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SUMMARY
Extracellular matrices contain fibril-like polymers often organized in parallel arrays. Although their role in
morphogenesis has been long recognized, it remains unclear how the subcellular control of fibril synthesis
translates into organ shape. We address this question using the Arabidopsis sepal as a model organ. In
plants, cell growth is restrained by the cell wall (extracellular matrix). Cellulose microfibrils are the main
load-bearing wall component, thought to channel growth perpendicularly to their main orientation. Given
the key function of CELLULOSE SYNTHASE INTERACTIVE1 (CSI1) in guidance of cellulose synthesis, we
investigate the role of CSI1 in sepal morphogenesis. We observe that sepals from csi1 mutants are shorter,
although their newest cellulosemicrofibrils aremore aligned compared to wild-type. Surprisingly, cell growth
anisotropy is similar in csi1 and wild-type plants. We resolve this apparent paradox by showing that CSI1 is
required for spatial consistency of growth direction across the sepal.
INTRODUCTION

Living organisms display an amazing variety of forms. Although a

given form may be achieved through several morphogenetic tra-

jectories, morphogenesis often involves elongation or aniso-

tropic growth (i.e., increased growth along one axis of the organ).

Elongated forms may result from coordinated cell rearrange-

ments such as intercalation,1,2 from patterned heterogeneity in

the physical properties of cells,3–6 or from guidance of growth

by a matrix surrounding cells or tissues, usually a material rein-

forced by fibrils.7–9 Here, we consider the link between fibril

arrangement and elongation.

The nature of fibrils and the guidance of fibril synthesis largely

vary between kingdoms. In several rod-shaped bacteria, the

synthesis of peptidoglycans is guided by MreB, an actin homo-

logue, following membrane curvature10,11 and driving bacterial

elongation. In Drosophila oocytes, microtubules guide the polar

secretion of collagen in the surrounding epithelium.8,9 Collagen
This is an open access article under the CC BY-N
deposition is associated with a global rotation of the oocyte in-

side the matrix, yielding a circumferential arrangement of fibrils

and a mechanically anisotropic extracellular matrix, which is

required for oocyte elongation.7,12 Finally in plants, cells are sur-

rounded by a cell wall composed of cellulose microfibrils

embedded in a matrix of pectins, hemicelluloses, and structural

proteins. Cellulose microfibrils may lead to mechanical anisot-

ropy of the cell wall and channel growth.13 Despite increasing

knowledge about the link between cellulose microfibrils arrange-

ment and cellular growth,13–15 how this yields well-defined organ

forms remains poorly understood.

Cellulose chains are polymerized at the plasma membrane by

complexes of cellulose synthase (CESA) and bundle into microfi-

brils in the cell wall. CESA complexes are associated with other

proteins, such as KORRIGAN, which is involved in targeting

CESA to themembrane16,17; CELLULOSECOMPANION1,which

stabilizes themicrotubules guiding the CESA18; and CELLULOSE

SYNTHASE INTERACTIVE PROTEIN 1 (CSI1), which binds
Cell Reports 42, 112689, July 25, 2023 ª 2023 The Author(s). 1
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Figure 1. csi1 sepals are shorter because of reduced elongation rates

(A) Representative front, top, and side views of WT, csi1-3, and csi1-3 csi3-1 double mutant fully grown sepals (stage 12 of flower development), obtained from

projections of confocal images. Cell walls were stained using propidium iodide. The dotted lines show sepal maximal width and length as measured along the

outer (abaxial) surface of the sepal.

(B and C) Comparison of length andwidth amongWT, csi1-3, and csi1-3 csi3-1 double mutant sepals, measured as in (D) (n = 39, 67, and 11 sepals, respectively).

t test p values between WT and csi1-3 = 23 10�11 and 0.93 for length and width, respectively. t test p values betweenWT and csi1-3 csi3-1 double mutant = 33

10�8 and 0.01 for length and width, respectively.

(D) Representative time series of sepal growth in WT (top) and csi1-3 (bottom). Cell membranes are labeled using a pATML1::RCI2A-mCitrine construct. Colored

dashed lines indicate measured sepal length and width. Time between acquisitions = 24 h.

(legend continued on next page)
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microtubules and CESA complexes.19–21 Two genes with func-

tions related to CSI1 have been identified: expression of CSI2 is

restricted to pollen, while mutations of CSI3 alone yield no visible

phenotype.22 The function of CSI1 has been characterized in the

cotyledon23,24 (embryonic leaf) and in the hypocotyl (embryonic

stem).25 In the cotyledon of csi1 mutants, the guidance of

CESA complexes by microtubules is not lost24 although detailed

quantification of CESA complexes colocalization with cortical mi-

crotubules shows that the guidance is reduced in the mutant.23

csi1 mutants exhibit hyper aligned cellulose microfibrils in the

hypocotyl,25 probably because in the absence of microtubule

guidance, CESA are mostly guided by previously deposited

cellulose microfibrils.26 Strangely, this hyperalignment of cellu-

lose in csi1 hypocotyls was not associated with longer hypo-

cotyls, suggesting decreased cell/organ growth anisotropy19,20

and calling into question the link between microfibrils alignment

and anisotropic growth. In this work we addressed this link,

from cellular to tissue scale.

Although the hypocotyl is an excellent system for plant cell

biology, growth of etiolated hypocotyls is stereotyped5 and

mostly uniaxial, making it difficult to conclude about the relation

between cellulose microfibrils deposition and growth direction

in amorphogenetic context. We chose to investigate this relation

in the Arabidopsis sepal, the green leaf-like organ that protects a

flower before its opening. Sepal shape and size are robust,27

despite variability in areal cell growth28,29 andputatively in growth

direction. We studied the links among cellulose organization,

growth anisotropy, and main growth direction, from cell to organ

scale, using csi1 and other mutations to test our conclusions.
RESULTS

csi1 sepals are shorter because of reduced elongation
rates
Because Arabidopsis sepals are curved, we used three-dimen-

sional (3D) confocal microscopy to quantify their shape parame-

ters (Figure 1A). We found that csi1-3 sepals were shorter

compared with wild-type (WT) but had a similar width (Figures

1B and 1C). This phenotype was similar for the csi1-6 allele

and was rescued when complemented with pCSI1::RFP-CSI1

(Figures S1A–S1C). We also compared mutant alleles between

them and did not find any significant difference (see Table S1).

The csi3-1 mutant has been shown to present no phenotype,

but the csi3-1 csi1-3 double mutant is more affected than

csi1-3, suggesting that CSI3 partially takes over the functions

of CSI1 in csi1-322. We therefore analyzed sepal shape in the

csi1-3 csi3-1 double mutant. We found sepals of csi1-3 csi3-1

to be even shorter compared with csi1-3 alone (Figure 1A). Alto-
(E and G) Sepal length (E) and width (G) as a function of time. Temporal sequenc

width, which can be mapped to developmental stages (see Figure S1).

(F and H) Relative growth rates in length (F) and width (H) as a function of registered

to the imaging interval. Asterisks at the bottom indicate significant differences (p

Table S1). WT is in blue and csi1-3 in yellow. The lines correspond to median, the

elsewhere, the boxes extend from the first to the third quartiles of the distributions

the data (except when outliers are present, corresponding to points further tha

correspond to individual values. Statistical significance: n.s., non-significant; *p

See also Figure S1.
gether, these data show that sepal elongation involves CSI1 and

CSI3 functions. Sepal contours (as seen from front, Figure 1A)

also differed between genotypes, with for instance a narrower

base for csi1-3. We quantified curvature and found that csi1-3

sepals were significantly more curved compared with WT

(Figures S1D and S1E). To understand the differences in final

length between WT and csi1-3 sepals, we considered sepal

morphogenesis and performed live imaging of developing sepals

(Figure 1D). As we used dissected inflorescences grown in vitro,

we first checkedwhether our in vitro growth conditions produced

similar organs compared with normally grown plants. We

compared sepal length and width between inflorescences

growing in the two conditions (Figure S1F). We found that sepal

dimensions are similar throughout development showing that

in vitro conditions do not affect sepal morphogenesis. In order

to compare developmental trajectories between the two geno-

types, WT and csi1-3, we developed a common temporal frame

for all sepals. Because width is similar between WT and csi1-3

sepals at a given developmental stage.30 (stage 12 in Figure 1C;

other stages in Figure S1G), we used width to shift the time of

each live imaging sequence and put all sepals into the same

time frame, further referred to as registered time (Figures S1H–

S1K). The outcome is shown in Figures 1E and 1G, with a com-

mon initial time (0 h) that corresponds to stage 5 of flower

development.

We found that sepal growth can be approximately decom-

posed in two different phases, see Figure S1F. In the first, overall

sepal growth is isotropic, with length and width increasing simi-

larly, up to a size of about 500 mm, corresponding to stage 7 of

flower development (Figure S1G) and to a time of about 75 h in

our registered time frame. Differences between WT and csi1-3

are small in this isotropic growth phase. In the second phase,

sepal growth is anisotropic and trajectories of WT and csi1-3

appear to diverge (Figure S1F), which is most visible at stages

11 and 12 of flower development (Figures S1G and 1B). We

quantified the rate of increase in dimensions of WT and csi1-3

sepals during this second phase. We found no differences con-

cerning width except for the last time interval (Figure 1H). Rate of

increase in length is however smaller in csi1-3 throughout devel-

opment (Figure 1F) showing that sepals from csi1-3 plants are

shorter because they elongate less compared with the WT all

along the second phase of sepal morphogenesis, and not

because of an early arrest of growth.
Giant cells in csi1 sepals are snaky
When characterizing sepal morphology, we noticed altered cell

shapes in csi1. More specifically, we observed that giant cells

are approximately straight in WT whereas they are snaky in
es were registered with regard to time to define a common starting time using

time. Comparisons weremade over a sliding 24 hwindow, which corresponds

value of Mann-Whitney test < 0.05, see exact p values and sample number in

shading to the interquartile range, and the points to individual sepals. Here and

, the line inside the box indicates the median, the whiskers span the full range of

n 1.5 3 interquartile range from the corresponding quartile), and the points

< 0.05, **p < 0.005, and ***p < 0.0005.
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Figure 2. csi1 sepals have snaky giant cells

(A) Representative confocal images of cells of WT,

csi1-3, and csi1-3 csi3-1 double mutant and

ktn1-2 mature sepals. Cell area is color coded.

(B) Illustration of the quantification of snakiness.

(C) Boxplot of the quantification of cell snakiness

(n = 75 cells from 4 sepals for WT, 101 cells from 5

sepals for csi1-3, 44 cells from 3 sepals for csi1-3

csi3-1 double mutant, 80 cells from 3 sepals for

ktn1-2). p value of Mann-Whitney test = 8 3 10�3,

6 3 10�6, and 3 3 10�2 for the comparison be-

tweenWT and csi1-3, csi1-3 csi3-1 double mutant

and ktn1-2, respectively. Note that values for

ktn1-2 are smaller than for WT.

See also Figure S2.
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csi1-3 (Figure 2A). To quantify ‘‘snakiness’’ we computed the ra-

tio between the small side of the rectangle that wraps the cell and

the radius of the largest circle fitting inside the cell (Figure 2B).

Cells that are straight will present similar values for these two

parameters, while snaky cells will have the small side of the rect-

angle bigger than cell radius (Figure 2B). Following quantifica-

tion, we observed that giant cells from csi1-3 sepals are indeed

more snaky than in WT (Figures 2A and 2C). This phenotype was

similar for the csi1-6 allele and rescued in the complementation

of csi1-6 with pCSI1::RFP-CSI1 (Figures S2A and S2B). We

compared mutant alleles between them and did not find any sig-

nificant difference (see Table S1). We also analyzed cell shapes

of the csi1-3 csi3-1 double mutant which presented even higher

levels of snakiness (Figures 2A and 2C). Because we wondered

whether snakiness is associated with reduced sepal elongation,

we considered the katanin1-2 (ktn1-2) mutant, the sepals of

which are even more rounded than in csi1.31 We found that

ktn1-2 sepals do not present snaky cells, with lower levels of

snakiness than in WT (Figures 2A and 2C). Accordingly, reduced

elongation and cell snakiness are uncoupled. We also investi-

gated changes in cell size between WT and csi1-3 and found

no significant differences during sepal morphogenesis (Fig-

ure S2C). Altogether, it appears that CSI1 function is required

to make giant cells straight. In order to understand the origin of

snakiness, we then investigated cell growth in area and cell

growth anisotropy.
4 Cell Reports 42, 112689, July 25, 2023
At cellular scale, neither areal
growth nor growth anisotropy can
explain differences in sepal length-
to-width ratio
We sought to understand the cellular

basis of the differences in sepal elonga-

tion rates. We first focused on the

simplest aspect of growth: cell areal

growth. We imaged sepals in dissected

inflorescences with cellular resolution,

segmented and tracked over time the

surface of outer epidermal cells from the

live imaging sequences of highest quality

among those used for Figures 1E–1H

(n = 4 for WT and for csi1-3). We quanti-

fied cell areal growth as the ratio of cell
surface area between two consecutive time points (area at the

second time point over the first time point, if a cell has divided,

we fuse the daughter cells to compute this ratio). We found cell

areal growth slightly higher in WT compared with csi1-3 when

looking at the whole sepal, which may explain the difference in

final sepal area (Figures 3A and 3B). In order to test this, we built

a geometric model to assess the effect of cell growth (see Data

S1). Briefly, we described average sepal shape at each time

point for WT and csi1. We gave the model the initial dimensions

of WT and csi1-3 sepals and grew the shapes on the basis of the

measured average cellular growth. We thus predicted the final

dimensions of sepals and compared these predictions to the

final dimensions of sepals. In particular, the model predicted a

value of 0.79 for the ratio of csi1-3 final sepal area to WT final

sepal area, in agreement with the estimation of 0.83 from obser-

vations of stage 12 sepals. Although these differences in areal

growth explain the differences in area of mature sepals between

csi1 and WT, they are not informative about sepal shape.

We also examinedwhether a possible difference in base-to-tip

growth gradient could explain the differences in sepal shape

(Figures S3A and S3B). We found similar trends between WT

and csi1-3 growth gradients overall. We therefore examined

other growth parameters.

Other parameters that could explain macroscopic differences

are the main direction in which cells are growing (i.e., the direc-

tion of maximal growth), and the ratio of growth in this direction
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Figure 3. Cell areal growth is slightly reduced in csi1, but cell growth anisotropy levels are similar

(A) Top view of representative time series, with areal growth of cells color-coded. Growthwas calculated as the ratio of cell surface area between consecutive time

points. The first sepal images are at the beginning of the 100–124 h interval. Time between acquisitions = 24 h. The initial time point of each series was chosen so

that sepals have similar width.

(B) Quantification of areal growth as a function of registered time, measured as shown in Figure 1F. The lines correspond tomedian, the shading to the interquartile

range, and the points to average values for individual sepals (four series for each genotype). Time registration and symbols are the same as for panels Figures 1E–

1H. n = 4 sepals forWT and csi1-3. p value of t test between sepal values = 0.1, 0.9, 0.5, and 0.2 for time intervals 76–100 h, 100–124 h, 124–148 h, and 148–172 h,

respectively.

(legend continued on next page)
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to growth in the perpendicular direction (i.e., the direction of min-

imal growth), which is known as cell growth anisotropy. Using the

same live imaging data, we quantified cell growth anisotropy

(Figures 3C and S3C). We found no strong differences between

WT and csi1-3 (Figure 3D). To assess thismore quantitatively, we

used our geometric model (Data S1), in which we grew sepals

numerically using measured values of growth anisotropy and

we predicted the final aspect ratio (length-to-width ratio) of se-

pals. The prediction of the change between WT and csi1-3 final

aspect ratio (reduction of 7%) was three times smaller than in ob-

servations (reduction of 19%), showing that cell growth anisot-

ropy alone cannot account for differences in final sepal shape.

We then reconsidered cell growth anisotropy and investigated

its mechanistic basis by comparing cell wall structure between

WT and csi1-3.

Cellulose in csi1 is more aligned in the most recently
deposited layer compared to WT but is less aligned over
the whole cell wall thickness
We compared cellulose microfibrils patterns between the cell

walls of WT and csi1-3 sepals. To expose the inner surface of

the outer epidermal wall before imaging, we gently scratched in-

ner sepal tissues and removed protoplasts using chemical treat-

ment, until we had only the outer cell wall remaining. Because

this method did not require grinding, this allowed us to ensure

the observation of the external wall of the epidermis, as

confirmed by optical microscopy (Figure S4A). We then used

atomic force microscopy (AFM) to visualize recently deposited

cellulose microfibrils in the outer wall of the abaxial epidermis

of sepals32: a nanometer-sized probe was used to scan the pro-

toplast-facing surface of the wall sample andmeasure the height

of contact (Figures 4A, 4B, and S4B). Maps presented various

orientations of microfibrils (Figures 4A and 4B). There was also

a proportion of regions with only one apparent orientation (2 of

62 for WT, 12 of 100 for csi1-3), although the difference between

these proportions was not significant (p value of normal Z test =

0.08). Therefore, we developed an index to quantify to what

extent the microfibrils are aligned (Figure 4C). Briefly, microfibrils

orientation distribution was decomposed into Gaussians and the

alignment index was computed as the normalized maximum

angular distance between these Gaussians (Figure S7). For

maps with only one obvious orientation this yields an index of

1, while maps with a less anisotropic orientation of microfibrils

present indices closer to 0. We found that cellulose microfibrils

were locally more aligned in csi1-3 compared with WT. This

weak but significant difference in cellulose alignment is consis-

tent with the results on guidance of CESA by CSI1 in the hypo-

cotyl.19–21 Given the debate about CSI1 function in cotyle-

dons,23,24 we assessed whether CSI1 contributes to guidance

of CESAs in the sepal. We used total internal reflection fluores-
(C) Representative time series, with cellular growth anisotropy color coded. Grow

growth direction and growth in the minimal growth direction, was quantified on the

that growth is isotropic, and the highest values of anisotropy are above 2 (the co

(D) Quantification of cellular growth anisotropy as a function of registered time, co

lines correspond to median, the shading to the interquartile range, and the point

sepals for WT and csi1-3. p value of t test between sepal values: 0.2, 0.7, 0.9, 0.7 f

See also Figure S3.
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cence (TIRF) microscopy to image simultaneously microtubules

(p35S::mCHERRY-TUA5) and CESA (pCESA3::GFP-CESA3)

localized close to the sepal surface, in WT or in the csi1-1mutant

(Figure S4C). We found that the colocalization of CESA dots with

cortical microtubules was not abolished in csi1-1, although

significantly weaker than in WT (reduction of about 30%; Fig-

ure S4D). This suggests that, in sepals, CSI1 contributes to

CESA guidance, while other mechanisms may partially compen-

sate for the absence of CSI1, consistent with our results on

recently synthesized cellulose microfibrils.

Higher anisotropy of microfibrils arrangement is usually asso-

ciated with a higher cell growth anisotropy,13–15 which would be

expected to yield longer sepals. Surprisingly, higher anisotropy

of microfibrils arrangement in csi1-3 is associated with similar

levels of cellular growth anisotropy. Because AFM only shows

relatively small regions of the most recently deposited layer,

we examined the cell wall in its entire thickness.

We first used cellulose staining with calcofluor white and

confocal microscopy to examine cellulose at the scale of a few

hundreds of nanometers (optical resolution). The staining was

rather inhomogeneous and we could not detect any difference

between csi1-3 and WT sepals (Figure S4E). We then used

Raman spectroscopy to study the wall at the scale of a micro-

meter (optical resolution for Raman microscopy). Polarized

Raman microspectroscopy is an imaging mode that provides

spatial information on the molecular structure of the cell wall,

including crystallinity and, thanks to light polarization, main

orientation of the functional groups of cell wall polymers.33,34

Cellulose that forms microfibrils is an example of such polariza-

tion-sensitive polymer, as its chains can be strongly ordered

(aligned) in the cell wall. This makes polarized Raman micro-

spectroscopy well suited for the assessment of cellulose organi-

zation in the cell wall. We thus compared the Raman spectra of

outer cell walls of csi1-3 andWT sepal epidermis (Figures 4D, 4E,

S4F, and S4G) with two reference samples composed of pure

crystalline cellulose (Figure S4H) or pure amorphous cellulose

(Figure S4I). We considered the integrated intensity ratio of two

spectral bands: one centered at 1,096 cm�1 that is related to

C-O-C linkages and the other centered at 2,898 cm�1, related

to C-H and H-C-H linkages. If cellulose microfibrils are aligned,

the signal intensity of these two bands is anticorrelated (one is

maximal while the other is minimal, at the same polarizer

angle).35 We defined the 0� polarizer angle as that for which

the signal of 1,096 cm�1 band attains the maximum value, and

90� as an angle of the minimal signal (Figures 4D, 4E, and

S4F–S4I). First, we found that for the crystalline cellulose such

computed signal intensity ratio changes dramatically when the

polarizer angle changes, as expected for a highly organized ma-

terial, depicting a strongly anisotropic cellulose arrangement

(Figures 4F and S4H). Also as expected, amorphous cellulose
th anisotropy of a cell, computed as the ratio between growth in the maximal

basis of relative displacements of three-way wall junctions: a value of 1 means

lor scale was capped at 2 to avoid saturation).

rresponding to all times series as in (C). WT is in blue and csi1-3 in yellow. The

s to average values for individual sepals (four series for each genotype). n = 4

or time intervals 76–100 h, 100–124 h, 124–148 h, and 148–172 h, respectively.
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Figure 4. Recently deposited cellulose microfibrils are more aligned in csi1 than in wild-type (WT), whereas cellulose over the whole wall is

less aligned in csi1 than in WT

(A and B) Representative height maps, obtained with atomic force microscopy (AFM), of WT and csi1-3 outer epidermis cell wall imaged from the protoplast side

after removing internal tissues and epidermis protoplasts of the sepal (maps corresponding to the median value of the alignment index for each genotype). Yellow

squares outline regions used for the index assessment.

(C) Alignment index of cellulose microfibrils, with high values corresponding to more aligned microfibrils. Boxplots for WT and csi1-3 (n = 5 and 6 stage 12 sepals

and n = 60 and 89 regions of 4003 400 nm from 9 and 14 cells, respectively; means = 0.5 and 0.59 forWT and csi1-3, respectively; p value of Mann-Whitney test =

0.005).

(D and E) Representative Raman spectra of cell walls fromWT and csi1-3 sepals and purified extract of crystalline and amorphous cellulose collected at different

polarization angles (0� is shown in D and 90� in E). Spectrum fragments include two cellulose-specific bands: centered at 1,096 cm�1 (related to C-O-C linkage),

and at 2,898 cm�1 (CHx, x = 1,2 linkages).

(legend continued on next page)
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presented no obvious maximum, but rather a constant signal in-

tensity independent of the polarizer angle, indicating an isotropic

material (Figures 4F and S4I). In both WT and csi1-3, changes in

the signal intensity ratio lie between the reference samples indi-

cating an intermediate anisotropy of cellulose microfibrils

arrangement (Figure 4F). Furthermore, csi1-3 cell wall is more

similar to amorphous cellulose than WT cell wall (Figure 4F).

This indicates that, at micrometric scale, the arrangement of cel-

lulose is less anisotropic in csi1-3 sepals.

We also investigated potential differences in cell wall compo-

sition that could affect growth, using high-performance anion-

exchange chromatography coupled with pulsed amperometric

detection (HPAEC-PAD). We did not observe any strong modifi-

cation of the monosaccharide composition of the non-cellulosic

compounds of the cell wall (with the exception of the fucose con-

tent, no difference was statistically significant) nor of the cellu-

lose content in csi1-3 when compared with the WT (Figure S4K).

Temporal consistency of growth direction is weakly
impaired in csi1

Considering that microfibrils arrangement in recently deposited

wall layers in csi1-3 is more anisotropic than in WT, we inter-

preted the Raman results as an indication that microfibrils orien-

tation varies more either along the cell wall or across cell wall

thickness in the mutant. To test this, we looked at variation along

the surface of the cell wall in our AFM data. For cells that had

several regions that were imaged with high cellulose microfibrils

alignment, we measured the main microfibrils orientation on

each map and quantified the circular variance associated with

each cell (Figure 4G). We found no significant differences be-

tween WT and csi1-3, favoring the hypothesis that the differ-

ences observed between the AFM and the Raman results

come from variations of cellulose microfibrils orientation across

the thickness of the wall. If microfibrils orientation across the

cell wall layer kept changing in csi1, we would expect cell growth

to be less persistent over time (cells cannot maintain growth

direction over a long period of time). Indeed, cell capacity to

maintain a growth direction over extended periods of time likely

depends on how long they are able to keep a consistent rein-

forcement of their cell walls (dependent on orientation of cellu-

lose microfibrils).

As found above, neither variations in cell areal growth nor in

cellular growth anisotropy explain differences in final organ

shape between WT and csi1-3. We therefore tested whether

temporal changes in growth direction may explain the macro-

scopic phenotype. To quantify temporal persistence of growth

directions, we projected cell growth directions at consecutive

time intervals (computed from3 consecutive segmented images)
(F) Overall cellulose alignment in the outer epidermal cell walls assessed by ratio

polarizer angle changes in the 0�–180� range. Analysis of WT and csi1-3 was com

ratio value was normalized by the sum of all ratios for the sample to better illustra

been duplicated from the 0�–60� values to show periodicity. The lines correspond

and csi1-3. p values of Mann-Whitney test for each angle between WT and csi1-

(G) Angular variability within a cell of the main cellulose microfibrils orientation o

obtained from individual cells. Angular variability is defined as the circular varian

csi1-3, respectively. p value of t test between values of angular variability in WT

See also Figure S4.
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on the image corresponding to the intermediate time point and

quantified the angle between the two vectors corresponding to

the maximal growth direction (Figures 5A–5C and S5A). We

found temporal variations of growth direction to be higher in

csi1-3 cells compared with WT, with medians of 34� and 29�,
respectively, however these differences were not significant

when comparing sepals (see p values in the legend of Figure 5

and in Table S1). The microtubules that guide CESAs in WT are

known to vary not only temporally but also spatially.36,37 We

thus decided to investigate how cells grow with respect to their

neighbors as this may be affected in csi1-3.

Spatial consistency of growth direction is lower in csi1

Given that csi1 sepals present snaky giant cells, we hypothe-

sized that there may be spatial changes in growth direction

that explain the macroscopic phenotype. We assessed spatial

consistency by measuring the angle between the directions of

maximal growth of all pairs of neighboring cells (Figures 5D–

5G). A small angle means that the two cells grow in a similar di-

rection. In order to assess the meaning of these values, we

computed a theoretical maximum for this angle. When we as-

signed random orientations to cell growth on a sepal mesh, we

found a median of 45� for the angle between growth directions

of two cells. In live imaging data, we found that the median angle

between the main growth directions of cells in csi1-3 is higher

compared with WT, 30� and 25�, respectively (Figures 5G;

Table S1). These values are smaller than 45�, which means

that there is some level of spatial consistency in the two geno-

types, with higher consistency for WT than for csi1-3. Because

the definition of cell growth direction is not meaningful in the

case of cells with nearly isotropic growth, we also computed

the same metrics for cells with a growth anisotropy higher than

a threshold of 1.4 and ended up with the same conclusion (Fig-

ure S5B). These results show that CSI1 plays a role in the spatial

consistency of growth direction. Finally, we modified the geo-

metric model to assess whether the differences in consistency

of growth direction are sufficient to explain the differences in final

sepal shape. We started frommeasured initial sepal dimensions;

we used the valuesmeasured here for spatial variability in growth

direction and implemented them as random variations in cell

growth direction. Predicted final sepal dimensions are similar

to the values measured experimentally (Data S1). In addition,

this model predicted a reduction of 14% in length-to-width ratio,

which better accounts for the observed reduction of 19% than

without spatial variability of growth direction (prediction of 7%,

see above). Additionally, weaker consistency of growth direction

in csi1-3, compared with WT, may explain altered cell shape in

csi1-3. Indeed, a group of cells on one side of a giant cell in
of integrated intensity changes from cellulose-specific bands accompanying

pared with two reference samples: crystalline and amorphous cellulose. Each

te the relative changes between samples. The values from 120� to 180� have
to median, the shading to the interquartile range for sepals. n = 4 sepals for WT

3 = 0.02, 0.44, 0.33, and 0.02 for angles 0�, 30�, 60�, and 90�, respectively.
n the wall surface facing the protoplast, computed on the basis of AFM maps

ce and is therefore bounded between 0 and 1. n = 7 and 8 sepals, for WT and

and csi1-3 = 0.78.
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Figure 5. Spatial consistency of growth direction is decreased in csi1

(A) Illustration of the quantification of temporal changes shown in (B and C). Maximal growth directions of the cells for the preceding time interval and for the

following time interval are represented by magenta and green lines, respectively. Cells are colored depending on the angle between growth directions at

consecutive time intervals. Color bar is the same as in (B).

(B) Representative maps with cell color coded depending on the angle between growth directions at consecutive time intervals. Sepals were partially segmented

and their outer contours are indicated by the dashed white line.

(C) Angle betweenmaximal growth directions at consecutive time intervals. Points represent themedian angle for a given sepal. Boxplots were constructed using

all cells. n = 4 sepals 3 4 time points for each genotype. p value of t test between the values for sepals = 0.1.

(D) Schematic drawing explaining the quantification of spatial consistency of maximal growth direction shown in (E) and (F). The angle is measured between the

3D vectors corresponding to the maximal growth directions of each pair of neighboring cells.

(E and F) Representative images of maximal growth direction (white lines, with line length proportional to cell growth anisotropy) and of angle between growth

directions of pairs of neighboring cells visualized by the color of their common anticlinal wall (the red color bar spans angles from 0� to 90�) in WT (E) and in

csi1-3 (F).

(G) Angle between maximal growth directions in neighboring cells. Boxplots were constructed using all pairs of neighboring cells. Points represent the median

angles for individual sepals. n = 4 sepals 3 4 time points for each genotype. p value of t test between the values for individual sepals = 0.002.

See also Figure S5.
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csi1may grow nearly perpendicularly to the axis of the giant cell,

while another group of cells, on the other side, could grow paral-

lel to this axis, leading to the snaky phenotype. Snakiness is ex-

pected to be enhanced when the function of CSI1 is further

impaired and this is indeed the case as shown for the csi1-3

csi3-1 double mutant (Figure 2A).

We also examined spatial heterogeneity of cell areal growth.

Differences in spatiotemporal correlations of areal growth be-

tweenWT and csi1 are expected to only affect variability of sepal

contours and not average sepal aspect ratio.27 However, they

may play a role in the formation of snaky cells. Thus for each

pair of neighboring cells we computed the ratio of the higher

divided by the smaller areal growth of the two cells. We found
no significant difference when comparing the ratio for WT and

csi1-3 sepals (Figure S5C).

Sepal mechanical anisotropy is reduced in csi1

We next examined how the difference in sepal length-to-width

ratio between WT and csi1 could emerge from cell wall me-

chanics. csi1-3 shows reduced anisotropy of cellulose arrange-

ment across the outer abaxial cell wall and reduced spatial con-

sistency in the abaxial epidermis. This would imply lower sepal

mechanical anisotropy in csi1-3 compared with WT, provided

that observations on the abaxial epidermis extend to other cell

layers or that the epidermis has a major role in sepal mechanics.

We first examined sepal cross-sections with transmission
Cell Reports 42, 112689, July 25, 2023 9
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Figure 6. csi1 sepals are mechanically less anisotropic

(A) Representative front view of sepals before and after plasmolysis in 0.4 M

NaCl for 1 h.

(B) Boxplot of anisotropy of sepal shrinkage upon osmotic treatment. Points

represent individual sepals (n = 33 sepals for WT, 43 for csi1-3, p value of t

test = 0.04).

See also Figure S6.
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electron microscopy and found that the external cell wall of the

abaxial epidermis wasmuch thicker than other walls, suggesting

an important contribution of this wall to sepal mechanics. Inter-

estingly, cell walls in csi1-3 are thicker than in WT, which may

explain reduced areal growth in the mutant (Figure S6A). Next,

to assess differences in sepal mechanical anisotropy, we as-

sessed shrinkage of the whole sepal upon osmotic treatment,27

which integrates tissue mechanical properties across the width,

length, and thickness of the sepal. We determined sepal shape

parameters with our imaging pipeline (Figure 6A). We measured

shrinkage inwidth (length) as the ratio of sepal width (length) after

treatment to before treatment; we defined shrinkage anisotropy

as the ratio of shrinkage in length to shrinkage in width

(Figures 6B and S6B–S6D). We found significant differences be-

tween WT and csi1-3 in the shrinkage in width (Figure S6D) but

no differences in the shrinkage in length (Figure S6C). Conse-

quently, csi1-3 shrinks less anisotropically than WT (Figure 6B).

We performed independent measurements of the mechanical

properties in length via tensile testing38 (Figure S6E). Sample

mounting only allowed quantification of the properties along

the long axis of the sepal. We measured the force required to

deform sepals up to a controlled value of relative displacement

(strain). At large strain values, csi1-3 sepals appeared softer

than WT sepals (Figure S6E). Nevertheless, the two genotypes
10 Cell Reports 42, 112689, July 25, 2023
appeared more similar at strain values in the range of osmotic

treatments (Figure S6F). We therefore quantified the slope of

the stress/strain curve in this lower range (Figure S6G) and we

did not detect any difference in modulus between csi1-3 and

WT, consistent with shrinkage in length in osmotic treatments.

Altogether, we conclude that sepal mechanical anisotropy is

reduced in csi1.

DISCUSSION

We investigated the link between the arrangement of cellulose

microfibrils in the cell wall and sepal morphogenesis using the

csi1 mutant. We found that despite increased anisotropic

arrangement of recently deposited cellulose microfibrils, sepals

are less elongated in this mutant, similar to hypocotyls. This

could not be ascribed to cell growth anisotropy alone which is

comparable between csi1 and WT. However, we found that

growth directions in csi1 cells are spatially less consistent and

temporally slightly less persistent than inWT. This lack of consis-

tency in csi1 may explain shorter sepals and snaky cells and is

likely associated with mechanically less anisotropic organs.

Although newly synthesized cellulosemicrofibrils in csi1 hypo-

cotyls appear highly aligned,25 we observed that they were not

as strongly aligned in csi1 sepals. When guidance by cortical mi-

crotubules was impaired, previous studies showed that CESAs

follow previous microfibrils, follow cortical microtubules, or

move along a straight line.26,39 In the Arabidopsis sepal, we

found that the csi1-1 mutation reduces colocalization of CESA

with microtubules, suggesting less CESAmoving along microtu-

bules. The relative weight of these modes of CESA motion may

depend on the organ, possibly because of different proteomes

between the three types of organs,40 potentially explaining dif-

ferences in the csi1 phenotype between hypocotyl, cotyledon,

and sepal. In addition, other matrix polysaccharides are also

likely involved in guidance of CESA.41–43

Here, we found that CSI1 does not influence the degree of

cellular growth anisotropy but rather cell growth direction.

Disruption of CSI1 function increased spatial and temporal vari-

ations of growth direction. As proposed in,26 synthesis along

previous fibrils could provide memory of the wall state and

help resisting perturbations by forming a template for CESA

when cellulose synthesis starts again,18,44,45 whereas guidance

by microtubules provides the control needed for morphogenetic

events46 or to keep track of an organ-level direction of polarity.

Similar ideas might extend to the extracellular matrix in animals,

with regimes in which direction of matrix synthesis is steady,47

and other regimes associated with morphogenetic events.48,49

How cells in a tissue all align in the same direction has been

partly elucidated in animals. Cell polarity may be oriented by

an instructive signal formed by a large-scale gradient or by polar-

ity of neighboring cells via surface proteins.50,51 Similar ideas

have been proposed for plants,50,52 in which the coupling be-

tween polarities of neighboring cells would involve a large set

of actors.53 Although CSI1 could have other functions than guid-

ance, such as in delivery of CESA to the plasmamembrane54 and

in regulation of microfibril length as observed for the secondary

cell wall,55 our work suggests that CSI1 contributes to growth

coordination by translating cell polarity into growth direction,
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through CESA guidance by microtubules. Whereas we did not

observe any twisting phenotype in sepal, csi1 mutation leads

to twisting of other organs such as the leaf,55,56 hypocotyl or

shoot.57 Instead, csi1 sepal featured snaky cells. Interestingly,

Drosophila mutant oocytes with deficient polarity also show

snaky cell files.58 Organ twisting and cell snakiness could be in-

terpreted as impaired orientation by large-scale instructive

signals.

Plant hormones are good candidates for such organ-level sig-

nals. In particular, auxin presents gradients and its movement is

polarly facilitated by PIN proteins,59 notably in lateral organs

such as the leaf.60 PIN1 polarity is coupled with microtubule

orientation,61 supporting a potential role for auxin in orienting

cell growth direction. Indeed, sepals with affected auxin polarity

displayed reduced length,62 although it is unclear whether this in-

volves lack of consistency of growth direction. Mechanical

stress is another potential organ-level instructive signal, and

studies in animals suggest that it may orient cell polarity.63,64 In

plants, microtubules align with maximal stress direction,37,65

which may explain the transverse orientations of microtubules

seen in sepal.36

Here, we propose that during organ morphogenesis, the main

role of guidance of CESA by microtubules is to enable growth di-

rection to follow large-scale signals. Interestingly, chemical

perturbation of the consistency of cortical microtubules orienta-

tion in the root reduces overall organ elongation.66 We extend

these results by describing consistency of cell growth direction

and pinpoint the role of CSI1 in consistency. It would be worth-

while to examine whether similar ideas apply to elongation of an-

imal organs. For instance, cell division is oriented during limb

bud elongation in the mouse,67 but the spatial consistency of di-

vision orientation has not been assessed.

Altogether, our work illustrates the potential of deciphering the

basis of the robustness of morphogenesis by assessing spatial

and temporal variability of growth and of its regulators, from sub-

cellular to organ scale, and by combining experimental and theo-

retical approaches.

Limitations of the study
The limitations of our study stemmainly from the cuticular ridges

on the sepal surface and from the diffusion of light by the sepal.

This makes it difficult to obtain information about internal cell

walls or about internal cell layers using optical microscopy.

Indeed we could not assess the degree of alignment of cellulose

in internal walls nor cell growth in inner layers. Nevertheless, the

sepal deflation assay integrates the effect of all cell layers. In

addition, like in other studies, it is challenging to establish causal

links between different spatial and temporal scales, because of

difficulty to induce perturbations that are precisely controlled in

space and time. We tried to address this issue by combining

several experimental approaches and a geometrical model of

sepal growth. This geometrical model accounts for average

cell behavior but does not fully account for correlations between

growth parameters of neighboring cells due to shared edges and

vertices. We could conclude that consistency of cell growth di-

rection is involved in overall organ elongation, but we could not

fully assess the contribution of other growth parameters to the

csi1 phenotype.
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B., Pelletier, S., Hauser, M.-T., Höfte, H., and Vernhettes, S. (2005). An

Arabidopsis Endo-1,4-b-d-Glucanase Involved in Cellulose Synthesis Un-

dergoes Regulated Intracellular Cycling. Plant Cell 17, 3378–3389. https://

doi.org/10.1105/tpc.105.036228.

18. Endler, A., Kesten, C., Schneider, R., Zhang, Y., Ivakov, A., Froehlich, A.,

Funke, N., and Persson, S. (2015). A Mechanism for Sustained Cellulose

Synthesis during Salt Stress. Cell 162, 1353–1364. https://doi.org/10.

1016/j.cell.2015.08.028.

19. Gu, Y., Kaplinsky, N., Bringmann, M., Cobb, A., Carroll, A., Sampathku-

mar, A., Baskin, T.I., Persson, S., and Somerville, C.R. (2010). Identifica-

tion of a cellulose synthase-associated protein required for cellulose

biosynthesis. Proc. Natl. Acad. Sci. USA 107, 12866–12871. https://doi.

org/10.1073/pnas.1007092107.

20. Bringmann, M., Li, E., Sampathkumar, A., Kocabek, T., Hauser, M.-T., and

Persson, S. (2012). POM-POM2/CELLULOSE SYNTHASE INTERACT-

ING1 Is Essential for the Functional Association of Cellulose Synthase

and Microtubules in Arabidopsis. Plant Cell 24, 163–177. https://doi.org/

10.1105/tpc.111.093575.

21. Li, S., Lei, L., Somerville, C.R., and Gu, Y. (2012). Cellulose synthase inter-

active protein 1 (CSI1) links microtubules and cellulose synthase com-

plexes. Proc. Natl. Acad. Sci. USA 109, 185–190. https://doi.org/10.

1073/pnas.1118560109.

22. Lei, L., Li, S., Du, J., Bashline, L., andGu,Y. (2013). CELLULOSESYNTHASE

INTERACTIVE3 Regulates Cellulose Biosynthesis in Both a Microtubule-

Dependent and Microtubule-Independent Manner in Arabidopsis. Plant

Cell 25, 4912–4923. https://doi.org/10.1105/tpc.113.116715.

23. Schneider, R., Ehrhardt, D.W., Meyerowitz, E.M., and Sampathkumar, A.

(2022). Tethering of cellulose synthase to microtubules dampens me-

chano-induced cytoskeletal organization in Arabidopsis pavement cells.

Nat. Plants 8, 1064–1073. https://doi.org/10.1038/s41477-022-01218-7.

24. Belteton, S.A., Li, W., Yanagisawa, M., Hatam, F.A., Quinn, M.I., Szymanski,

M.K., Marley, M.W., Turner, J.A., and Szymanski, D.B. (2021). Real-time con-

version of tissue-scalemechanical forces into an interdigitated growth pattern.

Nat. Plants 7, 826–841. https://doi.org/10.1038/s41477-021-00931-z.

25. Xin, X., Lei, L., Zheng, Y., Zhang, T., Pingali, S.V., O’Neill, H., Cosgrove, D.,

Li, S., and Gu, Y. (2019). CELLULOSE SYNTHASE INTERACTIVE1- and

Microtubule-Dependent CellWall Architecture Is Required for Acid Growth

in Arabidopsis Hypocotyls. Preprint at bioRxiv. https://doi.org/10.1101/

692202.

26. Chan, J., and Coen, E. (2020). Interaction between Autonomous and

Microtubule Guidance Systems Controls Cellulose Synthase Trajectories.

Curr. Biol. 30, 941–947.e2. https://doi.org/10.1016/j.cub.2019.12.066.

27. Hong, L., Dumond, M., Tsugawa, S., Sapala, A., Routier-Kierzkowska, A.-

L., Zhou, Y., Chen, C., Kiss, A., Zhu, M., Hamant, O., et al. (2016). Variable

Cell Growth Yields Reproducible Organ Development through

https://doi.org/10.1038/ncb1798
https://doi.org/10.1038/nature02590
https://doi.org/10.1111/j.1348-0421.1983.tb00629.x
https://doi.org/10.1111/j.1348-0421.1983.tb00629.x
https://doi.org/10.1016/j.cub.2015.05.022
https://doi.org/10.7554/eLife.38161
https://doi.org/10.1038/s41556-018-0193-1
https://doi.org/10.1038/s41556-018-0193-1
https://doi.org/10.1126/science.1199424
https://doi.org/10.1016/j.devcel.2016.06.009
https://doi.org/10.1016/j.cub.2021.12.025
https://doi.org/10.1016/j.cub.2021.12.025
https://doi.org/10.1016/j.tim.2011.11.004
https://doi.org/10.1016/j.tim.2011.11.004
https://doi.org/10.1016/j.cell.2018.02.050
https://doi.org/10.1242/dev.152652
https://doi.org/10.1126/science.138.3548.1404
https://doi.org/10.1093/jxb/erj177
https://doi.org/10.1146/annurev.cellbio.20.082503.103053
https://doi.org/10.1146/annurev.cellbio.20.082503.103053
https://doi.org/10.1371/journal.pone.0112387
https://doi.org/10.1371/journal.pone.0112387
https://doi.org/10.1105/tpc.105.036228
https://doi.org/10.1105/tpc.105.036228
https://doi.org/10.1016/j.cell.2015.08.028
https://doi.org/10.1016/j.cell.2015.08.028
https://doi.org/10.1073/pnas.1007092107
https://doi.org/10.1073/pnas.1007092107
https://doi.org/10.1105/tpc.111.093575
https://doi.org/10.1105/tpc.111.093575
https://doi.org/10.1073/pnas.1118560109
https://doi.org/10.1073/pnas.1118560109
https://doi.org/10.1105/tpc.113.116715
https://doi.org/10.1038/s41477-022-01218-7
https://doi.org/10.1038/s41477-021-00931-z
https://doi.org/10.1101/692202
https://doi.org/10.1101/692202
https://doi.org/10.1016/j.cub.2019.12.066


Article
ll

OPEN ACCESS
Spatiotemporal Averaging. Dev. Cell 38, 15–32. https://doi.org/10.1016/j.

devcel.2016.06.016.

28. Meyer, H.M., Teles, J., Formosa-Jordan, P., Refahi, Y., San-Bento, R., In-

gram, G., Jönsson, H., Locke, J.C.W., and Roeder, A.H.K. (2017). Fluctua-

tions of the transcription factor ATML1 generate the pattern of giant cells in

the Arabidopsis sepal. Elife 6, e19131. https://doi.org/10.7554/eLife.19131.

29. Roeder, A.H.K., Chickarmane, V., Cunha, A., Obara, B., Manjunath, B.S.,

and Meyerowitz, E.M. (2010). Variability in the Control of Cell Division Un-

derlies Sepal Epidermal Patterning in Arabidopsis thaliana. PLoS Biol. 8,

e1000367. https://doi.org/10.1371/journal.pbio.1000367.

30. Smyth, D.R., Bowman, J.L., and Meyerowitz, E.M. (1990). Early flower

development in Arabidopsis. Plant Cell 2, 755–767. https://doi.org/10.

1105/tpc.2.8.755.

31. Hervieux, N., Tsugawa, S., Fruleux, A., Dumond, M., Routier-Kierzkowska, A.-

L.,Komatsuzaki,T.,Boudaoud,A.,Larkin,J.C.,Smith,R.S.,Li,C.-B.,andHam-

ant, O. (2017). Mechanical Shielding of Rapidly Growing Cells Buffers Growth

Heterogeneity and Contributes to Organ Shape Reproducibility. Curr. Biol.

27, 3468–3479.e4. https://doi.org/10.1016/j.cub.2017.10.033.

32. Hanley, S., Giasson, J., Revol, J., and Gray, D. (1992). Atomic force micro-

scopy of cellulose microfibrils: comparison with transmission electron mi-

croscopy. Polymer 33, 4639–4642. https://doi.org/10.1016/0032-

3861(92)90426-W.

33. Gierlinger, N., Luss, S., König, C., Konnerth, J., Eder, M., and Fratzl, P.

(2010). Cellulose microfibril orientation of Picea abies and its variability

at the micron-level determined by Raman imaging. J. Exp. Bot. 61,

587–595. https://doi.org/10.1093/jxb/erp325.
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Chemicals, Peptides, and Recombinant Proteins

Apex culture medium (ACM, MS basal salt) Duchefa Biochemie M0221.0010

Plant preservation mixture (PPM) Plant Cell Technology KY-PPM100

Chloroform Chempur CAS 67-66-3

Sodium dodecyl sulfate Sigma CAS 151-21-3

a-amylase Sigma-Aldrich CAS 9014-01-1

Chloral hydrate Aldrich CAS 302-17-0

Pectinase from Aspergillus niger Serva/Sigma CAS 9032-75-1

Fluorescent Brightener 28 (Calcofluor White) Pol-Aura CAS 4404-43-7

ClearSee:

Urea

Sodium deoxycholate

Xylitol

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

CAS 57-13-6

CAS 302-95-4

CAS 87-99-0

Paraformaldehyde Sigma-Aldrich CAS 30525-89-4

Glutaraldehyde Sigma-Aldrich CAS 111-30-8

Uranyl Acetate Polysciences CAS 6159-44-0

Osmium tetroxide Polysciences CAS 20816-12-0

Epoxy Embedding Kit:

MNA

Epon 812

DDSA

DMP-30

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

CAS 25134-21-8

CAS 25038-04-4

CAS 26544-38-7

CAS 90-72-2

TFA Pierce CAS 76-05-01

Experimental Models: Organisms/Strains

Arabidopsis thaliana, ecotype Col-0 N/A N/A

Arabidopsis thaliana, ecotype Col-0,

pAR169 (ATML1p::mCirtrine-RCI2A line

Roeder et al.29 N/A

Arabidopsis thaliana, ecotype Col-0,

pCESA3::GFP-CESA3 p35S::mCHERRY-TUA5

Schneider et al.23 N/A

Arabidopsis thaliana, ecotype Col-0,

pCESA3::GFP-CESA3 p35S::mCHERRY-

TUA5 in csi1-1/pom2-8 background

Schneider et al.23 N/A

Arabidopsis thaliana, ecotype Col-0, csi1-3 Alonso et al.68 SALK_138584

Arabidopsis thaliana, ecotype Col-0, csi1-6 Alonso et al.68 SALK_115451

Arabidopsis thaliana, ecotype Col-0, ktn1-2 McElver et al.69 SAIL_343_D12

Arabidopsis thaliana, ecotype Col-0, csi3-1 Lei et al.22 GABI_308G07

Arabidopsis thaliana, ecotype Col-0,

pCSI1::RFP-CSI1 in csi1-6

Gu et al.19 N/A

Arabidopsis thaliana, ecotype Col-0, csi1-3 csi3-1 This paper N/A

Software and algorithms

MorphoGraphX Barbier de Reuille et al.70 https://www.mpipz.mpg.de/MorphoGraphX

MorphoRobotX N/A https://www.MorphoRobotX.org

WITec Suite Five Oxford Instruments https://raman.oxinst.com

GRAMS/AITM Spectroscopy Software ThermoFisher https://www.thermofisher.com/order/

catalog/product/INF-15000

OriginLab and OriginPro 2023 OriginLab Corporation https://www.OriginLab.com

Excel Microsoft 365 N/A
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ImageJ (Fiji) https://fiji.sc/

JPK Data Processing JPK Instruments AG https://www.jpk.com

MATLAB Mathworks, Nattick, MA, USA https://www.mathworks.com/

Geometric model for sepal growth See Data S1 N/A

Custom code in python This paper https://doi.org/10.5281/zenodo.7998638

Custom code in MATLAB This paper https://doi.org/10.5281/zenodo.7998638

Other

CaF2 coverslips LaserOptex http://www.laseroptex.com/

cs/cs.html CAMS 1602

Crystalline cellulose Halocynthia roretzi Ruel et al.71

Amorphous cellulose Halocynthia roretzi Ruel et al.71

Carbon Film 200 Mesh, Cu, 50/bx Electron Microscopy Sciences CF200-Cu-50

AFM rectangular Si cantilevers with resonant

frequency of about 325 kHz, tip radius 8 nm

MikroMasch, Estonia HQ:NSC15
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Lead contact
Requests should be sent to the lead contact, Arezki Boudaoud (arezki.boudaoud@polytechnique.edu).

Materials availability
Seeds from the double mutant csi1-3 csi3-1 are available upon request.

Data and code availability
d All datasets andmicroscopy files reported in this paper have been deposited at Zenodo and are publicly available as of the date

of publication at the https://doi.org/10.5281/zenodo.7998638.

d All original codes have been deposited at Zenodo and are publicly available as of the date of publication. DOIs are listed in the

key resources table.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana plant lines used for live imaging and analysis of mature sepal cell shape were pAR169 (ATML1p::mCirtrine-

RCI2A,29) and csi1-3 x pAR169. Plant lines used for CESA imaging harbored pCESA3::GFP-CESA3 p35S::mCHERRY-TUA5 con-

structs in WT and in csi1-1/pom2-8 backgrounds.23 In all other cases the plants used were Col-0, csi1-3 (SALK_138584,68),

csi1-6 (SALK_115451,68), ktn1-2 (SAIL_343_D12,69), csi3-1 (GABI_308G07,22), and pCSI1::RFP-CSI1 in csi1-6.19 All mutant lines

are transfer DNA insertion lines. csi1-1 has weak expression at the RNA level, whereas csi1-3 and csi1-6 are likely null mutants.19

The double mutant was obtained by crossing csi1-3 with csi3-1. All lines have a Col-0 background. Plants were grown on soil at

22�C in culture rooms with long day conditions (16 h light/8 h darkness). For in vivo imaging, inflorescences were cut off from the

plants, dissected up to the desired bud (all buds used in this study were comprised between the 10th and 20th organ initiated along

the inflorescence27) and grown into apex culture medium plates72 supplemented by 0.1%V/V plant preservative mixture (PPM; Plant

Cell Tech). Plates were then stored in growth cabinets with the same lighting/temperature conditions as in culture rooms.

METHOD DETAILS

Confocal imaging and analysis
Whole sepal images were collected using a LSM700 confocal microscope (Zeiss, Germany) equipped with a 5x air objective (NA =

0.25). Propidium iodide (PI) was excited using a 555 nm laser and the emitted light filtered through a 560–630 nm band-pass filter.

Live imageswere collected using an SP8 confocal microscope (LeicaMicrosystems, Germany) equippedwith a 253 long-distance

water objective (NA = 0.95). mCitrine was excited using a 514 nm laser and the emitted light filtered through a 520–550 nm band-

pass filter.
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Samples used for whole sepal measurements were stained in PI at 100mM final concentration in water for 15 min prior to imaging.

Sepals used for osmotic treatments were then plasmolyzed for 1h in 0.4M NaCl solution supplemented with PI at 100mM.

Geometric model for sepal growth
We built a parsimonious model for cell growth, starting from measurements, and we predicted differences in final size and aspect

ratio between wild-type (WT) and csi1-3 sepals. We used the geometric description of growth introduced by Goodall and Green.73

The details are provided in Data S1.

Atomic Force Microscopy (AFM)
Samples of recently formed cell wall surface (i.e., the protoplast-facing surface) were prepared for AFM measurements using a

modified protocol of Wuyts et al.74 Briefly, the sepals were plasmolyzed in 0.4 M NaCl for 10 min and fixed in 70% ethanol (first

kept under vacuum for 1 h at room temperature, next fixed for at least 24 h at 4�C). Afterward they were treated with absolute

chloroform for 10 min (to remove membranes and cuticle), rehydrated in decreasing ethanol series (70%, 50%, 30%) followed

by deionized water (5 min in each medium), placed in protoplast lysis buffer of sodium dodecyl sulfate and sodium hydroxide

(1% SDS in 0.2M NaOH) for 3 h, treated with 0.01% a-amylase (Sigma-Aldrich; from Bacillus licheniformis) in PBS (Phosphate

Buffered Saline) (pH 7.0) in 37�C overnight (to remove residual starch), moved to over-saturated water solution of chloral hydrate

(200 g/50 mL) for 4 h (to remove protoplast remnants), and rinsed in water (3 3 15 min). Superficial cell walls of the abaxial

epidermis were then gently peeled off from the sepal and placed on the glass slide such that the protoplast facing wall surface

was exposed. In order to better visualize the cellulose microfibrils in some samples, pectins were removed by treatment with

2% pectinase (Serva, Heidelberg, FRG; from Aspergillus niger) in sodium-phosphate buffer (pH 5.7) at room temperature for

30 min, or the buffer alone. The samples were then rinsed in water and dried at room temperature, during which the wall became

attached to the glass slide by adhesion.

Atomic Force Microscopy (AFM) measurements were performed with a NanoWizard�3 BioScience (JPK Instruments, Berlin, Ger-

many) operating in intermittent contact mode, using HQ:NSC15 rectangular Si cantilevers (MikroMasch, Estonia) with spring

constant specified as 40 N/m, cantilever resonant frequency of about 325 kHz, and tip radius 8 nm. All scans were conducted in

air in laboratory conditions (22�C, constant humidity of 45%). Images were obtained using the JPK Data Processing software

(JPK Instruments). We examined both giant and non-giant epidermal cells of sepals (5 sepals inWT; 6 in csi1-3) from stage 12 flowers.

In WT we obtained 16 AFM maps from 9 cells, in csi1-3 - 32 maps from 14 cells.

Raman spectroscopy
Sample preparation for Raman microspectroscopy followed the AFM protocol up to the treatment with chloral hydrate and rinsing in

water.74 Such prepared sepals were put on glass slides (1 mm thick), immersed in pure deionized water to preserve environmental

conditions, and covered by CaF2 0.15–0.18 mm thick coverslips (CAMS1602, Laser Optex).

Raman data were collected using WITec confocal Raman microscope CRM alpha 300R, equipped with an air-cooled solid-state

laser (l = 532 nm), an thermoelectrically cooled CCD camera, and Zeiss C-Apochromat (100x/1.25 NA) water immersion objective.

The excitation laser radiation was coupled to the microscope through a single-mode optical fiber (50 mmdiameter). Raman scattered

light was focused onto a multi-mode fiber (50 mm diameter) and monochromator with a 600 line mm�1 grating. The spectrometer

monochromator was calibrated using the emission of a Ne lamp, while the signal of a silicon plate (520.7 cm�1) was used for checking

beam alignment.

Surface Raman imaging was applied to differentiate the signal of the cuticular ridges and cell wall. Data were collected in a central

fragment of the cell in a 10 mm3 10 mm area using 303 30 pixels (=900 spectra) and an integration time of 40 ms per spectrum. The

precision of the horizontal movement of the sample during measurements was ±0.2 mm. The lateral resolution (LR) was estimated

according to the Rayleigh criterion LR = 0.61l/NA as LR = 427 nm. All spectra obtained during Raman imaging were collected in

the 120 - 4000 cm�1 range with a resolution of 3 cm�1 and at 30 mW on the sample.

The output data were processed by performing a baseline correction using an autopolynomial function of degree 3, submitted to an

automatic cosmic rays removal procedure by comparing each pixel (i.e., each CCD count value at each wavenumber) to its adjacent

pixels and finally smoothed by Savitzky–Golay filter. Chemical images were generated using cluster analysis (CA). K-means

approach with the Manhattan distance for all Raman imaging maps was carried out to distinguish signal of cuticular ridges and

cell wall. The clusters representing cuticular ridges were excluded from further analyses. Every spectrum obtained from the cell

wall cluster was normalized by dividing by its total area using WITec Project Five Plus software. The procedure was repeated for

ten non-giant pavement cells located in the basal half of different sepals.

Every time data were gathered for 13 consecutive orientations of the polarization plane (the angular range 0–180�), each rotated by

15�. From such obtained set of 13 averaged spectra after the K-means cluster analysis, the spectrumwith maximal signal intensity of

the C-O-C band (1096 cm�1) was chosen to represent angular position 0�, while the other spectra represent angle-dependent inte-

grated intensity alteration with minimum at 90�. Once positions of the two angular extrema were recognized, the 4 spectra (every 30�

from 0� to 90�) were used for further analysis. For each spectrum the spectral parameters like band position, full width at half

maximum, intensity and integrated intensity were determined by deconvolution of the spectra through the peak fitting procedure

facilitated by GRAMS/AI 9.2 software. For each spectrum, the Voigt function with the minimum number of the components was
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used to reproduce the experimentally observed band arrangement. The applied procedure allows one to separate cellulose-specific

bands, e.g. 1096 cm�1 (C-O-C) and 2898 cm�1 (CHx, x = 1,2) from non-cellulose bands originating from other polysaccharides pre-

sent in the cell wall. Finally, the ratio of integrated intensity around the C-O-C and CHx bands was calculated to follow the angle-

dependent character of the sample and estimate the extent of cellulose microfibrils ordering. The ratio of integrated intensity values

estimated for those two regions was calculated for different polarizer angles (every 30� from 0� to 90�) and normalized by the sum of

the four values.

Data fromWT and csi1-3mutant were comparedwith purified reference samples of crystalline (Halocynthia roretzi) and amorphous

(DMAc/LiCl) cellulose.71

Imaging of cellulose with confocal microscopy
For visualization of cellulose fibrils in confocal microscopy isolated sepals (stage 10) were cleared using the modified ClearSee pro-

tocol.75 In short, the samples were fixed in 4% paraformaaldehyde bufferd with 1x PBS (pH 7.4) for at least 1 h under vacuum, and

subsequently for 3 h in room temperature. Next they were rinsed three times in PBS and put in a plastic container filled with ClearSee.

The closed container with samples was placed in a rocking incubator for 3 weeks, the liquid was changed every day for 1 week, and

every 2–3 days for the remaining 2 weeks. The samples were then stained with Calcofluor White for 1 h, washed in ClearSee by gentle

shaking for 10 min, and analyzed using inverted confocal microscope Olympus FV-1000 equipped with 60x oil objective

(UPLanSApo; NA = 1.35). Calcofluor White was excited using a 405 nm laser and the emitted light filtered through a 425–525 nm

band-pass filter. Images were processed using ImageJ.

Assessment of cell wall thickness using electron microscopy
Isolated sepals (stage 10–11) were fixed in solution of 2.5% glutaraldehyde buffered in 50 mM phosphate buffer (pH 7) in 4�C over-

night, rinsed three times in 50 mM phosphate buffer, postfixed with 1% OsO4 for 2 h, rinsed in the diH2O, dehydrated in ethanol and

embedded in Epon resin.76 Ultrathin cross sections (cut at half of sepal length, perpendicular to the long sepal axis), 90 nm thick, were

examined in field emission scanning electron microscope UHR FE-SEM Hitachi SU 8010, operated in transmission mode (STEM) at

accelerating voltage of 25 kV.

Imaging of cellulose synthase complexes and cortical microtubules
To analyze the colocalization of Cellulose Synthesis complexes (CESA) with cortical microtubules (CMT), we dissected flower buds at

stages 7–9, just before formation of cuticular ridges,77 which would prevent visualization of CESA. Buds were placed between cover-

slip and microscope slide for imaging. Total Internal Reflection Fluorescence (TIRF) Microscopy was done using the inverted Zeiss

microscope (AxioObserver Z1) equipped with azimuthal-TIRF iLas2 system (Roper Scientific), Prime 95B Camera (https://www.

photometrics.com/) using a 100x Plan-Apochromat objective (numerical aperture 1.46, oil immersion) as previously described.78

Time lapses were acquired during at least 10 min (one frame every 30s), acquisition time for GFP-CeSA3 (CESA channel) and

mCH-TUA6 (CMT channel) were 500ms and 300ms respectively. Focal planes were adjusted manually.

Cell wall monosaccharide composition
In order to have enough material for the quantification of monosaccharide composition, we dissected the 4 sepals (the two lateral

and the adaxial sepals, in addition to the abaxial sepal, which is used elsewhere in this study) of about 100 stage 12 flowers from

secondary inflorescences of WT and csi1-3 plants, for each of 4 replicates. Freshly collected sepals were submerged into 96%

ethanol incubated for 30 min at 70�C. The sepals were then washed once with 96% ethanol and twice with acetone at room tem-

perature. The remaining pellet of AIR was dried in a fume hood overnight at room temperature. The monosaccharide composition

of the noncellulosic fraction was determined by hydrolysis of 1–2 mg of AIR with 2 M TFA for 1 h at 120�C. The TFA-insoluble

material was washed twice with 1 mL ethanol 70� and further hydrolyzed with 72% (v/v) sulfuric acid for 1h at 20�C. The sulfuric

acid was then diluted to 1 M with water and the samples further incubated at 100�C for 3 h in order to hydrolyze the crystalline

cellulose fraction.

The TFA and sulfuric acid hydrolysates were diluted 100 times and filtered using a 20 mmfilter caps. Themonosaccharides of these

fractions were quantified by HPAEC PAD on a Dionex ICS-5000 instrument (Thermo Fisher Scientific) equipped with a CarboPac

PA20 analytical anion exchange column (3 mm3 150 mm).79 The following separation conditions were applied: an isocratic gradient

of 4 mMNaOH from 0 to 6 min followed by a linear gradient of 4 mMNAOH to 1mMNaOH from 6 to 19 min. At 19.1 min, the gradient

was increased to 450 mM NaOH to elute the acidic sugars.

Extensometry
The seeds of Arabidopsis thaliana WT and csi1-3 mutant were sterilized using 70% EtOH with Tween 20 and 95% EtOH. Subse-

quently, the seeds were plated on vertical plates containing 1/2MS medium with 1% sucrose and 0.7% agar at pH 5.6. Afterward,

the seeds were stratified at 4�C for 36 h and grown for 6 days with 16 h of light per day at 22�C. Following this, the seedlings were

transferred to soil and grown for 3 weeks, with regular watering of the plants. At the stage 15b, the sepals were dissected and

affixed to laboratory tags (Tough-TagsTM, Sigma-Aldrich). Subsequently, they were immersed in a water bath to ensure a stable

osmotic environment for the sample. Throughout the course of the experiment, the samples were maintained in a hydrated state
18 Cell Reports 42, 112689, July 25, 2023
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by misting water onto their surfaces. The samples were fixed to the micro-extensometer (ME), which was equipped with a force

sensor (10g Futek, LSB200, Miniature S-Beam Jr. Load Cell) and connected to a micro-robotic actuator (SmarAct GmbH, SLC-

1780). The MorphoRobotX software (https://www.MorphoRobotX.org), a fully automated system, managed the ME. It regulated

the positioner, documented the force variation during displacement, and aided in obtaining the stiffness data of the sample.

The Cheese software was utilized to control a DigiMicro 2.0 digital microscope camera (dnt GmbH), which captured the images

of the sample under the exerted force. To ensure adequate illumination, additional AmScope LED rings were situated within the

camera’s field of view. The stiffness of the sample was quantified as the ratio of force to width, with respect to the percentage of

displacement.38

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
Analysis and statistical testing were performed with custom made python scripts. Statistical testing for differences between sample

means was performed using the scipy.stats library.80 When the samples were typical cellular properties of sepals, we chose to use

median of the cell property over a sepal, and to test for differences between sepal medians because medians are more robust to

outliers. Details of all statistical comparisons are provided in Table S1.

Cell and organ growth
Whole sepal measurements were performed following.81 Quantification of macroscopic growth rates was done by measuring manu-

ally sepal curved length and width using oriented images in ImageJ.

Live imaging data was analyzed using MorphoGraphX,70 which included segmentation, lineage tracking and computation of the

cell areas and principal directions of growth. Principal growth directions of each cell were computed based on the relative displace-

ment of three-way cell junctions between consecutive imaging time points. Growth anisotropy was then calculated as the ratio be-

tween magnitudes associated with the maximum and minimum principal directions of growth.

Quantification of cellulose microfibrils arrangement on protoplast-facing wall surface
Anisotropy of cellulosemicrofibrils arrangement was assessed for square regions (400 nm3 400 nm) with distinct microfibrils chosen

from measured height images of 2 mm3 2 mm AFM scans (2–4 regions per scan). Histogram of microfibrils orientation was obtained

for each region using Directionality tool (https://imagej.github.io/plugins/directionality) of Fiji (Fourier components method). In the

Directionality tool, alignment is assessed for a single curve fitted to the highest peak while in most cell wall regions the distribution

of microfibrils orientation was multimodal. Thus, we developed a bespoke protocol written in MATLAB (Mathworks, Nattick, MA,

USA) to quantify microfibrils arrangement using the following steps (see Figure S7 for details): (i) smooth the histogram by a moving

average; (ii) obtain a series of least square approximations of the histogram by a sumof an increasing number of Gaussianmodels (up

to 8); (iii) choose the approximation with the lowest number of Gaussians with adjusted R2>0.94; (iv) exclude Gaussians with half-

width bigger than 180�; (v) concatenate Gaussians with peaks separated by less than 10�; (vi) exclude Gaussians with height smaller

than ¼ of the highest peak; (vii) compute the alignment index as the relative maximal angular distance between the remaining

Gaussian peaks. The index values are between 0 and 1: the lower the value, the less aligned fibrils, index value equal to 1 means

that there is only one Gaussian.

Angular variability was computed for cells on which at least three AFM regions with alignment index greater than 0.78� were ob-

tained. Angles were periodised and circular variability was measured using the Python astropy package.82,83

Analysis of colocalization of cellulose synthase complexes with cortical microtubules
In order to better visualize cellulose synthases (CESA) moving at the membrane (see below), we used projections of all frames of

CESA channel (covering 10 min or more) and the first image from the cortical microtubule (CMT) channel. In order to determine

the proportion of CESA particles in projections that co-localize with CMTs, we followed classical approaches in colocalization anal-

ysis.84,85 We used Mander’s overlap coefficient86 for pixels with intensities above the thresholds automatically determined by the

approach of Costes et al.,87 as implemented in the plugin ‘Coloc 2’, which is included in the Fiji distribution of ImageJ. First, the back-

ground of each of the two channels was removed with ‘Process>Subtract background. ’ by using the Otsu threshold, a rolling ball

radius of 10 mm, and disabling smoothing. Objects too big to be compatible with CESA particles23,24 or corresponding to CESA par-

ticles moving inside cytoplasm were removed by creating a mask eliminating big regions as follows. After removing the background,

we applied a local threshold to the CESA channel using ‘Image>Adjust>Auto Local Threshold’ with the Otsu method, a rolling ball

radius of 10 mm, and white objects selected; the resulting binary image was then inverted (‘Edit>Invert’) and opened morphologically

(‘Process>Binary>Open’). The resultingmask was then combinedwith a polygonal region of interest selected based on the presence

of CMT patterns in cells (due to the use of TIRF, CMT are more visible for cells that are in contact with the microscope cover). Last,

colocalization was quantified for each region using ‘Analyze>Colocalisation>Coloc 2’ for the CESA channel vs. the CMT channel and

the mask obtained as above, and the default parameters (in particular PSF value of 3). We recorded Mander’s tM1 and used it as a

colocalization score.
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Spatial consistency of growth direction
To obtain a default value of spatial consistency, we computed the median angle between neighboring cells in a sepal, ascribing a

random orientation to each cell. Indeed, themaximal angle between two cells is 90�, but three neighboring cells cannot all be oriented

at 90� to each other. Here, we used one example of segmented sepal mesh and we replaced growth direction with a random vector

that is tangential to the surface of the epidermis because we are only considering growth of the sepal outer surface. In practice, the

random vector was drawn on the plane best-fitting centroids of neighboring cells. We then applied the same pipeline used for the

quantification of spatial consistency of growth direction.
20 Cell Reports 42, 112689, July 25, 2023
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