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In plant cells, cellulose synthase complexes (CSCs) are nanoscale machines that synthesize and
extrude crystalline cellulose microfibrils (CMFs) into the apoplast where CMFs are assembled with
other matrix polymers into specific structures. We report the tissue-specific directionality of CSC
movements of the xylem and interfascicular fiber walls of Arabidopsis stems, inferred from the polarity
of CMFs determined using vibrational sum frequency generation spectroscopy. CMFs in xylems are
deposited in an unidirectionally biased pattern with their alignment axes tilted about 25° off the stem
axis, while interfascicular fibers are bidirectional and highly aligned along the longitudinal axis of

the stem. These structures are compatible with the design of fiber-reinforced composites for tubular
conduit and support pillar, respectively, suggesting that during cell development, CSC movement is
regulated to produce wall structures optimized for cell-specific functions.

Cellulose in plant cell walls plays critical roles for plant structure and growth'2. Cellulose is considered the
most abundant renewable biopolymer on earth and its technical applications extend far beyond conventional
papers, textiles, and food additives®*. In plants, cellulose is produced by cellulose synthase (CESA) proteins in
the plasma membrane which are assembled into ~ 30 nm diameter clusters with a six-fold symmetry, which are
called cellulose synthase complex (CSC)*>-%. During cellulose synthesis, monomeric glucose units are supplied to
the CSC from the cytoplasm side and the synthesized polymer chains are extruded into the apoplast’. Due to the
proximity facilitating hydrogen bonding and van der Waals interactions among them'?, the chains extruded from
individual CESAs in CSCs aggregate into a cellulose microfibril (CMF; see Fig. 1). Depending on the degree of
interchain packing within CMF and inter-fibril packing, CMFs can have a crystalline order. These CSCs are then
combined with other matrix polymers to form cell walls with specific physical structures that vary depending
on the requisite function''2. Thus, the mesoscale packing pattern of CMFs is likely linked to the tissue-specific
cell wall function during the plant growth.

Since the already-extruded CMF portion is fixed into the wall matrix, the subsequent elongation of CMF
through polymerization causes CSC to move forward within the plasma membrane®!®. The CSC movements
during the deposition of CMFs have been tracked in vivo via optical imaging of fluorescence-tagged CESAs".
Since this method works only for the optically-accessible exterior surface of the plant, most in situ imaging
of live cells has been carried out with epidermal walls of hypocotyls'*!>. Many fluorescence imaging studies
found that the orientation distribution of the CSC movements is highly correlated with that of the microtubules
underneath the plasma membrane'*-"7, although other steering mechanisms were also reported'®. However, the
key parameters and mechanism to determine CSC directionality are still unclear. For example, several studies
reported that CSC movements were bidirectional along the microtubule axis (Fig. 1a)'!*. But, in a recent study
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Figure 1. Schematic illustration of (a) bidirectional and (b) unidirectional movements of CSCs extruding
CMFs along the movement track (not shown).

where secondary cell walls were transdifferentiated in the epidermis of Arabidopsis hypocotyl, it was found that
CSCs move in clusters and their moving directions are preferentially biased (Fig. 1b)'%.

The observation of different trends in primary cell walls and induced secondary cell walls raise an important
question that has not been studied before. Does the CSC movement directionality vary with cell type? Is it related
to the biological or physical function of each cell wall? If so, it may mean that the CMF deposition process is
structurally engineered to produce the wall structure that is optimized to carry specific functions of cell in each
tissue region'®?’.

Here, we report the CSC movements in secondary cell walls inside the plant deduced from the postmortem
analysis of the already-deposited CMFs in individual cell walls. Because the polymerization reaction in CESAs
is the regiospecific insertion of the reducing end (C1 position) of the monomeric glucose unit to the non-
reducing end (C4 position of the last monomeric unit) of the cellulose chain?"*?, the CMFs extruded from CSCs
have a polarity. If CSCs move bidirectionally with equal probabilities along the movement axis, the C1 — C4
directionality of the cellulose chains among adjacent CMFs will be antiparallel on average (Fig. 1a). The unidi-
rectional movement of CSCs will result in the parallel C1— C4 directionality among adjacent CMFs (Fig. 1b).
Once CFMs are deposited and imbedded in the amorphous matrix, their polarity cannot be reverted during the
post-deposition stretching or expansion of the cell wall. Thus, the polarity of CMF in the cell wall can be related
to the directionality of CSC movement during the cell growth. Note that the mechanism and factors controlling
the CSC movement directionality is beyond the scope of this study.

To differentiate the CMF polarity, we have used vibrational sum frequency generation (SFG) microscopy. SFG
is a second-order optical process where an infrared photon is mixed with an up-conversion photon (conveniently,
called visible) and a new photon is emitted at the frequency which is the sum of the two input photons**. Being a
non-linear optical spectroscopy, SFG requires non-centrosymmetry over a space defined by the coherence length
of this non-linear optical process®. In the plant cell wall, crystalline cellulose is the only non-centrosymmetric
component fulfilling this requirement; all other matrix polymers (e.g. hemicellulose, lignin, etc.) form the amor-
phous matrix in which CMFs are distributed. Thus, SFG can selectively detect crystalline CMFs in plant cell walls
without interferences from other amorphous components*~?’. The coherence length can be as small as tens of
nanometers in a reflection-SFG experiment and as large as tens of micrometers in a transmission experiment®-,
The relative intensities of the CH and OH stretch modes of cellulose (centered at 2944 cm™ and 3320 cm™,
respectively) are associated with the orientation as well as directionality of CMFs**-*. Using the dipole moment
orientations of these modes with respect to the CMF axis, the SFG intensities at 2944 cm™ and 3320 cm™! can
be theoretically calculated as a function of CMF orientation and directionality**. Combining hyperspectral SFG
imaging®* with the SFG theory™, we were able to determine the orientation and directionality of CMFs in xylem
and interfascicular fiber (IFF) walls inside an Arabidopsis inflorescence stem.

Results

Hyperspectral SFG imaging of 8-week-old Arabidopsis inflorescence stem

The cell walls inside the inflorescence stem of an 8-week-old Arabidopsis were exposed through transverse sec-
tioning and analyzed with SFG spectroscopy (Fig. 2a—c). Note that SFG cannot determine the directionality of
individual CMFs, as it relies on the interference of adjacent CMFs within the coherence length and its spatial
resolution is only on the order of micrometers. Instead, SFG differentiates the overall polarity and average ori-
entation of CMFs within the probe volume®. Also, since the lateral resolution is larger than the thickness of S1,
S2, and S3 layers within the secondary cell wall, SFG data represents the average of those three layers which is
predominantly influenced by the S2 layer because it is much thicker than the S1 and S3 layers®®. The 2944 cm™
and 3320 cm™! intensity maps extracted from hyperspectral images of cellulose in the xylem and IFF regions
are shown in Fig. 2d and e. These are two peaks characteristic to cellulose in the CH and OH stretch regions,
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Figure 2. A picture of 8-week-old Arabidopsis inflorescence stem and microscopic SFG analysis result. (a)

A ~10 pum thick sectioned sample was placed on a slide glass and covered with a~ 130 pum thick cover glass
with D,O in the space between the two glasses. (b) The emitted SFG signal, 800 nm up-conversion beam, and
incident IR beam had p-, p-, and s-polarizations, respectively, with respect to the laser incidence plane defined
by the two incidence beams (marked with a black arrow above the scale bar in the optical microscope image
(c)). The hyperspectral intensity maps of 2944 cm™" and 3320 cm™ are shown for (d) xylem and (e) IFF regions
marked with pink and blue boxes, respectively, in the optical image. The spatial resolution of SFG microscopy
was ~ 2.5 um along the laser incidence plane, ~4 um normal to the laser incidence plane, and ~ 15 pum into the
depth direction®. (f,g) The SFG spectra at 8 locations around one single cell wall in the xylem and IFF regions,
extracted from the hyperspectral image, are shown in the insets. The polar plot in the inset shows how the
intensity ratio of the 3320 cm™ OH peak versus the 2944 cm™ CH peak varies as a function of azimuth angle
(¢). As shown in (h), the azimuth angle is defined by the angle between the tangential line of each data point
and the laser incidence plane. Two other sections of biological replicates are shown in Fig. S3.

respectively”’. Also shown are SFG spectra extracted from eight locations around one cell wall in the xylem
and IFF region of the hyperspectral image in Fig. 2f and g. In the xylem region, the 3320 cm™ intensity varied
drastically along the wall of a single cell, and its intensity was as big as the 2944 cm™ peak at certain locations.
The walls of two adjacent xylem cells were often found to have different SFG spectral features (see Fig. S1). In
contrast, the 3320 cm™ peak of the IFF wall was significantly smaller than the 2944 cm™ peak, regardless of the
location. The tilt angle of transition dipole of the 2944 cm™' (CH) and 3320 cm™' (OH) modes with respect to
the c-axis of cellulose I unit cell is ~ 62° and ~ 35°, respectively?’. Because the SFG signals of vibrational modes
with dipole angles above and below the magic angle (54.7°) vary differently with the azimuth orientation, their
relative intensities are quite informative in the analysis of CMF arrangement in mesoscale.

Theoretical prediction of azimuth and tilt angle dependence of cellulose SFG signal

Even though SFG microscopy does not have a nanoscale spatial resolution, the spectral features extracted from
individual pixels can provide the nanoscale structural information of CMFs, especially the average orientation
and directionality®. In order to quantitatively deconvolute the directionality and orientation of CMFs inside
the cell wall exposed by transverse sectioning of the stem and placed vertically along the optical axis (Fig. 2),
comparison of the experimental data with the intensities theoretically calculated for given geometric patterns is
necessary>”. For this comparison, the relative intensity ratio of the two peaks with different dipole orientations
(i.e. 3320 cm™/2944 cm™), instead of their individual intensities, was used; in this way, intensity variations due
to light scattering from rough sample textures could be cancelled out. The CMF polarity can be defined with the
degree of directional excess (DE):

difference between two opposite directions along the alignment axis
DE = — x 100%.
sum of all CMFs within the probe volume
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Figure 3 displays polar plots of the calculated 3320 cm™'/2944 cm™ intensity ratio for two cases - unidirec-
tional packing (DE =100%) vs. bidirectional packing (DE=0%) - as a function of the azimuth angle (¢) between
the uniaxial alignment axis of CMF and the laser incidence plane for selected sets of tilt angle (6) of CMF with
respect to the surface normal direction (which is the objective lens axis of the microscope). Since the stem is
transversely sectioned and placed on the horizontal (XY) plane, the tilt angle (6) in Fig. 3 is equivalent to the
microfibril angle (MFA) used in wood science”. The data shown in Fig. 3 are the calculated results assuming the
Gaussian probability function for both ¢ and 8 with a standard deviation (o) of 10°.

When CMFs are deposited with DE=100% (Fig. 3a), the azimuth angle dependence of the 3320 cm™'/2944 cm™!
intensity ratio is asymmetric in four quadrants of the ¢-polar plot. The exception is at 6 =90° when CMFs are
parallel to the XY plane, the polar plot show a mirror plane along the Y-axis (6 =90° and 270°) with different
amplitudes depending on whether the C1—C4 direction of the cellulose chain is pointing toward the positive or
negative direction of the Y-axis. A similar trend was observed in the SFG analysis of a unidirectionally deposited
bacterial cellulose although detailed patterns were slightly difference because bacterial cellulose has mostly Ia
allomorph*. In other tilt angles (¢ # 90°), which quadrant of the polar plot has a larger value varies depending
on whether the C1—C4 direction of CMF is tilted clockwise (6 >0°) or counterclockwise (8 <0°).

When CMFs are deposited with DE=0% (Fig. 3b), the azimuth polar plot of the 3320 cm™'/2944 cm™ intensity
ratio exhibits a mirror plane along the X-axis (¢ =0° and 180°), although some minor details may differ. When
CMFs are parallel to the XY plane (i.e. 6 =90°), the polar plot shows a two-fold rotational symmetry about the Z
axis. In the case of partial deviation from the bidirectional polarity (i.e. DE =50%), the azimuth polar plot of the
3320 cm™'/2944 cm™ intensity ratio displays intermediate patterns between these two extreme cases (See Fig. S2).

These calculation results lay out theoretical foundation that can be used to the orientation (6) and polar-
ity (DE) of CMFs within the microscale probe area. Relying on the comparison with theoretical models is the
main difference of SFG microscopy from conventional techniques such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM) which rely on nanoscale spa-
tial resolution to resolve individual CMFs. And, none of these conventional imaging methods can provide the
polarity information of CME, although they can provide the orientational distributions of individual CMFs'**.

Azimuth angle dependence of cellulose SFG signal from hyperspectral imaging
Since the cell shape is relatively circular, the tangential line of each pixel around a single cell can be used to
define the azimuth angle (¢) of CMFs at that location with respect to the laser incidence plane. The 2944 cm™
and 3320 cm™ intensities at various locations of the wall around a single cell can be read from the hyperspectral
images and their ratios are plotted as a function of azimuth angle in Fig. 2. More data extracted from the same
section sample as well as two other section samples are also shown in Fig. S3.

In the xylem region, the ¢-polar plot of the 3320 cm™/2944 cm™ intensity ratios show the asymmetric pattern
with values large in one quadrant of the ¢-polar plot. The comparison with the theoretical calculation results
shown in Fig. 3 suggests that the DE of CMF in the xylem wall is not nearly zero, i.e. having a parallel polarity. The
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Figure 3. Polar plots of the calculated 3320 cm™'/2944 cm™! pps-SFG intensity ratio (OH/CH) as a function of
azimuth angle (¢) at selected tilt angle (6; shown as numbers in each plot) for (a) unidirectional (DE=100%)
and (b) bidirectional (DE=0%) packing of CMFs. The angles are defined with respect to the lab coordinate as
schematically illustrated; the cross-sectioned sample is placed in the XY plane, and the laser incidence plane

is in the XZ plane. The scale of each plot is marked with orange color numbers. In the numerical calculation,
the CMF diameter is assumed to be 4 nm and the inter-CMF distance is 5 nm, which corresponds to 40 vol.%
of cellulose (typical cellulose content in secondary cell wall)*>*#* and is close to the experimentally measured
values for woody tissues*®*!. Here, both ¢ and 8 angles are assumed to have a Gaussian probability function with
a standard deviation (o) of 10° and no specific rotational preference of crystallographic facets about the CMF
axis. The calculation results for different o, and o, are shown in Fig. S2. Details of calculation can be found in
Ref.®.
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fact that the line profile across two cell walls contacting each other often showed different 3320 cm™'/2944 cm™
ratios (Fig. S1) indicates that the CMF orientation and polarity even in the adjacent cells are different.

In the IFF region, the 3320 cm™'/2944 cm™ ratio is very small (close to 0.1 in average) and does not show
any discernable ¢-dependence. The comparison with the theoretical calculation result (Fig. 3) suggested that
the CMEF tilt angle (0) with respect to the stem axis must be close to zero. Although the theoretical simulation
predicts a subtle difference in the ¢-dependence between DE=0 vs. 100% cases at near zero tilt angle (Fig. 3),
in practice it is difficult to distinguish these two cases due to fluctuation in experimental data. Alternatively, this
can be determined by analyzing the ¢-dependence of the sample in which the CMFs are oriented perpendicular
to the laser incidence plane (i.e. 6 =90°). Fig. S4 compares the ¢-polar plot of the 2944 cm™ and 3320 cm™ SFG
signal from the longitudinally sectioned stem with the theoretical predictions for DE =0, 50, and 100% at 8 =90°.
This comparison suggests that the DE of the CMF in the IFF region should be close to 0%, i.e. the antiparallel
polarity overall.

Tilt angle and directionality of CMFs in xylem and IFF

The theoretical calculation data predicting the 3320 cm™/2944 cm™ ratio as a function of ¢, 6, and DE can be
used as a training data set for a multi-layer perceptron (MLP) neural network algorithm to find the correlation
model; once the model is constructed and tested, the ¢-polar plot data extracted from the SFG hyperspectral
images of the transverse cross-section samples can be processed to determine the 6 and DE of CMFs in each
cell wall. In the transmission SFG analysis, the OH/CH intensity ratio is attenuated due to absorption loss of IR
input beam, and the scattering loss of SFG signal by the medium is larger in the OH stretch region**. Assuming
such attenuations do not vary with 6 and DE of CMF in the sample, the experimental data can still be compared
with the theoretically predicted patterns.

Figure 4a shows the tilt angle () and polarity (DE) of CMF determined from the ¢-dependence of the SFG
signals for 20 IFF cell walls and 20 xylem cell walls. In the case of IFE only the simulation data shown in Fig. 3b
were used as the training set since the CMF polarity was already determined to be DE=0% (Fig. S4), leaving only
one degree of freedom (8) to be determined. This analysis showed that in all 20 IFF, CMFs are highly aligned
along the stem axis. The mean MFA is calculated to be ~ 5° (Fig. 4b), which is in good agreement with a previous
study conducted with scanning x-ray microdiffraction®.

In the case of xylem, all ¢ dependencies simulated for DE =0%, 50%, and 100% (Fig. 3 and Fig. S2) were used
as the training set, and both 6 and DE were determined from the MLP analysis. The results showed that the MFA
distribution of CMFs is relatively broad with a median value of 25° (Fig. 4b), and DE is on average 80% (standard
deviation=20% from N =20). This implies that CSCs moved mostly in a highly unidirectional fashion when
the xylem cell walls were produced. This result is congruent with the previous live cell imaging study in which
fluorescence-tagged CESA movements in transdifferentiated xylem cell walls were monitored'**. The previous
SEG study of the transdifferentiated protoxylem walls of Arabidopsis also suggested the unidirectionally-biased
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Figure 4. (a) Polar plot of tilt angle (0) and polarity (DE) of CME determined via the MLP analysis of azimuth
angle (¢) dependence of the 3320 cm™/2944 cm™ intensity ratio, for 20 IFF cells (blue cones) and 20 xylem
cells (pink arrows) selected in the SFG hyperspectral images of three transverse cross-sections of 8-week-old
Arabidopsis stem. The fit results of individual cell walls are shown in Fig. S5. In the polar plot, the inner circle is
DE =0% and the middle circle is DE=100%, and the length of bar represents the DE value determined from the
MLP analysis. (b) Distribution of CMF tilt angle (8) in the IFF and xylem cell walls calculated from the data in
(a). The inset drawings are an artistic rendition of the 6 and DE distributions determined from the SFG analysis.
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polarity of CMFs*. Note that even two cell walls adjacent to each other have different tilt angles. In many cases,
it was observed that one is winding up and the other is winding down within the same MFA range.

Comparison with engineering principle of fiber-reinforced composite materials

We have compared the average MFA and DE of CMFs in individual IFF and xylem walls with the structural engi-
neering and mechanics principles of fiber-reinforced polymer composite materials to see if the CSC movement
during CMF synthesis and deposition is related to the tissue-specific function of the cell wall. In the stem, the
IFF walls serve a mechanical function supporting the body weight of the plant*. In a fiber-reinforced polymer
composite sheet, it is well known that the in-plane load bearing capacity is higher along the fiber direction®’. The
fact that CMFs in IFF walls are highly aligned along the vertical stem axis (Fig. 4b) confirmed that the IFF wall
structure is optimally designed for the maximum capacity of compressive stress due to gravity.

The main function of xylem is the water transport from root to leaf via negative pressure produced by evapo-
transpiration; thus, the cell wall must have good resistance against vessel collapse®. If the CMF synthesis in the
secondary cell wall is suppressed, then the xylem cells are collapsed due to the negative pressure gradient gener-
ated by evapotranspiration*®*. The engineering design for high resistance to out-of-plane collapse or rupture
of a conduit is to have a spiral fiber reinforcement (Fig. 4b), as can be seen in a coil-reinforced hose®. Such a
coiled structure in cell walls must be achieved by controlling the orientation of the CSC guiding track (such as
microtubules or other steering mechanisms)!4-161851,

Another contributing mechanism that can facilitate the coiling process could be the coupling with the intrin-
sic structural property of CMF*2. Each CMF can be twisted due to the chirality of the cellulose structure®**. If
CMFs in a macrofibril are aligned unidirectionally, then their strain energy could add up and eventually cause
the macrofibril to coil®% If the macrofibril is composed with bidirectionally-packed CMFs, the strain energy of
individual CMFs will cancel out internally and natural coiling will not occur. Such unidirectional packing of
CMF requires the unidirectional movement of CSCs during the cellulose synthesis*?, and it is not achievable
through post-synthesis process of bidirectionally-deposited CMFs.

Discussion

The MFA and polarity of CMFs in the xylem and IFF walls inside Arabidopsis stems were analyzed with vibra-
tional SFG spectroscopy, from which the CSC movement during the CMF synthesis could be deduced. In the
xylem wall, CMFs were found to be deposited in an unidirectionally biased pattern with their fibril axes tilted
about 25° off the stem axis, which aligns with the engineering principle for the high resistance to out-of-plane
collapse of a conduit under negative pressure gradient. In the IFF wall, CMFs are bidirectional and highly aligned
along the longitudinal axis of the stem, which is ideal for the maximum compressive load bearing capacity along
the gravity axis. These findings may suggest that plants produce the cell wall in a specific structure optimized for
individual tissue function by regulating the CSC movement during the cell wall synthesis.

Methods

8-week-old Arabidopsis thaliana

The ecotype Col-0 of Arabidopsis thaliana was used for all experiments. After 4 days of cold treatment at 4 °C,
plants were grown on 1 x Murashige and Skoog (MS) medium® containing 1% sucrose for one week, and
transferred onto a soil mixture of sphagnum peat moss, vermiculite, perlite, and mycorrhizae (Pro-mix BX) at
22°C/16 °C in a 12-h-light/12-h-dark photoperiod with 120-150 uE m™ s~ light exposure. Stems were harvested
after 8 weeks of growth depending on the experiment. The stems were flash-frozen in Shandon™ Cryomatrix™
(Thermo Scientific), then cryo-sectioned into 20-pm-thick transverse sections using a Leica CM1950 cryostat,
placed in water, and washed 3 times with 1 mL water. Then, the aqueous medium was fully replaced with D,0
to avoid the IR attenuation in the OH stretch region by H,O. The cryo-sectioned sample was then sandwiched
with a cover glass and a slide glass with D,0 in between and then analyzed with SFG in the fully hydrated state®.

SFG microscopy

A custom-designed SFG microscopy system used for this study has been fully described elsewhere®*%. In brief,
an 800 nm up-conversion laser pulse and a tunable, broadband IR pulse were overlapped temporally and spatially
on the sample. The 85 fs 800 nm laser pulses were generated with a Ti-Sapphire amplifier (Libra, Coherent) at a
2 kHz repetition rate. The IR pulses with a full width at half maximum of 100150 cm™! were generated with an
optical parametric generator/optical parametric amplifier (OPG/OPA) system (OPerA Solo, Coherent) pumped
with the 800 nm pulses. The 800 nm narrowband pulse for SFG spectroscopy was produced by stretching the
85 fs pulse (with a 12 nm band width) to 2.4 ps (resulting in a 0.76 nm band width) using two etalons. These
pulses were focused onto the sample using a 36x reflective objective lens (NA =0.52, Newport). The incident
800 nm and IR beams were p- and s-polarized with respect to the incidence plane and the emitted SFG signal
was detected in the transmission mode at the p-polarization (Fig. 2). For hyperspectral imaging, the Arabidopsis
cross-section sample was step-scanned with a 2 u m step size at two IR broadband center at 2940 cm™! for the
CH stretch region and 3300 cm™ for the OH stretch region. The collected broadband spectra at each pixel were
processed with home-built software coded with Mathematica for data visualization.

Multi-layer perceptron

The multi-layer perceptron (MLP) neural network algorithm>® was utilized to estimate the tilt angle (6) and
the degree of directional excess (DE) in a regression model. The network was composed of 4 fully connected
layers with 4866 trainable parameters. The first layer took the ¢-polar plot represented as a 1D vector as input,
while the final layer predicted the value of 8 and DE. To prevent overfitting due to limited training data, dropout
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regularization was applied after the activation on each layer. Additional training data was generated with 20%
random errors to compensate for experimental measurements caused by unpredictable conditions. The model
was trained for 5 epochs with a batch size of 16, utilizing the mean absolute error (MAE) loss function with the
Adam optimizer to update the network parameters during backpropagation. The network training was performed
on a hardware system with i9-9980XE CPU and Nvidia Titan RTX GPU.

Data availability
All raw data used in the main text and supplementary materials are available in the Supporting information. The
details for the simulation of SFG intensity can be found in Ref.*.

Received: 5 October 2023; Accepted: 28 November 2023
Published online: 12 December 2023

References

1. Cosgrove, D. J. Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6, 850-861 (2005).

2. Somerville, C. Cellulose synthesis in higher plants. Annu. Rev. Cell Dev. Biol. 22, 53-78 (2006).

3. Barhoumi Meddeb, A., Chae, I., Han, A., Kim, S. H. & Ounaies, Z. Magnetic field effects on cellulose nanocrystal ordering in a
non-aqueous solvent. Cellulose 6, 7901-7910 (2020).

4. Sunasee, R., Hemraz, U. D. & Ckless, K. Cellulose nanocrystals: A versatile nanoplatform for emerging biomedical applications.
Expert Opin. Drug Deliv. 13, 1243-1256 (2016).

5. Nixon, B. T. et al. Comparative structural and computational analysis supports eighteen cellulose synthases in the plant cellulose
synthesis complex. Sci. Rep. 6, 28696 (2016).

6. Vandavasi, V. G. et al. A structural study of CESA1 catalytic domain of Arabidopsis thaliana cellulose synthesis complex: Evidence
for CESA trimers. Plant Physiol. 170, 123-135 (2016).

7. Purushotham, P,, Ho, R. & Zimmer, J. Architecture of a catalytically active homotrimeric plant cellulose synthase complex. Science
369, 1089-1094 (2020).

8. Hill, J. L., Himmudi, M. B. & Tien, M. The Arabidopsis cellulose synthase complex: A proposed hexamer of CESA trimers in an
equimolar stoichiometry. Plant Cell 26, 4834-4842 (2014).

9. Taylor, N. G., Howells, R. M., Huttly, A. K., Vickers, K. & Turner, S. R. Interactions among three distinct CesA proteins essential
for cellulose synthesis. Proc. Natl. Acad. Sci. 100, 1450 (2003).

10. Glasser, W. G. et al. About the structure of cellulose: Debating the Lindman hypothesis. Cellulose 19, 589-598 (2012).

11. Huang, S., Kiemle, S. N., Makarem, M. & Kim, S. H. Correlation between crystalline cellulose structure and cellulose synthase
complex shape: A spectroscopic study with unicellular freshwater alga Micrasterias. Cellulose 27, 57-69 (2020).

12. 1i, S. et al. Cellulose synthase complexes act in a concerted fashion to synthesize highly aggregated cellulose in secondary cell walls
of plants. Proc. Natl. Acad. Sci. 40, 11348-11135 (2016).

13. Paredez, A. R., Somerville, C. R. & Ehrhardt, D. W. Visualization of cellulose synthase demonstrates functional association with
microtubules. Science 312, 1491-1495 (2006).

14. Li, S, Lei, L., Somerville, C. R. & Gu, Y. Cellulose synthase interactive protein 1 (CSI1) links microtubules and cellulose synthase
complexes. Proc. Natl. Acad. Sci. 109, 185 (2012).

15. Gutierrez, R., Lindeboom, J. J., Paredez, A. R., Emons, A. M. C. & Ehrhardt, D. W. Arabidopsis cortical microtubules position
cellulose synthase delivery to the plasma membrane and interact with cellulose synthase trafficking compartments. Nat. Cell Biol.
11, 797-806 (2009).

16. Burk, D. H. & Ye, Z.-H. Alteration of oriented deposition of cellulose microfibrils by mutation of a Katanin-like microtubule-
severing protein. Plant Cell 14, 2145 (2002).

17. Bringmann, M. et al. POM-POM2/cellulose synthase interactingl is essential for the functional association of cellulose synthase
and microtubules in Arabidopsis. Plant Cell 24, 163-177 (2012).

18. Chan, J. & Coen, E. Interaction between autonomous and microtubule guidance systems controls cellulose synthase trajectories.
Curr. Biol. 30, 941-947 (2020).

19. Zhang, T., Zheng, Y. & Cosgrove, D. J. Spatial organization of cellulose microfibrils and matrix polysaccharides in primary plant
cell walls as imaged by multichannel atomic force microscopy. Plant J. 85, 179-192 (2016).

20. Turner, S., Gallois, P. & Brown, D. Tracheary element differentiation. Annu. Rev. Plant Biol. 58, 407-433 (2007).

21. Nishiyama, Y., Langan, P. & Chanzy, H. Crystal structure and hydrogen-bonding system in cellulose Ip from synchrotron X-ray
and neutron fiber diffraction. J. Am. Chem. Soc. 124, 9074-9082 (2002).

22. McNamara, J. T., Morgan, J. L. W. & Zimmer, J. A molecular description of cellulose biosynthesis. Annu. Rev. Biochem. 84, 895-921
(2015).

23. Shen, Y.-R. The Principles of Nonlinear Optics (Wiley-Interscience, 1984).

24. Boyd, R. W. Nonlinear Optics (Elsevier Science, 2003).

25. Barnette, A. L. et al. Selective detection of crystalline cellulose in plant cell walls with sum-frequency-generation (SFG) vibration
spectroscopy. Biomacromolecules 12, 2434-2439 (2011).

26. Park, Y. B. et al. Effects of plant cell wall matrix polysaccharides on bacterial cellulose structure studied with vibrational sum
frequency generation spectroscopy and x-ray diffraction. Biomacromolecules 15, 2718-2724 (2014).

27. Makarem, M. et al. Probing cellulose structures with vibrational spectroscopy. Cellulose 26, 35-79 (2019).

28. Makarem, M. et al. Dependence of sum frequency generation (SFG) spectral features on the mesoscale arrangement of SFG-active
crystalline domains interspersed in SFG-inactive matrix: A case study with cellulose in uniaxially aligned control samples and
alkali-treated secondary cell walls of plants. J. Phys. Chem. C 121, 10249-10257 (2017).

29. Lee, C. M., Kafle, K., Park, Y. B. & Kim, S. H. Probing crystal structure and mesoscale assembly of cellulose microfibrils in plant
cell walls, tunicate tests, and bacterial films using vibrational sum frequency generation (SFG) spectroscopy. Phys. Chem. Chem.
Phys. 16, 10844-10853 (2014).

30. Makarem, M. et al. Distinguishing mesoscale polar order (unidirectional vs bidirectional) of cellulose microfibrils in plant cell
walls using sum frequency generation spectroscopy. J. Phys. Chem. B 124, 8071-8081 (2020).

31. Kafle, K. et al. Vibrational sum-frequency-generation (SFG) spectroscopy study of the structural assembly of cellulose microfibrils
in reaction woods. Cellulose 21, 2219-2231 (2014).

32. Chen, X,, Lee, C. M., Wang, H.-E, Jensen, L. & Kim, S. H. Experimental and theoretical study of azimuth angle and polarization
dependences of sum-frequency-generation vibrational spectral features of uniaxially aligned cellulose crystals. J. Phys. Chem. C
121, 18876-18886 (2017).

33. Huang, S. et al. Dehydration-induced physical strains of cellulose microfibrils in plant cell walls. Carbohydr. Polym. 197, 337-348
(2018).

Scientific Reports |

(2023) 13:22007 | https://doi.org/10.1038/s41598-023-48545-z nature portfolio



www.nature.com/scientificreports/

34. Huang, S. et al. Inhomogeneity of cellulose microfibril assembly in plant cell walls revealed with sum frequency generation micros-
copy. J. Phys. Chem. B 122, 5006-5019 (2018).

35. Choi, ], Lee, J., Makarem, M., Huang, S. & Kim, S. H. Numerical simulation of vibrational sum frequency generation intensity for
non-centrosymmetric domains interspersed in an amorphous matrix: A case study for cellulose in plant cell wall. J. Phys. Chem.
B 126, 6629-6641 (2022).

36. Zhong, R. & Ye, Z.-H. Secondary cell walls: Biosynthesis, patterned deposition and transcriptional regulation. Plant Cell Physiol.
56, 195-214 (2014).

37. Barnett, J. R. & Bonham, V. A. Cellulose microfibril angle in the cell wall of wood fibres. Biol. Rev. 79, 461-472 (2004).

38. Gray, D. G. Isolation and handedness of helical coiled cellulosic thickenings from plant petiole tracheary elements. Cellulose 21,
3181-3191 (2014).

39. Park, Y. B. et al. Monitoring meso-scale ordering of cellulose in intact plant cell walls using sum frequency generation spectroscopy.
Plant Physiol. 163, 907 (2013).

40. Liu, J. et al. The impact of alterations in lignin deposition on cellulose organization of the plant cell wall. Biotechnol. Biofuels 9,
126 (2016).

41. Penttild, P. A. et al. Moisture-related changes in the nanostructure of woods studied with X-ray and neutron scattering. Cellulose
27,71-87 (2020).

42. Chae, L. et al. Shear-induced unidirectional deposition of bacterial cellulose microfibrils using rising bubble stream cultivation.
Carbohydr. Polym. 255, 117328 (2021).

43. Saxe, F. et al. Measuring the distribution of cellulose microfibril angles in primary cell walls by small angle X-ray scattering. Plant
Methods 10, 25 (2014).

44. Lee, C. M., Kafle, K., Huang, S. & Kim, S. H. Multimodal broadband vibrational sum frequency generation (MM-BB-V-SFG)
spectrometer and microscope. J. Phys. Chem. B 120, 102-116 (2016).

45. Watanabe, Y. et al. Cellulose synthase complexes display distinct dynamic behaviors during xylem transdifferentiation. Proc. Natl.
Acad. Sci. 115, E6366-E6374 (2018).

46. Zhong, R., Burk, D. H. & Ye, Z.-H.F. A model for studying cell differentiation, cell elongation, and cell wall biosynthesis. Plant
Physiol. 126, 477-479 (2001).

47. Daniel, I. M. Failure of composite materials. Strain 43, 4-12 (2007).

48. Turner, S. R. & Somerville, C. R. Collapsed xylem phenotype of Arabidopsis identifies mutants deficient in cellulose deposition in
the secondary cell wall. Plant Cell 9, 689-701 (1997).

49. Burris, J. N. et al. Phenotypic effects of changes in the FT'VTxK region of an Arabidopsis secondary wall cellulose synthase compared
with results from analogous mutations in other isoforms. Plant Direct 5, €335 (2021).

50. Parnas, L. & Katirci, N. Design of fiber-reinforced composite pressure vessels under various loading conditions. Compos. Struct.
58, 83-95 (2002).

51. Schneider, R. et al. Two complementary mechanisms underpin cell wall patterning during xylem vessel development. Plant Cell
29, 2433-2449 (2017).

52. Haines, C. S. et al. New twist on artificial muscles. Proc. Natl. Acad. Sci. 113, 11709-11716 (2016).

53. Zhao, Z. et al. Cellulose microfibril twist, mechanics, and implication for cellulose biosynthesis. J. Phys. Chem. A 117, 2580-2589
(2013).

54. Ogawa, Y. Electron microdiffraction reveals the nanoscale twist geometry of cellulose nanocrystals. Nanoscale 11, 21767-21774
(2019).

55. Murashige, T. & Skoog, F. A revised medium for rapid growth and bioassays with tobacco tissue culture. Physiol. Plant 15, 473-497
(1962).

56. Rosenblatt, E The perceptron: A probabilistic model for information storage and organization in the brain. Psychol. Rev. 65, 386-408
(1958).

Acknowledgements

This study was conducted with the support by the Center for Lignocellulose Structure and Formation, Energy
Frontier Research Center funded by the U.S. Department of Energy, Office of Science, Basic Energy Sciences,
under Award Number DE-SC0001090. The authors acknowledged Seokhoon Jang for assistance for schematic
illustration.

Author contributions

S.H.K. conceived the project and supervised this research. J.C. and M.M. performed SFG experiments and data
analysis. J.C. and C.L. designed and developed the neural network algorithm to find the correlation model. S.K.
and D.J.C prepared Arabidopsis stem samples for analysis. J.L. participated in discussions about SFG data. S.H.K,,
J.C. and M.M. prepared the draft of the manuscript and all authors participated in the discussion and editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-48545-z.

Correspondence and requests for materials should be addressed to S.H.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:22007 | https://doi.org/10.1038/s41598-023-48545-z nature portfolio


https://doi.org/10.1038/s41598-023-48545-z
https://doi.org/10.1038/s41598-023-48545-z
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:22007 | https://doi.org/10.1038/s41598-023-48545-z nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Tissue-specific directionality of cellulose synthase complex movement inferred from cellulose microfibril polarity in secondary cell walls of Arabidopsis
	Results
	Hyperspectral SFG imaging of 8-week-old Arabidopsis inflorescence stem
	Theoretical prediction of azimuth and tilt angle dependence of cellulose SFG signal
	Azimuth angle dependence of cellulose SFG signal from hyperspectral imaging
	Tilt angle and directionality of CMFs in xylem and IFF
	Comparison with engineering principle of fiber-reinforced composite materials

	Discussion
	Methods
	8-week-old Arabidopsis thaliana
	SFG microscopy
	Multi-layer perceptron

	References
	Acknowledgements


