with the meristem, this force was
applied on a disk of a ca. 7400 pm? and was on the order
of magnitude of turgor pressure found in the meristem
(see Beauzamy et al., 2015 for an experimental estimation
of turgor pressure at the shoot apical meristem).

A 6 h 30 min long compression on p35S::GFP-MBD
(WS-4) lines induced microtubule aggregation into thick
bundles (Figure 2b, f). This response was also reversible:
the microtubule network 16 h after the release of compres-
sion looked very similar to the microtubule network before
compression (Figure 2¢, g). The degree of apparent bund-
ling varied among meristems from very aligned network
to very thick bundles (as the ones shown in Figure 2b, f,
and Figure 5a), and among cells of the same meristem
(see Figures 6¢ and S1a-e). Our results confirmed previous
observations of microtubule hyperalignment to bundling
in epidermal cells of leaves and cotyledons expressing the
GFP-MBD marker, after compression with a coverslip
(Jacques et al., 2013; Sampathkumar et al., 2014).

Compression-induced ablation of one or a few cells in
several cases, for both 10 and 2 um indentation depths
(Figure 2f-h). In those cases, microtubules reoriented cir-
cumferentially within the first row of cells neighbouring
the ablation in the hours following compression. This local
circumferential pattern could still be observed 16 h after
the end of compression, whereas, in other part of the
meristem, microtubules had recovered from compression
(Figure 2c, g). The pattern of ablated cells differed
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significantly between samples, suggesting that ablations
occurred randomly and were not due to putative bumps
on the tip surface, which could locally increase load on a
few cells.

Because the GFP-MBD construct was previously
reported to induce artifactual bundling in various mutants
and growth conditions (Celler et al., 2016), we tested our
protocol in a line expressing a GFP-tubulin (GFP-TUA6)
fusion under the control of the p35S promoter. Some
bundling events could be detected in that line 15 min after
release of compression, but we also observed an increased
cytosolic GFP background, consistent with microtubule
depolymerization (Figure 2i, j, I, m, o, p) as previously
reported in Hardham et al. (2008). The effect of compres-
sion on microtubules was also reversible in the GFP-TUA6
line: 16 h after release of compression, the microtubule
networks looked very similar to the microtubule networks
before compression (Figure 2k, n, g). While the impact of
compression on microtubule bundling may be slightly
underestimated when using the GFP-TUAG line (e.g. Thita-
madee et al., 2002; Abe and Hashimoto, 2005; Ishida et al.,
2007), the strong apparent microtubule bundling under
mechanical compression may be artificially promoted by
the stabilizing effect of the MBD sequence (see e.g. Olson
et al., 1995; Granger and Cyr, 2001; Van Damme et al.,
2004).

Compression-induced apparent microtubule bundling is
modulated by katanin activity

The microtubule response to mechanical stress depends
on katanin-dependent microtubule severing protein (Uytte-
waal et al., 2012; Sampathkumar et al., 2014). Katanin-
mediated severing activity was also shown to transiently
promote the formation of thick bundles before leading to
complete microtubule depolymerization, using a p35S::
GFP-MBD microtubule marker and an inducible over
expressor of katanin (Stoppin-Mellet et al., 2006). To check
whether compressions with a microindenter could also
reveal the role of katanin in the microtubule response to
stress, we next performed 6 h 30 min long compressions
on the bot1-7 katanin mutant allele, in which microtubule
severing is largely impaired. As SPIRAL2 [also called TOR-
TIFOLIA (Buschmann et al., 2004)], was shown to act
antagonistically on KATANIN (Wightman et al., 2013; Her-
vieux et al., 2016), we also included the spr2-2 mutant in
the analysis. Because the GFP background signal in the
GFP-TUAG line is high and because the meristematic cells
are small, the image quality of microtubule array in this
line is low in the shoot apical meristem (Figure 2i-q). The
GFP-MBD microtubule marker was thus introgressed into
the bot1-7 and spr2-2 mutants.

We observed a response to compression in both
mutants but to a different extent. At the scale of the entire
meristem, spr2-2 GFP-MBD displayed microtubule bundles

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2016), 88, 328-342



332 Marion Louveaux et al.

Figure 2. Microtubule response to compression in the GFP-MBD and GFP-TUAG lines.

(a-h) Confocal images of GFP-MBD meristems projected in 2D. (a—c) Load value imposed during the 6 h 30 min compression corresponds to an initial displace-
ment of 10 um. (a) Before compression. (b) 15 min after release of compression. (c) 16 h after release of compression. (d) Load value imposed during the 6 h
30 min compression corresponds to an initial displacement of 2 um. Image is taken 15 min after release of compression. (e-h) Close-ups of (a-d) (white rectan-
gle). White asterisks point at ablation sites. Scale bar = 30 um in (a-d), and 10 um in (e-h).

(i-n) Confocal images of GFP-TUAG6 meristems projected in 2D. Load value imposed during the 6 h 30 min compression corresponds to an initial displacement
of 10 pum. (i) before, (j) 15 min after and (k) 16 h after release of compression. (I-n) Close-ups of (i-k) (white rectangles).

(0-q) One slice through the epidermis from (i-k), (o) before, (p) 15 min after and (q) 16 h after release of compression. Scale bar = 30 um in (i-k), 10 um in (I-n)

and 20 um in (0-q).

(Figure 3b, e and Figure S1f-h) qualitatively similar to
those observed in the GFP-MBD line (Figure 3a, d). In con-
trast, although some bundling was also observed in bot1-7
GFP-MBD after compression, the microtubule arrays
appeared mostly less intermingled (i.e. more parallel) and
a higher proportion of cells displayed changes in micro-
tubule network organization, when compared to the GFP-
MBD line (Figure 3c, f and Figure S1i-l). In both lines, as in
GFP-MBD, microtubule reorganization in response to com-
pressive stress was variable between meristems and
among cells of the same meristem (Figure S1). Interest-
ingly, 16 h after the release of the compression, apparent
bundling could still be observed in some cells of two spr2-
2 meristems, suggesting that the reversion might be
slower in that line (Figure S2).

Altogether, this result shows that this microindenter set-
up can reveal different microtubule responses to mechani-
cal compression in mutants. Overall, our results are rather
consistent with a requirement for katanin activity in the
promotion of microtubule self-organization in response to
mechanical perturbations.

Quantifying the microtubule response to mechanical
perturbations

As shown above, responses appeared somewhat variable,
depending on genotype, marker line or even individual
sample. To go beyond the qualitative assessment of the
microtubule response to compression, we analyzed the
variations of anisotropy and orientation of the microtubule
arrays and quantified the variations in the degree of appar-
ent bundling between time 6 h 45 min (i.e. 15 min after the
release of compression) and time zero (before compres-
sion). The approach was partially automated with the pro-
spect to ease statistical analysis of bigger data sets. Here,
we analyzed thirteen GFP-MBD meristems (four indented
and nine controls), six GFP-TUA6 meristems (three
indented and three controls), seven spr2-2 GFP-MBD
meristems (four indented and three controls) and six bot1-
7 GFP-MBD meristems (three indented and three controls).
On each meristem, on the snapshots taken at time zero
and at time 6 h 45 min, 80 cells were segmented manually
using the Fiji Polygon tool (Schindelin et al., 2012). The Fiji
plugin FibrilTool (Boudaoud et al., 2014) was used to com-
pute microtubule array anisotropy and mean orientation
per cell. Polygon segmentation was then imported in the R

software with the R ImageJ Region of Interest (ROI) pack-
age (R Core Team, 2015; Sterratt and Vihtakari, 2015) to
quantify the degree of apparent bundling.

Compression from the top is known to induce a better
alignment of microtubule arrays per cell in cotyledons and
leaves, i.e. an increase in the anisotropy of microtubule
arrays (Jacques et al., 2013; Sampathkumar et al., 2014).
Lateral compression of the shoot apical meristem is known
to induce the formation of supracellular microtubule align-
ments in the direction of maximal tensile stress (Hamant
et al., 2008). The difference of anisotropy between the two
snapshots (time 6 h 45 min and time zero) was computed
separately for the control and the indented meristems of
each line. Results showed no significant variation in array
anisotropy or orientation between the two snapshots in all
lines (Figure 4). This finding seems consistent with the pre-
diction that the mechanical stress pattern at the meristem
(isotropic at the centre and anisotropic at the periphery) is
conserved during compression. Nevertheless, as high-
lighted by our qualitative observations, the degree of
apparent bundling among meristems and among cells of
the same meristem varied from very aligned network to
very thick bundles in GFP-MBD, spr2-2 GFP-MBD and
bot1-7 GFP-MBD. We thus cannot exclude the possibility
that cell-to-cell variability hinders the detection of global
trends in microtubule anisotropy and reorientation in these
lines, as explored below for the GFP-MBD line (see
Figure 6).

Next, we quantified the degree of apparent bundling in
each segmented cells (see above and Experimental Proce-
dures) of the non-indented (control) and indented meris-
tems. When GFP-MBD decorated microtubules form
bundles, the fluorescent signal aggregates, leading to a
new spatial fluorescence intensity distribution with an
increase of the number of pixels with fluorescence inten-
sity maximum (green) and minimum (dark), and a reduc-
tion in the number of pixels with intermediate intensity. To
assess these changes quantitatively, we tested different
indices commonly used to describe the shape of distribu-
tions (Figure 5a and Figure S4, see below).

Because differences can be subtle, Wilcoxon rank sum
tests were used to detect whether differences of (not nec-
essarily Gaussian) indices between indented meristems
and controls are truly significant. For each cell, changes of
indices were calculated as the difference of values between
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GFP-MBD spr2-2 GFP-MBD bot1-7 GFP-MBD

Before

15 min post-release

Figure 3. Microtubule response to compression in spr2-2 GFP-MBD and bot1-7 GFP-MBD.

(a—f) Load value imposed during the 6 h 30 min compression corresponds to an initial displacement of 10 um. Confocal images of dissected meristems pro-
jected in 2D from top and corresponding close-ups taken (a—c) before compression and (d-f) 15 min after release of compression. (a, d) GFP-MBD microtubule
marker line (control). (b, e) spr2-2 GFP-MBD line. (c, f) bot1-7 GFP-MBD line. Scale bar = 30 um, and 10 um in the close-ups.
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Figure 4. Differences of anisotropy and orientation of microtubule arrays between time 6 h 45 min and time zero in two microtubule marker lines (GFP-MBD
and GFP-TUA®) and in two mutants (spr2-2 and bot1-7).

(a) Differences of microtubule array anisotropy, as measured with the FibrilTool plugin.

(b) Differences of microtubule array orientation, as measured with the FibrilTool plugin. A mean direction of microtubules with the x-axis is computed at time
6 h 45 min and compared to those of the snapshot at time zero. Differences are computed in degrees modulo 90. Dashed thin lines: control, i.e. non-indented
meristem. Continous thick lines: indented meristems.
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time 6 h 45 min and time zero. The one-sided alternative
of the Wilcoxon test allowed examining if the distribution
of cell changes for indented meristems was greater (or
lower, depending on indices) than the distribution of cell
changes for controls (see below and Table S1). In parallel,
we normalized fluorescence intensity in two different ways
("focal” and ‘gam’), because its distribution could be biased
by image acquisition protocol (see Experimental Proce-
dures and Figure S3). Indeed, gain and laser intensity were
not exactly the same between the two snapshots taken
before and just after the experiment, and between meris-
tems. Nevertheless, microtubules close to anticlinal cell
walls were deliberately overexposed but not microtubules
close to periclinal cell walls. Both normalization methods
aimed at ensuring that each part of the meristem would
have the same basal level of fluorescence, relative to
nearby cell walls. Comparison between normalized and
raw data revealed marginal differences in our indices,
showing that distribution of fluorescence intensity was
unbiased by our image acquisition protocol (Figure 5b-g).
In the following, we consider that an index for the indented
meristem is significantly different from the index for the
control meristems if Wilcoxon tests P-values of the two
normalization methods (‘focal’ and ‘gam’) are consistent
with those of the non-normalized method (‘null’):

(i) The coefficient of variation (CV, ratio of standard
deviation over mean) is a measure of dispersion of a
given distribution: CV increases when the distribution
spreads out. In our case, when microtubules are gath-
ered into bundles, there are more dark and bright pix-
els; CV should thus increase. For all genotypes, with
the notable exception of GFP-TUAG6, we could indeed
detect an increase of CV in the indented cells, when
compared to the controls (P-value < 4.5 x 1074,
Table S1 and Figure 5b). This confirmed the visual
impression that fluorescence was more contrasted
after indentation.

(i) The skewness is a measure of the symmetry of a
distribution. Skewness of fluorescence level was pre-
viously used to characterize actin bundling (Higaki
et al., 2010). When GFP-MBD decorated micro-
tubules form bundles, distribution of fluorescence is
expected to extend more toward high fluorescence
levels than toward low levels, thus increasing asym-
metry (and skewness) of distribution. As for CV, the
change of skewness was significantly greater in all
genotypes, except for GFP-TUA6 (Figure bc; P-
value < 0.02, Table S1). This was consistent with the
longer tail of distributions toward high fluorescent
values observed after indentation.

(ili) The kurtosis is a measure of the presence of out-
liers (i.e. infrequent extreme values). Kurtosis
increases when there are more and more extreme
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outliers. We do not expect isolated outliers to
appear when microtubules form bundles. As
expected, changes in kurtosis were low (Figure 5d)
and only significantly greater for bot1-7 GFP-MBD
(P-value < 0.02, Table S1).

(iv) To assess the spatial aggregation of fluorescence,
we used a coefficient of spatial autocorrelation, the
Geary index. The Geary index compares the fluores-
cence of each pixel to the fluorescence of its neigh-
bours. An increase in Geary index reflects a
decrease in complexity of the network, i.e. the net-
work is less intermingled and more aggregated (see
example on Figure 5a). All genotypes, except GFP-
TUAG, displayed a change in the Geary index, which
was significantly greater for the indented than for
the control meristems (Figure 5e; P-value <
1.9 x 107%, Table S1),

(v) Two last indices, (v) the percentage of microtubule
fibers, and (vi) the width of microtubule network,
were computed on binarized images. The word
‘fiber’ is here used to designate and distinguish
aggregated microtubules from isolated microtubules.
In each cell, microtubules were separated from the
background by applying a threshold on grayscale
intensities of images. Some preliminary tests on our
2D projected confocal images showed that a thresh-
old equal to 50 over 255 (grayscale values in the
green channel for 8 bits RGB images) gave the best
compromise between a good filtering of micro-
tubules and a large spreading of resulting indices,
amenable to discriminate the different cell configura-
tions (see example on Figure 5a). (v) The percentage
of microtubule fibers was computed as the ratio of
the number of pixels above threshold (intensity = 50/
255) over total number of pixels in each cell between
the two snapshots (at time 6 h 45 min and at time
zero) for indented and control meristems. In our
case, it amounts to the percentage of microtubule
array per cell, independent of the thickness of the
bundles; therefore this index is predicted to decrease
after compression. Note that this index is not identi-
cal to the density index used in Higaki et al. (2010),
as here the binarized image was not skeletonized
after thresholding. We observed a significant
decrease in the percentage of microtubule fibers in
indented meristems for GFP-MBD and botl-
7 x GFP-MBD when compared to the controls (Fig-
ure 5f; P-value < 3.4 x 10"%, Table S1), but not for
GFP-TUAG6 and spr2-2 GFP-MBD.

(vi) Width of microtubule network is complementary to
the Geary index (iv) in characterizing the complexity of
a microtubular network. This index corresponds to the
distance of a microtubule pixel to the nearest non-
microtubule pixel. We could expect an increased width
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Figure 5. Quantitative analysis of microtubule networks in cells.

(a) Example of analyses performed on a GFP-MBD compressed cell (white asterisk). Several data sets were extracted from the green channel of confocal images
(‘raw image’) before and after indentation: distribution of fluorescence intensity in each cell (delineated with the red polygons) and its characteristic parameters
(coefficient of variation i.e. standard deviation over mean, skewness, a measure of the symmetry of the distribution, and kurtosis, a measure of the presence of
outliers). Spatial autocorrelation between fluorescent pixels was computed with the Geary index. The percentage of microtubule fibers per cell (‘P. fibers’) and
width of bundles (‘fiber width’) were computed on the binarized image. A threshold was applied on the distribution of fluorescence intensity to binarize the
image. Pixels above 50 were considered as belonging to microtubule fibers, whereas pixels under 50 were considered as belonging to the background. Scale

bar =2 um.

(b—g) Distribution of cell indices difference between time 6 h 45 min and time zero for all control meristems (thin lines boxplots) and indented meristems (thick
lines boxplots). Indices were computed on raw images (‘null’) and on images corrected for fluorescence intensity with the ‘focal and ‘gam’ methods (see Experi-

mental Procedures).

when bundling occurs. However, in our case, because
of the image resolution, large width indicates that the
network is intermingled and small width indicates that
microtubules are isolated i.e. aggregated into bundles
(see example on Figure 5a). Decrease in the width of
the network was significantly more important after
indentation for GFP-MBD only (Figure bg; P-
value < 4.8 x 10", Table S1). The response was not
as clear for other lines for which tests were not signifi-
cant for all normalizations (Table S1).

Interestingly, in the control (i.e. not indented) bot1-7
GFP-MBD meristems, the different indices (except for
Geary and fiber width) showed opposite results compared
to the other, non-indented, lines. CV, skewness and kurto-
sis were centred on zero indicating a balanced evolution of
the three parameters across the duration of the compres-
sion experiments (Figure 5b-d). The percentage of micro-
tubule fibers increased in bot1-7 GFP-MBD controls
between time zero and time 6 h 45 min while it decreased
for the other lines (Figure 5f). These opposite results could
reflect the difference of microtubule architecture (more
intermingled) observed in the bot1-7 GFP-MBD line before
compression. However, as revealed by the different indices
computed on compressed meristems, the response of
indented bot1-7 GFP-MBD was similar to that of GFP-MBD
and spr2-2 GFP-MBD lines. These quantitative results are
consistent with the qualitative impression that bot1-7 GFP-
MBD does respond to compression, albeit more slowly, as
also seen after ablation (see Uyttewaal et al. 2012).

Towards correlating the stress-induced microtubule
response to tissue growth and stiffness

Last, we explored whether the observed variability between
individual meristems could be related to the stiffness or to
the growth of our samples. The indenter not only allows us
to compress the meristem with a known load, it also pro-
vides the apparent stiffness and apparent growth velocity of
the shoot apex. Here we present only the results for the
GFP-MBD microtubule marker line. The apparent stiffness
was calculated as the slope of the approach curve during
the first indentation ramp (Figure 6a, see also Figure 1c).
The apparent growth velocity was deduced from the contin-
uous displacement of the stage to maintain the load

constant during the 6 h 30 min compression (Figure 6b, see
Figure 1e). We compared these measurements to all the
indices computed above (see Figures 4 and 5) and to our
cell-by-cell visual expertise (see Experimental Procedures).
Interestingly, the results of these three expertise were con-
sistent with one another, overall (Figure 6¢c). They revealed
that strong bundling is only visible in a fraction of the 80
analyzed cells of each meristem, varying roughly between
20% and 80%, depending on the meristem (Figure 6¢). More
interestingly, the fraction of cells showing a clear bundling
increased when growth velocity of the apex was higher.
Similarly, the difference of orientation, the CV, the skew-
ness, the kurtosis and the Geary indices increased when
growth was higher (Figure 6e-i), whereas difference of
microtubule anisotropy, percentage of fibers and mean
fiber width showed a decreasing relation with growth (Fig-
ure 6d, j, k). This suggests that apparent bundling after
compression is related to growth. This seems consistent
with the idea that high turgor pressure is required for both
high growth rate and high tension in cell walls.

Altogether this pipeline illustrates how quantitative anal-
yses can help better explain observations (and the associ-
ated variability), and provide a way to relate cell
mechanics to cytoskeleton behaviour, two very complex
and integrated variables.

DISCUSSION

‘Complex self-organizing phenomena can only be fully
understood with quantitative mathematical frameworks
that allow specific hypotheses to be formulated and tested’
(Oates et al., 2009). The microtubule response to mechani-
cal perturbations is a perfect illustration of a complex self-
organization phenomena and, in the present article, we
provided several tools to obtain quantitative data on
microtubule behaviour in response to quantified loads. We
used a microindenter to apply a quantified and constant
mechanical compression on growing shoot apical meris-
tems, we performed correlative microscopy, with confocal
imaging, before and after compression, and we analyzed
the orientation, anisotropy and apparent bundling of
microtubules in the confocal images.

The proposed indenting protocol and its coupling with
confocal live-imaging offers interesting perspectives to test
quantitatively the response of cytoskeleton and gene
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expression to a quantified and constant mechanical com-
pression. However, the biological response cannot be
monitored during application of compressive stress, and
switching from indenter to confocal microscope directly
imposes a minimum of 15 min between the end of com-
pression and the observation under the confocal micro-
scope. Furthermore, current limitations of the indenter
software limit the duration of compression to a few hours
(~7 h). The use of a commercial microindenter may also
limit the range of available tips.

Our qualitative observations, using two microtubule
marker lines, confirmed the previously observed micro-
tubule bundling response to mechanical stress and the sta-
bilizing effect of MBD. As bundling can be promoted by
the katanin protein, we include spr2-2 (exhibiting higher
severing frequency) and bot1-7 (exhibiting reduced sever-
ing frequency) in our study. In spr2-2 GFP-MBD, the bund-
ling response seemed qualitatively similar to those of

GFP-MBD, but some bundles could still be observed 16 h
after release of the compression, suggesting a possibly
slower reorganization of microtubules. A response of
microtubules after compression could also be observed in
bot1-7 GFP-MBD, but microtubule networks were less
intermingled and more parallel rather than being organized
into thick bundles, when compared to the GFP-MBD
control line.

To go beyond the qualitative assessment of microtubule
behaviours in these lines and assays, we used several
quantitative tools to analyse the microtubule response to
mechanical loads, in the prospect to use the microtubule
response as an internal quantitative sensor of tensile stress
intensity and anisotropy. Microtubules were shown to reor-
ganize along the maximal tensile stress direction when the
mechanical stress pattern is perturbed (Hamant et al.,
2008) and to align in parallel arrays in response to com-
pressive stress in cotyledons and leaves (Jacques et al.,
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2013; Sampathkumar et al., 2014). Anisotropy and orienta-
tion of microtubule arrays over time, measured with an
ImageJ/Fiji macro called FibrilTool (Boudaoud et al., 2014),
did not seem to be affected by the compression. Note that
bundling in the GFP-MBD line was much more pro-
nounced in our conditions than in previous reports,
hindering a comparative analysis with previous quantifica-
tions with FibrilTool (Uyttewaal et al., 2012; Sampathku-
mar et al., 2014). Furthermore, the variability of the
microtubule response to compressive stress between
meristems and among cells of the same meristem could
also mask changes in microtubule anisotropy and orienta-
tion, as suggested by our in-depth study of the GFP-MBD
indented meristems. However, here, the number of individ-
ual meristems is too low to conclude with confidence.

To analyze apparent bundling, we calculated six different
indices; the first three characterize the fluorescence inten-
sity distribution within the cells (CV, skewness and kurto-
sis), the three others were specifically designed to be
sensitive to modifications of the microtubules network like
the spatial autocorrelation of the network (Geary index),
the percentage of microtubules per cell, and the width of the
microtubule network. On the control meristems, the three-
first indices and the percentage of microtubules per cell,
but not the Geary index and the width, separated bot1-7
GFP-MBD from the others lines. This result is consistent
with previous description of microtubular network of the
mutant, which displays a more web-like architecture
(Bichet et al., 2001; Burk and Ye, 2002) and slower dynam-
ics than the WT. Interestingly, reorganization of the micro-
tubule network in response to mechanical perturbations
could be detected in the bot71-7 mutant with these indices,
further demonstrating that the perception of mechanical
cues has not been impaired in this mutant, but instead, the
response to mechanical cues is slower.

Because the indenter also provides an indirect measure-
ment of growth, the microtubule response to compression
could be related to the status of the tissue. This revealed
that the apparent variability in the response to compres-
sion that is observed in the GFP-MBD line can be
explained by differences in tissue growth. Variability is a
typical biological feature and as the resolution of imaging
tools improves, a role of such variability in biological pro-
cesses is unraveled (Laslo et al., 2006; Wernet et al., 2006;
Martin et al., 2009; Singh et al., 2010; Gupta et al., 2011;
Uyttewaal et al., 2012).

The quantification of variable behaviour at the cell level
will need to be assessed and compared to the status of the
tissue, notably to differentiate between true variability
(white noise) to more patterned or synchronized beha-
viours (coloured noise). As suggested by the results of the
manual expertise, visual analysis may not be sufficient.
Our correlative imaging pipeline using an indenter, which
measures growth and stiffness at the tissue scale, and a
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confocal microscope combined with the development of
quantitative tools, which allows the monitoring of cell
effectors, provides a way to address that question quantita-
tively and more objectively. Altogether, the pipeline
described in this paper may be used to calibrate the micro-
tubule response to mechanical perturbations in plant tis-
sues. Microtubule behaviour may then be monitored to
deduce stress patterns, quantitatively.

EXPERIMENTAL PROCEDURES
Plants material and growth conditions

The microtubule binding domain marker line GFP-MBD (WS-4)
was previously described in Marc et al. (1998). The GFP-TUA6
tubulin marker line was previously described in Ueda et al. (1999).
The bot1-7 GFP-MBD line was previously described in Uyttewaal
et al., 2012. The spr2-2 mutant (in Col-0), first described in Busch-
mann et al. (2004) and Shoji et al. (2004) was obtained from NASC
(NASC ID: N6549) and crossed with GFP-MBD (WS-4). Seeds were
sown on soil, kept at 4°C during 48 h, then grown in short day
conditions (8 h light at 19°C; 16 h night at 17°C) during 4 weeks
and at last transferred 2-3 weeks in long days conditions (16 h
day at 21°C; 8 h night at 19°C) prior to dissection.

Meristems were cut from the stem, dissected the day before
indentation and stuck in ‘Arabidopsis apex culture medium’
(ACM) (2.2 g L™" Duchefa Biochemie — MS basal salt mixture with-
out vitamins, 1% sucrose; adjust pH to 5.8 with KOH and add 1.6%
agarose) supplemented with vitamins and 6-benzylaminopurine
(BAP). If necessary, meristems were stabilized by extra drops of
ACM without vitamins and BAP. Dissected meristems were kept
overnight in a phytotron in long days conditions (Sanyo, 16 h day
at 21°C; 8 h night at 19°C, synchronized with growth culture cham-
bers) prior to indentation.

Imaging

Plants were imaged prior to indentation (9 a.m. on day 1), and
15 min (5 p.m. on day 1) and 16 h (9 a.m. on day 2) after inden-
tation. 1024 x 1024 pixels images with slices every 1 um were
acquired on a LSM 700 upright confocal microscope (Zeiss),
with a water-dipping x40 magnification lens (NA = 1). At each
indentation experiment, a minimum of three plants (one
indented and minimum two controls) were dissected and put in
ACM medium.

Indentation

As in Beauzamy et al. (2015), indentation experiments were per-
formed with a Tl 950 Tribolndenter and its associated extended
stage from Hysitron (Figure 1a), using a truncated cone tip with a
disk-shaped flat end of 96.96 um diameter. A 30 x 10 mm Petri
dish containing the dissected meristem stuck in ACM was placed
on the stage and fixed at its periphery with adhesive gum to pre-
vent any sliding (see Figure 1a, and Figure 1a in Beauzamy et al.,
2015). A quick approach of the tip in the air was performed for the
indenter to roughly assess the position of the meristem surface.
Then, the meristem was immersed in pure water. The force (in
uN) needed to indent the meristem at 10 um depth was deduced
from a first indentation ramp (5 sec approach from 0 to 10 pm;
5 sec retraction from 10 um to 0, see Figure 1c). This force value
was used as the setpoint of the long-lasting indentation ramp
(5 sec approach from 0 to maximum force set point; 6 h 30 min
constant load at the set point; 15 sec retraction from set point to
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0, see Figure 1d). We used the ‘Extended stage’ feature of the
indenter to allow the system to compensate for tissue growth or
shrinkage by moving the stage up or down (Figure 1e). All inden-
ter curves were exported as text files and analyzed in the R soft-
ware (R Core Team, 2015).

Image analysis

All confocal stacks were projected in 2D with the MerryProj soft-
ware (Barbier de Reuille et al., 2005). On each stack, starting from
the top of the stack, 80 cells were manually delineated as ROl with
ImageJ Polygon tool (Schindelin et al., 2012). The total area of
these 80 cells had a diameter between 53.3 and 75.0 pm, smaller
than the diameter of the indenter tip (96.96 um). FibrilTool macro
(Boudaoud et al., 2014) was used to compute direction and quality
of orientation of microtubules on 2D projection within each ROI.
Reorientation of microtubules during the two snapshots, prior to
and 15 min after indentation, was computed as the difference of
angle with the x-axis, which was checked to not rotate between
snapshots with the Imaged plugin Align3_TP (Parker, 2010). Poly-
gon segmentation was then imported in the R software thanks to
the RimageJROI package (R Core Team, 2015; Sterratt and Vih-
takari, 2015). Although a great attention was taken to ensure similar
fluorescence exposure conditions among snapshots, differences
could remain, possibly intensified by the 2D projection. Two differ-
ent ways of normalization were thus tested, allowing comparison
of results with the ‘null’ normalization, which is simply the raw
image. Both methods assumed that fluorescence intensity near
anticlinal walls should be maximal, following the idea that contrast
should normally have been fixed so that all anticlinal walls should
be overexposed in each slice. Hence, for each pixel, if no nearby
cell wall reaches maximum intensity (green = 255), then it is proba-
bly under-exposed and its green intensity should be increased:

(i). The method named ‘focal’ is a local normalization (Fig-
ure S3a). For each pixel, the value of green intensity in the
surrounding pixels in a radius of 70 pixels (big enough to
include around two cells on average) is computed. If the
maximum (255) is not reached in the search of radius, the
pixel intensity is multiplied by 255 over the maximum inten-
sity of the neighbours. This ensured an intensity still
included in the 0-255 interval for each pixel.

(ii). The method named ‘gam’ is a global smoothed normaliza-
tion based on cell walls (Figure S3b). Note that this method
could be applied here as signal near anticlinal cell walls was
generally overexposed when compared to microtubule sig-
nal below the outer wall. The aim is to fit a smoothed statis-
tical model linking green intensity to the coordinates of
pixels: intensity = fix, y). As for ‘focal’, this model predicts,
for each pixel, the maximum intensity of surrounding pixels
but is smoothed over the entire meristem, thus avoiding
local effects, in contrast to ‘focal’. 2D projected confocal
stacks of meristems can be seen as altimetric maps, where
altitude is the green intensity. In spatial data science, the
topographic position index (tpi) allows to detect hollows
and bumps on altimetric maps. We used a modified tpi to
detect major bumps of green intensities (characterizing
mainly anticlinal walls) with an appropriately chosen radius
(here, 3 pixels, which is the half of the average of the dis-
tance between the contours of two polygonal ROI). A bump
is defined as a pixel for which intensity > 1.2 multiplied by
the average of three-radius neighbours. The model then
applied is a Generalized Additive Model (GAM) defined with
a tensor having a low smoothing parameter corresponding
to the 3D shape of the meristems: intensity = tensor(x, y,

k = 5). As for ‘focal,’ the predictions of the model for each
pixel were rescaled from 0 to 255 to estimate the smoothed
local maximum for each pixel of the meristem. If the maxi-
mum (255) is not reached in the prediction, the pixel inten-
sity is multiplied by 255 over the prediction of the model.
The GAM was fitted with library ‘mgev’ in the R software
(Wood, 2011; R Core Team, 2015).

The distribution of fluorescent intensity of pixels and the micro-
tubule network found in each cell of a meristem were described
with different indices computed with the R software (R Core Team,
2015). Skewness and kurtosis of distributions were computed with
the R package moments (Komsta and Novomestky, 2015). The
Geary spatial autocorrelation index and the width index (i.e. dis-
tance to the nearest non-microtubule pixel) were computed with
the R package raster (Hijmans, 2015). Geary index was computed
on an equally weighted 3 x 3 neighbourhood (default R library
raster settings) and averaged on the cell.

Visual analysis

Cells images were extracted individually from meristem images
with the R software and presented in a random order through a
specific R-shiny web application (Chang et al., 2016). Three of the
five authors looked at 500 cells before and after putative compres-
sion without knowing whether the meristem had been indented
and without seeing neighbouring cells (as in Figure S1). All cells
from the indented GFP-MBD marker line were analyzed, in addi-
tion to a random set of cells from the control GFP-MBD meris-
tems, and from the other lines, for a non-biased expertise. Each
cell (before/after) was rated as ‘showing more microtubules bun-
dles in the second time point compared to the first time point’ or
‘not showing more microtubules bundles.” The Shiny web applica-
tion used for visual analysis is displayed on http://statnmap.com/
rshiny-expert-image-comparison-app/.
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Figure S1. Examples of cells pairs from indented meristems
extracted from snapshots taken at time zero, i.e. before compres-
sion (left cell), and at time 6 h 45, i.e. 15 min after release of com-
pression (right cell).

Figure S2. Microtubule bundling persistence 16 h after release of
compression in two spr2-2 GFP-MBD meristems.

Figure S3. Methods used to rescale green intensities values, when
exposure was too low, illustrated with GFP-MBD images (see also
Experimental Procedures).

Figure S4. Examples of analyses performed on compressed meris-
tems in (a) spr2-2 GFP-MBD; and (b) bot1-7 GFP-MBD.

Table S1. Wilcoxon rank sum tests P-values.
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